Biochemical Studies on the Mechanism of Action of Remdesivir and Other Nucleotide Analog
Polymerase Inhibitors during the COVID-19 Pandemic

by

Calvin Joel Gordon

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Virology

Department of Medical Microbiology and Immunology

University of Alberta

© Calvin Joel Gordon, 2024



Abstract

Several disease-causing RNA virus families, capable of infecting humans, remain a
significant global health threat due to the lack of effective medical countermeasures. This was
perhaps best exemplified early in the COVID-19 pandemic when spread of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) went unperturbed. To counteract future outbreaks,
epidemics, and pandemics, effective antiviral drugs available for immediate use are needed.
However, pharmaceutical intervention strategies are challenged by the diverse nature of the RNA
viruses. Therefore, a proactive approach is required, directing research efforts toward prototypic
RNA viruses representing different viral families. Placing emphasis on broadly acting antiviral
agents can help amplify preparedness efforts. Required for viral genome replication, the viral
RNA-dependent RNA polymerase (RdRp), specifically the highly conserved catalytic active site,
represents a logical therapeutic target for broad-spectrum nucleoside analogs. To this end,
remdesivir (RDV), B-D-N*-hydroxycytidine (NHC), and GS-7682, have demonstrated antiviral
activity against several different RNA virus families. This thesis details the biochemical
characterization of the active 5'-triphosphate (TP) form of the aforementioned nucleoside analogs
against various viral RdRp.

Aligning with the prototypic framework, chapter 3 presents the investigation of RDV-TP
against Middle East respiratory syndrome coronavirus (MERS-CoV) RdRp initiated before the
COVID-19 pandemic. Here, I help illustrate the first mechanism of action of RDV-TP against a
model coronavirus RdRp. I found that RDV-TP is incorporated more efficiently than its natural
counterpart ATP and inhibits RNA synthesis via delayed chain termination. Importantly, these
studies enabled the timely transition into pandemic rapid response efforts and the investigation of

SARS-CoV-2 when vaccines and antivirals were not available. Chapters 4 and 5 present a more
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complete mechanism of action for RDV-TP against SARS-CoV-2 RdRp, identifying two different
modes of inhibition during virus replication. Exemplifying the utility of our biochemical
techniques, 1 also investigated other clinically relevant broad-spectrum nucleotide analogs,
providing an early indication of their efficacy that preclinical and clinical studies would later
confirm.

The intravenous administration of RDV inherently restricts treatment regimens to
hospitalized patients. Considering this, molnupiravir, the prodrug of NHC, represented an orally
available treatment for COVID-19. In chapter 6, I show the first biochemical mechanism for
molnupiravir against SARS-CoV-2, explaining the mutagenic effect observed in previous studies.
Crucial to this investigation was the ability to monitor base pairing tendencies during RNA virus
transcription and replication that facilitate error catastrophe. Together, my investigation of RDV
and molnupiravir supported their approval and authorization for the treatment of COVID-19 by
the Food and Drug Administration, respectively.

RDV contains a 1'-cyano modification and stands as the preferred treatment for
coronavirus infection. Conversely, GS-7682 is a novel 4'-cyano modified nucleoside prodrug that
targets other high priority RNA viruses, namely picorna- and pneumoviruses. In chapters 7 and 8,
RDV-TP and GS-646939, the active metabolite of GS-7682, are investigated against a panel of
viral RdRp. We show that efficient incorporation is required to elicit an antiviral effect, RDV-TP
universally inhibits RNA synthesis when embedded in the template-strand, and GS-646939 acts
predominately as an immediate chain terminator. The observed mechanistic differences between
RDV-TP and GS-646939 offer assurance that 1’- and 4'-cyano modified nucleotides are viable
candidates to target a spectrum of RNA viruses. These insights will guide the development of

nucleotide analogs as effective therapeutics available for the next pandemic.
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Chapter 1: Introduction

1.1 RNA viruses of interest and their public health burden

Several disease-causing RNA virus families remain a significant threat to human health
due to the lack of effective medical countermeasures. To counteract this, the World Health
Organization (WHO) and the National Institute of Allergy and Infectious Diseases (NIAID) have
published a framework to direct research and development efforts' 2. These strategies are
proactive, emphasizing the need to research prototype RNA viruses from important families. The
success of this approach is best demonstrated by pandemic response efforts to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease
2019 (COVID-19) and member of the Coronaviridae family**. Prior to the COVID-19 pandemic,
research on related coronaviruses, SARS-CoV and Middle East respiratory syndrome coronavirus
(MERS-CoV), allowed for rapid advancement of COVID-19 vaccines®. As detailed by the WHO
and NIAID, additional RNA virus families that possess high pandemic potential are
Picornaviridae, Flaviviridae, Filoviridae, Paramyxoviridae, Orthomyxoviridae, and five virus
families belonging to the Bunyavirales order (Arena-, Hanta-, Nairo-, Peribunya-, and
Phenuiviridae). Although not included in this list, RNA viruses within the Pneumoviridae family
are often associated with acute lower respiratory infections and present a global health burden to
children and older adults® 6. Collectively, these families encompass positive-sense, non-segmented
negative-sense, and segmented negative-sense single-stranded RNA viruses. They are classified

according to their genome structure and translatability (Fig. 1.1)
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Figure 1.1. A phylogenetic tree demonstrating the relatedness of different single-stranded
RNA virus families discussed in this thesis. Maximum likelihood phyolgenetic tree was
generated using the conserved cataltyic motifs of the viral RNA-dependent RNA polymerase. The
genomic structure and polarity are displayed outside the circle, viral families are denoted by “-
viridae”, and the five clades below Bunyavirales (top down) represent Phenu-, Arena-, Hanta-,
Nairo-, and Peribunyaviridae, respectively. The RdRp investigated in the data chapters of this
thesis belong to an RNA virus from the genus shown in red. This phylogenetic tree was visualized
using Interactive Tree of Life (iTOL) v6’ and BioRender.com. The data file required to create the
phylogenetic tree was provided by Dr. Bart Hazes.



To accommodate different replication strategies, RNA viruses have evolved replication
machinery that often contains several functional domains. This variation inherently stifles the
development of effective medical countermeasures. However, central to the replication of all RNA
viruses, the viral RNA-dependent RNA polymerase (RdRp) represents a common therapeutic
target. Despite the structural variations of these enzymes across viral families, there is relatively
consistent preservation of both the active site and the mechanisms underlying nucleic acid
synthesis. Therefore, the cumbersome task of antiviral development can be lessened by nucleoside
analogs that offer broad-spectrum antiviral activity against multiple RNA virus families.
Historically, nucleoside analogs constitute a large proportion of approved treatments for viral
infection® °. Exemplifying their success, nucleoside analog prodrugs are a standard of care against
human immunodeficiency virus 1 (HIV-1), herpes simplex virus (HSV), hepatitis B virus (HBV),
and hepatitis C virus (HCV) infection. The data chapters presented in this thesis describe the
biochemical parameters of three different nucleotide analogs that allow them to effectively target

the RdRp of different RNA viruses.

1.2 Viral RNA-dependent RNA polymerases

The biosafety measures required for the investigation of nucleoside analogs against live
RNA viruses, although essential, can delay therapeutic development. To mitigate this, direct
antiviral targets like the RdRp of RNA viruses can be recombinantly expressed and investigated
using more accessible biochemical techniques. This approach offers several advantages, such as
high-throughput screening, target validation, and mechanism of action studies. The latter of which
is supplemented by detailed kinetic and structural investigation. Essential to these endeavours is a
catalytically competent polymerase active site, which may require additional cofactors to support
RNA synthesis. Discussed below are the RdRp and accessory proteins of important positive- and
negative-sense RNA virus families required for the biochemical investigation of nucleotide

analogs and their inhibition of RNA synthesis.



1.2.1 Picornaviridae

The Picornaviridae positive-sense genome is relatively small (7 to 8 Kb) compared to other
single-stranded RNA viruses. The RdRp also referred to as 3DP°, is monomeric and does not
require additional cofactors!® !! (Fig. 1.24, top). Conserved at the core of most other viral RdRp,
the simplicity inherent to picornavirus replication has allowed 3DP! to serve as an archetype to
investigate single-stranded RNA virus replication!? 13, Readily expressed in bacteria, the 3DP! has
supported the investigation of RNA synthesis fidelity, initiation, and elongation. Poliovirus (PV),
coxsackievirus B3 (CVB3), enterovirus (EV), and human rhinovirus (HRV) 3D?°! are most often
employed for biochemical studies. The first RdRp structure solved belonged to PV and confirmed
the presence of the evolutionarily conserved subdomains fingers, palm, and thumb that house the
catalytic motifs required for nucleic acid synthesis'* (Fig. 1.28). 3DP°'-mediated RNA synthesis

can be investigated in vitro using short oligonucleotide substrates to form elongation complexes.

1.2.2  Flaviviridae

The Flaviviridae family is comprised of the Hepacivirus, Flavivirus, Pegivirus, and
Pestivirus genera, their positive-sense genome can vary in size from 9 to 13 Kb. HCV is a well-
studied human pathogen that can be subdivided into six genotypes. HCV replication relies on non-
structural protein 5B (NS5B) (Fig.1.24, middle) and has been the subject of extensive biochemical
characterization. Crystallographic studies of HCV NS5B provided the first indication of an
encircled active site!>!7 (Fig. 1.2C), a structural feature shared with the picornavirus RdRp'®.
Important to these studies was the realization that the removal of 21 hydrophobic residues from
the C-terminus improved the solubility of a catalytically active NS5B!* 20, HCV infection can
often be treated successfully with the nucleoside prodrug sofosbuvir?!> 22, Consequently,
therapeutic development efforts have now pivoted to mosquito-borne flaviviruses capable of
causing human disease. These include Dengue virus (DENV), Japanese encephalitis virus (JEV),
Yellow fever virus (YFV), West Nile virus (WNV) and Zika virus (ZIKV). Translation of the
flavivirus genome generates a single polyprotein comprised of three structural and seven non-
structural proteins?®>. Non-structural protein 5 (NS5) contains two therapeutic targets, the
methyltransferase (MTase) and RdRp domain at the N- and C-terminus, respectively. Like
picornavirus 3DP°!, biochemical investigation of NS5-catalyzed RNA synthesis does not require

additional protein cofactors. However, reduced RdRp activity in the absence of the MTase domain



24,25 Expressed in E. coli’® or

suggests their activities are coupled during RNA synthesis
baculovirus-infected insect cells?’, NS5 is capable of RNA synthesis in vitro using an
oligonucleotide primer, enabling the investigation of elongation complexes?®3°. With the support
of structural and biochemical studies, many of the mechanisms pertaining to picornavirus RNA

synthesis can be extended to the Flaviviridae®!.

1.2.3 Coronaviridae

The Coronaviridae positive-sense genome is the largest (~30 Kb) of any known RNA
virus*> 33, To accommodate the replication of their large genome, coronaviruses have evolved a
replication complex made of several components®*. Tasked with maintaining RNA synthesis
fidelity are Nspl12, the RdRp, and Nspl4, the 3’ to 5’ proofreading exoribonuclease (ExoN).
Located at the N-terminus of Nspl2 is the Nidovirus RdRp-Associated Nucleotidyltransferase

(NiRAN) domain (Fig. 1.24, bottom) which is essential for viral replication®>. Functions ascribed

936, 37 38, 39

to the NiRAN domain are nucleotidylation of Nsp and subsequent viral RNA capping
Existing as a tetramer, Nsp12 forms a complex with one Nsp7 and two Nsp8 cofactors required
for Nspl2-dependent RNA synthesis®*** (Fig. 1.2D). Active recombinant Nsp7, -8, and -12
complexes have been generated in prokaryotic and eukaryotic expression systems. Different
strategies include bacterial expression of Nsp7 and -8, individually or linked, and Nsp12 may be
expressed in bacteria or insect cells before complex assembly in vitro*!> 434346, Others have had
success using a single bacterial expression plasmid containing all three non-structural proteins*”-
48 Alternatively, the expression of a large polyprotein containing Nsp5, -7, -8, and -12 in
baculovirus-infected insect cells results in the formation of an active RdARp complex following the
post-translational cleavage by the protease Nsp5*: 3% The proofreading ExoN represents an
additional hurdle for nucleotide analogs targeting the RdRp domain of Nsp12. Responsible for
excising mismatched base pairs, the ExoN supports fidelity during viral replication and

32,33 and in vivo * leads to increased mutations,

transcription®!. Indeed, ExoN inactivation in vitro
an observation that biochemical studies have corroborated®. Like Nsp12, the ExoN activity relies

on its association with a cofactor, Nsp10°3->7,
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Figure 1.2. Structural comparison between positive-sense RNA virus RdRp and RdRp
complex. A, linear organization of the PoV 3DP°', HCV NS5B, and SARS-CoV-2 RdRp complex.
PoV (B) and HCV (C) RdRp shown here are monomeric and do not require additional cofactors
for template-dependent RNA synthesis. D, SARS-CoV-2 RdRp complex shown is comprised of
two Nsp8 subunits (/ight blue), one Nsp7 subunit (orange), and one Nsp12 subunit (black) that
contains the NiRAN domain (dark blue). The RdRp subdomains fingers (red), palm (green), and
thumb (purple) support RNA synthesis. Protein Data Bank identifier numbers used to construct
the images are 4WTA (HCV), IRA6 (PoV), 6YYT (SARS-CoV-2). Structures were created using
PyMOL.

1.2.4 Replication machinery of nonsegmented negative-sense RNA viruses

Nonsegmented negative-sense RNA viruses within the Filo-, Paramyxo-, and
Pneumoviridae families represent high-priority pathogens. Unlike positive-sense RNA viruses,
their genome must first be transcribed before translation. Therefore, the necessary components
contained within the virion are the nucleocapsid protein (NP), phosphoprotein (P), and the large

(L) protein, which contains the RdRp active site®. Replication relies on the L protein for



60-64 Defined according to their amino acid

performing RNA synthesis, capping, and methylation
sequence, six conserved regions can be found in the L protein. Not to be confused with the RdRp
motifs responsible for RNA catalysis, these regions play a role in the complete architecture of the
L protein, supporting its multiple enzymatic activities. P (or VP35 in the case of EBOV), on the
other hand, is catalytically inactive and as a tetramer forms a complex with L to stimulate RNA
synthesis activity®® (Fig. 1.3). Recent L/P complex structures include Ebola virus (EBOV) RdRp
associated with RNA duplex®, two pneumoviruses, respiratory syncytial virus (RSV)%-%° and
human metapneumovirus (HMPV)’, and the paramyxoviruses human parainfluenza virus 3
(HPIV-3)"! and parainfluenza 5 (PIV-5)2. Aside from its N-terminus, the L protein is well
conserved, but increased variation is observed for P73. Notably, it is the N-terminus of L that
interacts with P. These studies have begun to illustrate the intramolecular interactions involved in
initiation, early elongation, and processive elongation®. The first HPIV-3 L/P complex structure
was recently published and reported the dimerization of two L proteins’!. Similar observations
have been made for other nonsegmented negative-sense RNA viruses and suggest this
intermolecular interaction may be implicated in replication but not transcription’!: 7+ 7>, Essential
for structural and biochemical studies is a catalytically active L/P complex. The size of L (~250
kDa) and the likely need for phosphorylation of P’6 77 exceed the demands of a prokaryotic

expression system. Therefore, recombinant L/P complexes are often expressed in insect cells using

the baculovirus expression system’s,
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Figure 1.3. Structural comparison between nonsegmented negative-sense L/P complexes. A4,
linear organization of the phosphoprotein subunit (b/ue) and large (L) protein subunit. The EBOV
(B), RSV (O), and HPIV-3 (D) L/P replication complexes shown are composed of four
phosphoprotein subunits (blue), one L protein subunit containing the RdRp fingers (red), palm
(green), and thumb (purple) subdomains which support RNA synthesis. Also shown is the capping
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domain (black), the remaining L protein connecting (CD), MTase, and carboxy-terminal (CTD)
domains are not shown because the density for these regions has not been solved for all structures.

