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Abstract

COVID-19 respiratory disease caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has rapidly
become a global health issue since it emerged in December 2019. While great global efforts are underway to develop
vaccines and to discover or repurpose therapeutic agents for this disease, as of this writing only the nucleoside drug
remdesivir has been approved under Emergency Use Authorization to treat COVID-19. The RNA-dependent RNA
polymerase (RdRP), a viral enzyme for viral RNA replication in host cells, is one of the most intriguing and promising drug
targets for SARS-CoV-2 drug development. Because RdRP is a viral enzyme with no host cell homologs, selective SARS-
CoV-2 RdRP inhibitors can be developed that have improved potency and fewer off-target effects against human host
proteins and thus are safer and more effective therapeutics for treating COVID-19. This review focuses on biochemical
enzyme and cell-based assays for RdRPs that could be used in high-throughput screening to discover new and repurposed

drugs against SARS-CoV-2.

Keywords

SARS-CoV-2, COVID-19, coronavirus infection, RNA-dependent RNA polymerase, RdRP assays, RdRP inhibitors

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was identified to cause coronavirus disease-2019
(COVID-19) shortly after its emergence in late 2019. Its
name was officially announced by the World Health
Organization (WHO) based on its phylogeny, taxonomy, and
established practice subsequent to the previous SARS out-
break in 2002 and 2003.! An exponential growth in the num-
ber of SARS-CoV-2 infections in the beginning of 2020 was
observed in many countries, and the WHO declared COVID-
19 a global pandemic on March 11, 2020. COVID-19 vac-
cines are actively under development, with several already
in Phase 1 clinical trials. Specific and effective small-mole-
cule drugs for COVID-19 are not yet available, however,
making the development of targeted drugs for treating
COVID-19 an urgent unmet translational and medical need.

Viruses are simple but diverse organisms that can be cat-
egorized based on their differences in genetic material
(DNA or RNA), configuration (double- or single-stranded),
and the orientation of the encoded genes.> Most DNA
viruses have double-stranded DNA (dsDNA) and rely on
DNA-dependent DNA polymerase for replication, similar
to mammalian cells. RNA viruses are grouped into single-
stranded RNA (ssRNA) and double-stranded RNA (dsRNA)
viruses. ssSRNA viruses can be either positive- or negative-
sense. Positive-sense ssRNA is functionally like viral
“mRNA” (messenger RNA) that can be directly translated

into viral proteins in the host cell.> Negative-sense ssRNA
viruses carry complementary RNA that needs to be reverse-
transcribed into positive-sense RNA through the enzymatic
action of viral-specific RNA-dependent RNA polymerase
(RARP)before it can be translated to protein.* RARP func-
tion is also needed for positive-sense viruses during viral
genome replication.

Coronaviruses are large, enveloped, positive-sense RNA
viruses containing an ssSRNA genome with a 5'-terminal cap
structure and 3’-polyadenylation that can be as large as 32
kb.* Previously, the most pathogenic human coronaviruses
were SARS-CoV (8000 confirmed cases) and Middle East
respiratory syndrome coronavirus (MERS-CoV) (2500 con-
firmed cases), with mortality rates of approximately 10% and
36%, respectively. The clinical manifestations of both dis-
eases included fever, cough, fatigue, shortness of breath, and

'National Center for Advancing Translational Sciences, National
Institutes of Health, Bethesda, MD, USA

Received May 8, 2020, and in revised form May 28, 2020. Accepted for
publication June 15, 2020.

Corresponding Author:

Wei Zheng, PhD, National Center for Advancing Translational Sciences,
National Institutes of Health, 9800 Medical Center Drive, MSC: 3375,
Bethesda, MD 20892-3375, USA.

