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Abstract: The RNA-dependent RNA polymerase (RdRp) is an essential enzyme for the viral replication
process, catalyzing the viral RNA synthesis using a metal ion-dependent mechanism. In recent years,
RdRp has emerged as an optimal target for the development of antiviral drugs, as demonstrated by
recent approvals of sofosbuvir and remdesivir against Hepatitis C virus (HCV) and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), respectively. In this work, we overview the
main sequence and structural features of the RdRp of emerging RNA viruses such as Coronaviruses,
Flaviviruses, and HCV, as well as inhibition strategies implemented so far. While analyzing the
structural information available on the RdRp of emerging RNA viruses, we provide examples of success
stories such as for HCV and SARS-CoV-2. In contrast, Flaviviruses’ story has raised attention about
how the lack of structural details on catalytically-competent or ligand-bound RdRp strongly hampers
the application of structure-based drug design, either in repurposing and conventional approaches.

Keywords: RdRp; Mg?* ions catalysis; emerging RNA viruses; small molecule inhibitors;
structure-based drug design

1. Introduction

The replication of the viral genome is a complex mechanism in which several viral and host
factors are involved. Once delivered into the host cell following virus entry and uncoating, the viral
genome directs its own replication as well as translation of viral proteins. Most viruses coding for
an RNA-dependent RNA polymerase (RdRp) complete these processes in the cytoplasm, with some
notable exceptions (e.g., influenza virus). RdRp is a multi-domain viral enzyme, encoded by all RNA
virus families except for Retroviridae, which is classified as a transferase (EC 2.7.7.48) [1]. RdRp catalyzes
the synthesis of a nascent RNA strand by adding ribonucleotide units to the 3’-hydroxyl terminus,
building the RNA molecule in the 5’-3” direction. To carry out its polymerase activity, RARp requires
an RNA template, ribonucleotide 5" triphosphates (ATP, GTP, UTP, and CTP) as precursors of the
nucleotide units of nascent RNA, and two magnesium ions (Mg?*) within the active site that catalyze
the phosphodiester-bond formation. The polymerase may also bind zinc ions (Zn?") with tetrahedral
coordination in a site that is located outside the catalytic site, where these ions play a structural
role [2-4]. The structural arrangement of the RdRp forms two channels that meet at the active site.
The main channel accommodates the RNA template, while the secondary channel allows the inclusion
of incoming nucleotides triphosphate (NTPs) (Figure 1).
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Figure 1. Graphical representation of the RdRp. The RNA template is represented by the blue line.
The nascent RNA is represented by the red line. Mg?* ions are represented as green spheres.

NTPs of the newly synthesized RNA are inserted according to Watson-Crick base pairing rules:
U/A is inserted into the nascent RNA strand to pair with A/U from the RNA template, while G/C is
inserted to pair with C/G. In the catalytic reaction, the 3’-hydroxyl group of the nascent RNA acts as a
nucleophile, attacking the «-phosphate of the incoming NTP and releasing a pyrophosphate molecule
(PPi) (Figure 2).
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Figure 2. RNA synthesis reaction catalyzed by the RdRp.

This process is promoted by Mg?* ions that are coordinated with an octahedral geometry by
the phosphate groups of the incoming NTP, and by the three aspartate residues that are highly
conserved among different viral RdRps. Specifically, a Mg?* ion promotes the nucleophilic attack of
the 3’-hydroxyl group from the nascent RNA to the a-phosphate of the incoming NTP, while the other
Mg?* ion facilitates the detachment of the PPi molecule. This reaction mechanism is shared by all
RdRps, and it is commonly referred to as the “two metal ions catalysis” [5].

The RdRp can initiate RNA synthesis from either the end of the RNA template, or by recognizing
an internal promoter sequence [6]. Mutagenic studies have shown that alterations in the secondary
structure of RNA can affect its interaction with the RdRp and interfere with the catalytic process [7].
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Since RNA viruses have a relatively high mutation rate in the order of 107°~10~* substitutions per
nucleotide site per cell infection [8], they have evolved by developing various proofreading mechanisms.
Indeed, viral replication can be an imprecise and discontinuous process. The rapid insertion of bases
during RNA elongation may be subject to misincorporation of mismatched nucleotides, leading to
RdRp dysfunction. For this reason, the elongation process can be interrupted by a backtracked
pause. During a backtracked pause, two events occur: (i) the RdRp moves upstream, allowing the
exit of the 3’-end of the RNA transcript through the NTP channel; and (ii) cleavage of the most
recently incorporated ribonucleotides, which restore catalytic functions [9]. Backtracking has been
extensively studied in eukaryotes and in some bacteria, such as Escherichia coli, and only recently has
been observed in viral RdRps. However, it remains a very rare process [10]. Differently from other
RNA viruses, the fidelity of CoV RdRp is increased by a 3’ to 5" exonuclease (NSP14) that exerts a
proofreading function during RNA synthesis. NSP14 is highly conserved in the Coronoviridae family
and is considered an essential factor for the existence and evolution of large RNA genomes such as
those of CoVs, by avoiding lethal mutagenesis and maintaining replication competence [11].