Protein Data Bank identifier numbers used to construct the images are 7YER (EBOV), 6PZK

(RSV), and 8KDC (HPIV-3). This figure was adapted from Ouizougun-Oubari et al®°, structures

were created using PyMOL®,



1.2.5 Replication machinery of segmented negative-sense RNA viruses

Replication strategies of segmented negative-sense RNA viruses are significantly different
compared to their nonsegmented counterparts. Many of the mechanisms ascribed to segmented
negative-sense RNA virus replication were pioneered by structural studies targeting the replication
machinery of influenza’-%*, Together, the polymerase basic 1 (PB1) which contains the RdRp
domain, polymerase basic 2 (PB2), and polymerase acidic (PA) subunits constitute the ~250 kDa
heterotrimer responsible for orthomyxovirus replication and transcription® (Fig. 1.44). Also
classified as segmented negative-sense RNA viruses, the Bunyavirales order encompasses several
pathogenic RNA viruses, including, Lassa virus (LASV), Rift Valley fever virus (RVFV), and
Crimean-Congo hemorrhagic fever virus (CCHFV). Unlike orthomyxoviruses, bunyavirus
replication relies on a single polypeptide termed the Large (L) protein®® %7, Although different
structurally, the L protein and polymerase complex of influenza exhibit the same dynamic
modalities required for RNA synthesis®®. Importantly, segmented negative-sense RNA viruses lack
intrinsic capping and methyltransferase activities. As a result, they have evolved a cap-snatching
mechanism where the virus must sequester capped host cellular RNA to facilitate RNA synthesis.
The structural investigation of the influenza heterotrimer by Reich et al. detailed the mechanisms
tailored to cap-snatching®. More recent structural and biochemical studies have illuminated the
molecular underpinnings of bunyavirus cap-snatching®® 3°. Snapshots of the LASV and other
bunyavirus L proteins have identified key intricates involved in bunyavirus promoter binding and
genome replication and transcription®-?2, Together, these studies revealed the dynamic monomer
resembles the heterotrimeric influenza replication complex, possessing an N-terminus
endonuclease, RdRp core, and C-terminus cap-binding domain (Fig. 1.4B). Structural information
for CCHFV RdRp remains limited, relying on in silico modelling®*. Currently, the only RVFV L
protein structure available is in an inactive state®*. Like nonsegmented L/P complexes, insect cell
expression systems have been instrumental for studying the mechanisms pertaining to orthomyxo-

and bunyavirus replication.
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Figure 1.4. A structural comparison between the influenza heterotrimeric replication
complex (4) and the LASV L protein (B). The two viruses exhibit similar replication machinery
possessing a PA or PA-like (light blue), PB1 or PB1-like (pink), and PB2 or PB2-like (black)
domain. The endonuclease (orange) and cap-binding (dark blue) subdomain are contained within
PA and PB2, respectively. The fingers (red), palm (green), and thumb (purple) subdomains that
support RNA synthesis are found in the PB1 or PB1-like subdomain. Protein Data Bank identifier
numbers used to construct the images are 4WSA (influenza) and 70JN (LASV). This figure was
adapted from Reich et al.®* and Kouba et al.””, structures were created using PyMOL?.

1.2.6 RdRp motifs and RNA catalysis

As shown above, the structural variation of viral RdRp and RdRp complexes coincides
with genomic replication strategies. However, regions engaged in template-dependent RNA
synthesis are relatively well conserved®>?8. The tertiary structure of the RdRp consists of the
subdomains palm, fingers and thumb which take on a “right-handed” fold'®. Contained within
these subdomains are seven amino acid sequence-derived catalytic motifs, denoted A through G,
fundamental to viral RdRp-mediated RNA synthesis®® *° (Fig. 1.5). Found in the palm subdomain,
motifs A through E undergo metal-induced rearrangement to facilitate nucleotide triphosphate
(NTP) binding and catalysis. Motifs F and G reside in the fingers subdomain, which forms the
NTP tunnel'’. Lacking any conserved motifs, the thumb subdomain is thought to stabilize the RNA

template and interact with the fingers subdomain!®,
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Figure 1.5. Structure-based alignment of RdRp catalytic motifs from select positive-sense
(+RNA), nonsegmented negative-sense (-RNA, nsNSV), and segmented negative-sense (-
RNA, sNSV) RNA viruses. Due to the large nature of some of these proteins, alignments were
confined to the RARp domain. Protein Data Bank identifier numbers used to generate the structure-
based alignment: 4WTA (HCV), 1RA6 (PoV), 7BV2 (SARS-CoV-2), 7TEYR (EBOV), 8KDC
(HPIV-3), 6PZK (RSV), 4WSA (FluB), 70JN (LASV). Structural alignments were conducted
using Chimera UCSF software and visualized in ESPript 3.0101 102,
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In motifs A and C, two aspartates are coordinated by two divalent cations accompanying
the NTP into the active site’” (Fig. 1.5). Interacting solely with the two metal ions, these aspartate
residues assist in deprotonating the 3'-hydroxyl of the nascent RNA primer strand for a
nucleophilic attack on the a-phosphate of the correctly positioned NTP?’. This “two-metal-ion”

mechanism was proposed in 1993193

and has since been a paradigm for the active site chemistry
of all polymerases!®. Later work extended this model to include protonation of the pyrophosphate
by motif D before release!?> 19 Moreover, the flexibility of motif D ensures the catalytic residues
do not take on their active conformation before correct NTP recognition and therefore, has been

implicated in RdRp fidelity and efficiency!?’-1%, Critical for RdRp-mediated RNA synthesis, is
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the ability to differentiate between ribonucleotides and deoxyribonucleotides. While several motifs
have a role in NTP discrimination, the recognition of the 2'-hydroxyl of the incoming NTP is
performed by a conserved aspartate and asparagine residue found in motifs A and B in positive-
sense RNA viruses, respectively!!® ! (Fig. 1.5). Less is known about the key RdRp residues
involved in negative-sense RNA virus NTP discrimination which lack the conserved asparagine.
More recent studies have begun to associate motif B with motifs F and G, facilitating
translocation! 2114, Specific to viral RdRp, the role of motif E remains largely unknown; it is
believed to be involved in positioning the 3’-hydroxyl of the primer®® !>, Motif F contains
positively charged residues that stabilize the incoming NTP and the template RNA strand'!®. Not
involved in phosphodiester bond formation, motif G is believed to regulate post-chemistry RdRp
“shuttling” along the RNA duplex!!*. Together, these structurally dynamic motifs support the
chemistry required for phosphodiester bond formation central to the multistep catalytic process of
RNA synthesis. Pre-chemistry steps include an “open” RdRp-RNA complex that can

accommodate NTP binding, followed by active site closure!!®

. Once the phosphodiester bond has
formed, the viral RdRp can “thread” the RNA duplex downstream, effectively translocating to the
next templating base position'!*, Importantly, when describing the translocation of the RdRp, is
the position of the 3’-end of the RNA primer in relation to the nucleotide-binding site (N-site)!'!”
18 Pre-translocation can be defined as the 3’-end of the RNA primer occupying the N-site.
Conversely, when the N-site is unoccupied, and the 3'-end of the RNA primer is registered one
position back, in the priming site (P-site), the RdRp is in a post-translocated state. High-resolution
structures are necessary to identify the 3'-end of the primer within an RdRp ternary complex, and

biochemical techniques used to probe for pre- and post-translocation conformations can assist

these structural efforts.

Taken together, the structural dynamics universal to RdRp-catalyzed RNA synthesis
highlight several points of consideration for the development of effective nucleotide analogs. The
potency of nucleotide analogs will be determined at various stages in the phosphoryl transfer
reaction. Although the structural dynamics of these motifs are believed to be universal, the
sequence variation amongst different RNA virus families will impact the broad-spectrum efficacy
of nucleotide analogs. Therefore, target validation and determining a nucleotide analog’s

mechanism of action remain important steps in therapeutic development.
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1.3  Nucleotide analog activation

External to the viral RdRp, a nucleoside analog's efficacy relies on efficient entry into the
host cell, subsequent phosphorylation by host cell kinases and limited off-target effects!!”.
Nucleoside analogs often possess a prodrug moiety that serves to target the relevant cell type and
improve diffusion through the cell's hydrophobic bilayer. The prodrug moiety can also mask a 5'-
monophosphate, which bypasses the rate-limiting step in the phosphorylation pathway!?°. Finally,
it is important to consider the cell tropism when developing a prodrug and investigating its efficacy
against viral infection. The endogenous kinases present within different cellular environments can

vary and could have altered chemical preferences, ultimately impacting the metabolic activation

of a nucleoside analog'?!.

In their active 5'-triphosphorylated form, nucleotide analogs mimic and, thereby, compete
with one or more of the four natural ribonucleotides required for RNA synthesis. Once
incorporated into the growing RNA chain, the nucleotide analog can inhibit viral replication!?2,
The mechanism of inhibition depends on the chemical structure of the nucleotide analog and the
nature of the polymerase. If incorporation of the nucleotide analog results in premature termination
of RNA synthesis, then it can be defined as an “obligate” or “non-obligate” chain terminator. The
former lacks a 3'-hydroxyl and therefore cannot support the chemistry required for the
incorporation of the next nucleotide. The selective requirement for the 3'-hydroxyl has made this
class of nucleotide analogs a poor substrate for the viral RdRp. Conversely, “non-obligate” chain
terminators, such as sofosbuvir and remdesivir, have proven to be successful inhibitors of RNA
virus replication. However, the presence of a 3'-hydroxyl suggests RNA synthesis beyond the
incorporated nucleotide analog is possible. Therefore, a “non-obligate” chain terminator can
inhibit RNA synthesis by preventing incorporation of the next nucleotide (i.e. immediate chain
termination) or at a site downstream from incorporation (i.e. delayed-chain termination). Finally,
mutagenic nucleotide analogs are distinct from chain terminators because they do not terminate
RNA synthesis; instead, they promote base pair mismatches culminating in error-catastrophe or

lethal mutagenesis.
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Recently reviewed by Seley-Radtke et al. and Yates et al., nucleotide analogs have evolved
substantially since the 1960s!?* 124, As a result, an extensive repertoire of different modifications
can be found in the literature. Discussed below are the relevant clinical, in vitro, and biochemical
data of prominent broad-spectrum nucleotide analogs modified at the base or sugar moiety,
including the 1'-, 2'-, and 4'-location (Fig. 1.6). Emphasis will be placed on the biochemical
parameters and mechanism of action that facilitate the observed antiviral effect against important
RNA virus families. Mechanisms of resistance will also be discussed as this can often provide

further insight into the properties that make a nucleotide analog effective.

Ribavirin
Favipiravir
Molnupiravir

5' Hydroxyl

l Nucleobase

<«— Glycosidic bond

1" «m  Remdesivir

HO

ALS-8176
4' fluorouridine 4
GS-7682

Sofosbuvir
Mericitabine
Bemnisfosbuvir

Figure 1.6. Schematic representation of the modification sites of different nucleoside analogs.
Modified regions for nucleoside analog development include the 5'-hydroxyl (blue), the sugar
moiety (red), the glycosidic bond (green), and the nucleobase (purple box). The nucleoside analogs
discussed in this thesis are shown inside the black boxes, the large arrows indicate the position of
their modification. This figure was adapted from Seley-Radtke et al.!?}

1.4 Base-modified mutagenic nucleotide analogs

Driven largely by their error-prone RdRp, RNA viruses have a natural propensity to mutate,
ensuring their evolution necessary for survival!?> 126, However, the mutation rate amongst RNA
viruses is delicate and disrupting this balance can effectively attenuate or inactivate the virus'?’.

Base-modified nucleotide analogs often target this mutational threshold via ambiguous base
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pairing to promote error catastrophe. Existing as tautomers, this class of nucleotide analogs can
present two conformations about the base moiety!?® to target RdRp fidelity and promote
mismatched base pairs'?® 130, Notably, the mutagenic effect evoked by this class of nucleotide
analogs does not rely on the termination of RNA synthesis but on subsequent embedment in newly
synthesized viral genome templates where the mutagenic mechanism can be realized. Ribavirin,
favipiravir, and molnupiravir are prominent base-modified nucleotide analogs that demonstrate a

broad spectrum of antiviral activity against RNA viruses.

1.4.1 Ribavirin

Discovered in 1972"3!, ribavirin (RBV) (Fig. 7.14, left) has been examined in the clinic
against HCV132, RSV!133: 134 and LASV!3®, Combined with pegylated interferon alpha, RBV was
the basis for HCV treatment until more effective direct-acting antivirals (DAAs) were
discovered!3> 136, Despite the poor treatment efficacy, RBV remains the only DAA approved for
treating RSV infection!37-13°, RBV has also demonstrated antiviral activity against other high-
interest RNA viruses, including influenza'4’, and RVFV!3!: 4! However, the broad-spectrum

antiviral activities of this purine-like nucleotide analog cannot be explained by one mechanism'#*
146

1.4.2 Ribavirin mechanism of action

Independent of the virus, it has been suggested that RBV-monophosphate (MP) competes
with GMP for metabolism by inosine monophosphate dehydrogenase (IMPDH) to reduce the
cellular concentration of GTP!'¥’, while others propose it modulates host T-cell responses'#®.
However, RBV can be efficiently phosphorylated in the host cell to its active triphosphate form
(RBV-TP) (Fig. 7.14, right)'*. As a result, several studies have attributed its antiviral activity to
effects mediated by the viral polymerase. RBV treatment of several RNA virus families, including
Picornaviridae'®® '°, Flaviridae'', Arenaviridae'>?, and Orthomyxoviridae'>?, promoted G to A
and C to U transitions. Biochemically, the PV and HCV polymerase could incorporate RBV-TP
opposite cytidine and uridine with equivalent efficiency!?®> '3* (Fig. 1.7B). Instrumental to its
mutagenic mechanism, the incorporation of RBV-TP does not terminate RNA synthesis, therefore,
RBV-MP residues can become embedded in templating genomic RNA strands where it can base

pair with CTP or UTP!?% 154 (Fig. 1.7C). In agreement with these observations, RBV treatment had
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no effect on PV translation or replication but did reduce virus infectivity!*°. Sequence analysis of
HCV-infected patients who had undergone RBV monotherapy revealed an increase in G to A and
C to U transitions, affirming error catastrophe as a mechanism of RBV-directed inhibition!: 136,
Taken together, RBV exerts its mutagenic effect when it does not terminate RNA synthesis
following incorporation as a G-analog, where it can then base pair with UTP when acting as the

templating base (C:R:U or G:C:R:U:A).
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Figure 1.7. Mutagenesis model of RBV against PV. A, Nucleoside prodrug (/eff) and
triphosphate (right) form of RBV. B, Alternative base pairing of RBV-TP as a substrate (top) and
as a templating base (bottom). C, Schematic representation of PV RdRp (grey)-mediated
nucleotide incorporation into RNA primer (green circles)/template (white circles). Plus and minus
signs indicate RNA sense. Letters A, C, G, and U refer to natural bases, letter R refers to ribavirin.
RBV-TP is incorporated opposite CMP or UMP (top) and does not inhibit RNA synthesis (middle);
therefore it can exert its mutagenic mechanism when embedded in the template-strand (bottom).
Adapted from Crotty et al.!** and created with BioRender.com.

The proofreading 3’ to 5’ ExoN possessed by coronaviruses presents an extra challenge in
the development of anti-coronavirus nucleotide analogs. Intrinsic to RBV’s mutagenic mechanism
is the absence of chain termination following incorporation. This could prevent recognition by the
ExoN and therefore, promote base pair mismatches during viral replication. Nonetheless, RBV
proved to be ineffective against SARS-CoV-2 in vitro'>” '8 This can likely be attributed to
inefficient incorporation by the SARS-CoV-2 RdRp* and excision by the SARS-CoV ExoN!%,

16



In vitro, an ExoN-deficient coronavirus demonstrated increased sensitivity to RBV treatment!®’.
However, these effects could be tied to both inhibition of RNA synthesis and decreased

intracellular GTP pools!®°.

1.4.3 Ribavirin resistance

The gold standard in DAA target identification is the generation of resistance. Serially
passaging PV at increasing RBV concentrations resulted in the resistance-conferring mutation
G64S in the viral polymerase!'®!. Located in the fingers subdomain, the backbone of Gly-64 is
predicted to participate in a hydrogen bond network with motif A%, a sequence of residues
essential for correct NTP selection!®. Substituting glycine for serine at this position demonstrated
improved fidelity, effectively reducing the frequency of RBV-TP incorporation to a tolerable
level'®!- 162 G648 did not appear to significantly diminish viral replication and promoted genomic
homogeneity amongst the viral population!?’. As a result, this high-fidelity mutant generated an

attenuated virus due to reduced evolutionary capacity!'?’

. The analogous mutation in EV-71 (Gly-
62), another picornavirus, confirmed this residue’s conserved role in replication fidelity!®3.
Inversely, a mutator phenotype due to the substitution H273R in PV RdRp rendered the virus more
susceptible to RBV treatment!®*, Like the high-fidelity mutant G64S, H273R PV demonstrated
decreased virulence compared to the WT!6. Together, RdRp fidelity is a predictor of RBV
efficacy, and RdRp mutations to this end can impact susceptibility. However, owing to the delicate

balance of viral genomic diversity, mutations that impact RdRp fidelity can attenuate the virus.

Generating RBV resistance in an HCV replicon resulted in resistant mutations not located
in the polymerase but instead NS5A as well as the host cell'®. The many functions of NS5A
delineate an exact mechanism of resistance. Interestingly, the cell-derived mechanism caters to
RBYV resistance by reducing RBV import or intracellular stability!¢®. However, this may be
inherent to Huh-7 cells commonly used to investigate HCV replication. Adenosine kinase (ADK)
is reported to play a key role in the metabolism of RBV-MP, a competitive inhibitor of IMPDH!®’,
It was demonstrated that endogenous ADK expression in Huh-7 cells is lower than other classical
cell lines used to monitor RBV antiviral activity!®’. Indeed, the efficacy of RBV against PV in
Huh-7 cells was less than that observed in HeLa cells'®®. Finally, the inhibition or knockdown of

ADK reduced RBV anti-HCV activity!¢” , while inhibition of IMPDH did not have any effect on
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HCYV replicon activity, but when combined with RBV, improved anti-HCV activity!%®. While these
RBV studies against HCV do not provide any additional insight into the mutagenic mechanism,

they highlight the importance of cell type consideration when investigating nucleoside analogs.