Email: wzheng@mail.nih.gov


http://journals.sagepub.com/home/jbx
mailto:wzheng@mail.nih.gov

1142

SLAS Discovery 25(10)

A Spike (S)
Nucleocapsid (N)
Membrane (M)
Envelope (E)
RNA genome
B
0 5,000 10,000 15,000 20,000 25,000 30,000
L 1 i e 1 1 ]
Genome position(bp)
ORF1a ORF1b Structural proteins [n=4]
[ 1 s EM N
Il
911 Accessory factors [n=9]
1 2 3 4 5 6781 12 13 14 15 16 i% slfﬁjﬁbu
() [ [ (N [ [ 1 AR [ [ o [ 0 mOoio
Non-structural proteins [n=16] 3b 7a89c

Lai

e US hce2ecepor

RNA genome
NN (+ sense)

‘ RARP

Translation of viral
non-structural protein

/V

Viral RNA genome
replication
RNA replication /
SN e
RNA genome
(- sense)

ow“

Assembly and

Transcription and
release of MRNA

Formation of
mature virion

Translation of
Structural protein

ROAMTY

budding

Subgenomic transcription

/ Spike (S)

---------------- » ™™ Nucleocapsid (N)
J™/™ Membrane (M)
SN/ Envelope (E)

Figure 1. (A) lllustration of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that consists of four structural proteins
and RNA genome. (B) Schematic illustration of SARS-CoV-2 RNA genome'' and virus life cycle in host cell. The SARS-CoV-2

RNA genome encodes 16 nsps, 4 structural proteins, and 9 putative accessory factors. In the virus life circle, SARS-CoV-2 binds to
angiotensin-converting enzyme-2 (ACE2) receptor and then releases RNA genome to cytosol to initiate the RNA replication and the

formation of new virions. Created with Biorender.com.

occasionally watery diarrhea.® Some patients developed pneu-
monia, severe acute respiratory syndrome, and kidney failure
that eventually led to death.” Compared to SARS-CoV and
MERS-CoV, SARS-CoV-2 appears to be more infectious,
with more efficient human-to-human transmission that
quickly resulted in a worldwide public health emergency.®®
SARS-CoV-2 has four structural proteins—spike (S), enve-
lope (E), membrane (M), and nucleocapsid (N) proteins—
wrapped with an RNA genome to form the viral particles

(Fig. 1A and 1B). Its genome is approximately 30 kb in size
and can be transcribed in 14 open reading frames (ORFs).
The 5" ORFla/lb represents approximately 67% of the
entire genome, and encodes ppla and pplab precursor poly-
proteins (by a —1 ribosomal frameshift) that are hydrolyzed
to 16 nonstructural proteins (nsp1 to nsp16) through proteo-
lytic processing.!” These 16 nsps form the replicase—tran-
scriptase complex (RTC) that consists of multiple enzymes,
including papain-like protease (nsp3), chymotrypsin-like
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Figure 2. (A) The catalytic mechanism of RNA-dependent RNA polymerase (RdRP) in RNA replication. (B) The intervention of
nucleotide analog as an inhibitor (an insertion of the nucleotide analog stops the RNA elongation after a few nucleotides that is

catalyzed by RdRP).

main protease (3CL protease, nsp5), primase complex
(nsp7-nsp8), RARP (nsp12), helicase (nsp13), and exoribo-
nuclease (nsp14).!! As many as 13 of the remaining ORFs at
the 3’ end encode the four structural proteins and nine puta-
tive accessory factors.!!

Multiple viral proteins play critical roles for viral entry
into the host cell and for intracellular replication. They are
attractive targets for antiviral therapeutic development due
to the lack of closely related host cell counterparts. For
example, the S glycoprotein of SARS-CoV-2 binds to the
host cell angiotensin-converting enzyme-2 (ACE2) recep-
tor to initiate viral entry. Therefore, molecules that block
spike protein binding to ACE2 are a burgeoning area of
therapeutic development. Nonstructural proteins that func-
tion as viral enzymes, such as RdRP, 3CL protease, papain-
like protease, and helicase, are also potential targets for
drug development against SARS-CoV-2. In this review, we
discuss drug development efforts for RARPs and provide a
perspective for assay strategies.

