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Abstract
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a 
worldwide pandemic since 2019, spreading rapidly and posing a significant threat to 
human health and life. With over 6 billion confirmed cases of the virus, the need for 
effective therapeutic drugs has become more urgent than ever before. RNA-depend-
ent RNA polymerase (RdRp) is crucial in viral replication and transcription, catalys-
ing viral RNA synthesis and serving as a promising therapeutic target for develop-
ing antiviral drugs. In this article, we explore the inhibition of RdRp as a potential 
treatment for viral diseases, analysing the structural information of RdRp in virus 
proliferation and summarizing the reported inhibitors’ pharmacophore features and 
structure–activity relationship profiles. We hope that the information provided by 
this review will aid in structure-based drug design and aid in the global fight against 
SARS-CoV-2 infection.
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Graphical Abstract

Highlights

• Exploring the potential clinical targets for attenuating coronavirus disease 2019 
(COVID-19) by structure-based drug designing of RdRp inhibitors.

• RdRp catalytic site and druggable cavities predictions of SARS-CoV-2.
• Pharmacophoric features and structure–activity relationship analysis of different 

repurposed therapeutic drugs for COVID-19 against RdRp of SARS-CoV-2.
• Current treatments are logistically challenging, increasing the need for safe and 

effective oral therapies.
• Ongoing global efforts to prevent the spread of COVID-19 disease and the cur-

rent status of SARS-CoV-2.
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FDA  Food and Drug Administration
ACE2  Angiotensin-converting enzyme 2
NHC  N4-hydroxycytidine
RSV  Respiratory syncytial virus
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TNF-α  Tumour necrosis factor α
ExoN  Exoribonuclease
CTP  Cytidine triphosphate
HBD  Hydrogen-bond donors
HBA  Hydrogen-bond acceptors
NiRAN  Nidovirus RdRp-associated nucleotidyl transferase

1 Introduction

Coronaviruses (CoVs) are enveloped positive-sense RNA viruses that can cause res-
piratory infections ranging from mild to severe in humans and various animals. In 
December 2019, a few cases of atypical pneumonia, later identified as coronavirus 
disease 2019 (COVID-19), were first reported in Wuhan, caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2). It is believed that the virus ini-
tially jumped from an infected animal to humans during the first week [1, 2]. Upon 
further examination, the etiological agent was identified as an RNA virus with high 
genetic homology to both the severe acute respiratory (SARS-CoV) and Middle East 
respiratory syndrome (MERS-CoV) viruses [3, 4] (Fig. 1).

The ongoing COVID-19 pandemic has issued a grave public health warning, 
placing millions of people at risk in multiple countries [5]. As of February 19, 
2023, the WHO has reported more than 756,581,850 confirmed cases and 6,844,267 
deaths [6]. Despite this, there is currently no explicit medication for COVID-19, and 
the selection of therapeutic drugs is primarily based on experiences treating SARS 

Fig. 1  Confirmed cases of COVID-19 from January 2020 to February 2023 globally reported to WHO
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or other influenza viruses. As such, there is an urgent need to develop safe and effec-
tive antiviral medications.

It is worth noting that current medications are explicitly designed for a virus’s 
genome, and the physical structure of SARS-CoV-2 may change over time, poten-
tially limiting their in vivo efficacy. However, some non-structural or accessory pro-
teins may serve as promising molecular targets for developing therapeutic drugs. 
Rather than directly targeting viral replication, some therapeutic strategies can mod-
ify host immune responses to combat the virus or inhibit the inflammatory response 
generated during the viral invasion, ultimately reducing the physiological response 
to sickness. The replication of the SARS-CoV-2 genome and its gene transcription 
is primarily controlled by the viral RdRp, which has been identified as a promising 
target for designing novel antiviral strategies. Remdesivir, a nucleoside analog, has 
shown antiviral activity in cell culture and animal models against the RdRp of multi-
ple coronaviruses [7, 8], showing antiviral activity in cell culture and animal models 
[9]. It is covalently incorporated into the primer strand at the first replicated base 
pair when a partial double-stranded RNA template is inserted into the central chan-
nel of the RdRp and can terminate its chain elongation [10]. Other potential medica-
tions with evident anti-SARS-CoV-2 activity in either cellular studies or clinical tri-
als include EIDD-2801, Sofosbuvir, Galidesivir, AT-527, IDX-184, Favipiravir, and 
Ribavirin [11].

2  Structural Organization of the SARS‑CoV‑2 Genome

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; betacoronavirus), 
a member of the Coronaviridae family, has a genome of 30 kb of single-stranded 
positive-sense RNA [12, 13], and its pharmacological treatments target both the 
genome and structure of the virus (Fig.  2). Upon invading the host cell, the viral 
genome, comprising 14 open reading frames (ORFs), is liberated into the cytoplasm 
for replication and transcription. ORFs 1a and 1b encode two replicase polyproteins, 
PP1a and PP1ab, further subdivided into non-structural proteins [14].

The SARS-CoV-2 virus and its various strains, including the AY.4.2, Delta and 
Omicron variants, have caused significant disruptions worldwide. Mutations on the 
spike (S)-gene, which codes for the spike (S) protein, appear to increase transmis-
sibility by binding the S protein to the angiotensin-converting enzyme 2 (ACE2) 
receptor [15–17]. Unfortunately, treatment options for SARS-CoV-2 are currently 
limited and cannot keep up with the virus’s mutation rate. However, drug design 
has identified seven primary targets during the search, including the membrane 
protein, envelope protein, nucleocapsid protein, spike protein, protease, helicase, 
hemagglutinin esterase and non-structural proteins 16NSPs [18–20]. Of these 
targets, RdRp, also known as nsp12, is a critical protease in the virus’s life cycle 
with conserved catalytic sites [21]. RdRp forms a replicase complex with other 
non-structural proteins, such as nsp7 and nsp8, to facilitate viral RNA genome 
replication and transcription [22]. Notably, the RdRp of SARS-CoV-2 shares 96% 
sequence similarity with SARS-CoV, indicating the conserved nature of RdRp in 
coronaviruses [23, 24].
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3  Currently Available Therapeutics and Treatment Options 
for SARS‑CoV‑2

Current SARS-CoV-2 outbreaks have prompted investment in ongoing studies to 
exploit various viral target proteins for therapy through five typical mechanisms 
as follows, but strategies aimed at blocking the viral proteins, as in drug and 
vaccine development, have primarily failed [25]. It has been shown that SARS-
CoV-2 undergoes rapid recombination to generate new strains of altered viru-
lence to escape the host antiviral defensive system, which lead to severe cytokine 
storms.

1. Enhance a pharmacological immune response (enhance immune function).
2. Destroy the virus, and act on the pathogen itself.
3. Restrict virus entry in the cell (block host cell-binding proteins or virus-binding 

proteins).
4. Impede virus replication.
5. Treat symptoms.

The first choice is considered the best for the patient since it is potentially long-
lasting and "friendly," and may also have preventive properties against subsequent 

Fig. 2  The SARS-CoV-2 genome structural organization: it encodes two large ORF1a and ORF1b genes, 
which encode non-structural proteins that form a replication–transcription complex. The non-structural 
protein 3 (nsp3) encodes for papain-like protease (PLP), and non-structural protein 5 (nsp5) encodes for  
3C-like (3CL) protease
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viral attacks. Antiviral medications such as ritonavir, lopinavir, oseltamivir, riba-
virin and ganciclovir were tested in several investigations to decrease infection 
rate and the risk of respiratory problems [26–28]. In general, every enzyme and 
protein involved in the replication of the SARS-CoV-2 virus and the regulation 
of host cellular machinery is a promising druggable target in the search for treat-
ment options [29]. In this perspective, we summarized the primary host-based 
and virus-based targets from a structural point of view and information about 
reported therapeutic drugs with efficacy against various SARS-CoV-2 target pro-
teins (Fig.  3). However, randomized controlled studies are needed to establish 
the effectiveness of these antiviral medicines against SARS-CoV-2. Therefore, in 
review, we had the more recent information available from the literatures on bioc-
idal agents, immunomodulatory drugs of SARS-CoV-2 and the clinical charac-
teristics of SARS-CoV-2. We concluded with a possible therapeutic plan against 
SARS-CoV-2.