1.4.4 Favipiravir

Favipiravir (FVP) (Fig. 1.84, left), also known as T-705, is currently licensed in Japan for
the treatment of pandemic influenza virus strains and strains resistant to other approved medical
countermeasures®. The antiviral activity and clinical efficacy of FVP prior to the COVID-19
pandemic have been covered extensively by Delang and colleagues'®. Briefly, clinical studies of
FVP have demonstrated that it is well tolerated in healthy individuals. However, in vivo studies
have identified teratogenic risks associated with FVP treatment and, therefore, should not be used
to treat individuals who are or may become pregnant. The antiviral activity of FVP in vitro and in
vivo is widespread. RNA viruses susceptible to favipiravir treatment include positive-sense RNA
viruses (corona-, flavi-!"* and picornaviruses!’! 172); nonsegmented negative-sense RNA viruses

(filo-73, parmyxo-'74, and pneumoviruses'’#); and several segmented negative-sense bunyaviruses

176, 177 178, 179)

(arena-'">, nairo- , and phenuivirus

More recent clinical data has emerged evaluating FVP for the treatment of COVID-19.
Consistent with previous reports, treatment was well tolerated in healthy individuals. However,
several randomized controlled trials deemed FVP ineffective for the treatment of COVID-19!8¢-
184 These findings are consistent with pre-clinical studies that demonstrate an elevated effective
concentration (ECso) of FVP (>10 uM) is required to inhibit SARS-CoV-2 replication in cell
cultures 157, 158, 185,186 1 jke RBV, the antiviral effects of FVP cannot be attributed to one specific

mechanism of action.

1.4.5 Favipiravir mechanism of action

The observed mutagenic pattern resulting from FVP treatment varies. For WNV!87 and
norovirus'®, A to G and U to C were reported as the dominant transitions. Conversely, G to A and
C to U transitions were observed in HCV'®, influenza!®® '°!, EBOV'®?, and SARS-CoV-2%.
Although picornaviruses were susceptible to FVP treatment in cell culture, no dominant transitions

could be identified!®® or an increase in genomic transitions was not observed'*. FVP in its active
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triphosphate form (FVP-TP) (Fig. 1.84, right), operates as a purine analog against SARS-CoV-24°
and influenza'®> RdRp, incorporating opposite a templated cytidine or uracil (Fig. 1.8B). Influenza
polymerase incorporates FVP-TP as a G- and A-analog, 19- and 30-fold less efficiently than the
natural counterpart, respectively!®> (Fig. 1.8C, fop). Confounding the base pairing tendencies, PV
RdRp can incorporate FVP-TP opposite adenosine, cytidine, and uracil'®*. Against SARS-CoV-2
RdRp complex, FVP-TP incorporation is relatively inefficient* 1°¢, but its incorporation does not

appear to terminate RNA synthesis*: 197- 198

, consistent with the proposed mutagenic mechanism.
Notably, a more processive pattern of RNA synthesis was observed when PV!%* or SARS-CoV-
2% RdRp incorporated FVP-TP opposite cytidine; whereas incorporation opposite uridine stalled
RdRp elongation (Fig.1.8C, middle). For influenza RdRp, single!® or consecutive!®> 200

incorporation events of FVP-TP can stall or terminate RNA synthesis.

To adequately define the mutagenic mechanism of FVP, natural NTP incorporation
tendencies opposite a templated FVP-MP must be considered. When embedded in the template
strand, FVP-MP drives two patterns of PV RdRp-catalyzed RNA synthesis!®*. Incorporation of
CTP opposite the analog prevents subsequent NTP incorporation, whereas RNA synthesis is
unperturbed following the U:FVP-MP base pair (Fig.1.8C, bottom). Incorporation of ATP opposite
FVP-MP is not evident. Therefore, the C to U and G to A transitions are likely realized when
favipiravir is incorporated opposite cytidine (C:F:U or G:C:F:U:A). This outcome is contingent on
efficient extension of the incorporated FVP-MP and UTP base pairing opposite FVP-MP when

embedded in the viral genome.
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Figure 1.8. Mutagenesis model of FVP. 4, Nucleoside prodrug (/eff) and triphosphate (right)
form of FVP. B, Alternative base pairing of FVP-TP as a substrate (fop) and as a templating base
(bottom). C, Schematic representation of influenza RdRp (grey)-mediated nucleotide
incorporation into RNA primer (white circles)/template (green circles). Plus and minus signs
indicate RNA sense. Letters A, C, G, and U refer to natural bases. Letter F refers to FVP. FVP-TP
is favorably incorporated opposite CMP (fop) and does not inhibit RNA synthesis (middle). The
mutagenic mechanism is realized when UTP can base pair opposite a template embedded FVP
residue (bottom, left). CTP incorporation opposite FVP-MP inhibits RNA synthesis (bottom,
right). Created with BioRender.com.

An advanced biophysical assay measuring the force of tension on an RNA template
proposes an alternative mechanism of action for FVP-TP. Employing magnetic tweezers, Dulin et
al. show that FVP-TP incorporation can promote PV RdRp backtracking!'®, an observation that
could be later extended to EV-71 RdRp!'**. Backtracking is likely induced by unstable protein-
RNA interactions resulting in the release of the 3" end of the RNA-template duplex and backward

shuttling of the RARp!** 2%, Backtracking has been proposed to assist RNA polymerase fidelity?°!-

203 However, FVP exposure increased EV-71 genomic recombination, which could generate viral
genomes unable to support replication!®*. It is not known which base pair, FVP-MP:C or FVP-

MP:U, induces picornavirus RdRp backtracking events, but biochemical studies suggest
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backtracked signatures align with the stalled PV RdRp ternary complex observed when FVP-TP

is incorporated opposite a templated uridine!®* 2%,

Recently, a backtracked influenza structure has been captured in the presence of FVP-
TP2%, In agreement with previous biochemical assays'®”, the authors conclude that backtracking
occurs in response to two successive FVP-TP incorporation events??’. Moreover, the FVP-MP:U
base pair resembles the G:U wobble base pair, whereas the FVP-MP:C resembles the canonical
G:C base pair?®. Against SARS-CoV-2 RdRp complex, FVP-TP did not promote backtracking!®
and its incorporation has only been structurally observed opposite CMP!*% 7. However, it has
been shown that SARS-CoV-2 RdRp complex backtracking is mediated by the helicase, which
could enable intervention by the proofreading 3’ to 5" ExoN2%4-2%, FVP-induced backtracking has

yet to be investigated against a SARS-CoV-2 replication complex that contains the helicase.

Taken together, the structural, biochemical, and biophysical evidence demonstrates that the
antiviral activity of FVP is mediated through multiple mechanisms and can differ between RNA
viruses. Against influenza, there are potentially two mechanisms of action: lethal mutagenesis and
chain-termination. The promiscuous base pairing and increased mutations support the former, but
the latter cannot be dismissed due to the abrogation of RNA synthesis. However, the probability
of chain-termination decreases if two consecutive incorporation events are required. Future studies
should evaluate the NTP base pairing tendencies of influenza RdRp complex opposite an

embedded FVP-MP residue.

The mechanism of action for FVP against coronaviruses is likely lethal mutagenesis. Error
catastrophe would be evoked when FVP behaves as a G-analog, which does not terminate or stall
RNA synthesis, thereby escaping ExoN recognition. As an A-analog, FVP-TP incorporation
hinders RNA synthesis, an event that would anticipate ExoN recognition and subsequent excision.
Investigating the susceptibility of an ExoN-deficient coronavirus to FVP would help delineate its

primary mechanism of action against coronaviruses.

Against picornaviruses, FVP treatment may or may not promote mutagenesis in cell

culture!'?* 14, For foot-and-mouth disease virus (FMDV), a clear mutational genomic pattern could
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not be identified, but FVP treatment did decrease specific infectivity, a hallmark of lethal

mutagenesis!®?,

Conversely, FVP promoted EV-71 genomic recombination, which would
subsequently result in defective viral genomes; single-molecule experiments suggest this is due to

increased RdRp backtracking!**.

1.4.6 Favipiravir resistance

In vitro selection experiments with chikungunya virus (CHIKV)?"

, a positive-sense
alphavirus, and influenza®®® revealed a conserved lysine to arginine substitution within motif F
confers resistance to FVP. However, these mutations were associated with a fitness cost and
required a compensatory mutation. For CHIKV, K291R-containing isolates were up to 9.6-fold

less susceptible to FVP treatment®®’

. Difficulties expressing active recombinant CHIKV RdRp
have limited further mechanistic studies. K229R, together with the compensatory substitution
P653L in the PA domain, reduced influenza susceptibility to FVP 30-fold?%. Biochemically, only
K229R improved discrimination against FVP-TP ~2-fold**®. In a minigenome assay, K229R did
not demonstrate cross-resistance to RBV or altered mutation frequency in the absence of FVP,

suggesting this mutation does not improve fidelity?®®,

Studies with the picornavirus CVB3 found the analogous mutation (K159R) unstable; to
maintain a viable virus, the compensatory mutation A239G was required*”®. However, the double
mutant (K159R and A239G) and A239G alone proved to be 3.4- and 2-fold more susceptible to
FVP treatment, respectively. The single K159R substitution rendered the CVB3 polymerase
inactive, and activity could only be restored by A239G>%. An extensive site-directed mutagenesis
study had previously identified several low-fidelity mutations, including A239G?!°. Found in motif
A, Asp-238 is adjacent to Ala-239, a key residue in a hydrogen bonding network responsible for
positioning the NTP and promoting catalysis'®-2!!, Finally, the double mutant (K159R and A239G)
remained sensitive to RBV treatment, demonstrating that K159 and, perhaps more broadly motif

F, is specific to the mechanism involved in FVP inhibition?".
The impact of RdRp fidelity on the efficacy of FVP remains unclear. Previously identified

high-fidelity (G64S) and low-fidelity (H273R) 3DP°! substitutions did not alter PV susceptibility
to FVP!'%, Conversely, high-fidelity mutations in CVB3 3DP°! (A372) and influenza PB1 (V43I)
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reduced FVP antiviral activity!> 29212 This highlights that, like RBV, improved fidelity may be
suitable to support resistance. However, this may not provide an evolutionary advantage. Like
G64S in PV 3D, V43I reduced basal mutation frequency and influenza pathogenicity'> 212,
Several studies have shown that decreased genomic diversity supported by high-fidelity RdRp
mutations attenuates the virus!?7-213-214; therefore, it could be inferred that A372V would attenuate

CVB3.

Considering FVP treatment resulted in defective viral genomes, a resistant phenotype could
arise from a substitution that reduces recombination. In EV-71 3DP°!, substituting tyrosine for
histidine at position 276 (Y276H) resulted in a recombination-defective mutant'®*. Not associated
with a catalytic motif, Tyr-276 is located in the fingers subdomain. Y276H improved the stability
of the EV-71 elongation complex likely by enhanced interactions with the 3’ end of the RNA
primer!'®*, Adjacent to Tyr-276, Arg-277 was shown to have an integral role in RNA binding and

elongation complex stability?!>.

Affirming the relationship between backtracking and
recombination, EV-71 Y276H 3Dr°! demonstrated reduced kinetic signatures associated with FVP-
induced backtracking!®. EV-71 Y276H was ~2-fold less susceptible to FVP in cell culture,

suggesting recombination-defective phenotypes can support resistance to FVP!%4,

1.4.7 Molnupiravir

In December 2021, molnupiravir (MK-4482/EIDD-2801) received emergency use
authorization (EUA) from the FDA for the treatment of mild-to-moderate COVID-19 in adults at
risk for severe disease progression®!®, Authorization was supported by a clinical trial that found

molnupiravir reduced hospitalization and deaths®!’

. However, more recent clinical data suggest
molnupiravir has limited efficacy against vaccinated patients?!® 2!°. There are concerns
surrounding the potential off-target effects of molnupiravir. The parent compound of molnupiravir,
B-D-N*-hydroxycytidine (NHC, EIDD-1931), was shown to be mutagenic in mammalian cells'>®
220 This could potentially be attributed to the 5'-diphosphate intermediate which is a metabolic
precursor for the synthesis of ribonucleoside triphosphates and deoxyribonucleoside
triphosphates??!. It is the active ribonucleotide triphosphate form of NHC (NHC-TP), which acts

130, 222-224

as a substrate for RNA polymerases . Developed initially as an anti-influenza
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compound!!’3, NHC has demonstrated antiviral activity against several positive- and negative-

sense RNA VimseSZZZ, 223, 225-228.

1.4.8 Molnupiravir mechanism of action

Extensive pre-clinical studies of NHC and molnupiravir against SARS-CoV-2 have
defined the drug’s mechanism of action. Acting as a pyrimidine mimic, NHC treatment in vitro
promoted G to A and C to U transitions in SARS-CoV-2??° and Influenza®?. Interestingly, the
mutagenic pattern differed for RSV, A to G transitions were the most prevalent, followed by G to
A and then C to U?%. Illustrated by SARS-CoV-2 structural and biochemical studies, the
incorporation of NHC-TP is favoured opposite GMP and is notably more efficient than RBV-TP
and FVP-TP#- 130224 Once incorporated, NHC-MP does not terminate RNA synthesis!3% 224,
Embedded in newly synthesized viral genome copies, ATP and GTP can incorporate opposite
NHC-MP!, 1t is the base pairing of ATP opposite an RNA-embedded NHC residue that supports
the G to A and C to U transitions. Confirming its mutagenic mechanism, SARS-CoV-2 isolates
collected from COVID-19-infected patients following molnupiravir treatment found increased C

to U and G to A transitions>3% 23!,

To further delineate the parameters that facilitate the anti-coronavirus activity of NHC
compared to RBV and FVP, consider the following studies. Against SARS-CoV-2, NHC proved
to be 100-fold more effective than FVP or RBV!>8, Moreover, an ExoN deficient murine hepatitis
virus (MHYV), an orthologous coronavirus, did not significantly affect the efficacy of NHC?%%, but
did improve the potency of RBV ~100-fold!®°. Taken together, the improved efficacy of NHC can
be attributed to its efficient incorporation and limited ExoN recognition. The molecular
underpinnings that enable CoV ExoN recognition of one mutagenic nucleotide and not another
remain unknown. These mechanisms are likely coupled to other components of the CoV

replication transcription complex.

1.4.9 Molnupiravir resistance
In addition to target validation, in vitro resistance selection experiments often provide key
insights into the molecular mechanism of a given nucleotide analog. However, NHC has

demonstrated a high barrier to resistance against several RNA viruses. Against influenza,
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passaging at sub-lethal NHC concentrations did not identify any resistance mutations that could
be maintained in the viral population'!®>. For Venezuelan equine encephalitis virus (VEEV), a
positive-sense alphavirus, more than 15 passages were required before resistance was observed?*.
Several substitutions were discovered in the RdRp, however these resistant strains remained
susceptible to NHC mutagenesis. Considering the library of key residues implicated in FVP and
RBYV resistance described above, it would be of interest to know if the analogous high- or low-
fidelity mutations impact NHC susceptibility. Future biophysical studies should investigate kinetic

signatures of NHC-TP against coronavirus RdRp complex.

1.4.10 Considerations for mutagenic nucleotide analogs

Base-modified mutagenic nucleotide analogs offer a plausible solution to treat RNA virus
infection. However, the ambiguous nature of these analogs, both for their metabolism and
mechanism of action, requires a cautionary approach??!. Fundamentally, if the mutagenic
nucleotide does not significantly enhance mutation rates to induce lethal mutagenesis, its treatment
could, in theory, improve viral fitness. Indeed, exposing SARS-CoV-2 to molnupiravir promoted
mutations that enabled escape from neutralizing antibodies?** 2%, Moreover, base-modified
mutagenic nucleotide analogs often lack specificity which raises concerns about off-target effects.
The incorporation of nucleotide analogs by human polymerases can provide insight into potential
toxicities?*> 2%, Biochemically, NHC-TP can act as a substrate for human mitochondrial RNA
polymerase (h-mtRNAP) and does not impede RNA primer extension?*’. However, the embedded
NHC-MP does appear to impact translation as treatment reduced protein expression’.
Conversely, FVP-TP can act as a substrate for the h-mtRNAP, but it does not inhibit RNA or

protein synthesis?3*.

1.5 1’-modified nucleotide analogs

The poor stability of 1'-substituted N-nucleoside analogs as antiviral agents hindered their
preclinical development!?* 2%, However, Cho and colleagues demonstrated that stability could be
improved by linking the sugar and base through a C-C bond?**. The resulting 1’-cyano-modified
C-nucleoside analog demonstrated the greatest potency and widest spectrum of antiviral activity,
as opposed to the 1'-methyl, -vinyl, and -ethynyl substituents?*°. These findings would ultimately
support the development of the broadly acting nucleoside analog prodrug remdesivir (Fig. 1.94).
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1.5.1 Remdesivir

Remdesivir (RDV), formerly referred to as GS-5734, is a 1'-cyano modified C-adenosine
monophosphate prodrug derived from the parent nucleoside GS-441524 (Fig. 1.9B). Originally
discovered in 2012, GS-441524 demonstrated activity against HCV, YFV, HPIV-3, and SARS-
CoV, but was ineffective against influenza?*. Subsequent development led to the discovery of
RDV, which showed considerable antiviral activity against EBOV?!, As a result, RDV was
subjected to a randomized clinical phase 3 trial for the treatment of Ebola virus disease (EVD)?*2,
This trial ultimately concluded two monoclonal antibody therapies were more effective, but the
human safety data allowed for the compassionate use against COVID-19 in January 2020?*. RDV
was the first antiviral drug to receive approval from the US Food and Drug Administration (FDA)

for the treatment of COVID-19244,

RDV is administered intravenously, this inherently restricts the therapeutic window
preventing treatment early in the course of infection. To mitigate this limitation, two orally
available prodrug derivatives of GS-441524 have since been generated: GS-621763%% (Fig. 1.9C),
ATV006%*/GS-5245%" (Fig. 1.9D). ATV006 and GS-5245 are identical prodrug formulations
identified by independent groups and have demonstrated activity against several coronaviruses in
vitro**%- 248, (GS-5245, also referred to as obeldesivir, exhibited anti-SARS-CoV-2 activity in a non-
human primate (NHP) model**’, and is currently in phase 3 trials for COVID-192*°. Consistent
with the parent nucleoside spectrum of antiviral activity, GS-5245 demonstrated anti-filovirus
activity and a 10-day course treatment afforded NHPs 100% protection against lethal Sudan

ebolavirus infection®°.
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Figure 1.9. Chemical structures of GS-5734 (A4), GS-441524 (B), GS-621763 (C), ATV006 or
GS-5245 (D), and GS-443902 (E).
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In cell culture, GS-441524 and RDV have demonstrated antiviral activity against positive-

sense RNA viruses, including members of the Coronaviridae'>’> #3254, Flaviviridae*?, and

255,256 241, 250,

Picornaviridae , and nonsegmented negative-sense RNA viruses from the Filoviridae

257, 258 240, 257

257" Penumoviridae , and Paramyxoviridae . However, limited activity was observed
against the segmented negative-sense RNA virus families Arenaviridae, Orthomyxoviridae, and
Nairoviridae*** 237-25°, Like the other nucleotide analogs discussed, the antiviral activity of GS-

441524 and its prodrug derivatives cannot be credited to one explicit mechanism of action.