RdRP Structure and Function

All RNA viruses and some DNA viruses encode RdRPs
that facilitate viral gene transcription and replication in
concert with other viral and host factors.!> RARPs for all
RNA viral classes, positive-sense RNA, negative-sense
RNA, and dsRNA share multiple sequence motifs and ter-
tiary structures. The core structure of RARP resembles the
shape of a right hand, complete with palm, thumb, and fin-
ger domains. Five of the seven classical RARP catalytic
motifs (A—E) are located within the most conserved palm
domain, while the other two (F and G) are within the finger
domains.!>!* The structurally conserved RdRP core and
the related motifs are essential for viral RdRP catalytic
function and thereby represent potential targets for drug
intervention."

Although substrate requirements differ, all characterized
RdRPs share the same catalytic mechanism. On infection of
the host cell, viral RARP participates in the formation of the
genome replication machinery by complexing with other
factors.'® RARP initiates and governs the elongation of the
RNA strand that includes the addition of hundreds to thou-
sands of nucleotides (Fig. 2A). Nucleotide analogs can stop
the RNA elongation catalyzed by RdRP once they are
inserted into the newly synthesized RNA chain (Fig. 2B).
Viral RNA synthesis by RdRP from the 3’ end of the RNA
template can be either primer-dependent or de novo (primer-
independent). De novo RNA synthesis by RdRP is capable
of using nucleotides to begin RNA synthesis in the absence
of primer.!” In contrast, RARP primer-dependent RNA syn-
thesis relies on a short oligonucleotide or a protein cova-
lently linked to nucleotides serving as primer;!” the primer
anneals to the template RNA to provide a starting point for
RNA synthesis.

Drug Development Targeting RARP

RdRP plays essential roles in the RNA virus life cycle and
has no host cell homolog. This opens the door for antiviral
drug development and reduces the risk that a protein in
human cells will be affected. Generally, viral RdRPs are
regarded as low-fidelity enzymes largely due to lack of
proofreading functions.'® Thus, a wide array of chain termi-
nators or mutagenic nucleoside analog inhibitors targeting
RdRP have been explored.!® It was found that nucleoside
analogs in the form of adenine or guanine derivatives block
viral RNA synthesis for a broad spectrum of RNA viruses,
including human coronaviruses.!** Two such nucleoside
analogs, the influenza drug favipiravir and experimental
Ebola virus drug remdesivir (approved on May 1, 2020, for
emergency use for the treatment of hospitalized COVID-19
patients), are currently being evaluated in clinical trials for
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Table I. RdRP Inhibitors for Treatments of Viral Infections.

Approval Date or Clinical

Antiviral Agents Approved Clinical Use Reported Mechanism of Action Status Ref.
Favipiravir Influenza viruses A, B, Binds to catalytic domain of RdARP and  * Approved in March 2014 21,22
and C prevents the inclusion of nucleotides for influenza in Japan
for viral RNA replication * Randomized trial for
COVID-19
Ribavirin HCV, RSV, and viral Inhibits viral RNA synthesis and * Approved in December 23
hemorrhagic fever mRNA capping 1985
* Randomized trial for
COVID-19
Sofosbuvir HCV genotype 2 or 3 Binds to Mg2+ ions in RdRP of HCV,  Approved in December 24
and inhibits HCV 2013
replication
Baloxavir Influenza viruses A and B  Inhibits cap-dependent endonuclease Approved in 2018 25
in PA unit of influenza virus RdRP
Dasabuvir HCV genotype | Binds to the palm-I (Pl) site of the Approved in 2014 for 26
influenza virus RdRP to stop virus use in combination with
replication ombitasvir/paritaprevir/
ritonavir
Remdesivir Emergency Use Compete with ATA and Emergency Use 27
Authorization for terminates the nucleotide Authorization for
COVID-19 incorporation COVID-19 in May 2020
Galidesivir Inhibits viral RdRP function by Phase | for yellow fever, 28
terminating nonobligate RNA chain Marburg virus, and
COVID-19
Pimodivir Inhibits the PB2 cap-binding Phase 3 for influenza virus 29
subunit of influenza A viruses RdRP A
Beclabuvir Binds the NS5B (HCV RdRP) Phase 2 for HCV and 30

thumb pocket-| allosteric site to
inhibit RNA replication

HIV/HCV co-infection
in combination with
asunaprevir and
daclatasvir

COVID-19, Coronavirus disease-2019; HCV, hepatitis C virus; mRNA, messenger RNA; PA, polymerase acidic; PB2, polymerase basic protein-2; RdRP,

RNA-dependent RNA polymerase; RSV, respiratory syncytial virus.

the treatment of COVID-19. Table 1 shows a summary of
US Food and Drug Administration (FDA)-approved antivi-
ral drugs and clinical-stage investigational drugs that target
viral RdRPs.