Fig. 3  Currently available drugs along with their targets in viral life cycle or virus–host interactions
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4  The Active Cavities of RNA‑Dependent RNA Polymerase 
in Coronavirus

RdRp is a crucial therapeutic target since it is essential for RNA genome replica-
tion, and the host does not have a functional protein that can perform the same 
function. RdRp is considered a promising target in the development and discov-
ery of drugs because of its lack of an analogue in mammalian cells, and its block-
age is not anticipated to have target-related adverse effects. The 3-D crystal struc-
ture of RdRp of SARS-CoV-2 (PDB ID: 7BTF) was obtained from the protein 
database with a resolution of 2.9  Å [30, 31]. The catalytic sites of RdRp were 
predicted using the CASTp server [32] containing four potential drug-binding 
cavities (Fig. 4). The CASTp web server provides a complete and detailed analy-
sis of surface pockets and protein cavities, essential in judging docking models’ 
reliability.

A deep and wide groove domain in the core structure of SARS-CoV-2 RdRp 
depicts a cupped right hand interlinked by “thumb”, “finger” and “palm” subdo-
mains [33]. The thumb subdomain (residues 819–920) forms a tight circle with 
the finger subdomain (residues 397–581 and 62–679) in the nsp12 [34, 35]. The 
palm domain, the most conserved domain, contains five of the seven conventional 
RdRp catalytic motifs (A–E), whereas the finger domains include the remaining 
two (F and G). The RdRp core, which is structurally conserved, and associated 
motifs are crucial for viral RdRp catalytic function and could therefore be tar-
geted for therapeutic intervention [36]. The nsp12 (RdRp) is a multi-subunit with 
a molecular weight of 106  kDa, much larger than other (+) RNA viruses. The 
nsp12, nsp7 and nsp8 form a 160 kDa replicase complex responsible for the rep-
lication and transcription of the viral RNA genome [37]. Since the RdRp enzyme 

Fig. 4  Potential drug-binding cavities of SARS-CoV-2 RdRp are detected by the CASTp server
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plays a role in replicating the new coronavirus by synthesizing RNA, RdRp has 
become an attractive therapeutic target for drug research.

5  The Potential Antiviral Drugs Inhibit Viral Replication by Targeting 
RdRp

This review provides an overview of the potential use of existing antiviral drugs as 
enzyme inhibitors to repurpose them as effective candidates for inhibiting SARS-
CoV-2 polymerase. Notably, coronavirus RdRp screening methods are more 
complex than those for other viral target proteins, such as proteases [62]. Despite 
increasing interest in current knowledge, only a few studies have reported on RdRp 
screening for coronaviruses. This study describes the docking analysis and crystal 
structures of reported RdRp inhibitors binding with RdRp to elaborate on the struc-
ture–activity relationship of the existing drug. Several antiviral compounds have 
been screened to determine how well-repurposed nucleotide analogues interact with 
the SARS-CoV-2 RdRp active sites. In vitro research and in silico analysis indicated 
that some broad-spectrum antiviral medications could potentially be therapeutic 
platforms against SARS-CoV-2. Depending on their structure and binding affinity, 
nucleotide analogues mimic the natural substrates of the SARS-CoV-2 RdRp and 
cause either rapid or gradual chain termination [66, 67]. Moreover, several nucleo-
tide analogues are prodrugs that must undergo phosphorylation inside the cell to 
have an antiviral effect. In various circumstances, numerous host enzymes carry out 
intracellular phosphorylation, converting the prodrug into the bioactive triphosphate 
forms of these drugs [68, 69].

5.1  Favipiravir

Favipiravir (1, Table  1) is an antiviral agent serving as an inhibitor for RdRp in 
intracellular phosphoribosylation active form, i.e., favipiravir ribofuranosyl-5′-
triphosphate (favipiravir-RTP) (Fig.  5). The 6-fluoro-3-hydroxypyrazine-2-carbox-
amide [favipiravir (FPV)] is a purine nucleotide analogue produced by Toyama 
Chemicals in Japan to treat influenza and viral infections of the nose and throat [70]. 
FPV has been shown to have antiviral properties in  vitro and in  vivo against the 
influenza viruses (A, B and C) and Lassa, Ebola and other viruses. Although FPV 
has not yet been approved by the US Food and Drug Administration (FDA), it has 
recently been examined and found to be a promising therapeutic approach for coro-
navirus disease 2019 (COVID-19) [40]. The investigation of FPV as a therapeutic 
for COVID-19 revealed that, although it did not significantly decrease RNA pro-
duction in vitro, it may still be effectively integrated into RNA products to reduce 
the precision of RNA synthesis. Like other common nucleotide triphosphate (NTP) 
substrates, FPV effectively enters RNA products. These findings imply that this drug 
may have broad-spectrum antiviral efficiency by similar mechanisms against a panel 
of several RNA viruses. In cell-based experiments, administration of FPV was dem-
onstrated to cause mutations in the progeny virion of SARS-CoV-2, indicating that 
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this drug can evade the coronaviruses’ proofreading mechanism to exhibit antiviral 
activity through many rounds of RNA synthesis [71].

The reported docking analysis of FPV demonstrated significant binding interac-
tions with crucial amino acid residues of the target receptors [72]. The literature 
revealed that FPV prodrug showed less critical interaction with the predicted active 
site of target receptor RdRp (PDB ID: 7BV2) of SARS-CoV-2 (−5.336 kcal/mol) 
than its active triphosphate metabolite (− 8.951  kcal/mol). Interestingly, docked 
results showed that FPV prodrug does not form the salt bridge of  Mg2+ with the 
first ribofuranose-linked phosphate group. Reported structure–activity relation-
ship (SAR) analysis of FPV revealed that, for RdRp inhibition, it must involved salt 
bridge formation of the first ribofuranose-linked phosphate group with the  Mg2+ and 
also show interaction with crucial amino acid residues HIS439, LYS545, ILE548, 
SER549, ARG553, ARG555, VAL557, LYS621, CYS622, SER682, ASN691, and 
ASP760. Furthermore, hydrogen bond formation with uracil (U20) in the is crucial 
for inhibiting viral replication (Fig. 6) [73, 74]. 

Naydenova et al. create a cryo-electron microscopy (EM) crystal structure of 
antiviral drug FPV with SARS-CoV-2 RdRp (PDB ID: 7AAP at a resolution of 
2.50 Å). The active triphosphate metabolite of FPV-RTP was used by Naydenova 
et al. to analyse the structure of RdRp of SARS-CoV-2 co-crystallized with FPV 
using cryo-EM techniques [75]. The cryo-EM structure shows that FPV-RTP 
terminates chain extension by pairing with the template strand to + 1 nucleotide 

Fig. 5  Bioconversion of the FPV inactive form to active triphosphate (RTP) form
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through noncovalent contacts. FPV-RTP also interacts with ASN691, uracil 
(U20), LYS545, cytosine (C10) and SER814 through conventional hydrogen 
bonds (Fig. 7).

FPV showed protective effects against various RNA viral infections in ani-
mal models, although it had a low in vitro selectivity against SARS-CoV-2 [half 
maximal effective concentration  (EC50) 61.88 µM], indicating that further in vivo 
research on this medication against SARS-CoV-2 may be beneficial. Clinical 
trial data from phases I, II and III showed that FPV had good overall efficacy. 
It causes chain termination and viral mutagenesis by inhibiting the error-prone 
viral RdRp [76]. Most patients infected with SARS-CoV-2 (80–85%) have mild 
to severe sickness and continue to disseminate the virus. FPV used to treat mild 
to moderate cases can potentially lessen the impact of the continuing epidemic. 
FPV’s most important side effect was teratogenicity, followed by abnormal liver 
enzymes, mental symptoms, intestinal symptoms and elevation in serum uric acid 
in a randomized test of FPV in 241 patients with SARS-CoV-2 [77].