Considering that RdRp plays a crucial role in the replication cycle of most RNA viruses, its high
conservation among evolutionary distant RNA viruses [12], the absence of RdRp homologous
in mammalian cells, the extensive knowledge on RdRp structure and functions, and the easy
development and consequent availability of biochemical assays for the rapid screening of large
libraries of compounds, RdRp is considered as an attractive target for the discovery of novel antiviral
drugs. Nevertheless, the emergence of RdRp drug-resistant variants might limit the broad application
of specific inhibitors, or might require their use in combination with drugs directed to other viral
targets, if available. Successful examples of RdRp inhibitors include sofosbuvir, which is clinically
approved for the therapy of Hepatitis C virus (HCV) infection, and remdesivir, which was originally
designed as a therapy for Ebola virus infection and has been recently approved for the treatment of
hospitalized patients with severe coronavirus disease 2019 (COVID-19).

In this review, we summarize the structural details that characterize the RdRp of emerging RNA
viruses such as Severe Acute Respiratory Syndrome coronavirus (SARS-CoV), Severe Acute Respiratory
Syndrome coronavirus-2 (SARS-CoV-2), Middle East Respiratory Syndrome coronavirus (MERS-CoV),
Zika virus (ZIKV), West Nile virus (WNV), Dengue virus (DENV), and HCV. Moreover, we revise the
genetics and pathogenicity of these viruses and discuss the main RdRp inhibition strategies developed
so far. Finally, we describe the state of the art in drug design of new RdRp inhibitors through the
structure-based approach, shedding light on future directions and perspectives.

2. RNA Virus Outbreaks

Although the number of RNA viruses that have caused outbreaks in recent years is relatively
high, here we focus on those viruses that we believe have the strongest clinical relevance, social impact,
and scientific interest. The pandemic outbreak of the new coronavirus is threatening the health systems
on a global scale, and the scientific community is making an unprecedented multidisciplinary effort
to face the urgent need for both treatment and prevention of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infections. On the other hand, HCV is a notable example of how
coordinated and extensive research efforts can bring successful results in the development of potent
and well-tolerated specific antiviral drugs. Both HCV and SARS-CoV-2 case studies might inspire the
development of drugs against RNA viruses for which no effective cures are yet available despite high
pathogenicity for humans.

2.1. Coronaviruses” Outbreaks

At the end of 2002, a new respiratory disease named Severe Acute Respiratory Syndrome (SARS),
caused by the previously unknown coronavirus SARS-CoV, was detected in the province of Guangdong,
China. This new virus rapidly affected China and other countries, including several countries in South
East Asia, Canada, and Europe [13]. In 2012, in the Middle East, a new coronavirus named MERS-CoV
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appeared as the causative agent of the Middle East Respiratory Syndrome (MERS). MERS cases
were reported predominantly in Saudi Arabia, the United Arab Emirates, Qatar, Oman, and Kuwait,
while occasional cases were imported in Europe [14]. Despite these two outbreaks, the scientific
community and international health agencies have continued to take a marginal interest in these
viruses, as they never became pandemic and the number of cases was relatively low. Along with the
disappearance of these two potentially lethal coronaviruses, research and development of specific
antiviral agent and preventive vaccines were discontinued early [15]. In December 2019, the outbreak of
a new coronavirus in Wuhan, China, formerly known as 2019-nCoV and later renamed as SARS-CoV-2,
caused a new respiratory syndrome also known as COVID-19, classified as a pandemic by the WHO in
February 2020. COVID-19 is currently representing a major health issue worldwide, and the search for
effective cures and vaccines has rapidly become a top priority, not only to arrest virus related fatality,
but also to resume the global economy put on hold by lockdown measures set to contain the epidemic.

2.2. Flaviviruses’ Outbreaks

Flaviviruses are transmitted through the bite of infected mosquitoes. Specifically, ZIKV and
DENYV use mosquitoes of the Aedes genus as a vector, while WNV uses those from the Culex genus.
ZIKV was first identified in Uganda in 1947 [16-18]. Since the mid-20th century, ZIKV has spread in
many African regions [19,20], Southeast Asia [21,22], and South America, especially in Brazil, where it
caused a severe outbreak in 2016 [23,24]. Moreover, ZIKV infection is a major threat during pregnancy,
as the virus can be transmitted vertically and cause microcephaly [25,26]. DENV followed a similar
spread-scheme as ZIKV [27]. Its first identification dates back to 1943 in Japan [28,29]. From the second
half of the 20th century, DENV spread particularly in Latin America and Southeast Asia, and even
reached Europe [30,31]. WNV is endemic in different areas such as Africa [32], Southeast Europe [33,34],
United States [35,36], Australia [37] and Middle East. Although these viruses are spreading all over
the world with variable clinical consequences, there is no specific drug to treat at least the most
severe infections. Indeed, therapy is merely supportive, and clinical benefits strongly depend on
early diagnosis and timely intervention. As a further complication, all the diseases caused by these
Flaviviruses share initial symptoms like rash, vomiting, headache, and fever, thus making it difficult to
distinguish among them [38].

2.3. HCV Outbreak

First identified in 1989, but long known as the elusive agent of non-A non-B hepatitis, HCV is a
worldwide-spread virus [39] that includes eight genotypes and many subtypes which are distinguished
by geographic distribution, transmission route, and rate of disease progression [40]. HCV specifically
infects liver cells, and it is transmitted through infected blood direct contacts, often due to the use of
intravenous drugs, unsterilized medical devices or blood transfusions [41]. There is no vaccine for
the prevention of HCV infection. However, testing donated blood and implementing safe procedures
in the healthcare setting has greatly reduced HCV incidence [42]. To date, licensed drugs that can
eradicate HCV infection are available, and the World Health Program to eliminate HCV by 2030 is
progressing with variable success, with diagnosing and treating all HCV carriers remaining the highest
challenge. The advent of these drugs, including NS3 protease inhibitors, NS5A inhibitors, and one
nucleoside analog RdRp inhibitor (sofosbuvir) has dramatically changed the fate of chronic HCV
infection, avoiding long-term complications such as liver cirrhosis and hepatocellular carcinoma [43,44].
Many resources have been invested in the study of this virus and sofosbuvir is a key example in the
development and testing of highly successful RdRp inhibitors.