Favipiravir

Favipiravir is a guanine analog antiviral drug targeting RARP
of RNA viruses. It was discovered by Toyama Chemical Co.
(Tokyo, Japan) through a chemical library screen against
influenza RARP.? Favipiravir has been approved in Japan
and China, and it is being evaluated in the United States in a
Phase 3 clinical trial for treatment of influenza.?? Favipiravir
is effective against all subtypes and strains of influenza
viruses, including those that are sensitive and resistant to
other marketed drugs.?? Favipiravir is a prodrug that under-
goes phosphoribosylation and phosphorylation to its active
form, favipiravir-ribofuranosyl-5'-triphosphate (F-RTP), in
human cells.?! F-RTP is recognized as a purine nucleotide by
RdRP, but it inhibits RARP enzyme activity and, thus, blocks

viral RNA synthesis.?? In competition experiments with
purine nucleosides or purine bases, the antiviral activity of
favipiravir was attenuated, which confirmed its mechanism
of action.?! Although the precise interaction of F-RTP with
RdRP has not yet been elucidated, it is hypothesized that
F-RTP may be misincorporated in a nascent viral RNA or
bind to the catalytic domain of RdRP, thus preventing fur-
ther addition of nucleotides in the viral RNA replication pro-
cess.?! The catalytic domain of RARP is conserved in various
types of RNA viruses, underpinning a potential broad antivi-
ral spectrum for favipiravir. Of particular interest is the
observation that favipiravir has no effects on human DNA
polymerases and RNA transcriptase up to 100 pg/mL, indi-
cating a high selectivity index.?! Several clinical trials have
been launched to evaluate the safety and efficacy of favipi-
ravir for COVID-19 patents.3? In a clinical trial comparing
favipiravir with umifenovir (Arbidol, an influenza virus
entry inhibitor), favipiravir showed an improved clinical
recovery rate on day7 (71.43% vs. 55.86%), and reduced
fever and cough duration compared to the umifenovir group
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Figure 3. Schematic of biomedical assay designs. (A) Polymerase elongation template element (PETE) assay. An RNA oligonucleotide
template is labeled with a fluorophore that can undergo rapid molecular rotation. The addition of nucleoside triphosphates (NTPs) to
the RNA template mediated by RNA-dependent RNA polymerase (RdRP) sterically hinders the rotation of the fluorophore, resulting
in an increase of the fluorescence polarization (FP) signal. (B) Fluorescence-based alkaline phosphatase—coupled polymerase assay
(FAPA). The incorporation of (2-[2-benzothiazoyl]-6-hydroxybenzothiazole) conjugated adenosine triphosphate (BBT-ATP) into the
RNA strand by RdRP results in the generation of BBT pyrophosphate (BBT,) that can be further catalyzed by reacting with the calf
intestinal alkaline phosphatase (CIP) to produce fluorescent BBT anion. (C) Fluorometric RdRP activity assay. Using a single-stranded
RNA (ssRNA) template, RdRP catalyzes the formation of double-stranded RNA (dsRNA) that can be detected by PicoGreen. (D)
Scintillation proximity assay (SPA). SPA beads bind to the synthesized RNA containing [*H]-GTPs (guanosine triphosphates), leading to

the close proximity that generates the SPA signal.

for moderate patients with COVID-19, but there was no sta-
tistical difference regarding auxiliary oxygen therapy or the
noninvasive mechanical ventilation rate.>* Finally, in target-
ing the viral RARP, favipiravir could be promising in combi-
nation with other antiviral agents for treatment of COVID-19.
As such, a clinical trial for COVID-19 treatment currently
underway combines favipiravir with tocilizumab [an anti-
interleukin-6  (IL6) humanized monoclonal antibody]
(NCT04310228). It is the goal that guanine analogs such as
favipiravir prove effective in double-blind clinical trials
against SARS-CoV-2 so that clinicians may have another
tool to treat patients in the emergency room.