1.5.2 Remdesivir mechanism of action

The active metabolite of GS-441524, herein referred to as GS-443902 (Fig. 1.9F),
competes with ATP for incorporation by the viral polymerase. Extensive structural and
biochemical GS-443902 studies help to explain its prodrug derivatives’ broad-spectrum antiviral
activity. Investigating a panel of representative viral RdRp revealed efficient GS-443902
incorporation is a prerequisite for downstream antiviral activity?®®. Notably, GS-443902
outcompetes ATP, 2- to 3-fold for incorporation by SARS-CoV-2 RdRp**-30-198.261 'These efficient
rates of incorporation can be explained by a polar pocket comprised of Thr-687, Asn-691, and Ser-
759, which is particularly well adept to support the 1’-cyano of GS-443902%°. Once incorporated,

260, 262 For

a heterogenous pattern of inhibition is observed amongst several viral RdRps
coronavirus and picornavirus, GS-443902 incorporation at position “i” is followed by the
incorporation of three nucleotides downstream before RNA synthesis comes to arrest at position
143749, 262-264 A steric clash between the 1'-cyano group of GS-443902 and a conserved serine at
position 861 (SARS-CoV-2 numbering) in the RdRp is responsible for primer strand inhibition*":
263-266 1 jkewise, inhibition at position “i+5” is observed following the incorporation by EBOV
and RSV RdRp?®’. In all cases, delayed chain-termination is not absolute and can be overcome
with elevated NTP concentrations that may better recapitulate what is present in the cell#- 198 263-
266 Therefore, it is conceivable that newly synthesized RNA viral genome copies could contain
embedded GS-443902 residues. Interestingly, no termination was observed following GS-443902
incorporation by HCV!® and several insect-borne flavivirus RdRp!'!2. Further emphasizing an

alternative mechanism of action independent of primer-strand termination. Although unlikely

given the inefficient rates of incorporation, the extension of GS-443902 by segmented negative-
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sense viral RdRp (CCHFV, LASV, and influenza) did not demonstrate inhibition of RNA

synthesis?®’.

Template-dependent mechanisms of inhibition have been previously described for other
nucleotide analogs!>* 164.268.269 When utilized as a template for subsequent rounds of replication,
RNA synthesis by several viral RARp opposite the embedded GS-443902 residue is inhibited?*®-
265 These observations support template-dependent inhibition as a universal mechanism of action.
SARS-CoV-2 RdRp modelling suggests that a clash between the embedded RDV residue and the
backbone of Ala-558 within motif F obstructs the incorporation of UTP opposite RDV?2%.
Additional structural studies are required to define the structural conflict responsible for template-

dependent inhibition.

Specific to coronaviruses, eliminating ExoN activity rendered MHV 4.5-fold more

21 Thus, subsequent nucleotide incorporation following GS-

susceptible to RDV treatment in vitro
443902 incorporation does not offer complete protection from the ExoN. However, the
mechanisms that facilitate RDV excision by the ExoN are still unclear. Notably, GS-443902 is
only susceptible to excision in absence of the RdRp complex, which when associated with the
RNA duplex appears to block ExoN access?’’. This barrier to excision is likely alleviated by the
helicase which engages the template strand to unwind the RNA duplex?** 205, This action
simultaneously backtracks the RdRp and pushes the 3'-terminus of the primer through the NTP
tunnel to, in theory, meet the ExoN27. Using molecular tweezers, it was concluded that GS-443902
incorporation in the nascent RNA strand can promote RdRp backtracking in the absence of the

helicase!?®

. To fully understand how RDV is excised, further studies evaluating the interplay
between the RdRp, helicase, and ExoN are warranted. Taken together, the anti-coronavirus activity
of GS-443902 is likely due to embedment in the newly synthesized viral genome, where it is

presumed go undetected by the ExoN.
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1.5.3 Remdesivir resistance

In vitro selection experiments with GS-441524 and RDV against MHV, SARS-CoV-2 and
EBOV identified resistant mutations that target nucleotide analog incorporation and template-
dependent inhibition. For MHV, two mutations in the RdRp conferred 5.6-fold resistance to GS-
441524, F476L and V553L%!, Intriguingly, V5531 improved MHV fidelity and was resistant to
base-modified mutagenic nucleotide analogs?’’!. However, V557L in SARS-CoV-2 RdRp
(analogous to V553L) did not alter discrimination against GS-443902%6°. Instead, V557L
supported ~5-fold resistance against template-dependent inhibition, underscoring the biological
relevance of this mechanism?%. Structural studies have implicated Val-557 and Ala-558 in RNA
stabilization at the templating base position to facilitate NTP incorporation*?**. Computational
modelling identified that V557L may alleviate translocation hindrance evoked by the template-
embedded GS-443902 residue?’?. Additional SARS-CoV-2 resistance studies identified two
complementary substitutions that support RDV resistance, S759A and V7921?73, Reverse genetics
found that alone, the analogous mutations conferred ~2-fold resistance in MHV but combined

provided at least 25-fold reduced susceptibility?’?

. Located in the active site, S7T59A supports
resistance by increasing discrimination 5- to 10-fold against GS-443902%%- 273, The altered
preference could be explained by the disruption of the hydrogen bonding network formed by the
hydrophilic pocket*. On the other hand, V7921 alleviates template-dependent inhibition, but how
exactly it drives this mechanism of resistance remains unknown. Importantly, V7921 is a clinically

relevant mutation and was identified in an immunocompromised patient 24 days after receiving

RDV treatment?’4,

For Ebola, six remdesivir-treated lineages demonstrated a 3.7- to 5.2-fold decrease in RDV
effective concentration®’>. Appearing early in selection experiments, F548S remained a consistent
substitution present in all resistant isolates after 35 passages. Biochemically, F548S promoted a
subtle increase in discrimination against RDV-TP (1.4-fold)?”. Like Val-557 in SARS-CoV-2 and
Val-553 in MHV RdRp, Phe-548 is found in the evolutionarily conserved motif F, and therefore,
its mechanism of resistance could be specific to template-dependent inhibition?”*. Characterization
of these resistance-conferring mutations provides evidence that efficient incorporation and
template-dependent inhibition are the primary parameters contributing to the antiviral efficacy of

RDV.
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1.6  2’-modified Nucleotide Analogs

As a scaffold, 2'-substituted nucleotide analogs have undergone extensive investigation.
Initially developed as chemotherapies, altering the conformation of the 2’-hydroxyl to the “up”
position was discovered to have an antiviral effect!?® 124, This class of nucleotide analogs are
referred to as arabinose or “Ara” nucleotide analogs. Due to toxicities, Ara nucleotide analogs
have not progressed to the clinic as antiviral therapies but are frequently employed as controls
alongside other investigational nucleotide analogs. An abundance of biochemical data has been
generated over the past two decades for 2'-substituted nucleotide analogs. For brevity, this section
will focus on clinically relevant 2'-a-fluoro,2’-B-methyl nucleotide analogs, namely sofosbuvir,
mericitabine, and bemnifosbuvir (Figure 1.10). Perhaps most important from these studies are two
mechanisms of resistance, increased nucleotide analog discrimination and phosphorolytic

excision.
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Figure 1.10. Chemical structures of sofosbuvir (4), mericitabine (B), and bemnifosbuvir (C).

1.6.1 Sofosbuvir

Discovered in 201027¢

, sofosbuvir is a 2'-a-fluoro,2’-B-methyl uridine monophosphate
prodrug approved for the treatment of HCV infection?!> 22, Its approval was largely based on a
clinical trial that demonstrated a 12-week regime of sofosbuvir and ribavirin, independent of
interferon, offered a 100% cure rate?’’. As expected given the RdRp catalytic motif conservation
observed amongst the Flaviviridae family®!, sofosbuvir demonstrated antiviral activity against
several mosquito-borne flaviviruses, including DENV, JEV, WNV, YFV, and ZIKV in cell
culture?’8-282, Moreover, the uncontrolled, off-label use of sofosbuvir improved YF disease
outcomes in two patients?33. However, in a controlled setting, sofosbuvir's anti-YFV activity was

only maintained in vivo when administered prophylactically?®*. Investigation of sofosbuvir

efficacy against other high-interest RNA viruses remains sparse. Computational modelling



concluded sofosbuvir could be a potential anti-SARS-CoV-2 agent®®3; but in vitro, sofosbuvir did
not inhibit SARS-CoV-2 replication!”’, likely due to inefficient incorporation by the SARS-CoV-

49, 286

2 RdRp complex

1.6.2 Sofosbuvir Mechanism of Action

The active metabolite of sofosbuvir, 2'-a-fluoro,2'-B-methyluridine triphosphate (2'-F,2'-
Me UTP), competes with UTP for incorporation by the viral polymerase. Previous reports have
shown that HCV RdRp incorporated 2'-F,2'-Me UTP 45-fold to 150-fold less efficiently than
UTP?7- 288 The differences in incorporation efficiency could be attributed to the different strains
employed?®®. Acting as a non-obligate immediate chain terminator, 2'-F,2’-Me UTP inhibits HCV
and multiple insect-borne flavivirus RdRp-mediated RNA synthesis at the site of incorporation®®-
278 289 Investigating several 2'-substituted UTP analogs against HCV NS5B, Fung et al.
demonstrate 2'-F,2’-Me UTP-induced inhibition is mediated by the 2’-B-methyl and not the 2'-a-
fluoro substituent?®’. Independent of the viral RdRp, the 2'-a-fluoro modification may be most
important for cellular metabolism. The ribose conformation also referred to as the “sugar
pucker”?°, has important implications for nucleotide analog activation and recognition by host
enzymes'?*> 124 The electronegativity of the 2'-fluoro group locks the sugar in a 3’-endo position,

21,292 and can improve the stability of the

mimicking the conformation of ribonucleotides
glycosidic bond?*. The exact structural intricates that facilitate chain termination by 2’'--
substituted nucleoside analogs remain convoluted. It was initially posed that a 2'-F,2-Me UMP-
terminated primer prevented incorporation of the next nucleotide by HCV NS5B***. However,
more recent work monitoring key residues using solution-state NMR concluded that the 2'-B-

methyl ATP prevents PV 3DP! active site closure?®.

1.6.3 Sofosbuvir Resistance

Early work using an HCV replicon system discovered that the substitution S282T conferred
resistance to structurally related 2'-B-methyl-substituted ribonucleotide analogs, including
sofosbuvir?** 29629 However, this mutation has been observed infrequently in the clinic and is
associated with a replication fitness cost*®’. The analogous substitution in DENV, WNV, and

278, 289, 301

ZIKV RdRp generated a sofosbuvir-resistant phenotype in vitro . Biochemical

characterization of the mutated HCV and DENV RdRp found resistance is conferred at the level
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of nucleotide incorporation?’® 392, Contained within motif B, Ser-282 interacts with the 2’-hydroxyl
of the incoming nucleotide’®. It was also shown that the interaction between Ser-282 and the
adjacent Gly-283 helps position the incoming nucleotide and template’*2. The interaction between
Gly-283 and the 2'-hydroxyl of the templating base appears to be essential for improved
discrimination against 2'-F,2'-Me UTP by HCV S282T RdRp**2. Therefore, this substitution could
disrupt fundamental interactions supporting the incorporation of 2'-F,2’-Me UTP and related 2’-f-
methyl-substituted ribonucleotide analogs. Intriguingly, the HCV S282T replicon remained
susceptible to the guanosine counterpart of sofosbuvir?®’- %4, This observation points to subtle
differences between the incorporation of nucleotide analogs that differ in their base moiety but

possess the same ribose modifications.

Another mechanism of resistance to chain-terminating nucleotide analogs is
pyrophosphorolysis or ATP-dependent excision. Pyrophosphorolysis is the reversal of the
phosphoryl transfer reaction whereby a pyrophosphate donor (ATP or inorganic pyrophosphate
[PPi]) performs a nucleophilic attack to release the 3'-terminal nucleotide. Foundational cross-
linking and footprinting assays with human immunodeficiency virus type 1 reverse transcriptase
(HIV-1 RT) have helped guide our understanding of pyrophosphorolysis and its relationship to

polymerase translocation®%>-307

. These kinetic studies show that 1) pyrophosphorolysis can only
occur when the 3’-end of the primer is positioned in the N-site (i.e. pre-translocation)**” and ii)
HIV-1 RT maintains an equilibrium between pre- and post-translocation satisfying the Brownian
ratchet model of polymerase translocation!!”-39%:3% Extending these observations to mechanisms
of resistance, consider the well-described HIV-1 RT nucleoside inhibitors 3’-azido-3'-
deoxythymidine (zidovudine or AZT) and entecavir (ETV). AZT is an obligate chain terminator
that prevents the incorporation of the next nucleotide, therefore favoring a pre-translocated
conformation®%. Structural and biochemical studies of HIV-1 RT have demonstrated ATP-
mediated excision as a mechanism of resistance against AZT3%- 310, Conversely, ETV is a non-
obligate delayed-chain terminator, the incorporation of subsequent nucleotides ultimately protects
against excision?®®, Similarly, HCV NS5B has demonstrated excision-competent complexes

capable removing obligate chain terminators and non-obligate 2'-B-methyl-modified nucleotide

analogs®!!:312, A key observation amongst these studies was NTP binding in the active site after a
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chain-terminating nucleotide protected against excision by forming a stable dead-end complex3!!:
312

Mericitabine is the cytidine counterpart to sofosbuvir and in its active trisphosphate form
(2’-F,2'-Me CTP) inhibits HCV RNA synthesis in the same fashion as 2'-F,2’-Me UTP3!3,
However, clinical trials determined mericitabine less effective than sofosbuvir at reducing patient
response to HCV infection®!431¢, Considering the two analogs share identical sugar modifications,
the difference in the clinic was unexpected. Offering one potential explanation, 2'-F,2'-Me CTP
was found to be more susceptible to HCV NS5B pyrophosphorolytic excision than 2'-F,2"-Me
UTP?8, Moreover, the binding affinity of 2’-F,2’-Me CTP and 2'-F,2'-Me UTP were equivalent,
and rates of excision were due to differences in pyrophosphate binding efficiency?®®. The observed
differences in pyrophosphate binding efficiencies may relate to base-dependent structural changes
that influence the translocation equilibrium proceeding phosphodiester bond formation. 2'-F,2'-
Me UMP-terminated primers could prevent pyrophosphate access to the active site, but how this
would be accomplished remains unknown. Monitoring the dynamics of key residues (i.e. Cryo-
EM or solution-state NMR) in combination with dead-end complex formation and/or rescue
experiments could provide valuable insight into the structural and chemical requirements that

facilitate the excision of 2'-a-fluoro,2’-B-methyl CTP but not 2'-a-fluoro,2’-f-methyl UTP.
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1.6.4 Bemnifosbuvir

Bemnifosbuvir, also referred to as AT-527, is currently in a phase 3 clinical trial for the
treatment of high-risk COVID-19 in an outpatient setting (NCT05629962) and a phase 2 clinical
trial evaluating its efficacy in combination with ruzasvir in patients with chronic HCV
(NCT05904470). Bemnifosbuvir, is an orally available 2’-a-fluoro,2’-B-methyl guanosine
monophosphate prodrug with ribose modifications identical to sofosbuvir and mericitabine.
Moreover, AT-527 and AT-752 (the diastereomer of AT-527) have demonstrated antiviral activity
against coronaviruses’!’, HCV3%, and several insect-borne flaviviruses®!'® 3!°, Limited antiviral
activity was observed against representative RNA viruses from the Picornaviridae,