3. Sequence of Target RNA Viruses

Since RNA viruses are highly polymorphic, continuous surveillance is warranted to detect novel
variants and spread to new geographic areas or patient populations. Thus, updating knowledge of
RNA viruses such as SARS-CoV, SARS-CoV-2, MERS-CoV, ZIKV, WNV, DENV, and HCV remains a
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challenge. In addition, veterinary virology is an integral part of this activity to support the capability to
characterize zoonotic viruses crossing the species barrier and entering the human population. Once a
novel human pathogen is suspected or identified, obtaining partial or full genome information is a
major step towards the management of the disease and epidemic. A notable example of this kind is
SARS-CoV-2, which was detected via a metagenomic approach, sequenced and classified as a new
member of the Coronaviridae family based on sequence homology [45]. Following further sequence
analysis, this “novel coronavirus 2019” (2019-nCoV), was finally recognized as the second variant of
SARS-CoV and thus renamed SARS-CoV-2.

Undoubtedly, detection of novel virus variants and species has been facilitated by the dramatic
progress in whole-genome sequencing [46-51], thanks to the advent of a number of next-generation
sequencing methods allowing full-length sequencing at a fraction of the time and cost required for
traditional Sanger sequencing [52].

Genetic analysis of the RNA viruses considered in this review led to a systematic classification of
the different species with respect to the RdRp sequence. Accordingly, RARp sequences can be divided
into three clusters, which are notably related to the family and genus they belong to (Figure 3).

SARS-CoV
Family Coronaviridae, } 96%

genus Betacoronavirus SARS-CoV-2 70%
MERS-CoV
—7%
ZIKV
. .y 69%
Family Flaviviridae, o 1%
genus Flavivirus WNV —66%
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DENV 7%

Family Flaviviridae,

HCV

genus Hepacivirus

Figure 3. Schematic representation of the percentages of identity of the RdRp shared by RNA viruses
of the same cluster and between different clusters.

Among Coronaviruses, SARS-CoV-2 RdRp shares the highest amino acid identity (96%) with
SARS-CoV RdRp, while homology with MERS-CoV RdRp is only 70%. The average sequence identity
is lower among flaviviruses, with ZIKV, WNV, and DENV RdRps sharing 66-69% of amino acids.
HCV, belonging to a different genus of the Flaviviridae family, has very limited homology with the
members of the Flavivirus genus [53]. For this reason, HCV RdRp was not included in the sequence
alignment of Figure 4.

Although whole-genome sequencing is the key strategy for tracking outbreaks and virus evolution,
genome analysis is only the first step to design and test antiviral candidates. Indeed, structural details
are essential to assess the druggability of a potential target protein, and they might be provided by
structural biology efforts or, to a more immediate but less precise extent, by homology modeling.
While some structural information is available for HCV and coronaviruses (see next chapters), in the
case of flaviviruses, the lack of structural details on catalytically-competent RdRp strongly hampers
the design of new specific inhibitors, often making it necessary to build homology models with all the
complications derived from a low percentage of identity [55].
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Figure 4. Alignment of RdRp sequences from members of the (a) Betacoronavirus and (b) Flavivirus
genus. The sequences alignment was carried out using the ClustalX version 2.1 [54] with the pairwise
alignment algorithm, keeping the default color scheme for the amino acids, i.e., blue = hydrophobic;
red = positive charge; magenta = negative charge; green = polar; pink = cysteine; orange = glycine;
yellow = proline; cyan = aromatic; white = unconserved or gaps. The black bar below the alignment
corresponds to the level of conservation: the higher the bar, the higher the conservation at every
position. * indicates the amino acids that are conserved in the aligned sequences.
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4. Structural Features of RARp from Emerging RNA Viruses

Structural details of viral RdRp collected by X-Ray crystallography, NMR, or Cryo-EM techniques,
give access to a great understanding of the structural architecture of this protein. Overall, the shape

of the viral RdRp is comparable to a closed right hand with palm, thumb, and fingers subdomain
(Figure 5).
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Figure 5. Graphical representations of palm (white), thumb (blue) and fingers (pink) subdomains in
(a) RNA-bound RdRp (PDB-ID: 4WTG) and (b) apo RdRp (PDB-ID: 2XI2). The protein structures are
represented as cartoons and as surfaces in different orientations. The catalytic site is highlighted by the
green circle, and the metal ions are represented as green spheres.

The fingers subdomain has been further divided into index, middle, ring, and pinky fingers. [56,57].
The palm domain is the most conserved among the RdRp of different viral species and contains the
catalytic site [53,58-61]. It is composed of five catalytic motifs (A-E), of which A and C have conserved
aspartic acid residues that participate in the catalytic reaction by coordinating the Mg?* ions [62].
Fingers and thumb subdomains are located at the N- and C-terminus of the RdRp, respectively, and form
two tunnels that meet at the active site: one tunnel is for the access of the NTPs into the catalytic site,
while the other crosses the whole polymerase and allows the entry of RNA template and the exit of
double-stranded RNA (Figure 1). Moreover, each species has specific N-terminal and C-terminal tail
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domains or cofactors, such as the nonstructural proteins (NSPs) 7 and 8 in Coronaviruses that increase
the polymerase activity, and the domain with methyltransferase (MTase) activity in Flaviviruses
and HCV.