Fig. 6  Favipiravir’s structure–activity relationship profile as a potent inhibitor of RdRp
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5.2  Ribavirin

Ribavirin (2, Table 1) is a guanosine (purine) analogue that can inhibit viral RNA 
synthesis. It was first registered in the 1980s and clinically used with interferon 
for hepatitis B and C. It is also used for viral diseases such as haemorrhagic fever 
and respiratory syncytial viral pneumonia [78, 79]. The adenosine kinase cataly-
ses the phosphorylation of ribavirin to produce ribavirin monophosphate (RMP), 
and then nucleoside mono- and di-phosphate kinases catalyse RMP into ribavirin 
triphosphate (RTP) [80]. Unal et  al. reported that the docking analysis of riba-
virin against RdRp (PDB ID: 6M71) formed four conventional hydrogen bonds 
with TRP617, ASP761, SER814 and HIS810 with a binding energy of −6.2 kcal/
mol (Fig. 8) [81]. The docking analysis of RMP predicts that it forms a hydrogen 
bond with crucial amino acid residues ASP544, ASN612, THR601 and ARG476 
of RdRp of SARS-CoV-2. Unexpectedly, RMP does not bind the complementary 
strand nucleotide as effectively and tends to act through a distinct mechanism 
than other known medications [82, 83]. Elfiky investigated that ribavirin strongly 
inhibits RdRp (PDB ID: 6NUR) activity with binding affinity −7.8 kcal/mol by 
interacting with TRP508, TYR510, LYS512, CYS513, ASP514, ASN582 and 
ASP651 residues of the receptor [84]. Another study showed the binding analy-
sis of RTP with RdRp (PDB ID: 7BV2) of SARS-CoV-2. The analysts predict 

Fig. 7  Crystal structure of RNA bound with RdRp in complex with FPV (PDB ID: 7AAP).The close-up 
view of FPV-RTP covalently bound with the catalytic site of RdRp primer (using PyMol software) and 
two-dimensional interaction analysis using BIOVIA Discovery Studio Visualizer v4.5
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that RTP is a more potent inhibitor than its prodrug, with a binding affinity of 
−9.280 kcal/mol (Fig. 8) [73].

Triphosphate moiety is essential for its inhibitory activity, as it involves a 
nucleotide analogue, RTP, which may hinder the activity of RdRp in three dif-
ferent ways: (1) by competing with the enzyme’s natural substrate without itself 
serving as a substrate, (2) by acting as an alternative substrate for the polymerase 
and resulting chain termination or (3) by acting as an alternative substrate for the 
polymerase without doing chain termination. If RTP just interacted with RNA 
polymerase as in the previous two situations, viral replication would be instantly 
inhibited, leading to the breakup of the viral RNA chain [85]. Li et  al. create 
the cryo-EM structure of the drug with PDB ID: 7DFH at a resolution of 2.97 Å 
[30]. The cryo-EM structure shows that ribavirin-RTP terminates chain extension 
by pairing with RNA template strand to +1 nucleotide through covalent inter-
action with guanine (G20) and interacting with two metal ions  (Mg2+1005 and 
 Mg2+1004) through attractive charges (Fig. 9).

Ribavirin was tested against SARS-CoV in 2003 and then used therapeuti-
cally in conjunction with interferon and corticosteroids; nevertheless, the results 
of the antiviral effect were inadequate [86]. Commercially, ribavirin is marketed 

Fig. 8  Structure–activity relationship studies of ribavirin as a RdRp inhibitor
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as an oral solution, an oral dosage form capsule and an inhalation formulation. 
Ribavirin has not been tested in the inhaled dosage when used in the treatment 
against SARS-CoV, MERS-CoV and SARS-CoV-2. Moreover, the injectable dose 
is not marketed in the USA [87, 88]. Additionally, in two minor investigations for 
SARS, oral ribavirin was administered at a 4.0 g dosage followed by 1.2 g for 8 h. 
Information on the treatment of COVID-19 is currently restricted to studies that 
employ a combined therapy that includes 400 mg taken twice daily for 14 days 
[89]. The longer half-life of ribavirin is about 40  days. Increasing doses might 
make the better condition more quickly achievable. The most frequent side effects 
of ribavirin treatment for SARS are hypocalcemia and haemolytic anaemia. The 
probability of adverse side effects is more significant in patients with poor renal 
function and older age [90, 91].

Furthermore, patients suffering from prior cardiovascular problems should also be 
considered because haemoglobin lowering raises the risk of exacerbations [92, 93]. 
Since the metabolism and excretion of ribavirin do not depend on the CYPP450 metab-
olism pathway, it does not interact with other medications. However, owing to the 
increasing side effects and toxicity caused by ribavirin, some other treatments should 
be used with caution [94].

Fig. 9  Crystal structure of RNA bound with RdRp in complex with ribavirin (PDB ID: 7DFH). The 
close-up view of ribavirin covalently bound with the catalytic site of RdRp primer (using PyMol soft-
ware) and its two-dimensional interaction analysis by using BIOVIA Discovery Studio Visualizer v4.5
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5.3  4′‑Cytosine Nucleoside Analogues

A series of 4′-cytosine nucleoside analogues investigated based on their pharmaco-
logical and pharmacokinetic characteristics by Janssen, including 4′-chloromethyl-2′-
deoxy-2′-fluorocytidine (ALS8112, 3, Table  1); 3′,5′-di-O-isobutyryl (ALS-8176, 4, 
Table 1); and 4′-azido-2′-deoxy-2′-C-methylcytidine (5, Table 1), was shown to have 
the most promising inhibiting activity against RSV polymerase and NS5B polymerase, 
respectively [43–45].

ALS-8112 specifically inhibited rhabdoviruses and paramyxoviruses, and ALS-8176 
suppressed RSV multiplication in non-human primates, while ALS-8112 also inhibited 
all RSV strains in  vitro. The active 5′-triphosphate metabolite of ALS-8112 formed 
inside the cell and inhibited the viral RNA polymerase. The literature showed that anti-
RSV of 4′-cytosine nucleoside analogues impede the replication of SARS-CoV-2 up 
to 20 micromolar concentrations in Vero cells [95]. The docking analysis of 4′-cyto-
sine nucleoside analogues against RdRp (PDB ID: 7AAP) of SARS-CoV-2 showed 
that ALS8112 has less inhibitory potential with a binding affinity of −6.11  kcal/
mol (Fig.  10) [96] than its active metabolite ALS8176. The in silico screening of 
ALS8176 against RdRp (PDB ID: 6M71) of SARS-CoV-2 exhibits a binding affin-
ity of −6.9 kcal/mol (Fig. 10) [97]. Another study investigated the structure–activity 
relationship of lumicitabine (ALS8176), an oral version of the parent drug ALS8112. 
In ALS8176, the 3′ and 5′ ester groups are essential for inhibitory activity, forming 
a hydrogen bond with ASP711 and exhibiting hydrophobic interaction with THR710. 
The 4-chloromethyl moiety of ALS8176 is a crucial substituent for polymerase speci-
ficity and is efficiently recognized by RdRp resulting in chain termination. The docking 
analysis showed that 4-chloromethyl moiety is involved in attractive charge interaction 
with LYS47 of receptor protein. The literature study showed that the incorporation of 
the ALS8176 into the extended RNA primer caused immediate chain termination due 
to the inability to incorporate subsequent nucleotide into the growing chain [98].

ALS-8112 chose the RNA polymerase-encoding domain of the L gene of RSV for 
mutations associated with resistance. In biochemical experiments, the recombinant 
RSV polymerase complex detected the 5′-triphosphate metabolite with high specificity, 
terminating the process of RNA production. While structurally comparable compounds 
showed dual RSV/HCV suppression, 5′-triphosphate derivatives did not affect host 
or viral polymerases, including those from unrelated viruses like hepatitis C. A com-
parative analysis of RdRp inhibitors by Dweipayan showed that the binding affinity of 
4′-azido-2′-deoxy-2′-C-methylcytidine is −4.88 kcal/mol (Fig. 10) [96]. The substantial 
decrease in binding affinity is due to substituting the azido group instead of halide. The 
potent nucleoside inhibitor effectively inhibits the NS5B polymerase, i.e., 4′-azido-2′-
deoxy-2′-C-methylcytidine, which has a  1.2 mM  EC50 value and a high to moderate 
in vivo efficacy in rats [99].