Pneumoviridae, and Orthomyxoviridae families®** 318,

1.6.5 Bemnifosbuvir mechanism of action

Metabolic activation of AT-572 or AT-752, results in the active triphosphate AT-9010,
herein referred to as 2'-F,2’-Me GTP, which competes with GTP to target the viral polymerase**
318 Notably, 2'-F,2'-Me GTP has been shown to target different functional domains of SARS-
CoV-2 Nsp1228 and DENV NS5318: 320 Considering the SARS-CoV-2 RdRp domain, 2'-F,2"-Me
GTP is incorporated ~5-fold less efficiently than GTP, a significant improvement compared to its
uracil counterpart®®, Like its cytidine and uracil counterparts, 2'-F,2’-Me GTP is a non-obligate
chain-terminator that inhibits RNA synthesis as the site of incorporation?®. Although not entirely
resistant to SARS-CoV-2 ExoN-mediated excision, 2'-F,2’-Me GTP is excised less efficiently than
2'-F,2'-Me UTP?*¢, Replacement of the non-bridging oxygen of the 5'-a-phosphate with a sulfur
atom rendered 2'-F,2’-Me GTP resistant to ExoN excision but reduced incorporation efficiency by
the RdRp complex3?!. Conflicting observations have yet to determine if the RdRp complex
positioned at the 3-end of the primer protects against excision?’% 32!, Structurally, 2-F,2"-Me GDP
was discovered in the NiRAN active site in an orientation that resembled the preferred natural
substrate GTP** 286; this, in turn, may prevent the capping mechanism integral to SARS-CoV-2

replication®.
Similarly, two targets have been identified against DENV NS53%°. First, 2'-F,2’-Me GTP

targets the RdRp active site of NS5 and is incorporated ~7- to ~11-fold less efficiently than GTP
by DENV NS5 depending on the serotype®!® 320, Conversely, the same study found incorporation
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of 2'-F,2"-Me UTP was not evident*?°, which opposed a previous observation that DENV NS5
could incorporate 2'-F,2'-Me UTP?"8, However, this is likely due to the presence of a different
divalent metal cation®. Second, 2’-F,2'-Me GTP bound to the NS5 MTase domain improved
stability, this may result in the inhibition of the RNA capping®?. Taken together, 2'-F,2'-Me GTP
is an adequate substrate for SARS-CoV-2 nspl12 and DENV NS5, acting universally as a non-
obligate immediate chain terminator?8¢-394.318.320 The incorporation differences observed between
2'-F,2'-Me GTP and its uracil counterpart are peculiar, given they possess identical sugar
modifications. It has been postulated that the discrepancy observed between 2'-F,2'-Me GTP and
2'-F,2'-Me UTP incorporation is due to differences in motif D of HCV NS5B when compared to
SARS-CoV-2 Nsp12 and DENV NS531:320,

1.6.6 Bemnifosbuvir mechanism of resistance

Resistant mutations specific to bemnifosbuvir have yet to be evaluated in the literature, but
previous HCV S282T cross-resistance studies can offer valuable insight. Using the HCV replicon
system, it was determined that the S282T substitution confers cross-resistance to 2’-f-methyl ATP,
2'-B-methyl CTP, 2'-B-methyl GTP, and 2'-a-fluoro,2’-B-methyl CTP but not 2'-a-fluoro,2’-p-
methyl GTP?* 2%7-3%4 These observations indicate that the nucleotide base and sugar-pucker are
necessary components to alleviate cross-resistance. It is not known if the analogous sofosbuvir-
resistant conferring mutation in DENV NS5 (S604T) follows the same phenotypic pattern as HCV

S282T and remains susceptible to the guanosine counterpart.

Taken together, 2'-a-fluoro,2’-B-methyl modifications elicit their antiviral effect via
immediate chain-termination, but incorporation discrepancies can be observed when the ribose is
attached to a purine or pyrimidine nucleobase (Fig. 1.11). Future studies should consider a parallel
investigation of all four nucleobase analogs possessing these 2'-substitutions. In addition,
mutagenic studies targeting motif D are warranted to better understand its role in nucleotide

discrimination and the different incorporation patterns of 2'-F,2'-Me UTP and 2'-F,2’-Me GTP.
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Figure 1.11. Mechanism of action of sofosbuvir, mericitabine, and bemnifosbuvir. All
nucleotide analogs share the 2'-a-fluoro,2’-B-methyl-substituted ribose responsible for the
inhibition of RNA synthesis (fop). Schematic representation of viral RdRp (grey)-mediated
nucleotide incorporation into RNA primer (green circles)/template (white circles). Letters A, C,
G and U refer to natural bases. Incorporation, 2'-F,2'-Me UTP (pink circle) is incorporated less
efficiently than 2'-F,2'-Me CTP (light blue circle) and 2'-F,2"-Me GTP (purple circle). Inhibition,
all 2'-a-fluoro,2’-B-methyl-substituted nucleotide analogs behave as non-obligate chain
terminators. Resistance, HCV mutant (S282T) RdRp (red) confers resistance to 2'-F,2’-Me UTP
and 2'-F,2'-Me CTP, but remained susceptible to 2'-F,2’-Me GTP. Created with BioRender.com.
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1.7  4’-modified nucleotide analogs

Within the family of ribose-substituted ribonucleotide analogs, the 4’-modification remains
relatively underexplored. As a result, few have progressed to clinical trials for the treatment of
RNA virus infection. This section will discuss two different 4’-modified nucleoside analogs that
have demonstrated potent activity against different classes of RNA viruses, ALS-8176 and

4'fluorouridine.

1.7.1 ALS-8176

Derived from the parent compound ALS-8112 (Fig. 1.124), ALS-8176 (Fig. 1.12B), also
referred to as lumicitabine, is a 2'-F,4'-CICH; cytidine nucleoside prodrug that was developed for
the treatment of RSV infection®??. A phase 1 RSV challenge study involving 62 participants older
than 18 years of age found that continued treatment with ALS-8176 reduced viral load®?.
Unfortunately, ALS-8176 did not progress beyond phase 2 clinical trials due to toxicity concerns
in infants*?*. Although unsuccessful, several lessons can be learned from the pre-clinical
investigation of ALS-8112. In cell culture, ALS-8112 demonstrated activity against nonsegmented
negative-sense viruses that belong to the Pnuemoviridae and Paramyxoviridae families*?. In an
African green monkey model, ALS-8176 effectively reduced RSV viral load**. However, limited
activity was observed against positive-sense (Flaviviridae and Picornaviridae) and segmented

negative-sense (Orthomyxoviridae) RNA viruses’%.

1.7.2 ALS-8176 mechanism of action

ALS-8176, in its active 5'-triphosphate form (2'-F,4’-CICH> CTP), is incorporated 13-fold
less efficiently than CTP by RSV RdRp*%. Once incorporated, 2'-F,4’-CICH, CTP inhibits RNA
synthesis via immediate chain termination®?® (Fig. 1.12C). Aligning with the in vitro activity
spectrum, 2'-F,4'-CICH> CTP did not inhibit HCV or influenza RdRp but did inhibit PIV-1
RdRp*?. Investigating other CTP analogs revealed that the 2'-fluoro modification, although not
responsible for the inhibition of RNA synthesis, was crucial for 2'-F,4’-CICH2 CTP RSV RdRp
specificity. In fact, 4'-N3, 2'-F-4'-N3, 2'-diF-4'N3, and 4'-CICH; CTP could inhibit both RSV and
HCV RdRp*?°. Moreover, 4-N3 CTP and 2'-F CTP could be incorporated by h-mtRNAP,
suggesting the 4'-CICH2 modification is responsible for mediating the limited off-target effects.
Substituting the nucleobase of 2'-F,4’-CICH, CTP for guanosine (2'-F,4’-CICH, GTP) improved
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326 Conversely, 2'-

incorporation efficiency but somewhat alleviated inhibition of RNA synthesis
F,4'-CICH2 ATP was incorporated as efficiently as 2'-F,4’-CICH> CTP and resulted in immediate
chain termination®?. It is not known why changing the nucleobase impacts the sugar-driven

inhibitory effect.

1.7.3 ALS-8112 mechanism of resistance
Following in vitro selection experiments, four combinatorial amino acid substitutions

(M628L, A789V, L7951, and 1796V) located in the RdRp domain reduced ALS-8112 anti-RSV
activity 39-fold3%. Resistance was specific to the 4’-CICH, substitution and supported at the level
of nucleotide incorporation. Biochemically, the RSV RdRp mutant incorporated 2'-F,4’-CICH»
CTP and 4'-CICH: CTP approximately 4-fold and 24-fold less efficiently than the wildtype RdRp,
respectively; no change was observed against 2'-F CTP. Located in motif B, A789V, L7951, and
1796V provide cross-resistance to other 4’-halomethylated substitutions®?¢. Of the four
substitutions, A789V is closest to the nucleotide-binding site and is the greatest contributor to the
resistant phenotype. Both wild-type and mutant RSV RdRp remained equally susceptible to 2'-
F,4'-N3 CTP in a luciferase reporter assay>?°. The structural examination of the RSV L/P complex
revealed that A789V, L7951, and 1796V are oriented away from the active site, suggesting
resistance is likely conferred by a general architectural change of the active site®” %8, Intriguingly,
the four-substitution mutant remained susceptible to 2'-F,4’-CICH2 ATP but conferred resistance
to the 2'-F,4’-CICH, GTP**® (Fig. 1.12C). These observations, like S282T against 2'-a-fluoro,2'-
B-methyl purine and pyrimidine analogs, highlight that the molecular mechanisms of resistance
are not solely due to the sugar-modifications responsible for termination of RNA synthesis.
Presumably, it is the conformational change of the active site that is impacting the recognition of

CTP- and GTP-analogs, but not ATP-analogs.
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Figure 1.12. Chemical structures and mechanism of action of ALS-8176 against RSV.
Chemical structure of the parent compound ALS-8112 (A) and its prodrug derivative ALS-8176
(B). C, mechanism of action of the triphosphate form of ALS-8176 (fop) against RSV based on
experimental data from Deval et al.’?> 326, Schematic representation of RSV WT RdRp (grey)-
mediated nucleotide incorporation into RNA primer (white circles)/template (green circles).
Letters A, C, G, and U refer to natural bases. “ALS” refers to the nucleotide analog ALS-8112-TP
possessing identical ribose-modifications on a cytidine (pink), adenosine (light blue), and
guanosine (purple) nucleobase. Incorporation, RSV RdRp incorporates ALS-8112 GTP slightly
more efficiently than its CTP and ATP counterparts. Inhibition, ALS-8112 CTP and ATP inhibit
RNA synthesis via immediate chain termination, whereas termination by ALS-8112 GTP is
somewhat alleviated. Resistance, RSV mutant (M628L, A789V, L7951, and 1796V) RdRp (red)
confers resistance to ALS-8112 CTP and GTP at the level of nucleotide incorporation. However,
RSV mutant RdRp remains susceptible to ALS-8112 ATP. Created with BioRender.com.
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1.7.4 4'-fluorouridine

4'-fluorouridine (4'-F U) (Fig. 1.134) exhibited antiviral activity against SARS-CoV-23%7,
picornaviruses2%; and several non-segmented negative-sense RNA viruses, including RSV, HPIV-
3,NiV, and measles virus (MeV)3?’. Various seasonal and pandemic influenza strains, a segmented
negative-sense RNA virus, were also susceptible to 4'F U treatment®?’. Like base-modified
mutagenic nucleotide analogs, the lack of specificity observed for 4F U may raise some questions
about the potential for off-target effects. However, 4'F U treatment of various human and animal

cell lines did not present any cytotoxic effects®?’.

1.7.5 4'-fluorouridine mechanism of action

4'-F U in its active triphosphate form (4'-F UTP) (Fig. 1.13B) can act as a substrate for
SARS-CoV-2, RSV, and influenza RdRp, competing with UTP for incorporation®?”-32°, Both RSV
and influenza RdRp incorporate 4’-F UTP approximately 4-fold less efficiently than its natural
counterpart®?”- 32°. Biochemically, 4'-F UTP elicits different mechanisms of inhibition that are
dependent on the viral polymerase and the sequence of the template (Fig. 1.13C). Against SARS-
CoV-2 RdRp complex, a single incorporation of 4'F UTP does not impede RNA synthesis, while

327 To determine

a second non-adjacent incorporation event results in immediate chain termination
the more likely mechanism of action against SARS-CoV-2, it is important to consider these
observations in the context of the 3’ to 5’ proofreading ExoN. Sequence-dependent immediate
chain termination would likely result in the recognition and excision of 4’-F UMP, thereby
mitigating its antiviral effect. However, if no chain termination were to occur, then 4'-F UMP
could become embedded in the newly synthesized viral genome strands. Acting as a templating
base, NTP incorporation across 4'F UMP could facilitate a template-dependent mechanism of
inhibition, but this has yet to be investigated. Employing an ExoN-deficient coronavirus has
proven to be a valuable tool for investigating chain-terminating and mutagenic nucleotide analogs.
To help delineate the mechanism of action, future studies should evaluate the potency of 4'-F U

against an ExoN-deficient coronavirus. This would provide additional insight into the RNA

synthesis termination effects of 4'F UTP.
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The extension of single 4'-F UMP by RSV RdRp promotes the formation of intermediate
product three nucleotides downstream®?’. Interestingly, two non-adjacent templated AMPs
resulted in immediate chain termination following the first 4'F UTP incorporation event. Against
influenza RdRp, it was concluded that 4’-F UTP promotes immediate chain termination3%.
However, the reduction of the overall signal at elevated 4'-F UTP concentration makes
interpretation of its exact mechanism difficult. Additional mechanistic studies to solidify the
inhibitory mechanism(s) of 4’-F UTP are required. Although it is assumed to bind to the
picornavirus RdRp active site, a direct mechanism of action has yet to be determined??®. To further
corroborate the limited toxicity observed in vitro, 4'-F UTP should be evaluated as a substrate for

human polymerases.
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Figure 1.13. Mechanism of action of 4'-fluorouridine (A4). Following intracellular
metabolization the active metabolite 4'-fluorouridine triphosphate (B) can act as substrate for
SARS-CoV-2, RSV, and influenza RdRp. C, schematic depicting 4’-fluorouridine’s mechanism of
action against SARS-CoV-2 (left), RSV (middle), and influenza (righf) RdRp based on
experimental data by Sourimant et al.*?” and Lieber et al.>?®. Schematic representation of RdRp
(grey)-mediated nucleotide incorporation into RNA primer (white circles)/template (green
circles). Letter U refers to natural UTP and “4'F” refers to 4’-fluorouridine triphosphate. Different
RNA synthesis patterns have been observed following a single incorporation event. Against
SARS-CoV-2 incorporation of 4'-F UTP does not result in chain termination and therefore could
become embedded in newly synthesized viral genome template-strands, a template-dependent
mechanism has yet to be investigated. Against RSV and influenza RdRp 4'-F UTP acts as a
delayed-chain terminator and immediate chain terminator, respectively. It is not known if
termination can be overcome with increased subsequent nucleotide substrate concentration
facilitating the formation of template-embedded 4'-F UMP residues. Created with BioRender.com.

1.7.6 4'-fluorouridine mechanism of resistance

A biochemical mechanism of resistance has yet to be described for 4’-F UTP. In cell
culture, different 4'-F U resistant lineages of influenza were isolated, mutations were not specific
to the RdRp (PB1) and could be found in all three functional domains®*°. The two substitutions of
interest were V2851 in PB1 and Y488C in PB2, both were identified independently in different
resistant strains. V2851 supported the greatest increase in ECo value, Y488C required
compensatory mutations®3°, Both V2851 and Y488C disappeared rapidly when co-infected with

wildtype, likely due to a fitness cost associated with the substitution®*. An influenza strain
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containing favipiravir resistance-conferring mutations K229R in PB1 and P653L in PA remained
sensitive to 4'-F U treatment*°. V2851 supported slight resistance to favipiravir but was more
susceptible to molnupiravir’®°. Finally, resistance can be maintained in vivo, but 4'F U resistance
coincides with viral attenuation®*°. RdRp resistance-conferring mutations that resulted in virus
attenuation have been shown to impact RdRp fidelity. Future studies should consider investigating
these resistant mutations at the level of nucleotide incorporation. It is hypothesized that the RdRp
resistance-conferring substitutions alter active site geometry to better accommodate the secondary
structure introduced by 4'-F UMP3%°, This would imply that 4’-F UTP is still incorporated by the
mutant polymerase and RNA synthesis continues uninhibited. Therefore, the analog could become
embedded in subsequently synthesized genomic RNA strands where its exact effects have yet to

be determined.

1.8  Research project aims

Target validation and mechanism of action studies have proven to be instrumental for the
discovery and development of DAAs. As exemplified by HIV-1 and HSV, the viral polymerase is
an effective target for therapeutic intervention. However, similar endeavors against high-priority
RNA viruses are lacking. This is in large part due to reactive research practices that are challenged
by (1) the inherent diversity between different RNA virus families and (2) their difficult to express
viral RdARp and RdRp complexes. Therefore, my project had two primary objectives before the
COVID-19 pandemic. First, assist the collaborative effort within our lab to develop a library of
active RdRps and RdRp complexes from prototypic RNA virus families. Completion of this
objective will support timely DAA studies in response to unpredictable RNA virus outbreaks.
Second, utilize the library of viral polymerases to assess the biochemical efficacy of investigational
and clinically relevant broad-spectrum nucleotide analogs. In conjunction with their known
antiviral activity in vitro or in vivo, these findings will elucidate the parameters required of

nucleotide analogs to target a spectrum of RNA viruses.

In response to the COVID-19 pandemic my focus shifted towards SARS-CoV-2 and two
broad-spectrum nucleotide analogs, RDV-TP and NHC-TP. My previous work on the MERS-CoV
RdRp complex facilitated these efforts, exemplifying the utility of our prototypic pathogen
approach. Detailed in the first four data chapters of this thesis is work that supported the approval
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and authorization RDV and molnupiravir for the treatment of COVID-19, respectively. The latter
two data chapters address pandemic preparedness. Here, RDV-TP and GS-646939, a novel 4'-
modified nucleotide analog, were characterized against prototypic viral RdRps and RdRp
complexes. Together, the data presented in this thesis offer insight into the parameters that drive
the potency of these nucleotide analogs to elicit their antiviral effect. These conclusions will help
guide the development of the next generation of nucleotide analogs targeting a spectrum of RNA

viruses.