Remdesivir

Remdesivir is a monophosphoramidate prodrug of an adenosine
analog (GS-441524 is the active form) that has broad-spectrum

antiviral activity against several viral families, including filovi-
ruses, paramyxoviruses, and coronaviruses.>*>’ Remdesivir was
originally developed as a treatment for Ebola virus disease.
Remdesivir inhibited Ebola virus replication in multiple human
cell lines in vitro with EC, ) in the submicromolar range, and it
showed positive therapeutic effects in nonhuman primates.3® A
pharmacokinetics study showed remdesivir had high first-pass
hepatic extraction due to its phosphoramidate prodrug features;
therefore, oral administration was not explored.>* Moreover, the
infection of Ebola virus also affects gastrointestinal systems,
which may impair the absorption of orally administered drugs to
reach effective doses.*® Thus, remdesivir was developed as an
agent for intravenous injection in clinical development.
Remdesivir has two hydroxyl groups, which may become orally
active through chemical modification by masking one of them
as an ester, like the modification on another anti-coronavi-
rusdrug, N-hydroxycytidine.** Although an oral dosage form is



1146

SLAS Discovery 25(10)

under development, the route of administration of remdesivir
remains intravenous.

On cell entry, remdesivir converts to a nucleoside tri-
phosphate (NTP), suggesting that the corresponding tri-
phosphate (TP) is the active form.?® Studies have confirmed
that remdesivir-TP competes with adenosine triphosphate
(ATP), the natural nucleotide, for incorporation into the
nascent RNA strand*'*? and acts as an alternative substrate
for the purified Ebola virus RARP complex.>* Following the
incorporation of remdesivir-TP, the growth of the RNA
strand is halted. Because such inhibition does not occur
immediately after the incorporation of inhibitor, the mecha-
nism of its inhibitory effect is categorized as delayed RNA
chain termination. For example, in the case of Ebola virus,
the incorporated inhibitor at position ¢ did not interrupt
incorporation of the nucleotide at position i+ 1, but rather at
position i+5.3* In a clinical trial for Ebola, remdesivir
showed less efficacy compared tomonoclonal anti-
body treatments such asmAbl14and REGN-EB3, but its
safety profile was established.*

Remdesivir has been confirmed to inhibit coronavi-
ruses, including SARS-CoV and MERS-CoV, in cell cul-
ture and animal models.** Compared to Ebola virus RARP,
in which remdesivir causes delayed chain termination at
position i+ 5, RNA synthesis was arrested at position i +3
for MERS-CoV.*' Coronaviruses usually have some
proofreading ability to detect and correct the incorpora-
tion of incorrect nucleoside analogs, but remdesivir has
been shown to outpace this protective barrier to maintain
its antiviral activity.*> The existing reports on these anti-
coronavirus effects inspired researchers to test remdesivir
in COVID-19 clinical trials. Several compassionate and
multisite clinical trials for COVID-19 have been reported
or are currently underway.?’ A recent report observed that
the severe COVID-19 patients treated with compassion-
ate-use remdesivir exhibited a clinical improvement of
68% (36 of 53).*> The interpretation of these results is
limited, however, because the size of the patient cohort
was small, the follow-up duration was relatively short,
and there was no randomized control group.* An
improved SARS-CoV-2-specific RARP inhibitor with bet-
ter potency is still needed.

The strong scientific rationale, discussed above for
RdRP as an opportune target for the development of novel
or drug-repurposing therapeutics for treating COVID-19,
stresses the need for rapid development of robust drug dis-
covery assays focused on SARS-CoV-2 RARP. In many
cases, such new assays can be adapted from state-of-the-art
high-throughput assay detection technologies that were
developed previously for RARPs from other viruses. Several
such assay approaches are reviewed and discussed in the
following sections.