5.4  2′‑C‑Methylcytidine (NM 107) and Derivative (Valopicitabine)

The 2′-C-methylcytidine (NM 107, 6, Table  1) is a potent inhibitor of the HCV 
RNA-dependent RNA polymerase [100]. Several other RNA viruses have been 
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inhibited by it, including pestivirus bovine virus, HCV and flaviviruses, notably 
West Nile virus, yellow fever virus and dengue-2 virus. The SAR studies show that 
2′-C-methylcytidine effectively prevents hepatitis E virus (HEV) replication, making 
it a promising option for anti-HEV medication development [101, 102]. The research 
on pyrimidine nucleotide inhibitors as prospective antiviral medications showed that 
certain nucleotide substituents at the nucleoside’s C2′ and C4′ positions demonstrate 
blatant therapeutic potential [103, 104]. As virus RNA strands develop, the insertion 
of 2′-C-modified monophosphates onto their 3′ terminus of the RNA strand encour-
ages the termination of RNA strands’ elongation due to steric restriction between the 
synthetic 2′-C-group of unnatural and entering natural nucleotide inhibitor [105]. 
In 2020, several antiviral drugs and 2′-C-methylcytidine under clinical trials for 

Fig. 10  SAR profile of 4′-cytosine nucleoside derivatives as anti-RdRp compounds
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other viral RdRp were computationally investigated against RdRp of SARS-CoV-2 
by Elfiky. He used eight different conformations of RdRp (PDB: 7BTF) of SARS-
CoV-2 as targets for small antiviral drug molecules. The docking analysis showed 
that 2′-C-methylcytidine (NM 107) is a potent inhibitor of RdRp of SARS-CoV-2 
with a binding affinity of −7.31 kcal/mol [106]. Moreover, the comparative dock-
ing analysis of RdRp inhibitors of SARS-CoV-2 showed that 2′-C-methylcytidine 
phosphorylated to form 2′-C-methylcytidine triphosphate. The 2′-C-methylcytidine 
triphosphate prevents the virus’s RNA chain elongation and inhibits the RdRp (PDB 
ID: 7AAP) activity with a binding affinity of −7.19 kcal/mol. Another study showed 
that 2′-C-methylcytidine inhibits the activity of RdRp (PDB ID: 7BV2) by forming 
a hydrogen bond with THR556, ASP760, ASP623 and TYR619 of the predicted tar-
get site of the receptor (Fig. 11) [107].

Moreover, the structure–activity relationship analysis of valopicitabine, the 
3′-O-l-valinyl ester of NM-107, inhibits the activity of RdRp (PDB ID: 7BV2) by 
forming a hydrogen bond with ARG553, THR556, TYR619 and ASP623 residues. 
It also shows hydrophobic interaction with LYS714 [107]. According to pharma-
cokinetic investigations, this novel therapeutic agent has 2′-C-methylcytidine and 
low oral bioavailability. The 3′-O-l-valinyl ester derivative valopicitabine was cre-
ated to get over this restriction. Valopicitabine (7, Table 1), the 3′-O-valinyl ester 
of NM-107, was designed to generate a substance with higher absorption and 

Fig. 11  SAR analysis of 2′-C-methylcytidine and its derivative as potent RdRp inhibitor
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bioavailability than its parent molecule. Valopicitabine is an acid-stable prodrug 
with outstanding physicochemical and toxicokinetic properties [108, 109]. Recently 
a phase III clinical trial for the prodrug valopicitabine (NM283) has been started. It 
has an  EC50 value of 0.67 µM, which might prevent the viral chain elongation and 
inhibit the function of viral RdRp [110]. Valopicitabine is a more potent inhibitor of 
RdRp with improved physicochemical and pharmacokinetic profile compared with 
its parent compound, 2′-C-methylcytidine. The toxicokinetic analysis has shown that 
valopicitabine (NM283) is an acid-stable prodrug of NM107 with excellent toxi-
cokinetic profiles [111].

5.5  NHC (EIDD‑1931) and Molnupiravir (EIDD‑2801)

The cytidine deaminase can convert cytidine analogues into cytidine and uridine 
triphosphates. NHC, EIDD-1931 (8, Table  1) is a β-D-N4-hydroxycytidine orally 
active ribonucleoside derivative with vast therapeutic potential against a variety 
of RNA viruses, notably MERS-CoV  (EC50 0.56  mM) and SARS-CoV-2  (IC50 
0.30 mM). NHC functions as a weak substitute substrate for cytidine triphosphate 
(CTP) to significantly influence viral replication processes such as translation, repli-
cation and encapsulation that depend on these structures [112].

EIDD-1931 is a ribonucleoside analogue that induces RNA viral mutations and 
has recently been proposed as a COVID-19 treatment option. As the little cyto-
toxic effect of this drug was seen, NHC displayed a positive effectiveness and 
safety profile [113, 114]. NHC is a potential candidate in phase II clinical studies 
to treat symptomatic adolescent outpatients and freshly hospitalized patients with 
COVID-19. Additionally, preclinical research is being done to assess its potential 
as a therapy for MERS-CoV infection. Furthermore, EIDD-2801 improved respira-
tory performance and decreased viral intensity in mice infected with MERS-CoV 
and SARS-CoV [115]. Considering its physicochemical profile, oral or parenteral 
option, and veridical, this active ingredient may treat COVID-19 [116, 117].

Molnupiravir, β-D-N4-deoxycytidine, rapidly cleaves to EIDD-1931 in plasma 
and is then distributed to various organs, where it is converted to 5′-triphosphate 
(Fig. 12). The virally encoded RdRp uses EIDD-1931 5′-triphosphate as a substrate, 
and when it integrates into the growing RNA chain, it results in a catastrophic rep-
lication error [118, 119]. In the plasma. the host’s esterase rapidly breaks down 
molnupiravir into EIDD-19311, which is afterwards changed into molnupiravir 
triphosphate by the host’s kinase once it enters the intracellular space. Molnupiravir 
triphosphate serves as an active antiviral compound and strongly inhibits RdRp.

Fig. 12  Molnupiravir metabolic process
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The 5′-isopropyl ester of NHC, molnupiravir (9, Table 1), has a wide range of anti-
influenza and anti-multiple coronavirus properties. The docking analysis showed 
that EIDD-1931 formed hydrogen bonds with ASN781 and LYS545, whereas the 
5′-isopropyl ester derivative (EIDD-2801) of EIDD-1931 showed strong RdRp 
(PDB ID: 7BV2) inhibitory activity by forming an H-bond with LYS545, SER759 
and uracil (U10) with the binding energy of −6.49 kcal/mol [115, 120]. The struc-
ture–activity relationship of molnupiravir triphosphate exhibits strong interaction 
with RdRp (PDB ID: 7BV2) of SARS-CoV-2 by forming conventional hydrogen 
bonds with ARG555, U10 and U20. It shows a binding affinity of −8.39 kcal/mol by 
forming an attractive charge interaction with ARG555, unfavourable attraction with 
 Mg2+1004, hydrophobic interaction with  Mg2+1005 and pi–pi stacked interaction 
with uracil (U20). Moreover, molnupiravir triphosphate also interacts with RdRp 
of the Delta AY.4 subvariant of SARS-CoV-2 through various types of interaction 
with crucial amino acid residues (CYS622, TYR622, LYS62, TRP617, ASP761 and 
U20) with a binding energy of −10.28 kcal/mol [121] (Fig. 13).

Fig. 13  Structure–activity relationship of NHC derivatives as anti-RdRp agents
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Molnupiravir was investigated for mutagenicity in two rodent models in  vivo. 
Based on available genotoxicity evidence and a 72-h treatment period, the FDA sug-
gested that molnupiravir had a low risk of cytotoxicity. Furthermore, treatment with 
molnupiravir entirely prevented virus transmission to untreated rodents, indicat-
ing that early treatment molnupiravir may be able to stop secondary SARS-CoV-2 
spread [122, 123].