1.8.1 Data chapter overviews

Chapter 3: The antiviral compound remdesivir potently inhibits RNA-dependent RNA

polymerase from Middle East respiratory syndrome coronavirus

Prior to the COVID-19 pandemic, RDV had been shown to inhibit coronavirus replication
in cell culture?!. However, the exact mechanism of inhibition had yet to be demonstrated against
a coronavirus RdRp complex. To this end, we expressed the MERS-CoV RdRp complex for the
biochemical evaluation of RDV-TP. This required a novel expression strategy for the coronavirus
RdRp complex whereby a large polyprotein containing Nsp5, -7, -8, and -12 was expressed in
baculovirus-infected insect cells. An active RdRp complex consisting of Nsp7, -8, and -12 is
formed following the post-translational cleavage by the protease Nsp5. Key observations include
the exceptional incorporation efficiency of RDV-TP and the first mechanism of action against a
coronavirus RdRp complex. These findings were published before the WHO officially declared
the COVID-19 pandemic.

Chapter 4: Remdesivir is a direct-acting antiviral that inhibits RNA-dependent RNA polymerase

from severe acute respiratory syndrome coronavirus 2 with high potency

This chapter includes data that was published approximately one month after the WHO
announced the COVID-19 pandemic. At the time vaccines were unavailable, emphasizing the need
for antiviral drugs available for immediate use. Our previous studies with the MERS-CoV RdRp
complex established a suitable platform to investigate nucleotide analogs against the SARS-CoV-

2 RdRp complex. These findings were the first to indicate that RDV-TP as a substrate outperforms
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other nucleotide analogs that were under therapeutic consideration and operates as a delayed-chain

terminator against coronavirus RdRp complexes.

Chapter 5: Template-dependent inhibition of coronavirus RNA-dependent RNA polymerase by

remdesivir reveals a second mechanism of action

Investigating a myriad of SARS-CoV-2 RdRp mutants revealed Ser-861 the residue
responsible for delayed-chain termination. Next, RDV-embedded RNA oligos were enzymatically
synthesized to evaluate a template-dependent mechanism of action. RNA synthesis opposite RDV-
MP confirmed the second mechanism of action. In concert with our previous study, this work
presents a complete mechanistic profile for RDV which would ultimately support its approval as

a treatment for COVID-19.

Chapter 6: Molnupiravir promotes SARS-CoV-2 mutagenesis via the RNA template

Due to its oral availability and proven preclinical efficacy against SARS-CoV-2,
molnupiravir offered an alternative intervention strategy for SARS-CoV-2 infection. Molnupiravir
treatment promoted G to A and C to U genomic transitions in SARS-CoV-22%. However, the
biochemical parameters that facilitate this mutational pattern were unknown. Here, we demonstrate
the first mutagenic mechanism for molnupiravir against the SARS-CoV-2 RdRp complex before
it received FDA authorization. Essential for these studies was the ability to enzymatically
synthesize an RNA template that contained an embedded NHC residue. This allowed us to monitor
the base pairing tendencies of NHC-TP and NHC-MP when embedded in the template-strand.
Moreover, these findings help to explain the broad-spectrum activity of NHC against other RNA

viruses.

Chapter 7: Efficient incorporation and template-dependent polymerase inhibition are major

determinants for the broad-spectrum antiviral activity of remdesivir

RDV is a broad-spectrum nucleoside analog that effectively inhibits positive-sense and
nonsegmented negative-sense RNA viruses but is ineffective against segmented negative-sense
RNA viruses. Therefore, we aimed to provide a concise biochemical study that explained the

RDV’s spectrum of activity. Employing a panel of viral RdRp and RdRp complexes we show that
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efficient incorporation is a prerequisite for antiviral activity. Moreover, the primer-strand
mechanism of RDV was heterogeneous, while the template-dependent mechanism described

previously for SARS-CoV-2 was universal.

Chapter 8: Mechanism and spectrum of inhibition of a 4’-cyano modified nucleotide analog
against diverse RNA polymerases of prototypic respiratory RNA viruses

Like RDV, GS-7682 is a cyano-modified adenosine analog, however, the modification is
located at the 4'-position rather than the 1'-position. GS-7682 demonstrated antiviral activity
against several respiratory RNA viruses including HRV and RSV, but it lacked activity against
SARS-CoV-2 and influenza. Here, we biochemically investigated the triphosphate form of GS-
7682 against the RdRp of prototypic respiratory RNA viruses, RDV-TP served as a benchmark.
In agreement with the previous study, efficient incorporation remained a key determinant of
antiviral activity. Unlike the 1’-cyano modification, the 4’-modification evokes immediate chain-
termination across all RdRp investigated an effect likely due to inhibition of RdRp translocation.
This work illustrates the efficacy of novel nucleoside analog that could be instrumental to address

future outbreaks or pandemics.
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Chapter 2: Materials and Methods

This chapter contains content from the following sources, republished with permission.

(@)

Gordon CJ¥, Tchesnokov EP*, Feng JY, Porter DP, Gotte M. The antiviral compound
remdesivir potently inhibits RNA-dependent RNA polymerase from Middle East
respiratory syndrome coronavirus. J Biol Chem. 2020; 295:4773-4779. © the authors.
Gordon CJ¥, Tchesnokov EP*, Woolner E, Perry JK, Feng JY, Porter DP, Gotte M.
Remdesivir is a direct-acting antiviral that inhibits RNA-dependent RNA polymerase from
severe acute respiratory syndrome coronavirus 2 with high potency. J Biol Chem. 2020;
295:6785-6797. © the authors.

Tchesnokov EP*, Gordon CJ*, Woolner E, Kocincova D, Perry JK, Feng JY, Porter DP,
Gotte M. Template-dependent inhibition of coronavirus RNA-dependent RNA polymerase
by remdesivir reveals a second mechanism of action. J Biol Chem. 2020; 295:16156-
16165. © the authors.

Gordon CJ, Tchesnokov EP, Schinazi RF, and Gotte M. Molnupiravir promotes SARS-
CoV-2 mutagenesis via the RNA template. J Biol Chem. 2021; 297:100770. © the authors.
Gordon CJ*, Lee HW?, Tchesnokov EP*, Perry JK, Feng JY, Bilello JP, Porter DP, and
Gotte M. Efficient incorporation and template-dependent polymerase inhibition are major
determinants for the broad-spectrum antiviral activity of remdesivir. J Biol Chem. 2022;
298:6785-6797. © the authors.

Gordon CJ, Walker SM, Tchesnokov EP, Kocincova D, Pitts J, Siegel D, Perry JK, Feng
JY, Bilello JP, and Go6tte M. Mechanism and spectrum of inhibition of a 4’-cyano modified
nucleotide analog against diverse RNA polymerases of prototypic respiratory RNA
viruses. J Biol Chem. 2024; 300:107514. © the authors.

*Authors contributed equally to this work; contributions are outlined in subsequent data

chapters.

*Dr. Egor Tchesnokov, Dr. Dana Kocincova, and Emma Woolner assisted in the
expression and purification of viral RdRp and RdRp complexes.
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2.1 Nucleic Acids and Chemicals

Synthetic RNA primers and templates were 5'-phosphorylated and purchased from
Dharmacon (Lafayette, CO, USA). NTPs were purchased from GE Healthcare (Mississauga, ON,
Canada). [0-*?P]-NTP was purchased from PerkinElmer (Revvity, Waltham, MA,USA). Modified

nucleotide analogs investigated in this thesis are included in Table 2.1.

Table 2.1 Modified Nucleotide analogs

Chapter Nucleotide Analog Company / Source Location
3/4 Ara-ATP . TriLink . San Diego, CA, USA
Biotechnologies
, , TriLink )
4 2'deoxy-2'fluoro-CTP Biotechnologies San Diego, CA, USA
4 Ribavirin-TP Jena Bioscience Jena, Germany
4 Favibiravir-TP Toronto Research North York, ON,
VipHravit Chemicals Canada
3/4 2'-CMe-ATP Gilead Sciences, Inc. Foster City, CA, USA
4 Sofosbuvir-TP Gilead Sciences, Inc. Foster City, CA, USA
3/4/5/7/8 | RDV-TP (GS-443902) Gilead Sciences, Inc. Foster City, CA, USA
MedChem Express Monmouth Junction,
NJ, USA
6 NHC-TP Emory University, GA
Dr. R.F. Schinazi USA
, TriLink .
8 3'deoxy UTP Biotechnologies San Diego, CA, USA
8 GS-646939 Gilead Sciences, Inc. Foster City, CA, USA
, TriLink .
8 2'0-methyl UTP Biotechnologics San Diego, CA, USA
8 2-thio UTP  Trilink San Diego, CA, USA
Biotechnologies
, Monmouth Junction,
8 2'deoxy UTP MedChem Express NJ, USA
Monmouth Junction,
8 EFdA-TP MedChem Express NJ, USA
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2.2 Protein expression and purification
2.2.1 Baculovirus expression of viral RARp and RdRp complexes

Different expression strategies were implemented for the various RNA polymerases
included in this thesis (Table 2.2). For RdRp and RdRp complexes expressed in insect cells (Sf9,
Invitrogen, Burlington, ON, Canada), a pFastBac-1 (Invitrogen, Burlington, ON, Canada) plasmid
with the codon-optimized synthetic DNA sequences (GenScript, Piscataway, NJ, USA) was used
as the starting material. Using published protocols*!: 332 the MultiBac (Geneva Biotech,
Indianapolis, IN, USA) system for protein expression in insect cells was employed for the
Coronaviridae RdRp complex; HCV (Flaviviridae) NS5B; Pneumo-, Paramyxo-, and Filoviridae
L/P (VP35 in case of filoviruses) complexes; Arena-, Nairoviridae L protein; and influenza B
(FluB) heterotrimeric complex. The human mitochondrial DNA-dependent RNA polymerase (h-

mtRNAP) was also expressed in insect cells.

The expression of RdARp complexes relied on post-translational cleavage or the utilization
of a dual promoter. For coronavirus RdRp complexes, the coding portion of lab polyproteins
containing only nsp5, nsp7, nsp8, and nsp12 were used as starting material for protein expression.
The polyprotein is post-translationally cleaved by the nsp5 protease at its original cleavage sites.
RSV, HMPV, NiV, EBOV L/P complexes, and FluB heterotrimeric complex were expressed from
the same promoter to yield a single polyprotein, which is cleaved by the co-expressed tobacco etch
virus (TEV) protease at engineered cleavage sites. This approach was previously reported for the
expression of influenza virus RdRp heterotrimeric complex’ 8, HPIV-3 and PIV-5 were cloned
into the pFastBac Dual vector (Invitrogen, Burlington, ON, Canada); L and P were under the
control of the polyhedrin and p10 promoter, respectively. This approach was previously reported

for the expression of the PIV-5 L/P complex’?.

2.2.2 Bacterial expression of viral RdRp

Dr. Dana Kocincova performed the expression and purification of EV-71 and HRV-16
RdRp. The pET-15b (Novagen) plasmid with codon-optimized synthetic DNA sequences
(GenScript, Piscataway, NJ, USA) coding for the RdRp of EV-71 and HRV-16 was expressed in
Escherichia coli BL21 cells.
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Table 2.2 RNA Polymerase Expression Strategies

) ) Extinction
Polymerase Al\clciils)lorn ExSp rsetii:)n Construct (11\(/[]:')\2/)"2‘ Coefficient
u ¢ y (M-l Cm-l)a
SARS-CoV | AAP33696.1 nsp5-Lensp7- 161 184280
SARS-CoV-2 | QHDA434151 | BEVS® | I8xHis-nsp8- | 161 181300
MERS-CoV | YP 009047202.1 Insp1240 161 196770
HRV-16 AAAG9S62.1 . 50 61770
. _ pol
EV-71 BAJ49323.1 E. coli |~ 8xHis-3D 50 72770
HCV® CAB46677.1 BEVS | 8xHis-NS5B™! | 65 83770
P:AAB59853
RSV L:AAASASOS | oo | TEV-U8xHis-P- 282 | 309880
P:AAQ67693 lL-Strep
HMPV LAAGEI700 267 | 277780
HpIv-3 | DNPO007140.] 323 | 358920
L:NP 067153.2 I
_ BEVS | PIOP-bPHE-gxHis
PIV-5 P-AFE48445.1 208 | 322130
- L:AFE48451.1
. P:AEZ01385 TEV-18xHis-P-
NiV LA e | BEVS 1L Surep 336 | 317440
VP35:AKG65095 TEV-8xHis-
EBOV AR | BEVS oV 289 | 310100
LASV AIT17397 BEVS Strep-8xHis-L 255 243180
CCHFV AIE16126 Strep-8xHis-L | 450 | 352500
PA:AAU94844 TEV-18xHis-
FluB PBI:AAU94857 | BEVS LPA-LPBI- 263 | 278810
PB2:AAU94870 IPB2-Strep
Strep-8xHis-
h-mtRNAP | NP 0050263 | BEVS o 137 139230

2 Molecular weight and extinction coefficient is an approximation and calculated according to the
subunit composition of the replication complex (e.g. coronavirus replication complex accounts for
the ratio 1:2:1 of Nsp7:Nsp8:Nsp12 as observed structurally). The protease is not included in the

calculation.

b Baculovirus expression vector system

¢ Down arrow represents the cleavage site acted on by that constructs respective protease

(underlined).

4 Bolded domains indicate where the RARp motifs responsible for catalyzing RNA synthesis are

contained.

¢ HCV NS5B expression construct coded for residues 2420-3010 minus the 21 C-terminus

residues.
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2.2.3 Purification of RdARp and RdRp complexes

All RdRp and RdRp complexes in this thesis, except FluB heterotrimeric complex, were
purified using the Ni-NTA affinity-chromatography based on their respective eight-histidine tag
according to the manufacturer’s specifications (Thermo Scientific, Rockford, IL, USA). Enzymes
underwent the same general purification scheme; however, different buffers were employed
according to “Cytosolic” or “Total” lysis (Table 2.3). Insect cell or E. coli pellets resuspended in
lysis buffer were subjected to homogenization or sonication, respectively. For “Cytosolic” lysis,
pellets from 1L culture were centrifuged at 1000 x g for 25 minutes at 4°C, supernatant was
removed, solid NaCl was added to 1000 mM and centrifuged again at 30000 x g for 15 minutes at
4°C. Conversely, “Total” lysis underwent a single centrifugation step, 30000 x g for 30 minutes at
4°C. The resulting supernatant was aliquoted on two or four 0.5 mL Ni-NTA columns and allowed
to rotate for 1 hour at 4°C. The columns were subsequently washed with 30 to 40 column volumes
(CV) of a wash buffer (Table 2.3). Proteins were sequentially eluted at increasing imidazole

concentrations (50, 100, 200, and 400 mM).

FluB heterotrimeric complex was purified as previously described®® using strep-tag affinity
chromatography according to the manufacturer’s specifications (IBA, Goettingen, Germany).
Following “Cytosolic” lysis, the supernatant was treated with 1000 mM NaCl and ~0.6% (w/v)
polyethyleneimine (PEI) before undergoing the second centrifugation step at 30000 x g for 15
minutes at 4°C. The resulting supernatant was aliquoted on two 0.5 mL strep-tactin matrix
columns, and bound proteins were eluted using a desthiobiotin-containing proprietary solution to

the Elution buffer (Table 2.3).

Protein purity and composition was examined by SDS-PAGE migration followed by
staining with Coomassie brilliant blue G-250. Purified protein preparations for immediate use were
adjusted with glycerol to 40% and stored at -20°C. For long-term storage, purified protein
preparations remained in 10% glycerol and stored at -80°C. Protein concentration was determined
by measuring absorbance at 280 nm using their respective extinction coefficients. The identity of
all purified enzymes was confirmed by mass spectrometry analysis (Dr. Jack Moore, Alberta

Proteomics and Mass Spectrometry, Edmonton, Canada).
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Table 2.3 Purification buffers

Reagent Cytosolic Total Wash Elution®

Tris-HCI (pH 8.0), mM 100 100 100 100
KCl, mM 100 - - -

NaCl, mM 1000° 1000 1000 150
TCEP 5 5 5 5

Tween-20, % 0.1 1 0.01 0.01

Glycerol, % 10 10 10 10
Sucrose, mM 250 - - -
Imidazole, mM 25 25 25 50 to 400¢

Protease Inhibitord 1 1 - -

2For strep-tag affinity chromatography, a desthiobiotin-containing solution was added to an
elution buffer free of NaCl and imidazole before eluting protein.
® Solid NaCl (1000 mM final concentration) was added to the collected supernatant following the
initial centrifugation at 1000 x g at 4°C.
¢For Ni-NTA affinity-chromatography, different elution buffers were prepared containing 50,
100, 200, and 400 mM imidazole.
4 cOmplete™ ULTRA EDTA Free Protease Inhibitor tablet (Roche, Cat: 05892791001).
2.2.4 RdRp and RdRp complex mutants

For each RdRp and RdRp complex, active-site mutants were expressed and purified as
described above. In this case, the metal-coordinating aspartate residues required for catalysis
were mutated to asparagine. Abrogation of RNA synthesis by these enzymes confirms that RNA
synthesis activity mediated by the wild-type RdRp or RdRp complex is due to the catalytic active
site. SARS-CoV-2 nsp12 mutants (S861A, S861G, S861P, and V557L) investigated in Chapter 5

were expressed and purified as described above.