4.1. Structure of Coronaviruses RARp

Coronaviruses are positive-strand RNA viruses. Their genome has two large open reading frames
(ORFla and ORF1lab) encoding for two polyproteins, which are cleaved into sixteen NSPs including
RdRp, 3C-like protease (3CLpro), papain-like protease (PLpro), and the helicase [53]. The replication
process is carried out by the RdRp, also known as NSP12, in complex with NSP7 and NSP8 as cofactors
that increase the polymerase activity [63,64]. Like all other polymerases, the overall structure of
SARS-CoV-2 RdRp resembles a closed right hand with the palm, thumb, and finger subdomains.
On the N-terminal tail, it has a nidovirus-specific domain with nucleotidyltransferase activity [65].
Unfortunately, only a few crystallographic structures of SARS-CoV RdRp have been solved to date,
whereas no structures of MERS-CoV RdRp are available (Figure 6). In contrast, detailed information on
apo RdRp structure, as well as the elucidation of the conformational changes of the protein by binding
to RNA and a nucleoside analogue inhibitor, has been recently provided by Gao et al. (2020) [2] and
Wang et al. (2020) [66]. In less than a year from the SARS-CoV-2 outbreak, nine three-dimensional
structures of its RARp were solved by Cryo-EM technique.
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Figure 6. Statistics of three-dimensional structures available for SARS-CoV, SARS-CoV-2, ZIKV, WNYV,
DENYV and HCV RdRp in the Protein Data Bank divided by (a) viruses, (b) resolution, (c) experimental
methods, (d) binding state and (e) release date. Abbreviation used in (d): Targeted covalent inhibitor
(TCI), nucleos(t)ide analogue inhibitor (NI), non-nucleos(t)ide inhibitor (NNI).
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4.2. Structure of Flaviviruses RARp

The Flaviviruses’ positive single-stranded RNA has a single open reading frame (ORF) encoding
a single polyprotein, which is later processed in three structural proteins (C-prM-E) and seven
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [67,68]. Flavivirus RdRp,
also known as NS5, shows the classical “closed-hand” structure with palm—-thumb-fingers subdomain.
From a functional standpoint, RdRp initiates the replication process using the de novo initiation
RNA synthesis mechanism. Unlike RdRps that use a primer-dependent mechanism such as RdRps of
Picornaviruses and Caliciviruses, de novo RdRps have their own primer element often located in the
thumb domain, which guides the 3’ tail of the RNA template strand within the catalytic site allowing
the initiation of the complementary RNA strand synthesis [69,70]. Among viral proteins encoded by
Flaviviruses, RdRp is the largest having around 900 amino acids [71,72] and consisting of two domains,
i.e., the RdRp catalytic domain and the N-terminal MTase domain, that closely collaborate in the
genome replication process. At the time of this review, 44 three-dimensional structures characterized by
X-Ray crystallography are available in the Protein Data Bank (PDB) [73] for the Flaviviruses considered
in this work: fourteen for ZIKV, three for WNV, and twenty-seven for DENV (Figure 6). For ZIKV and
WNYV, all the reported structures are in the apo conformation, whereas sixteen out of the twenty-seven
DENYV structures are co-crystallized with an allosteric inhibitor. Unfortunately, these structures only
report the closed and catalytically non-competent conformation with no co-crystallized Mg?* ions
and RNA strands. Although sequence identity is not very high between Flaviviruses and HCV,
X-Ray structures of HCV RdRp co-crystallized with a ligand, RNA, and Mg?" ions allowed to generate
reliable catalytically-competent structures of Flaviviruses” RdRp through homology modeling [68,74].

4.3. Structure of HCV RdRp

HCV RdRp follows a structural pattern that is very similar to that of Flaviviruses belonging to
the Flaviviridae family. A search in the PDB yielded 198 three-dimensional structures of HCV RdRp,
corresponding to the 78% of total structures considered herein, all of which have been solved by
X-Ray crystallography. Among them, three structures are co-crystallized with a nucleoside inhibitor,
160 with a non-nucleoside inhibitor, and fourteen are co-crystallized with double-stranded RNA and
Mg?* ions. It is worth noting that Mg?* ions in some structures have been replaced by manganese
ions (Mn?*) since they decrease the Michaelis constant (Kiy) and increase the polymerase activity
of truncated RdRp even by 20-folds compared to Mg?* ions, either with natural and 2’-OH/2’-CHj
modified ribonucleotide substrates [75,76] (Figure 6).

From these statistics, the strong interest in HCV drug discovery clearly emerges, which led to
large investments in structural elucidation with appreciable results. Similarly, the strong engagement
shown by the scientific community in the fight against the new coronavirus has demonstrated that it is
possible to obtain remarkable results even in a relatively short time. Instead, in the case of Flaviviruses,
this interest is apparently missing, suggesting a lower amount of resources spent so far.

5. Strategies for the Development of Small Molecule RdRp Inhibitors

Several strategies for the design of small molecule modulators of RNA viruses RdRp have been
implemented, which have led to the development of multiple types of inhibitors endowed with
different mechanisms of action: (i) nucleos(t)ide analogues (NIs), (ii) non-nucleos(t)ide analogue
(NNIs), (iii) protein-protein interactions inhibitors, and (iv) targeted covalent inhibitors (TCls).