5.6  Galidesivir

Galidesivir (10, Table  1) is a wide-ranging antiviral drug that has the potential 
to cure COVID-19 and is well tolerated and effective in phase I investigations in 
healthy volunteers. Galidesivir is an adenosine nucleoside precursor that prevents 
viral RNA polymerase. Galidesivir phosphorylated into a triphosphate can resemble 
the intracellular kinases ATP to treat HCV [124, 125]. The drug’s monophosphate 
nucleotide is incorporated by viral RNA polymerases into the developing RNA 
sequence, leading to faster chain termination and inhibiting the function of viral 
RdRp. It is undergoing a phase II human trial for treating coronavirus in Brazil and 
other countries [126, 127].

Galidesivir has shown broad-spectrum action in vitro with  EC50 ranging from 3 
to 68 μM against approximately 20 RNA viruses in nine distinct categories, includ-
ing flaviviruses, paramyxoviruses, bunyaviruses, arenaviruses and coronaviruses 
[15, 128]. The docking studies suggest that, compared with ATP (adenosine triphos-
phate), the active metabolite galidesivir triphosphate demonstrated a greater affinity 
for SARS-CoV-2 RdRp. The metal ions in the nsp12 structure also consist of two 
pieces of  Zn2+ and  Mg2+. ATP forms a salt bridge with  Mg2+ to bind with it and 
activate RNA polymerase [129]. The prodrug galidesivir, according to molecular 
docking results, creates a salt bridge with  Mg2+. It has been found that the inter-
action of  Mg2+ with RdRp inhibitors is essential to connect with the RNA strand. 
The predicted binding energy for galidesivir is −6.187 kcal/mol, while galidesivir 
triphosphate showed a binding affinity of −8.994 kcal/mol. Another study showed 
the inhibitory potential of galidesivir against SARS-CoV-2 RdRp (PDB ID: 6M71) 
with interaction affinity of −6.81 kcal/mol [130] by forming hydrogen bonds with 
ASP36, ASP221 and THR206, and various other interactions with crucial amino 
acids residue of target binding sites (Fig. 14). Moreover, the structure–activity anal-
ysis showed that galidesivir triphosphate exhibits more inhibitor activity against 
RdRp (PDB ID: 7BV2) by forming an attractive charge interaction with  Mg2+1005, 
U20 and ARG553. It also forms a hydrogen bond with ARG555 (Fig. 14) [73]. More 
clinical and in vitro research on galidesivir is needed [131].

5.7  Remdesivir

Remdesivir (11, Table 1) is a promising small-molecule antiviral medication that 
has proved effective for RNA viruses from various groups, such as Coronaviridae 
(MERS-CoV, SARS-CoV and others). Remdesivir, a wide-ranging antiviral drug 
initially developed to combat Ebola, was produced by Gilead Sciences. It can 
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suppress viral replication by inhibiting the virus’s ability to proliferate by stop-
ping RNA transcription prematurely [132]. However, clinical studies of remdesi-
vir showed that it could significantly reduce SARS-CoV-2 infection in Vero cells 
during an in vitro trial [133]. Early injection of remdesivir reduced the pulmonary 
infiltrates in a rhesus macaque model of COVID-19. The replication of SARS-
CoV-2 in human nasal and bronchial airway epithelial cells was also reported to 
be significantly inhibited by remdesivir [134]. These results encouraged its usage 
in SARS-CoV-2 infection in the absence of other therapeutic therapies [135]. 
Remdesivir is an adenosine analogue prodrug that effectively inhibits viral RNA 
polymerases when intracellularly metabolized to an ATP analogue [136]. We can 
see from the drug’s clinical trials that the drug’s effect on the target RdRp is rela-
tively stable [137].

The structure–activity analysis showed that remdesivir is a prodrug trans-
formed inside cells into triphosphate (RTP, active form) (Fig.  15). Gilead Sci-
ences created monophosphorylated remdesivir to have greater cellular absorption 
in vivo. Exoribonuclease (ExoN) proofreading efficiency is interfered with, and 
RdRp polymerization activity is inhibited by the GS-5734 1′-CN group, which is 
crucial in the termination of RNA replication [138].

Fig. 14  SAR studies of galidesivir and galidesivir triphosphate as RdRp inhibitor



 Topics in Current Chemistry (2023) 381:22

1 3

22 Page 28 of 53

The docking analysis revealed that nucleotide analogues block the RdRp activ-
ity in viruses by working with the chain termination mechanism. Remdesivir forms 
a hydrogen bond with ASP761 residue of RdRp (PDB ID: 7BTF) via its −NH2 
group on the triazine ring, resulting in a binding affinity of −7.9 kcal/mol. Moreo-
ver, through polar interactions, remdesivir interacts with receptor residues TYR619, 
LYS621, CYS622, ARG624 and ARG553 [139].

Since viral proteases are essential for viral replication, many research groups con-
centrate on developing inhibitors of these enzymes. The FDA approved remdesivir, 
an RdRp inhibitor, as the first and sole medication to treat COVID-19 in 2020. The 
SARS-CoV-2 RdRp complex with the antiviral medication remdesivir has a cryo-
EM crystal structure (PDB ID: 7BV2). The co-crystallized structures of remdesivir 
help us understand the viral RNA replication mechanism [140].

Moreover, the active metabolite (RdRp-RTP) was used by Xu et al. to create the 
cryo-EM structure of the drug with PDB ID: 7BV2 at a resolution of 2.5 Å. Accord-
ing to the crystal structure, Remdesivir monophosphate (RMP) attaches at the centre 
of the active site, and pyrophosphate is at the access point of the nucleotide entry 
channel to the enzyme active site. It impedes the entrance of nucleotide triphosphate 
to the active site. RMP also interacts with the LYS545 and ARG555 residues in the 
binding site. ASP623, SER682 and ASN691 are three residues with strong hydrogen 
bonds in the active site. ASN691 also interacts with a 2′-OH group of the sugar moi-
ety [141]. A noteworthy feature is that the implicit and allosteric binding sites offer 
a flexible design framework to develop high-potency antagonists of RdRp of SARS-
CoV-2 with kinetic selectivity [10] (Fig. 16).

The findings of the ongoing clinical studies in the USA and China will be essen-
tial to determine whether remdesivir is a feasible COVID-19 therapeutic option. In 

Fig. 15  Bioconversion of remdesivir (inactive form) to active triphosphate (RTP) form



1 3

Topics in Current Chemistry (2023) 381:22 Page 29 of 53 22

addition, the FDA in the USA has approved one clinical test. On 19 January 2020, 
a 35-year-old Washington resident received remdesivir and did not have to worry 
about COVID-19. However, further investigation is required into the drug’s thera-
peutic potential in infected patients. If the trial treatment works, it will be vital to 
ensure that the medication is commercially available and can meet the challenges of 
the current epidemic and future outbreaks [142, 143].

We discovered that the medicine could only significantly reduce hospital stay 
length while not influencing fatality rates. The drug is still being tested, and research-
ers are using the test results to study mortality reduction. Second, remdesivir therapy 

Fig. 16  Cryo-EM co-crystal structure of RNA bound with RdRp in complex with remdesivir (PDB 
ID: 7BV2). The close-up view of RMP covalently bound with the catalytic site of RdRp primer (using 
PyMol software) and two-dimensional interaction analysis using BIOVIA Discovery Studio Visualizer 
v4.5
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was found to cause 66% of adverse responses in clinical trials [144]. As a result, 
we may conclude that, while this medicine is a novel concept with a well-chosen 
research direction, it still has several flaws that need to be addressed [145]. Remde-
sivir inhibits the function of the virus RdRp and prevents the virus ExoN from per-
forming proofreading, inhibiting replication of the virus [146]. Even in non-human 
primates with diverse viral diseases, such as the rodent SARS-CoV model and the 
rhesus monkey Ebola virus model, the in-vivo and in-vitro experiments have pro-
duced positive results by decreasing viral levels [147, 148].

Initial studies from in vitro test investigations suggested remdesivir’s therapeutic 
potential for treating human infections carried by novel emerging SARS-CoV-2, for 
which multiple research organizations launched numerous scientific trials [149].