2.3  RNA synthesis assays

The synthetic 5-monophosphorylated RNA oligonucleotide templates used in this thesis
are outlined in Table 2.4 (the portion of the template which is complimentary to the 4-nt primer is
underlined). All RNA oligonucleotide templates were designed such that the radiolabeled
nucleotide was incorporated immediately following the 4-nt primer at position 5 (opposite the

bolded templating nucleotide) thereby labelling RNA synthesis products at a single nucleotide
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resolution. The reaction mixture for RNA synthesis assay (final concentrations after mixing),
contained the purified viral RdRp, Tris—=HCI (pH 8, 25 mM), RNA primer (200 uM), RNA
template (2 pM, except for FluB RdRp reactions where optimal RNA template concentration was
0.5 uM), [a-**P]-NTP (0.1 pM), and various nucleotide concentrations were prepared on ice and
incubated at 30°C for 5 to 10 minutes. RNA synthesis was initiated by the addition of 5 mM MgCla,
except for SARS-CoV-2 and MERS-CoV RdRp, which required 1.25 mM MgCl,. The duration
of reactions varied between 10 and 30 minutes. All reactions were stopped by the addition of equal
volume formamide/EDTA (50mM). The reaction products were incubated at 95°C for 5 minutes
and then resolved by 20% UREA-PAGE, and the [a-**P] generated signal was stored and scanned
using Typhoon phosphorimager (Cytiva, Vancouver, BC, Canada). The data were analyzed using
GraphPad Prism 7.0 to determine the Michaelis-Menten constants Vmax and Km, standard
deviation, and standard error associated with the fit (GraphPad Software, Inc; San Diego, CA,
USA). Standard deviation quantifies the variability within a sample, standard error associated with
the fit represents the variability of data points around the line-of-best-fit. Percent error was
calculated by dividing the standard deviation by the square root of the number of values in the

dataset.
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Table 2.4 Synthetic 5-monophosphorylated RNA oligos and RNA synthesis assays.

Template Chapter Assay
3" UGCGCUUGUUUAUUp '5 3/4 Pattern of inhibition
3/4/5 | Single Nucleotide Incorporation
/7718 Pattern of inhibition
3 Competition (full-length product)
3' UGCGCUAGAAAAAAD 'S Single Nucleotide Incorporation
] Competition (Incorporation)
Nucleotide Incorporation “i+1”
3' UGCGCUAGAGAGAGAGAGAGAGAGAGp 'S 4 Pattern of inhibition
3 UGCGCGUAAAAAAAD 'S 4 Single Nucleotide II'lC.OT‘pOI‘atiOIl
E—— 6 Pattern of Inhibition
3' UGCGGUACUUUAUUp 'S 4 Single Nucleotide Incorporation
3' UGCGGAUCUUUAUUp 'S 4/6 Single Nucleotide Incorporation
3' UGCGCUUGUUUUUUUUUUUUUUUUp 'S 4 Competition (full-length product)
3" UGCGCAGAUAAAAAAAAD 'S 5 Pattern of Inhibition
3" UGCGCGUUUUUUUUp '5 6
3' UGCGCUUUUUUUUUp 'S 6 Single Nucleotide Incorporation
3" UGCGACUUUUUUUUp 'S 6
3' UGCGCUUGUUUUUUUUUUUUUUUUp 'S 4/5 Competition (full-length product)
3' UGCGCUAGAGAGAGAGAGAGAGAGAGp 'S 4 Pattern of Inhibition
3" UGCGCUAGUUUUUUUUUUUUUUUUp '5 6 Competition (full-length product)
, , Single Nucleotide Incorporation
3" UGCGCUAGUUUAUUp '5 7178 Pattern of Inhibition
3" UGCGCUUUUUAUUGUUGUUUp '5* 5/7
3" UGCGCUUUUURUUGUUGUUUp '5* 5/7
3 UGAGGUUUUUCUUGUUGUUUp 'S 6 Template-dependent Inhibition
3’ UGAGGUUUUUNUUGUUGUUUp '5* 6
3' UGCGCUUUUURAAAAAAAAAD 'S 8
3" UGCGCUUUUUGusAAAAAAAAAD 'S 8
3' TGCGCTAGTTT" 8 Single Nucleotide Incorporation

2 Template was enzymatically synthesized by T7 DNA-dependent RNA polymerase, protocol

described in section 2.3 4.

®DNA template used to monitor single nucleotide incorporation by h-mtRNAP.
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2.3.1 Single nucleotide incorporation assay

The concentrations of various viral RARp proteins and protein complexes were selected
such that incorporation of [a-*’P]-NTP was linear. The range of NTP and NTP analog
concentrations used to determine selectivity values were optimized so minimal misincorporations

at subsequent positions were observed.

Data from single nucleotide incorporation assays were used to determine the preference for
the natural nucleotide over the nucleotide analog. The selectivity value is calculated as a ratio of
the incorporation efficiencies of the natural nucleotide over the nucleotide analogue. The
efficiency of nucleotide incorporation is determined by the ratio of Michaelis—Menten
constants Vmax over K. The substrate for nucleotide incorporation is a 5-nt primer generated by
the incorporation of [a-3?P]-NTP into a 4-nt primer. The formation of the 5-nt primer is linear at a
given time point; however, its precise concentration is unknown. Hence, the product generated in
the reaction is measured by quantifying the signal corresponding to the 6-nt primer product and
dividing it by the total signal in the reaction (5-nt primer and 6-nt primer). This defines the product
fraction. The product fraction is commonly multiplied by the total substrate concentration to
determine the molar units of the Vimax, which is here not possible as explained above. Therefore,
the unit of Vmax is reported as product fraction over time. The selectivity value is unitless as it is

the ratio of two Vmax/Km measurements with the same units.

2.3.2 Nucleotide incorporation at “i+1” assay

Like single nucleotide incorporation, inhibition at position “i+1” was determined by
quantifying the signal corresponding to the 7-nt primer product and dividing it by the total signal
in the lane (5-nt primer, 6-nt primer, and 7-nt primer). 5-nt, 6-nt, and 7-nt primer correspond to [a-

32P]-GTP, ATP or ATP-analog, and UTP incorporation, respectively.

2.3.3 RdRp-catalyzed RNA extension assays

For reactions involving primer- or template-embedded nucleotide analogs, viral enzyme
concentrations were optimized to promote full-length product RNA synthesis. For pattern of
inhibition experiments, the nucleotide analog and its natural counterpart provided to support

73T
1

incorporation at position 6 (“i”’) were investigated in parallel. The next nucleotides required to
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synthesize full-template length product were supplemented to the reaction at increasing
concentrations. Direct competition between a nucleotide analog and its natural counterpart was
investigated at the level of full-length product synthesized or at the level of single nucleotide
incorporation. The former was monitored at constant concentration [a-*2P]-GTP, ATP, CTP, and
UTP and increasing RDV-TP concentration. Competitive single nucleotide incorporation required
a constant concentration of ATP or RDV-TP and increasing concentrations of GS-646939.
Template-dependent inhibition was investigated by first enzymatically synthesizing an RNA
template containing the embedded analog (described below). RNA synthesis was then monitored

opposite an embedded analog.

2.3.4 Production of a model RNA template with an embedded RDV or NHC residue

Our initial tests revealed that T7 RNA polymerase (Thermo Scientific, Rockford, IL, USA)
readily accepted short RNA/DNA primer/templates for RNA synthesis and was capable of
incorporating RDV-TP or NHC-TP at high concentrations of 100 uM followed by a full template-
length RNA synthesis. The following DNA template (Dharmacon, Lafayette, CO, USA) was used
as the starting material: 3'-AAACAACAATAAAAAGCGCA-5' or 3'-
AAACAACAAGAAAAACCTCA-5' to generate an RDV or NHC embedded RNA template,

respectively. The underlined portion indicates the region which is complementary to the 5'-
monoposphorylated RNA primer: 5-pUUUGUUGUU. The template residue “T” and “G” indicate
the site of the RDV-TP and NHC-TP incorporation into the RNA primer, respectively. Therefore,
the fully extended primer will contain an embedded remdesivir (R) or NHC (N) and may serve as
a 20-nt RNA template for the RNA  synthesis by the RdRp: 5'-
pUUUGUUGUURUUUUUCGCGU-3" and 5-pUUUGUUGUUNUUUUUGGAGU-3', where
underlined portion is complementary to the RNA primer 5'-pACGC or 5'-pACUC, respectively.
Note that this RNA primer can only anneal to a fully synthesized 20-nt RNA template. The T7
RNA polymerase reaction mixtures contained 30 units of the polymerase, 200 uM RNA primer,
100 uM DNA template, and 100 uM NTP mixture in a 25 mM Tris-HCI buffer (pH 8). Reactions
were started with 5 mM MgCl,, incubated at 37°C for 90 min, boiled for 10 min, and incubated
with 2 units of TURBO™ DNase (Thermo Fisher Scientific) at 37°C for 30 min. TURBO™
DNase is a recombinantly engineered endonuclease with increased affinity for DNA to improve

removal of DNA contaminants compared to wildtype DNase I. The reaction mixtures were then
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extracted with phenol/chlorophorm (premixed with isoamyl alcohol 25:24:1; BioShop, Burlington,
ON, Canada) and buffer-exchanged consecutively three times using the size-exclusion

chromatography Bio-Rad p6 spin columns (Bio-Rad Laboratories).
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Chapter 3: The antiviral compound remdesivir potently inhibits RNA-dependent RNA

polymerase from Middle East respiratory syndrome coronavirus

This chapter contains content from the following source, republished with permission:

o Gordon CJ*, Tchesnokov EP*, Feng JY, Porter DP, Gétte M. The antiviral compound
remdesivir potently inhibits RNA-dependent RNA polymerase from Middle East
respiratory syndrome coronavirus. J Biol Chem. 2020; 295:4773-4779. © the authors.
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3.1 Introduction

The emergence of a novel coronavirus, named severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2, formerly 2019-nCoV), initiated a global effort to identify effective
treatments focusing on agents with demonstrated antiviral activity against SARS-CoV, Middle
East respiratory syndrome (MERS-CoV) or related positive-sense RNA viruses. Although
currently there are no approved antiviral drugs for the treatment of human coronavirus infections
available, preclinical data with the nucleotide analogue remdesivir (RDV) are promising, and
human safety data are available?>*. This compound shows a broad spectrum of antiviral activities
against several RNA viruses?*!: 257 333 including SARS-CoV and MERS-CoV %!, RDV was
originally developed for the treatment of Ebola virus disease (EVD)?*!. Cell-culture and animal
studies revealed potent antiviral activities against filoviruses, including the Ebola virus (EBOV)333,
Subsequent studies have shown that RDV is also active against coronaviruses with divergent RNA-
dependent RNA polymerases (RdRps)*!: 3%, However, biochemical data that support these

findings and provide a possible mechanism of action are not available.

The triphosphate form of RDV (RDV-TP) was shown to inhibit the RdRp of respiratory
syncytial virus*3?, Nipah virus and EBOV?¢7-335 which are all nonsegmented negative-sense RNA
viruses. Active Ebola RdRp contains the viral L protein in complex with viral protein 35336337,
Viral protein 35 is the functional counterpart of the P protein of respiratory syncytial virus and
Nipah33 338. 339 Previously, we generated recombinant Ebola RdRp for the study of nucleotide

analogue inhibitors®’

. Enzyme kinetics show that RDV-TP is able to compete with its natural
counterpart ATP for incorporation. The selectivity of ATP over the inhibitor is ~ 4-fold. Once
incorporated at position i, the compound causes inhibition of RNA synthesis predominantly at

position i+5. Delayed chain termination is therefore a plausible mechanism of action.

Progress has also been made in characterizing the SARS-CoV RdRp complex340-342,

Biochemical data suggest that the active complex is composed of at least three viral non-structural
proteins nsp7, nsp8 and nspl2. The RNA polymerase nspl2 alone displays low processivity.
Synthesis of longer reaction products require the additional presence of nsp7 and nsp8. Although
a heterotrimer was not stable, nsp7 and nsp8 can be linked together to form a complex with

nsp12342, Here we developed a novel expression system for the MERS-CoV RdRp complex and
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studied the mechanism of action of remdesivir. Co-expression of the MERS nsp5 protease with
nsp7, nsp8 and nspl2 in insect cells yielded a stable complex composed of nsp8 and nsp12. We
demonstrate that this complex is active on model primer/template substrates that adequately mimic
the elongation state. Most importantly, selectivity measurements determined here under the
inherent limitations of the steady-state conditions revealed that incorporation of the inhibitor is
more efficient than its natural counterpart, and delayed chain termination is observed at position

i+3.

3.2  Results
3.2.1 Expression of MERS-CoV RdRp complex

The Baculovirus expression system has recently been used to produce recombinant nsp12
from SARS-CoV3**. For SARS-CoV, an active RdRp complex was reconstituted with purified
nsp7 and nsp8, with and without a linker, expressed in Escherichia coli****2, Here, we employed
an alternative approach whereby MERS nsp5, nsp7, nsp8 and nsp12 were co-expressed in insect
cells as a part a polyprotein (NCBI: YP_009047202.1). The polyprotein was post-translationally
cleaved by the nsp5 protease at its original cleavage sites (Fig. 3.14). We also expressed a MERS-
CoV RdRp complex in which the catalytic residues within the conserved motif C (SDD) of nsp12
were mutated (SNN) to generate an inactive RdRp (Fig. 3.1B)**. Nickel-nitrilotriacetic acid
affinity chromatography via the N-terminal eight-histidine tag of the nsp8 protein resulted in a
MERS-CoV RdRp complex containing nsp8 (~23 kDa) and nsp12 (~110 kDa) (Fig. 3.1C). Mass
spectroscopy confirmed the presence of nsp8 and nspl12, while there was no evidence for the

presence of nsp7.

The WT MERS-CoV RdRp complex was tested for RNA synthesis on short model
primer/template substrates mimicking a random elongation complex during RNA synthesis. We
recently used the same model substrates for the study of other RdRp enzymes (Fig. 3.1D)¢7- 337,
The 4nt-primer/14-mer templates are designed such that [a-3?P]GTP is the first incorporated
nucleotide, which labels the RNA products. Reactions containing the MERS-CoV RdRp complex,
primer/template and various combinations of NTPs were initiated by the addition of Mg?" ions. In
the presence [0-*2P]GTP alone the expected 5-mer product is formed. Addition of specific

combinations of NTPs generated defined reaction products: [0-3?P]JGTP and ATP yielded a 7-mer
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(Fig. 3.1D, left side of the gel) or a 6-mer product (Fig. 3.1D, right side of the gel), depending on
the template sequence. Similarly, in the presence of [a-*>P]GTP, ATP and CTP (or UTP) the 4-
mer primer is extended to yield an 11-mer or a 7-mer depending on the template sequence.
Addition of all four NTPs resulted in a 14-mer full-length product. Reactions with the SNN mutant
enzyme did not show RNA product formation. The lane [a-*’P]GTP only illustrates the
background signal associated with the [a->*P]GTP preparation in the absence of enzyme. This data
confirms that MERS-CoV nsp12 exhibits the observed RdRp activity. It has recently reported that
SARS-CoV nsp8 displays RNA primase activity that yields short (~ 6-mer) reaction products®**

344 However, structural data are inconsistent with the formation of a primase active site in SARS-

CoV nsp83%, and our data do not provide any evidence for primase activity in MERS-CoV nsp8.
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Figure 3.1. Expression, purification and characterization of the MERS RdRp complex. 4,
The construct contains non-structural proteins nsp5, nsp7, nsp8 and nsp12. Red rectangles indicate
original nsp5 protease cleavage sites. Hisg and Strep indicate the location of histidine- and strep-
tags, respectively. B, A snapshot of a sequence alignment (T-Coffee) of representative RdRp
enzymes from positive-sense RNA genome viruses illustrating sequence conservation within
RdRp motif C. C, SDS PAGE migration pattern of the purified enzyme preparations stained with
Coomassie Brilliant Blue G-250 dye. Proteins migrating at ~100 and ~25 kDa contain nsp12 and
nsp8, respectively. D, RNA synthesis on a short model primer/template substrate. Template and
primer were both phosphorylated (p) at their 5’-ends. G indicates incorporation of the radiolabeled
nucleotide opposite template position 5. RNA synthesis was monitored with the purified MERS
RdRp complex wt (motif C = SDD) and active site mutant (motif C = SNN) in the presence of
NTP combinations designed to generate specific products. Lane m illustrates the migration pattern
of the radiolabeled 4 nucleotide-long primer.