In details, NIs are molecules that mimic the structure of nucleos(t)ides and act within the
catalytic site of viral RARp by binding metal ions and catalytic residues. They can be incorporated
in the nascent RNA strand by competing with natural NTP substrates of the RdRp, leading to
immediate or delayed chain termination depending on the chemical features of the small molecule
inhibitor. The main limitation of NIs is their intracellular delivery in the form of triphosphates
(bioactive form). Indeed, these moieties have a low cell membrane permeability due to the
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charge localized on the phosphate groups in physiological conditions. To overcome this problem,
the prodrug approach is often used to improve the pharmacokinetic properties of a drug [77].
Prodrugs are pharmacologically inactive compounds that undergo enzymatic transformation(s)
within the cell to become pharmacologically-active species. In the specific case of NIs, prodrugs
are transformed and activated by cellular enzymes through one or more phosphorylation steps,
allowing incorporation of the bioactive triphosphate into the nascent RNA strand with a catalytic
mechanism that resembles the physiological process shown in Figure 2. A successful example of
prodrug inhibitor of viral RdRp is sofosbuvir. Once metabolized in the bioactive compound GS-461203
(2’-deoxy-2"-a-fluoro-pB-C-methyluridine-5’-triphosphate) (Figure 7), it acts as an obligated chain
terminator. Although obligated chain terminators usually lack the 3’-hydroxyl group required for
chain elongation, sofosbuvir has the 3’-hydroxyl group, but chain termination occurs due to the steric
clashes of the 2’-methyl group [78].

HO... o)
O —_—
3 /[( cellular enzymes
FoN"
N4
(0]
sofosbuvir (prodrug) sofosbuvir (bioactive triphosphate)

Figure 7. Schematic representation of the enzymatic transformation of sofosbuvir prodrug into its
bioactive form.

Differently, NNIs are non-competitive inhibitors that bind allosteric sites of the polymerase,
including thumb pockets I (T1) and II (T2), palm pockets I (P1), II (P2) and 3 (PB), which are
adjacent to the active site, inhibiting the conformational changes required for the polymerase activity.
The mechanism of action of allosteric inhibitors is highly dependent on the binding site and the
conformational state of the polymerase [79]. NNIs binding to T1 and T2 seem to act at the initiation
step by interfering with the correct assembly of the palm and thumb subdomains, thus preventing
the formation of a functional RARp/RNA complex and decreasing the binding affinity of the RNA
template [80]. Palm site inhibitors have been shown to bind a hydrophobic pocket in the palm domain,
stabilizing the inactive conformational states [81] or inhibiting the phosphodiester-bond formation [82].
Structural details on these sites are essential in the design of drugs that inhibit the RdRp through
allosteric mechanisms.

A most recent class of RdRp inhibitors under development is represented by inhibitors of
protein—protein interactions (PPI). In this case, RdRp inhibition occurs on the replication complex
assembly between RdRp and other nonstructural proteins that exert enzymatic functions essential
for the replication process. An example of PPI inhibition is the blockage of the interaction between
RdRp (NS5) and the protease (NS3) of DENV [83], which has been demonstrated to be crucial for the
replication of the viral genome by immunoprecipitation assay with cultured cells [84,85] and yeast
two-hybrid assay [86].

TClIs are specifically designed with a functional group that is able to react with a specific residue
of the target protein, forming a covalent complex that may lead to the loss of protein activity [87,88].
TCIs can be divided into two major classes by their mechanism of action: (i) reversible inhibitors,
oscillating in an equilibrium between their bound and unbound state to the target. The recovery of
the enzyme depends on the removal of the inhibitor from the system. (ii) Irreversible inhibitors that
irreversibly binds the protein. In this case, the recovery of enzymatic functions does occur with the
physiological turn-over [89], and their ability to closely tie their target results in a prolonged therapeutic
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response with a consequent decrease in doses and frequency of administration, and a significantly
increased patient compliance [90]. Obviously, they also have disadvantages, such as episodes of toxicity
and hypersensitivity [87,91]. In the development of TClIs, the target’s features should be thoroughly
examined because not all the target proteins are suitable for this type of inhibition mechanism due to
the high turn-over or degradation rate [92].

Recently, drug repurposing/repositioning has become a successful and established approach to
rapidly enable compound development in advanced clinical trials and to accelerate the regulatory
review process. Drug repurposing/repositioning aims to identify new therapeutic indications, different
from the original medical indications, for approved, investigational, or withdrawn/suspended
drugs [93]. This strategy offers several advantages over the canonical process to develop a
new drug. Since pharmacokinetic, toxicological, and safety data have already been collected
for the repurposed drug in preclinical and early clinical trials, the risk of failure is considerably
lower. Then, fewer investments are required, although depending on the phase and process of
development achieved by the candidate drug [94]. There are many successful examples of drug
repurposing/repositioning, including sildenafil, originally designed to treat angina pectoris, to date
used for the treatment of erectile dysfunction [95]. Recently, drug repurposing proved very beneficial in
emergency situations, such as the COVID-19 pandemic [96-98], which led to the approval of remdesivir,
an RdRp inhibitor originally developed against HCV and later proposed for the treatment of Ebola
virus infection. This approach is also being used for the treatment of Flavivirus infections [74,78,99]
and drugs under repurposing for the treatment of Flavivirus infections are mostly anti-HCV agents.

It is worth noting that inhibition of RdRp activity through modulation of structural motifs or viral
nucleic acid sequences targeted by the RdRp stands as a viable option for the development of antiviral
agents [100]. Specifically, peptide nucleic acid (PNA) oligomers are artificial nucleic acids with the
nucleobases anchored to a neutral pseudopeptide backbone via a methylene carbonyl linkage [101].
PNAs are reported to bind selectively to specific viral RNA secondary structures providing indirect
inhibition of RdRp.