These investigations have provided a new option for study into designing and 
altering remdesivir to efficiently generate a large variety of therapeutically active 
molecules to combat infectious diseases. Nucleotides are biologically active com-
pounds, essential in almost every biochemical function, such as intestinal develop-
ment, cellular immune system functioning and nutritional digestion. They interact 
with RNA through base chemisorption, stacking, hydrogen bonds, van der Waal 
interactions and binding to the phosphate backbone of RNA [150]. The choice of 
artificial synthetic nucleotide compounds is regarded as novel chemicals concerning 
antiviral activities. The peptide nucleic acid (PNA) lead molecule has strong spe-
cific sequence identification ability and hybridization stability and is not degraded 
by protease and nuclease [151].

In recent research, Bichismita Sahu and coworkers developed scaffolds formed 
from PNA and systematically performed in-silico analysis [152]. The designed com-
pounds have good RdRp-binding affinity. They examined the impact of oligonucleo-
tides on the binding effect of the derivatives using different PNA backbones, includ-
ing 2-pyrrolidinyl amide, 2-aminoethyl prolyl and γ-PNA. The noticeable reduction 
of binding affinity caused by unaltered PNA’s backbone compared with the cyclic 
substituent can be mitigated by adding steric hindrance. As a result, investigators 
used the backbone of γ-PNA instead of the original aeg-PNA. Generally, these alter-
ations give PNA oligomers steric strain, which causes the structure to pre-organize. 
The research data showed one of the 2-pyrrolidinyl amide and γ-PNA derivatives 
(Compounds A and B, as shown in Fig. 17) demonstrated better binding capacity 
than remdesivir. The PNA scaffold with a 2-pyrrolidinyl amide backbone with cyclic 
moiety showed inhibitory activity (−7.9 kcal/mol) against RdRp (PDB ID: 7BTF) 
by forming a hydrogen bond with TYR38 and ASP40 and also showed strong ionic 
interaction with ASP221 (Fig.  17A). However, the inhibitory activity of the PNA 
scaffold with an open chain backbone is −7.8 kcal/mol (Fig. 17B) [152].

5.8  AT‑527

AT-527 (12, Table  1) is a guanosine nucleoside dual prodrug orally administered 
to patients. It has shown potent efficacy in vitro against clinical strains of HCV and 
efficacy in  vivo with the 1-week monotherapy treatment of patients infected with 
HCV by explicitly inhibiting the viral RdRp [60, 153]. Moreover, AT-527 was 
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Fig. 17  Chemical structures of 2-pyrrolidinyl amide (A) and γ-PNA derivatives (B)

Fig. 18  Chemical structures of AT-527 and its active derivatives
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recently reported to be effective and well tolerated at regular dosages of 550 mg for 
3 months and showed a high rate of effectiveness in phase II clinical investigations 
with HCV-infected patients [154]. The free basic form of AT-527, AT-511 (Fig. 18), 
was investigated in vitro against SARS-CoV-2, and the results of this investigation 
demonstrate its solid antiviral efficacy. Following oral administration, the bioac-
tive metabolite’s expected concentration in lung tissue increases the prospect that 
AT-527 could be a successful COVID-19 therapeutic option.

The host cell must first undergo metabolism to produce a biologically active 
derivative AT-9010 (Fig.  18) of AT-527. More than 40 HCV-infected individuals 
have received oral treatment with AT-527 in combination with daclatasvir, proving 
human safety and acceptability [155, 156]. The outstanding pharmacokinetics in 
combination with a dosage of 550 mg twice a day should result in lung exposures 
to the active metabolite that are notably higher than the medication’s in vitro  EC90 
against SARS-CoV-2 multiplication and could, therefore, result in successful anti-
viral therapy. A phase II clinical investigation is now being conducted to investigate 
the efficacy of AT-527 for SARS-CoV-2-infected patients [157].

The cellular enzymes metabolize AT-527, a prodrug of a guanosine nucleotide 
analogue, into the active triphosphate form (AT-9010) by masking both the base and 
phosphate group. Further, it inhibits the replication of SARS-CoV-2 by targeting the 
RdRp and the NiRAN (Nidovirus RdRp-associated nucleotidyltransferase) [158].

The docking analysis of AT-527 against RdRp (PDB ID: 7BV2) shows that ribose 
moiety forms hydrogen bonds with SER814 residue and that the 5′-phosphate inter-
acted with CYS813. The 2′-fluoro group of the ribose ring shows interaction with 
THR206 (see Fig. 19) [159].

Shannon and co-workers proposed the dual mechanism of action of AT-527 and 
predicted the cryo-electron microscopic crystal structure of SARS-CoV-2 RdRp in 
complex with the active form of AT-527 (PDB ID: 7ED5) with the resolution of 
2.98 Å [60, 119, 160]. The crystal structure showed that the active form AT-9010 
had been incorporated into the RdRp active site at the 3′ end of the RNA product 
strand. To facilitate the incorporation of AT-9010 into the RNA product strand, the 
visible 5′ end of the RNA templates comprises four consecutive cytidine bases. At 

Fig. 19  SAR profile of AT-527 against SARS-CoV-RdRp
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the +1 position of the RNA product, AT-9010 is incorporated and paired with cyto-
sine (C27) on the template strand (Fig. 20). The RdRp–RNA complex appears to be 
in a post-translocation state, with the second AT-9010 occupying the −1 site and 
ready to incorporate, preventing other NTPs from being entered. The C27 of the 
template RNA strand is canonically base-paired with the guanine nucleobase of the 
incorporated AT-9010. Second, the AT-9010 ribose’s hydrophobic 2′-methyl group 
increases the inhibitory action by forming a hydrophobic barrier that hinders the 
incoming NTP’s ribose from being positioned correctly. As a result, the addition 
of AT-9010 stops the extension of the RNA strand, and the subsequent disruption 
of the complex’s catalytic site by AT-9010 renders it resistant to ExoN removal. 
AT-9010 functions as a chain terminator since it precludes further elongation of the 
product strand. AT-9010 also interacts with crucial amino acid residues of RdRp 
(LYS545, SER682, C26, ASN691 and CYS622) through conventional hydrogen 
bonds (Fig. 20) [161].

5.9  2‑Methylguanosine Glucose‑1‑Phosphate (IDX‑184)

A prodrug of 2-methylguanosine glucose-1-phosphate named IDX-184 (13, Table 1) 
targets the viral protein. The native nucleotide guanosine-5′-triphosphate (GTP) 
competes with it for the virus polymerase catalytic site, preventing polymerization 
[70, 162].

Fig. 20  Co-crystal structure of RNA bound with RdRp in complex with AT-527 (PDB ID: 7ED5). The 
close-up view of AT-527 at the catalytic site of RdRp (using PyMol software) and two-dimensional inter-
action analysis using BIOVIA Discovery Studio Visualizer v4.5
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The 2-C-methylguanosine triphosphate is the active form of this drug. It 
inhibits HCV in vitro with potency and selectivity. Additionally, it is very well 
tolerated due to the active structure formed inside the hepatocytes. The toxic-
ity of IDX-184 was decreased due to the active drug’s lower systemic concen-
tration. While in clinical studies to treat HCV, MERS, SARS and Zika virus 
RdRps, IDX-184 performed better than other medications [163–165]. Addition-
ally, four novel IDX-184 derivatives (2-hydroxyphenyl-oxidanyl, 13a), (3,5-dihy-
droxy phenyl-oxidanyl, 13b), (3-hydroxyphenyl-oxidanyl, compound 13c) and 
(3-sulfanylphenyl-oxidanyl, 13d, Fig.  21) exhibit promising results in attaching 
to the SARS-CoV-2 RdRp compared with parent IDX-184 [166]. Currently, drugs 
that specifically bind and inhibit SARS-CoV-2 proteins are urgently needed. 
The treatment of COVID-19 may be achieved efficiently by the treatment with 
novel derivatives 13b and 13c of IDX-184 with the improved binding affinity to 
the SARS-CoV-2 RdRp. Therefore, following validation of the binding assays, 
in vitro investigations and in vivo studies, these two derivatives of IDX-184 may 
be employed to target SARS-CoV-2 RdRp successfully [167, 168].