Biochemical RARP Enzyme Activity
Assays

Polymerase Elongation Template Element
(PETE) Assay for RdRP

Because RdARP catalyzes the incorporation of NTPs during
RNA elongation, a PETE assay can be developed to detect the
elongation activity of RARP.* In this assay approach, an oligo-
nucleotide at the 5’ end of an RNA template is labeled with a
fluorescent probe for fluorescence polarization (FP) measure-
ments. The polarization signal from the fluorescent probe
increases as its mobility becomes low following the elongation
of the newly synthesized complementary RNA chain by
RdRP.'® Inhibition of RARP activity by a compound reduces the
FP signal as the elongation of the complementary RNA chain
stops. A schematic view of this assay is given in Figure 3A.
This assay is suitable and has been used for high-throughput
screening (HTS) of a compound library for lead discovery.'8

Fluorescence-Based Alkaline
Phosphatase—Coupled Polymerase
Assay (FAPA)

The FAPA approach includes a modified nucleotide analog
in the substrate system during RNA synthesis by RARP. As
the polymerase reaction proceeds, incorporation of modi-
fied nucleotide analog results in the release of the fluoro-
phore, allowing detection. For example, a modified
nucleotide analog (2-[2-benzothiazoyl]-6-hydroxybenzo-
thiazole) conjugated adenosine triphosphate (BBT-ATP)
incorporated into the growing RNA chain was catalyzed by
RdRP, resulting in a by-product of BBT, pyrophosphate
(PPi).*” The BBT,,, subsequently was reacted with alkaline
phosphatase to produce a highly fluorescent BBT anion.*’
Figure 3B shows the principle of this assay. A screening of
40,572 compounds using this assay identified RARP inhibi-
tors of dengue virus.*” Besides BBT-ATP, the other nucleo-
tide analogs can be also modified in different ways.*54
Instead of applying alkaline phosphatase to produce a fluo-
rophore, the intrinsic fluorescence of other by-products can
also be used as reporters with modifications.*

Fluorometric RdRP Activity Assay

Fluorophores have been extensively used for the detection
of RNA and DNA. In this fluorometric RdRP activity assay,
fluorophores are used to detect dSRNA formation from the
ssRNA template (Fig. 3C). One application of this assay
was to screen the inhibitors of hepatitis C virus (HCV)
RdARP.! By using a poly(C) RNA template, HCV RdRP
catalyzed the primer-independent synthesis of dsRNA that
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was detected by fluorescent dye PicoGreen.’! PicoGreen
was originally developed to quantify dsDNA, but it was
subsequently found to also preferentially bind dsRNA
instead of ssSRNA.’' This assay can be easily adapted to
compound screening for RARP inhibitors for many types of
viruses. In addition to PicoGreen, other fluorophores have
also been used to distinguish dsSRNA from ssRNA, and they
are useful for this type of RARP assay.’?*

Scintillation Proximity Assay (SPA)

SPA has also been used in RARP enzyme assays for HTS.>*
This assay relies on the incorporation of radioactive nucleo-
tides to the newly synthesized RNA chain catalyzed by
RdRP using a biotinylated primer-template in the presence
of SH-GTP (Fig. 3D).> Application of streptavidin-coupled
SPA detection beads in this radioactive enzyme assay
enables homogeneous assay detection that avoids the labor-
intensive filtration and washing steps from the original
radioactive NTP incorporation assay. Because they are
radioactive assays, however, specific safety precautions and
waste handling are required that may be inconvenient and
require enhanced safety protocols. Therefore, most radioac-
tive assays have been replaced by fluorometric assays in
recent years.*’

Cell-Based Enzyme Activity Assays for
RdRP

While cell-free enzyme assays have the advantage of high-
throughput capabilities for primary compound screening,
several disadvantages of biochemical enzyme assays have
been recognized by the field. First, enzyme assays do not
require a compound to pass through cell membranes. If the
inhibitors identified from enzyme assays cannot enter cells,
they will not be active in subsequent cell-based assays and
in animal models. This characteristic would not be deter-
mined in a biochemical assay. Second, cellular metabolic
effects on compounds are not measured. Thus, biochemical
enzyme assays cannot be used to determine the activities of
prodrugs that need to be hydrolyzed by cellular enzymes to
be converted to active components. In addition, some active
compounds identified in cell-free enzyme assays may not
be active in cell-based enzyme assays because they may be
inactivated by intracellular enzymes. Third, the recombi-
nant enzyme proteins may not be folded properly or may be
missing natural subunits or cofactors compared to the RARP
expressed in cells. This can cause discrepancies of inhibitor
potencies between biochemical enzyme assays and cell-
based enzyme assays.