In the next chapters, successful examples of Coronavirus, Flavivirus, and HCV RdRp inhibitors
are described. Since there are several approved and investigational RdRp inhibitors for HCV treatment,
only those commercially available and in advanced clinical trials having a representative mechanism
of action will be reported.

5.1. Small Molecule Inhibitors of Coronaviruses” RARp

First studies on the inhibition of Coronaviruses” RARp were carried out in 2004, following the
SARS-CoV epidemic. As already summarized in the work of Wu et al. (2006) [102], cell-based studies
identified aurintricarboxylic acid (ATA) (Figure 8) as a selective inhibitor of SARS-CoV replication
with promising results. Indeed, viral replication was decreased around 1000-fold with respect to the
untreated control, and even when compared with interferon o« and 3, ATA resulted in 10 and 100 times
more potency, respectively [103].

o HO,, (o]
o F N
HO O . N NH,
HO | P
O OH OH N~ "OH
aurintricarboxylic acid (ATA) ribavirin remdesivir (prodrug) favipiravir

Figure 8. Small molecule inhibitors of the RdRp of Coronaviruses.
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Then, docking studies were carried out to investigate the potential binding mode of ATA onto
SARS-CoV RdRp, confirming that it was able to bind in a pocket located in the palm subdomain,
formed by S754-Y766 residues, which also includes two aspartate residues involved in binding the
metal ions that participate in the catalytic process [104].

Later studies, reviewed in Totura et al. (2019) [105], reported that the guanosine analogue ribavirin
(Figure 8) was also tested against SARS-CoV and MERS-CoV infections. SARS-CoV and MERS-CoV
were shown to be sensitive to ribavirin alone in cell-based assays, but at high concentrations difficult to
achieve in human serum. Combinations with interferons were tried and led to similar results with lower
ribavirin concentrations [106,107]. Given these results, combinations of ribavirin and interferon-«2b
were tested in vivo on primate animal models improving the clinical outcome of early infections [108].
Unfortunately, this treatment did not provide benefits to patients with severe respiratory pathology.
Moreover, once incorporated in the nascent RNA strand, ribavirin was subject to cellular excision
mechanisms from the NSP14 exoribonuclease, a bifunctional enzyme with MTase activity that is able
to excise erroneous mutagenic nucleotides inserted by the RdRp, which could explain the limited drug
activity in vivo [109].

Remdesivir, initially designed as an anti-HCV drug, was then screened from a library of
~1000 compounds as a potential treatment option for Ebola virus and Marburg virus during the
outbreak of 2014 in West Africa [110]. Since it proved to be a broad-spectrum antiviral agent, it was also
tested against MERS-CoV, showing an ICsy of 340 nM in in-vitro cell-based assays [111]. Remdesivir
activity against SARS-CoV and MERS-CoV was also assessed in multiple in vitro systems providing
ICsq values in the sub-micromolar range [112]. Later, it was found to have prophylactic and therapeutic
activity in a primate model of MERS-CoV infection [113]. From a chemical standpoint, remdesivir is a
phosphoramidate prodrug (Figure 9) of an adenine derivative with broad-spectrum antiviral activity,
which acts as a delayed chain terminator.

remdesivir (prodrug) remdesivir (bioactive triphosphate)

Figure 9. Schematic representation of the enzymatic transformation of remdesivir prodrug into its
bioactive form.

The presence of the 3’-hydroxyl group still allows the formation of the phosphodiester bond
and the elongation of the growing RNA chain. Only after the addition of three other NTPs, the
steric hindrance caused by the 1’-CN group with the S861 residue blocks the transcription/replication
process [114]. Moreover, in SARS-CoV and MERS-CoV, the F480L/V557L recombinant mutant in
the finger domain conferred up to 6-fold resistance to remdesivir [115]. Since previous outbreaks of
SARS-CoV and MERS-CoV were much shorter and more restricted compared to the current SARS-CoV-2
pandemic, most antiviral development programs were discontinued, and for the diseases caused by
these Coronaviruses, no specific treatment has been approved [116]. However, the high percentage of
sequence identity between SARS-CoV and SARS-CoV-2 RdRp prompted an assessment of remdesivir
as a COVID-19 medication [117]. Moreover, the Cryo-EM structure of remdesivir within the catalytic
site of SARS-CoV-2 RdRp provided structural insights into its mechanism of action, and became a
profitable rational template for the development of novel small molecule inhibitors of RdRp (PDB-ID:
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7BV2) [63]. Remdesivir was indeed approved for the treatment of hospitalized patients with severe
COVID-19 [118,119]. Nevertheless, the demand for effective anti-SARS-CoV-2 drugs remains high.

Favipiravir is a prodrug that undergoes a metabolic transformation into favipiravir triphosphate,
its bioactive form (Figure 10).

¢ ¢
‘O, O-P-0-P-O
P\ 6 I
O/ \O
HO,
Ho" "\ ©
JIN\ OH N. _O
R mame e
S ————
F N//l\iﬂ/ NH, cellular enzymes F/[N/];( NH,
o o]
favipiravir (prodrug) favipiravir (bioactive triphosphate)

Figure 10. Schematic representation of the enzymatic transformation of favipiravir prodrug into its
bioactive form.