Docking studies demonstrated the in-depth binding of IDX-184 to the SARS-
CoV-2 RdRp (PDB ID: 6NUR). Researchers proposed that continued refinement 
of this chemical would lead to a more potent molecule useful against SARS-
CoV-2 [169]. A guanosine derivative IDX-184 (−9.0  kcal/mol) competes with 
GTP (−8.7 kcal/mol) for binding. IDX-184 binding is a bit better than GTP. More 
investigation of the complexes is necessary to fully understand how the dock-
ing complexes bind to the SARS-CoV-2 RdRp. The computational analysis of 
IDX-184 showed that 10 H-bonds were formed with receptor’s residues ARG444, 
LYS512 (2), ASP651, ASP652, ALA653 (3), TRP691 and GLU702. On the 
other hand, just one salt bridge was created with ASP514, while two metal con-
tacts were created between IDX-184 and the RdRp’s active site residue ASP652 
(Fig. 22) [84].

Fig. 21  Chemical structure of IDX-184 and its derivatives
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5.10  2′‑Deoxy‑2′‑Fluoro‑β‑C‑Methyluridine‑5′‑Monophosphate

The research shows that uracil analogue RdRp inhibitors are the best antiviral drugs 
with direct action [170]. The uracil derivative PSI-7672 (Fig. 23) can significantly 

Fig. 22  Chemical structure of IDX-184 with SAR analysis as RdRp inhibitor

Fig. 23  Chemical structures of uracil derivative 2′-deoxy-2′-fluoro-β-C-methyluridine-5′-monophosphate
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inhibit HCV replication. The −CH3 and −F moiety at the C-2′ position maintain the 
drug’s potency and safety [171]. The negatively charged nature of substances con-
taining phosphoric acid groups prevents the body from readily absorbing these sub-
stances [172]. The first prodrug, PSI-7672, was created when the prodrug concept 
was eventually adopted. The structure–activity relationship analysis showed that the 
D-alanine derivative of 2′-deoxy-2′-a-fluoro-β-C-methyluridine-5′-monophosphate 
is inactive, and only the natural l-amino acid can be active. The amino acid’s iso-
meric form is essential. At the R1 position of 2′-deoxy-2′-fluoro-β-C-methyluridine-
5′-monophosphate (Fig. 23), a –CH3 and  CH3–CH2-group can be substituted, which 
increases the drug’s efficacy. However, replacing a larger alkyl group at the R1 posi-
tion results in a noticeable loss of molecule activity. The methyl group has the high-
est potency compared with other alkyl groups. The substitution at the R2 position 
offers the necessary micromolar inhibitory activity. The inhibitory potential of the 
drug molecule (2′-deoxy-2′-fluoro-β-C-methyluridine-5′-monophosphate) increases 
in the short alkyl and branched alkyl groups if the amino acid is alanine and the R3 
position is phenyl substituted. However, 2-butyl, n-butyl and n-pentyl esters were 
cytotoxic.

Halogenated alkyl functional group and phenyl moiety at the R2 position does 
not sufficiently increase the potency of the drug molecule. According to the phos-
phoramidate ester group analysis at the R3 position, a phenyl-substituted deriva-
tive showed good potency and was not harmful. Finally, it was found that PSI-7851 
(Fig. 23) has a favourable pharmacokinetic profile and is an excellent direct-acting 
antiviral (DAA) for suppressing HCV. PSI-7851 is a combination of two racemic, 
S-isomer PSI-7976 and R-isomer PSI-7977 (Fig. 23) [173]. Sofosbuvir (PSI-7977) 
(14, Table  1) has been considered a possible helpful medication for preventing 
SARS-CoV-2 infection [174]. For treating COVID-19 patients, the administration 
of PSI-7977 and routine medical care led to higher 2-week recovery efficiency and 
decreased hospital stays. Moreover, Pinar Mesci et al. revealed that PSI-7977 might 
treat cognitive problems caused by SARS-CoV-2 [175–177]. Sofosbuvir (PSI-7977) 
treated HCV safely and effectively without interferon. This drug was also effective 
against the hepatitis A virus, zika virus (ZIKV) infection and yellow fever. Sofosbu-
vir drug’s high in vitro activity (14,110 nM) and lack of apparent toxicity encourage 
future in vivo research. Because the RdRp replication process of HCV and SARS-
CoV-2 are similar, it was hypothesized that the replication of SARS-CoV-2 was 
probably suppressed by PSI-7977 (sofosbuvir) [178]. In silico, sofosbuvir can create 
two hydrophobic interactions with TYR510 and ASP651 and seven hydrogen bonds 
with TRP508 (3), LYS512 (2), ALA653 and TRP691 of the SARS-CoV-2 RdRp 
(PDB ID: 6NUR) with a binding energy of −7.5 kcal/mol [179] (Fig. 24).

Furthermore, Chien and co-workers investigate that SARS-CoV-2 RdRp is irre-
versibly blocked by sofosbuvir triphosphate, preventing polymerase-mediated RNA 
extension. Sofosbuvir activity was not verified in a human cell-line model, despite 
modelling and docking studies showing a potential role for the drug in inhibiting 
SARS-CoV-2 RdRp activity [180]. However, nine randomized clinical studies were 
undertaken on 66 persons with mild to severe COVID-19 to examine the effective-
ness of sofosbuvir in combination with other medications [181]. Clinical recov-
ery within 14 days of treatment was the main consequence. The data from cellular 
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models and in vivo research will help elucidate this drug’s potential against SARS-
CoV-2, given its excellent safety profile and oral accessibility [182].

6  Pharmacophore Modelling of RdRp Inhibitors

A pattern of functional groups determines the bioactivity of a molecule called a 
pharmacophore. By defining the molecular functional characteristics required for 
a molecule to bind to a specific receptor and then directing the virtual screening 
of vast datasets of compounds for selecting the most suitable candidates, pharma-
cophore approaches represent one of the most intriguing tools ever created [183]. 
Pharmacophoric modelling is based on the idea that identical chemical function-
alities and a common spatial arrangement cause biological activity on the same 
target. The pharmacophoric model depicts the chemical properties of a molecule 
that can interact with its ligand as geometric elements such as spheres, planes and 
vectors. Hydrophobic regions (H), hydrogen-bond acceptors (HBAs), hydrogen-
bond donors (HBDs), negatively and positively ionizable groups, aromatic groups 
and metal coordinating sites are the most significant pharmacophoric feature types 
[184]. To reveal the shape and size of the binding pocket, further size limitations in 
the form of exclusion volumes in forbidden areas can be included [185, 186]. The 
RdRp–Remdesivir complex model’s pharmacophore structure was created in recent 
research [187]. Below are the pharmacophore properties and their x, y and z coordi-
nates and radius in Table 2.

These pharmacophore properties, including one hydrogen-bond donor, six hydro-
gen-bond acceptors and two aromatic rings, are present in the remdesivir when cou-
pled with SARS-CoV-2 RdRp. Remdesivir interacts with the active site of the RdRp 
receptor enzyme by hydrogen with GLN773 (3.33 Å) and by cation-pi bonding with 
LYS47 (3.40 Å) [188, 189]. The pharmacophoric map of RdRp inhibitors revealed 
that hydrophobic groups, which can take the form of aromatic rings or other struc-
tures, are crucial to the compounds’ ability to bind to the active site of the receptor 

Fig. 24  Structure–activity relationship of 2′-deoxy-2′-fluoro-β-C-methyluridine-5′-monophosphate
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protein [190]. Furthermore, the presence of HBA and HBD groups improves the 
interaction between inhibitors and the receptor’s active site. Unexpectedly, HBA/
HBD groups, like RdRp inhibitors, can enhance their interactions and should be 
considered vital components in the enzyme inhibition process [10, 191] (Table 3).

7  The Current Status of SARS‑CoV‑2

The mutation rate of SARS-CoV-2 is exceptionally high since it is a positive-sense 
single-stranded RNA-encapsulated virus. There are almost 100 mutant strains in 
existence right now. However, the spike protein mutation accounts for many of these 
mutant strains [192]. Furthermore, mutations do not happen linearly; many muta-
tions frequently occur simultaneously [193]. It will present a more significant chal-
lenge to the vaccine at this time or will evade the vaccine’s immunological protec-
tion. The Alpha, Delta and newly discovered Omicron viruses are among the most 
well known [194]. Although vaccine research and development has always been a 
priority for various countries, SARS-CoV-2 is easy to transcribe during replication. 
It frequently results in some surface proteins or vaccines targeting regions that seem 
changeable, and they cannot keep up with the virus mutation rate. Therefore, SARS-
CoV-2 cannot be regulated effectively or consistently.