To complement biochemical RARP enzyme assays, cell-
based viral RARP assays have been developed.’®7 In a cell-
based RdARP assay, cells are transfected to express the viral

RdRP or RARP complex together with luciferase RNA in a
negative-sense orientation that is then transcribed to the
positive-sense luciferase RNA by RARP for reporter protein
synthesis.*® As a result, the intensity of the measured lucif-
erase signal is proportional to the level of intracellular
RdRP activity. Enzymatic activity of RARP can be achieved
by solely expressing one RARP protein, such as the NS5B
for HCV.*” But for some viruses, a complex of RARP with a
few other viral proteins is needed for the functional enzy-
matic activity. For instance, the functional RARP complex
for influenza virus requires the co-expression of influenza
nucleoprotein (NP), polymerase acidic (PA), polymerase
basic protein-1 (PB1), and PB2.%¢ Similarly, for Lassa virus,
the minimal viral trans-acting factors required for genome
replication are the L protein, which contains the RARP
activity, and the NP.*® These proteins were stably expressed
in a cell line along with Gaussia luciferase and green fluo-
rescent protein (GFP) reporters.>®

Validation of Cell-Based RARP Assays

Once developed, the cell-based assays must be rigorously
validated to ensure that the reporter specifically reflects
RdRP activity. To this end, control compounds, which can
inhibit the activity of viral RdRP, are usually used. Ideal
control compounds would be the well-defined RARP inhibi-
tors for the viruses studied. If available, it is encouraged to
include different types of compounds that inhibit RARP
activities through various mechanisms. In the case of the
RdRP cell-based assay for HCV, two types of three well-
characterized NS5B inhibitors were used to examine the
dependency of luciferase expression on the RARP activity.
They include one nucleotide, 2'-C-methylcytidine, and two
non-nucleotides, cyclosporine A and wedelolactone.’’
Among them, 2'-C-methylcytidine is a premature chain ter-
minator of RARP in the process of viral genome synthesis,>
cyclosporine A inhibits the functional association of cellular
cyclophilin B with RARP,®® and wedelolactone interferes
with HCV NS5B-RNA binary complex formation.®! Their
EC,, values acquired in the cell-based assay were compared
with other previously reported assay systems to determine
the assay sensitivity and accuracy for high-throughput oper-
ations in drug discovery.

Previous RARP Screens for SARS-CoV
and MERS-CoV

Molecular modeling was first applied to predict potential
inhibitors that can be developed prior to the determination
of SARS-CoV and MERS-CoV crystal structures. Xu et al.
built a three-dimensional model of the catalytic domain
based on the RARP crystal structures of five other known
RNA viruses.®? Using this model, they identified nucleoside
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analogs with specific features targeting RARP. In a recent
study, Elfiky et al. identified seven nucleotide inhibitors,
including four novel compounds, against MERS-CoV
RdRP using molecular modeling and docking simulation
strategies.® The EC,, values of these nucleotide analogs,
however, were usually determined by viral yield or viral
plaque assays that do not directly measure RdRP activity
and are not suitable for the biosafety level 2 (BSL-2) labo-
ratory setting. %+ ¢