Originally designed as an anti-influenza drug and currently approved with this indication
in Japan, favipiravir acts as a false substrate for SARS-CoV-2 RdRp with a combined mechanism
of lethal mutagenesis and chain termination [120]. Two crystallographic structures of favipiravir
within the catalytic site of RdRp of SARS-CoV-2 are available, which describe the pre-catalytic and
the catalytically-competent state of the protein with Mg?* ions and double-stranded RNA, helping
to clarify the drug’s mechanism of action at a molecular level (PDB-ID: 7CTT, 7AAP). Favipiravir
was used to treat mild and moderate COVID-19 in several countries based on emergency approval.
Clinical studies to assess its efficacy in the treatment of COVID-19 alone or in combination with other
drugs are ongoing [121]. An overview of remdesivir and favipiravir within the catalytic site of the
RdRp of SARS-CoV-2 is depicted in Figure 11.

Figure 11. Overview of the binding mode of remdesivir (orange PDB-ID: 7BV2), and favipiravir (violet
PDB-ID: 7AAP), within the catalytic site of RARp of SARS-CoV-2. Residues opposed to the drugs are
represented as sticks and are labeled. Base-base contacts are highlighted by black dashed lines.



Molecules 2020, 25, 5695 14 of 25

5.2. Small Molecule Inhibitors of Flaviviruses” RARp

No drugs for the treatment of Flavivirus infections have been approved to date. On one
hand, this may be due the limited interest and research efforts towards these viruses, for example,
compared to Coronavirus and HCV. On the other hand, the lack of structural information on the
catalytically-competent RdRp in complex with RNA strands and metal ions notably hampers the
design of new small molecule inhibitors. Recently, many studies focused on repositioning the
nucleoside analogue sofosbuvir (Figure 7), approved in 2013 by the US Food and Drug Administration
(FDA) for the treatment of chronic HCV infection [122], as a lead candidate against ZIKV, DENYV,
and WNV. The drug was tested against ZIKV on different cellular systems and shown to directly
inhibit ZIKV replication, acting both as a chain terminator and inducing A-to-G mutation in the
viral genome [99]. Sofosbuvir also inhibited DENV replication in both cell-based and biochemical
assays [78] and demonstrated anti-WNV activity on purified RARP with an ICsy value of 11.1 uM [74].
Moreover, the S604T mutation in WNV RdRp confers sofosbuvir resistance, corresponding to the S282T
in HCV [74]. Following the identification of several allosteric sites in HCV RdRp, a number of studies
have focused on the development of inhibitors of Flavivirus RdARp. An HCV P1-like site has been
identified in DENV RdRp using fragment-based screening via X-Ray crystallography, and it is known
as N-pocket (Figure 12) [123,124].

|
o

JF-31-MG46

Figure 12. Crystallographic structure of DENV in complex with a small molecule inhibitor bound into
the N-pocket site (PDB-ID: 5F3T). Residues involved in polar interactions are represented as sticks and
are labeled. Polar contacts are highlighted by black dashed lines.

The same pocket was identified and targeted for inhibition of ZIKV RdRp. The most potent
compound tested so far on ZIKA RdRp had an ICsy value of 7.3 M in cell-free assays and showed
inhibition of ZIKV replication in vitro with an ECsp value of 24.3 uM. However, crystallographic
structures of four compounds binding the RdRp in the N-pocket helped to clarify their binding mode
and highlighted the difference between the RdRp of ZIKV and DENYV, information that may become
essential for the design of specific small molecule inhibitors [125]. In HCV, DENV, and ZIKV RdRps,
this site is located at the palm/thumb subdomains interface, and it appears to be a promising target
for broad-spectrum antivirals [126]. Recent studies on DENV also highlighted the importance of the
NS5-NS3 PPI for the correct assembly of the replication complex and demonstrated that inhibition of
these PPIs could be a profitable strategy to impair the replication transduction pathway and to develop
novel broad-spectrum antiviral therapeutic agents [127].

5.3. Small Molecules Inhibitors of HCV RdRp

Until a few years ago, the treatment of Hepatitis C was based on the combination of ribavirin and
PEG-interferon-«. Depending on HCV genotype, effectiveness was 40-75%, but many patients were not
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eligible for this treatment, and side effects such as cardiovascular, neurological, or psychiatric disorders
were common [128]. Successful therapy is defined by the undetectability of serum HCV-RNA twelve
weeks after cessation of treatment, a condition referred to as sustained virologic response (SVR) [129].
In 2011, the first HCV protease inhibitors, boceprevir and telaprevir, were disclosed. These compounds
form a reversible covalent bond with the 5139 from the catalytic triad of the HCV NS3 protease (5139,
H57, and D81), inhibiting its catalytic activity [130]. The discovery of these compounds shed light
on the importance of identifying compounds that directly target viral proteins [131]. These kinds of
molecules are defined as directly acting antivirals (DAA), due to the direct activity on viral proteins,
as opposed to the previous interferon-based standard of care [132]. A number of potent DAAs were
later developed, which are the basis for current, pan-genotypic, interferon-free, well-tolerated, and
highly effective HCV treatment regimens [133,134].

5.3.1. RdRp Inhibitors Approved for the Treatment of HCV Infection

Sofosbuvir

In 2013, sofosbuvir (Figure 13) was approved by the FDA for the treatment of chronic HCV
infection as a RdRp nucleoside analogue inhibitor.

0./
o NH
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N/[<NH 4 (b
Mo —N\ © o
sofosbuvir (prodrug) dasabuvir beclabuvir radalbuvir

0o

filibuvir deleobuvir setrobuvir

Figure 13. Small molecule inhibitors of the RdRp of HCV.