Unfortunately, few anti-virus vaccinations or medicines have been licensed to 
treat illnesses caused by SARS-CoV-2. Clinical management includes infection 
control, prevention and supportive care, including mechanical ventilation and sup-
plemental oxygen when required. Although many nations are working on a SARS-
CoV-2 vaccine, it is almost certain that none of the vaccines will be prepared by the 
end of the year. Currently, four types of vaccines are undergoing clinical trials: pro-
tein subunit, whole virus, nucleic acid (RNA and DNA) and viral vector [195]. Each 
of these vaccinations protects humans by inducing immunity [29].

Furthermore, certain vaccinations are dangerous and cannot be used. Thus, more 
dangers during testing make vaccine development a complicated path. Vaccine 
research is essential from this point of view, but finding one or two relatively stable 
targets to produce a drug that can work for a long time without fear of SARS-CoV-2 
mutation is even more critical in the long run [196, 197].

Table 3  Pharmacophoric features, radius, and x-, y- and z-coordinates of the RdRp–remdesivir complex 
[189]

Pharmacophore X-coordinate Y-coordinate Z-coordinate Radius (Å)

Aromatic 89.8 93.7 106.3 1.1
Aromatic 90.83 92.17 105.29 1.1
HBD 89.65 92.18 108.62 0.5
HBA1 89.86 94.51 105.12 0.5
HBA2 89.2 94.17 107.45 0.5
HBA3 92.24 95.34 102.13 0.5
HBA4 92.6 88.02 103.36 0.5
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As a result, there has been increased demand to develop another medicine that 
can effectively combat the infection. The focus of this effort has primarily been on 
repurposing existing medications. According to WHO officials, many drugs have 
successfully treated COVID-19.

8  Discussion

Initially established as a respiratory tract pathogen, subsequent studies have dem-
onstrated that this viral infection can impact other organs and systems. The RdRp 
protein, crucial for RNA viruses, has been identified as a promising target for cre-
ating antiviral treatments. Repurposing existing RdRp inhibitors for SARS-CoV-2 
is still a viable option to explore the correlation between the drug-binding sites of 
SARS-CoV, SARS-CoV-2 and MERS-CoV RdRps. Remdesivir, with its complex 
structure that inhibits RdRp, has provided insight into the mechanisms of viral RNA 
replication and a rationale for designing drugs to combat novel viral infections. It 
was discovered that remdesivir is covalently inserted into the primer strand, leading 
to chain elongation termination. The current list of potential medications includes 
EIDD-2801, sofosbuvir, galidesivir, remdesivir, AT-527, IDX-184, favipiravir and 
ribavirin, all of which have demonstrated anti-SARS-CoV-2 activity in cellular stud-
ies or clinical trials. These nucleoside analogues, such as remdesivir, can concen-
trate within the inner cavity of viral RdRps and block it via RNA chain termination. 
This approach involves converting the parent compound to the triphosphate-acti-
vated state. EIDD-2801, galidesivir, remdesivir, favipiravir and ribavirin maintain 
the entire ribose group and build a strong hydrogen-bond network resembling natu-
ral substrates. We assessed the pros and cons of nucleoside inhibitors (NIs) to evalu-
ate potential medications better. The biochemical properties of NIs target the active 
site of viral RdRps. Most NI antiviral activity is broad-spectrum. Several effective 
anti-HCV NIs suggest that the active binding sites of these inhibitors are relatively 
conserved [198, 199]. The challenge in developing nucleoside inhibitors is the high 
cellular natural NTP concentration level. Triphosphorylated NIs require higher 
doses to achieve their antiviral effect due to competition with high levels of cellular 
NTP, increasing the risk of drug toxicity.

Cryo-electron microscopy frameworks of RdRp have elucidated the inhibi-
tory mechanism of remdesivir. RdRp inhibitors are typically modified nucleosides 
with structurally modified nucleobase and ribose groups, which can be recognized 
by RdRp and function as their substrates after undergoing tri-phosphorylation by 
kinases. Subsequently, they can be integrated into a growing viral RNA strand. 
Hence, the chemical modifications in the structure of nucleoside inhibitors of RdRp 
impede the incorporation of a new nucleotide in the ever-increasing chain of viral 
RNA, efficiently causing RNA chain termination [200] (Fig. 25).

After entering the body, remdesivir undergoes metabolism, hydrolysis,and phos-
phorylation to form its active form, remdesivir monophosphate (RDV-MP) [201, 
202].

RDV-MP then boosts the active triphosphate metabolite and interacts with the 
basic amino acid residues LYS545 and ARG555 of RdRp. Magnesium ions and 
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pyrophosphate create two ionic bond contacts close to RDV-MP, which are absent in 
all other configurations of the SARS-CoV-2 RdRp complex with RNA. The triphos-
phate occupying the nucleotide input site may prevent nucleotide triphosphates 
(NTP) from entering the active site, providing a possible mechanism for remdesi-
vir’s inhibitory effect [203, 204]. Other nucleotides, including favipiravir, ribavirin, 
IDX-184, galidesivir, EIDD-2801 and molnupiravir, effectively hinder SARS-CoV-2 
replication by targeting RdRp [205] (Fig. 26).

Moreover, structural modifications enabling covalent integration of phosphate 
at the growing terminus are more favourable, and the development of derivatives 
of pyrophosphate bonded with additional functional groups, such as fluorine, can 
enhance their hydrogen bond acceptance and improve interactions with RdRp [206, 
207]. Virtual screening analysis has demonstrated that newly designed medicines 
containing phenyl pyrazole or tetrazole functionalities increase the likelihood of 
inhibiting RdRp [208]. Aryl di-keto acids have been proven to be highly effec-
tive and temporary inhibitors of HCV’s RdRp. They act as product-like mimics, 
binding the two  Mg2+ ions (divalent cations) at the active site of HCV, similar to 

Fig. 25  General mechanism of action of nucleoside-based RdRp inhibitors

Fig. 26  Mechanism of action of remdesivir as an anti-RdRp agent
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pyrophosphate mimetic inhibitors. The investigation showed that bioisosteres tetra-
zoles or triazoles, such as ribavirin, could replace the free carboxylic acid moiety 
of aryl di-keto acids since the free acidic functional group causes biological and 
chemical instability and low membrane permeability of drug molecules [209, 210] 
(Fig. 27).

The discussion in this review indicates that targeting RdRp could be the most 
effective therapeutic strategy for combating COVID-19 infection since it is the pri-
mary receptor for viral replication. Small-molecule inhibitors are considered the best 
option during development due to their research progress, safety and efficacy, com-
pared with alternative treatments like oligonucleotide, monoclonal antibody-based, 
peptide and plasma therapies. However, there is a need to discover target-specific 
lead compounds, and expert investigation on SARS-CoV-2 infections is ongoing. To 
develop novel medications, it is crucial to understand the pharmacophore character-
istics that are essential for all substances.

9  Conclusion and Future Aspects

SARS-CoV-2 has rapidly spread to nearly 199 countries worldwide, with no specific 
treatment available to combat this wild-type virus. Developing drugs for COVID-19 
is a complex yet necessary process due to the virus’s genetic alterations and medi-
cation resistance, which pose challenges in treatment strategies. One of the major 
problems in drug design is to enhance the drug’s potency against genetic variants, 
for which adding a suitable pharmacophore to a newly designed molecule is pre-
ferred. Although pharmacophore modelling and docking studies have successfully 
recognized remdesivir as an effective inhibitor of the RdRp enzyme, clinical trials 
are necessary to confirm these findings. Apart from remdesivir, several nucleotides 
like ribavirin, EIDD-2801, favipiravir and galidesivir have shown efficacy in block-
ing SARS-CoV-2 replication. Additionally, some FDA-approved small molecules 
for clinical use have demonstrated effectiveness against SARS-CoV-2. This review 
summarizes existing antiviral drugs and their structure–activity relationship, and 
comparing or incorporating their characteristics is crucial to optimize or to design 
more effective drugs in the future.
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