To develop HTS assays that specifically target RARP of
a coronavirus, a functional RARP complex must first be
achieved. Based on the knowledge acquired from study of
SARS and MERS, RdRP (nsp12) protein alone exhibits
limited activity without its complex partners.®” For SARS-
CoV, the RNA replication machinery needs the participa-
tion of nsp7 and nsp8, which greatly improved the RARP
activity.”” The exact contribution of nsp7 and nsp8 in this
machinery is still unclear. Kirchdoerfer et al. hypothesized
that the nsp7-nsp8 heterodimer stabilizes the polymerase
domain to permit template recognition through binding to
the index-finger loop in RARP.®” An alternative hypothesis
is that nsp8, serving as a primase, synthesizes short oligo-
nucleotide primers for the subsequent extension by the
nsp12 “canonical” RARP.®® Different from SARS-CoV, an
active RARP complex for MERS-CoV was obtained with
only nsp8 and nsp12.#! In this report, a DNA plasmid encod-
ing for a portion of the MERS-CoV lab polyprotein was
used for protein expression in insect cells.*! This polyprot-
ein contains only nsp5, nsp7, nsp8, and nsp12. After purifi-
cation, the polyprotein was posttranslationally cleaved to
yield a complex composed of nsp8 and nspl2 only. The
activity of this MERS-CoV complex was confirmed by a
radioactive NTP incorporation assay in the presence of a
short primer and an RNA template. The IC,, of remdesivir—
TP against this MERS-CoV RARP complex was 0.032 uM
at a fixed concentration of NTPs (0.02 uM).

Of note, besides nsp7, nsp8, and nspl2, it has been
reported that nsp14 also plays significant roles in RNA rep-
lication, contributing to proofreading functions to safeguard
coronavirus replication fidelity.* Compared to other RNA
viruses, the incorporation of coronavirus nspl4 conferred
up to a 20-fold increase in replication fidelity and was
responsible for the high resistance of coronaviruses to many
nucleoside analogs.®

Such studies have demonstrated that the RNA-
synthesizing machinery in coronaviruses requires incorpo-
ration of RARP together with other key nsps to form a fully
functional polymerase complex. In this context, cell-based
RdARP assays offer the advantage that several nsps can be
co-expressed and can self-assemble into functionally repre-
sentative RNA replication machinery supporting drug
development strategies targeting SARS-CoV-2 RdARP. At
this point, however, the exact composition of this complex
is still unclear.

Perspectives on SARS-CoV-2 RdRP
Inhibitor Discovery

The rapid global spread of the COVID-19 pandemic has
emphasized the urgent need to develop new therapeutics.
Approved small-molecule drugs that target viral proteins
critical to virus replication such as RARP would be useful
agents to fight SARS-CoV-2 infection.®” A key advantage of
targeting the SARS-CoV-2 RdARP for drug development is
that there has been rapid progress in developing drug-like
polymerase inhibitors for other viruses in the past few years,
although SARS-CoV-2 RdARP assays for HTS are yet to be
developed and validated. Advances in the structural analysis
of SARS-CoV-2 RdRP will also be critical in aiding the
design of new drug candidates. In fact, a recent study has
elucidated the cryo-structure of the SARS-CoV-2 full-length
nsp12 monomer, and of its complex with nsp7 and nsp8.'3 It
was found that SARS-CoV-2 nspl2 has a newly identified
B-hairpin domain at its N-terminus in addition to the con-
served viral family polymerase architecture composed of
fingers, palm, and thumb subdomains. The catalytic metal
ions are not observed in the absence of primer-template
RNA and NTPs, despite these having being present in sev-
eral structures of viral polymerases that synthesize RNA. '
This structural information could be used to explain the inhi-
bition mechanism of remdesivir and favipiravir,'* and could
contribute to the discovery of new drugs. Recently, an open-
label, Phase 3 clinical trial for remdesivir revealed encourag-
ing results that showed patients who received remdesivir had
a 31% faster time to recovery than those who received pla-
cebo (p < 0.001); it also suggested a survival benefit, with a
mortality rate of 8.0% for the group receiving remdesivir
versus 11.6% for the placebo group (p=0.059).” Following
this result, the FDA granted remdesivir Emergency Use
Authorization on May 1, 2020.%7 Although the treatment
efficacy is limited, it validated the utility of RARP inhibitor
for treatment of severe COVID-19 patients.

Considering the similarity of the key drug-binding pock-
ets between SARS-CoV-2, SARS-CoV, and MERS-CoV
RdRPs, ' repurposing known SARS-CoV and MERS-CoV
inhibitors for SARS-CoV-2 remains a promising strategy.
In addition, combination therapy of RdRP inhibitors with
approved or clinical-stage drug candidates targeting other
viral proteins may provide better therapeutic efficacy for
treating COVID-19.
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