Sofosbuvir is synthesized as a prodrug, and once metabolized in its bioactive form
2’-deoxy-2’-a-fluoro-p-C-methyluridine-5-monophosphate (Figure 7), it is incorporated into the
nascent RNA, mimicking the UTP and causing chain termination. The S282T mutation within the
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catalytic site of HCV RdRp confers a modest level of resistance to sofosbuvir in vivo (3x to 10x
fold-change in median effective concentration [EC5¢]), and it is unfit for viral replication (replication
fitness approximately 8% of WT) [135]. Sofosbuvir was also successfully co-crystallized within
the catalytic site of HCV RdRp, with double-stranded RNA and Mn?* ions (PDB-ID: 4WTG) [75].
The crystallographic study provided more detailed information on the mechanism of action of
sofosbuvir and on the interactions established with the protein. Structural details on the binding
mode of sofosbuvir and other small molecule inhibitors co-crystallized with HCV RdRp are provided
in Figure 14.
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Figure 14. Overview of compounds sofosbuvir (yellow, PDB-ID: 4WTG), beclabuvir (green,
PDB-ID: 4NLD), radalbuvir (magenta, PDB-ID: 4EO6), and filibuvir (cyan, PDB-ID: 3FRZ) co-crystallized
into the different binding sites of the RdRp of HCV. Residues involved in polar interactions are
represented as sticks and are labeled. Polar contacts are highlighted by black dashed lines.

Dasabuvir

In 2014, the RdRp NNI dasabuvir (Figure 13) was approved by the FDA for the treatment of HCV
infection with the ombitasvir—paritaprevir-ritonavir association. Dasabuvir is an aryl dihydrouracil
derivate that was identified from a high-throughput screening campaign of the aryl dihydrouracil
fragment [136]. It is a P1 inhibitor that binds a hydrophobic pocket adjacent to the active site, blocking
the RNA chain initiation steps of the RdRp replication process with an allosteric mechanism [137].

5.3.2. Investigational and Discontinued HCV RdRp Inhibitors

The impressive success of current HCV DAA regimens has led to premature termination of most
drug development programs in this area, although some novel drugs are still being explored. As a
result, several promising compounds were discontinued, which could be repositioned in neighbor
areas such as other viral RdRps. Since structural information is sometimes available, past candidate
HCV RdRp inhibitors may play a key role in driving a structure-based approach.

Beclabuvir

Beclabuvir (Figure 13) is an NNI indole derivate that binds to the T1 site as depicted by X-Ray
crystallography (Figure 14). In this case, structural studies proved crucial to confirm the compound’s
preferred stereochemistry at the ring junction for optimal antiviral activity, as well as to provide
molecular details of its mechanism of action (PDB-ID: 4NLD) [138]. A phase 3 clinical study on
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beclabuvir is running, in combination with daclatasvir and asunaprevir (NCT02170727), whereas a
safety surveillance study on the same combination of drugs is running in Japan (NCT03071133).

Radalbuvir

Radalbuvir (Figure 13) is also an NNI currently in phase 2 clinical stage, acting at the T2 site of
HCV RdRp as elucidated by X-Ray crystallography (Figure 14). In this case, structural information
emerged as a reliable tool in the optimization of thiophene-2-carboxylic acid inhibitors of HCV RdRp
(PDB-ID: 4EO®6) [139].

Filibuvir

Filibuvir (Figure 13) is an RdRp inhibitor that binds the T2 site. Its discovery was guided
by X-Ray crystallography (Figure 14), starting from the class of dihydropyranones (PDB-ID: 3FRZ).
Although filibuvir was shown to be a potent viral replication inhibitor with a mean ICs of 0.007 uM [140],

the genetic barrier to resistance is low [141] and similar to other NNIs. Therefore, its development was
discontinued due to strategic reasons [142].

Deleobuvir and Setrobuvir

Deleobuvir and setrobuvir (Figure 13) are both NNI of the HCV RdRp. Deleobuvir reversibly and
non-covalently binds to the T1 site [143], while setrobuvir binds the P1 allosteric site of the enzyme [144].
Their development process was terminated due to the lack of efficacy that emerged in clinical studies.

6. Conclusions

The approval of sofosbuvir and remdesivir as specific RARp inhibitors for the treatment of HCV
and SARS-CoV-2 infections, respectively, marked a fundamental step in antiviral drug discovery.
In contrast, no drugs have been licensed against other RNA viruses coding for an RdRp, for example,
Flaviviruses. The success obtained so far with inhibitors of the RdRp from only two of the many
viruses of this kind probably reflects the disproportionate effort devoted to these agents compared to
others. The HCV RdRp is undoubtedly the most studied among viral RdRps, due to the high morbidity
and mortality of HCV infection coupled with lack of vaccination. The recent SARS-CoV-2 pandemic is
an unprecedented emergency, strongly supporting drug repurposing as an immediate, at least partially
active strategy while waiting for specific drug development.

Based on the evidence presented in this review, it is highly plausible that drugs acting on the
RdRp of Flaviviruses might be developed with success if multidisciplinary and concerted efforts are
dedicated to this task. It is also expected that these drugs will enhance the preparedness of health
systems and international organizations for possible future pandemics. In this respect, the lack of
structural details on catalytically-competent or ligand-bound RdRps from Flaviriruses marks the
difference with HCV and SARS-CoV-2, and might limit the successful application of structure-based
drug design either in the repositioning and conventional approaches.

Overall, in this review, we summarized the recent findings in targeting the RdRp of RNA viruses.
The success stories discussed herein, together with structural hints, should inspire the design of
additional drug candidates, and set the basis for expanding structure-based approaches.
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