*EPT contributed panel B to this figure.
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3.2.2 Inhibition of EBOV RdRp and MERS-CoV RdRp with RDV

For EBOV RdRp, it has been challenging to identify a sequence with a single site of
incorporation for the RDV. Hence, we devised two different RNA templates that allow multiple
and single incorporations (Fig. 3.24). These sequences were used to compare the inhibitory effects
of RDV on EBOV RdRp and MERS RdRp. For EBOV RdRp, we observed delayed chain-
termination at position i+5 as previously described (Fig. 3.2B)%%’. However, the template that
provides a single site of RDV-TP incorporation also shows reductions in full-length RNA
synthesis. In contrast, the MERS RdRp complex yields the full-length RNA product with both
sequences. The inhibition patterns with RDV-TP differ markedly from our results with EBOV
RdRp. RNA synthesis is arrested at positions i+3 and i+4 with a template that provides multiple
sites of incorporation of the inhibitor, and the full-length product is only seen as a faint band. The
template that allows only a single incorporation event yields RNA synthesis arrest at position i+3
and an increased amount of the full-length product. Hence, the mechanism of inhibition is likely
delayed chain-termination for both EBOV RdRp and MERS RdRp although the specific patterns
show subtle differences. In the absence of inhibitor, RNA synthesis and full-length product
formation is generally more efficient with MERS-CoV RdRp. This could also help to explain that

a small amount of full-length product is still seen with this enzyme in the presence of inhibitor.
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Figure 3.2. Patterns of inhibition of RNA synthesis with remdesivir-TP (RDV-TP). 4, RNA
primer/template substrates used to test multiple (left) or single (right) incorporations of RDV-TP.
G indicates incorporation of the radiolabeled nucleotide opposite template position 5. i indicates
incorporation site for the first (left) or the only (right) RDV-TP. Full length indicates the full-
template length products of RNA synthesis. B, RDV-TP incorporation was monitored with
purified EBOV and MERS RdRp complexes in the presence of indicated combinations of NTPs
and RDV-TP.

*EPT contributed the EBOV RdRp data in panel B of this figure.
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3.2.3 Competitive inhibition of RNA synthesis by RDV-TP

To study whether RDV-TP is able to compete with its natural counterpart ATP, we
monitored RNA synthesis at a fixed concentration of NTPs (0.02 puM) and increasing
concentrations of RDV-TP (Fig. 3.34, top panel). Increasing concentrations of RDV-TP caused a
reduction of the 14-mer product caused by increases in RNA synthesis arrest at position i+3.
Formation of the full-length 14-mer product is not evident at RDV-TP concentrations higher than
0.041 pM. Quantification of the data revealed an ICso for RDV-TP of 0.032 uM under these
conditions (Fig. 3.3B). This value is only 1.5-fold higher than the ATP concentration, which points
to an efficient use of the inhibitor. Increasing concentrations of ATP caused a corresponding
increase in ICso values for RDV-TP (Fig. 3.3C), which shows that RDV-TP is a competitive

inhibitor.
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Figure 3.3. Competition between RDV-TP and ATP. 4, The RNA primer/template substrate
used in this assay is shown above the gel. G indicates incorporation of the radiolabeled nucleotide
opposite template position 5. Position i allows incorporation of ATP or RDV-TP. RNA synthesis
was monitored with purified MERS RdRp complex in the presence of 0.02 uM ATP, CTP and
UTP mix and increasing concentrations of RDV-TP as indicated. B, Graphic representation and
ICso determination fitting of quantified data from panel A. Error bars represent standard deviation
of the data within four independent experiments. C, Graphic representation of the relationship
between ICso values for RDV-TP measured at different NTP concentrations. Average ICso values
for RDV-TP are shown above the corresponding bars. Error bars represent standard deviation of
the data within at least three independent experiments.

3.2.4 Selectivity measurements of ATP-analogs

To translate our previous findings into quantitative terms, we determined Michaelis-
Menten parameters Vmax and Km and calculated the efficiency Vmax/Km of nucleotide incorporation
for ATP, RDV-TP, and two other nucleotide analogue inhibitors for comparative purpose: ara-

ATP and 2'CM-ATP (Fig. 3.4). ATP, or the ATP analogue, was added at increasing concentrations
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and the reactions were stopped after 20 min following the addition of Mg?". This approach allowed
us to determine the selectivity for nucleotide incorporation, defined as Vmax/Km (ATP) over
Vmax/Km (nucleotide analogue) (Table 3.1). The observed differences in the efficiency of
nucleotide analogue substrate utilization are driven solely by differences in the respective Km
values. The data show an unexpectedly low selectivity value for RDV-TP (0.35-fold), whereas
ara-ATP (749-fold) and 2'CM-ATP (165-fold) are both associated with high selectivity values.
The selectivity value for RDV-TP below 1 suggests that incorporation of the inhibitor is more

efficient as compared to the natural substrate. Commonly, the nucleotide analogue is less

efficiently incorporated, as seen with ara-ATP and 2'CM-ATP.
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Figure 3.4. Chemical structures of ATP and ATP-analogs.
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Table 3.1 MERS RdRp complex selectivity values for ATP analogs.
ATP  RDV-TP  ara-ATP 2'CM-ATP

n=7 n==6 n=>5 n=>5
Vmaxa
(product  0.47° 0.50 0.48 0.47
fraction)
+ 0.011°¢ 0.012 0.019 0.021
% error ¢ 2 2 4 4
Km e
(M) 0.017 0.0063 13 2.8
+ 0.0019  0.00069 1.7 0.53
% error 11 11 13 19
Vinax/ Km 28 79 0.037 0.17
Selectivity!
(fold) 18 0.35 749 165
®Vmax 1s @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide

incorporation.
b All reported values have been calculated on the basis of a 9-data point experiment repeated
indicated number of times (n).
¢ Standard error associated with the fit.
d Percent error.
¢ Km 1s a Michaelis—Menten parameter reflecting the concentration of the nucleotide substrate at
which the velocity of nucleotide incorporation is half of Viax.
Selectivity of a viral RNA polymerase for a nucleotide substrate analogue is calculated as the
ratio of the Vimax/Km values for NTP and NTP analogue, respectively.
¢ Reference.
3.3  Discussion

Broad spectrum antivirals or compounds with demonstrated activity against SARS-CoV or
MERS-CoV are now considered for the treatment of infection caused by the novel coronavirus
SARS-CoV-2. The nucleotide analog RDV has been tested in a randomized, controlled trial for
Ebola virus disease**. Although two other investigational therapies were more efficacious than
RDV, an antiviral effect has been demonstrated. This compound also shows a broad spectrum of
antiviral activities against coronaviruses in vitro and in animal models?>3 254 334346 Moreover,
screening of a compound library of Food and Drug Administration-approved drugs revealed that
the human immunodeficiency virus type 1 (HIV-1) protease inhibitor lopinavir is active against
MERS-CoV?3*¥, This drug is currently tested in a clinical trial for the treatment of MERS-CoV in

combination with interferon-f and ritonavir*#®, which is used for pharmacological boosting. A

recent study compared the efficacy of the combination of lopinavir/ritonavir/interferon-f with

70



RDV in cell culture and showed that RDV was significantly more active against MERS-CoV?>,
Here we focused on the biochemical evaluation of RDV to provide a better understanding of its

broad spectrum of antiviral activities and the underlying mechanism of action.

In vitro selection experiments with the coronavirus model murine hepatitis virus (MHV)?!

resulted in two variants with resistance-conferring mutations in nsp12. This data provides strong
evidence to show that RdRp is the target for RDV. Our biochemical data corroborate that the RNA
polymerase of MERS-CoV is indeed the drug target. We demonstrate that MERS nsp8 and nsp12
form an active, binary complex. RDV-TP is utilized as a substrate and competes with its natural
counterpart ATP. Natural nucleotide pools are commonly more efficiently incorporated when
compared with nucleotide analogs. However, in this case, we observe that incorporation of the

nucleotide analogue is significantly more efficient.

Once added into the growing RNA chain, the inhibitor does not cause immediate chain-
termination. The presence of the 3'-hydroxyl group allows the addition of three more nucleotides
until RNA synthesis is arrested at position i+3. A fraction of the extended primer overcomes this
arrest, which can lead to full-length product formation. Full-length product formation is
considerably reduced when the inhibitor is added at consecutive sites. The efficient rate of RDV-
TP incorporation may translate in multiple incorporation events in vivo, and this could add to the
overall potency of the drug. It is important to note that other parameters including the intracellular

concentration of the triphosphate form of the inhibitor need to be considered as well.

The different inhibition patterns observed with EBOV RdRp and MERS-CoV RdRp point
to subtle differences in the mechanism of action. Delayed chain termination could be based on
inhibitor-induced structural changes of the newly synthesized double-stranded RNA that at some
point prevent a productive alignment of primer and incoming nucleotide, e.g. through
primer/template repositioning?%®, or backtracking mechanisms!®*. Enzyme-specific interactions
with the extended primer may likewise affect the continued extension of the primer, which helps

to explain variations in the site of RNA synthesis arrest.
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An open question that warrants further investigation is the role of the 3'-5’ exonuclease
(nsp14) in susceptibility to RDV. It has previously been reported that nucleotide analogue
inhibitors can be excised by the viral exonuclease**!. A murine hepatitis virus mutant lacking the
3'-5" exonuclease activity was shown to be more sensitive to RDV?!. However, given its high
potency in cell-based assays, RDV seems to be protected from excision at least to a certain
degree. This protection could be provided by the additional three nucleotide following the
inhibitor. In contrast, classic chain terminators would be readily accessible for excision. Taken
together, this study provides a likely mechanism of action for RDV against coronaviruses. The
novel strategy for the expression of MERS-CoV RdRp helps to guide the design of equivalent

constructs of related viruses, including SARS-CoV-2.
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Chapter 4: Remdesivir is a direct-acting antiviral that inhibits RNA-dependent RNA polymerase

from severe acute respiratory syndrome coronavirus 2 with high potency

This chapter contains content from the following source, republished with permission:

o Gordon CJ¥, Tchesnokov EP*, Woolner E, Perry JK, Feng JY, Porter DP, Gotte M.
Remdesivir is a direct-acting antiviral that inhibits RNA-dependent RNA polymerase from
severe acute respiratory syndrome coronavirus 2 with high potency. J Biol Chem. 2020;

295:6785-6797. © the authors.
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4.1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a positive-sense RNA
virus and the causative agent of coronavirus disease 2019 (COVID-19)* 3#°, The initial outbreak
in December 2019 in Wuhan, China, was declared a pandemic by the World Health Organization
on March 10, 2020%°, Antiviral treatments are urgently needed to relieve the burden on healthcare
systems worldwide. Effective therapeutics are expected to reduce mortality and hospitalizations.
In the absence of a vaccine, antiviral therapeutics could also be utilized prophylactically to protect
vulnerable populations, including those who are frequently exposed to the virus. Despite the earlier
outbreaks of SARS in 2003 and Middle East respiratory syndrome (MERS) in 2012, coronavirus-
specific antivirals have yet to advance into clinical trials. At this point, the focus is on compounds
with a demonstrated broad spectrum of antiviral activities and on drugs developed for other
therapeutic purposes with evidence of acting also against coronaviruses. Several of these
compounds are currently being assessed in randomized controlled clinical trials, including

remdesivir (RDV, formerly GS-5734)*>!.

RDV is a phosphoramidate prodrug of a 1'-cyano-substituted nucleotide analogue®*!. Its
triphosphate form (RDV-TP) resembles ATP and is used as a substrate of several viral RNA-
dependent RNA polymerase (RdRp) enzymes or complexes?!> 267> 333335 The compound has
shown broad-spectrum in vitro and in vivo antiviral activity against nonsegmented negative-sense
RNA viruses of the Filoviridae (e.g. Ebola virus (EBOV))?*"-333 and Paramyxoviridae (e.g. Nipah
virus (NiV)) families?>” 333352 as well as in vitro activity against viruses in the Pneumoviridae
(e.g. respiratory syncytial virus (RSV)) family?>’. Antiviral activity against a broad spectrum of
coronaviruses including SARS-CoV and MERS-CoV was subsequently demonstrated both in vitro
and in animal models?!: 233- 254.334.346 'No jn vitro inhibition was reported for several segmented
negative-sense RNA viruses of the Arenaviridae tfamily (e.g. Lassa virus (LASV)) and the
Bunyavirals order (formerly the family Bunyaviridae, e.g. Crimean Congo Hemorrhagic Fever
Virus)?*’. RDV was also recently tested in a randomized controlled trial during the 2019 Ebola
outbreak in the Democratic Republic of the Congo®®. Although two antibody-based treatments
showed superior efficacy, mortality in the RDV arm was lower than the overall mortality rate of

the outbreak, and human safety data are now available*®. Inhibition of MERS-CoV replication
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and therapeutic efficacy of RDV was also demonstrated in mouse and rhesus macaque models?>*

346

Progress has been made in elucidating the mechanism of action of RDV-TP. RDV-TP
competes with ATP for incorporation by the EBOV RdRp complex composed of the L protein and
VP35%%7, Steady-state kinetics reveal that incorporation of ATP is slightly more efficient compared
to RDV-TP. In contrast to classic chain terminators, inhibition is not seen immediately following
the incorporated RDV-TP, and the existence of a 3'-OH group allows the nucleophilic attack on
the next incoming nucleotide. Studies with EBOV RdRp, RSV RdRp, and NiV RdRp have
indicated that RNA synthesis is terminated after a few more nucleotide incorporation events 267
335, RDV-TP incorporation at position i commonly yields delayed chain-termination between
position i+3 and i+5. We have recently expressed and purified an active complex composed of

MERS-CoV non-structural proteins nsp8 and nsp123%3

. With the limitations of steady-state kinetic
measurements, we showed that incorporation of RDV-TP is more efficient than ATP and delayed
chain termination is observed specifically at position i+3. Potential inhibitory effects of RDV-TP
on SARS-CoV RdRp or on SARS-CoV-2 RdRp have not been studied. Active SARS-CoV RdRp
was shown to form a complex composed of nsp7, nsp8 and nsp12, whereby nsp7 and nsp8 were
connected with a linker**?. Structures of complexes with the three subunits were recently

determined using cryo-EM34,

Here, we expressed SARS-CoV and SARS-CoV-2 RdRp complexes in insect cells and
monitored RNA synthesis on short model primer/templates during elongation. We demonstrate
that RDV-TP inhibits SARS-CoV RdRp and SARS-CoV-2 RdRp with the same potency and
mechanism of action. The ability to efficiently compete with the natural counterpart ATP is a
favorable property of RDV-TP. We have tested in the same context several other nucleotide
analogs and commonly observe that incorporation of the natural nucleotide is considerably
preferred. Favorable selectivity for the RDV-TP over ATP and delayed chain termination at
position i+3 are key elements of a refined mechanism of inhibition observed with SARS-CoV,

MERS-CoV, and SARS-CoV-2 RdRp complexes.
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4.2  Results
4.2.1 Expression of SARS-CoV and SARS-CoV-2 RdRp complexes

We have recently generated recombinant MERS-CoV RdRp from a bacmid containing
nsp5, -7, -8, and -1233. Expression of this construct in insect cells resulted in the nsp5-7-8-12
polyprotein processed by the nsp5 protease. Nickel-nitrilotriacetic acid affinity chromatography
yielded an active binary nsp8/12 RdRp complex. We therefore expressed SARS-CoV and SARS-
CoV-2 RdRp from bacmids containing the equivalent nsp5, -7, -8, and -12 sequences. This
approach yielded binary complexes with nsp8 and nspl2, as previously described for MERS-
CoV?*3, We also expressed mutant enzymes with amino acid substitutions in the conserved motif
C of nsp12 (SDD to SNN) to inactivate the catalytic site (. 4.14). WT and mutant enzymes were
tested for RNA synthesis on short model primer/templates mimicking a random elongation
complex. Incorporation of a radiolabeled nucleotide allows gel-based detection of reaction
products. Whereas WT SARS-CoV and SARS-CoV-2 RdRp complexes were able to synthesize
RNA from a 4-mer primer and a 14-mer template, the corresponding active-site mutants showed
no template-base-specific nucleotide incorporation (Fig. 4.1B). These data confirm that RNA

synthesis activity is mediated by nsp12.
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Figure 4.1. Expression, purification, and characterization of the SARS-CoV and SARS-CoV-
2 RdRp complexes. A, SDS-PAGE migration pattern of the purified enzyme preparations stained
with Coomassie Brilliant Blue G-250 dye. Bands migrating at ~100 kDa and ~25 kDa contain
nspl2 and nsp8, respectively. B, RNA synthesis on a short model primer/template substrate.
Template and primer were both phosphorylated (p) at their 5'-ends. A radiolabeled 4-mer primer
serves as a marker (m). G indicates incorporation of the radiolabeled nucleotide opposite template
position 5. RNA synthesis was monitored with the purified RARp complexes representing WT (wt,
motif C = SDD) and the active-site mutant (motif C = SNN).

4.2.2 Selectivity measurements of RDV-TP with related and distant RdRp enzymes

The ratio of Michaelis-Menten steady-state kinetic parameters Vmax/Km for a single
incorporation of a natural nucleotide over a nucleotide analogue defines the selectivity. With the
limitations of a steady-state approach, a selectivity value lower than 1 suggests the analogue is
incorporated more efficiently than the natural NTP. Conversely, a selectivity value higher than 1
suggests the analogue is incorporated less efficiently than the natural NTP. This approach enables
comparisons of data with different enzymes and different nucleotide analogs. This approach does

not provide distinct information on inhibitor binding, catalysis, or enzyme dissociation from its
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nucleic acid substrate. To measure selectivity for RDV-TP incorporation we determined the
steady-state kinetic parameters for single nucleotide incorporations in comparison with ATP
(Table 4.1, Appendix A, Fig. Al). Previously, we reported a selectivity value of 0.35 for RDV-TP
incorporation with MERS-CoV RdRp**3. SARS-CoV and SARS-CoV-2 also showed low values
in a similar range (0.32 and 0.28, respectively). For EBOV, RSV and LASV enzymes we measured
higher values (4.0, 2.7, and 20, respectively). Since the RNA template used to measure selectivity
in this study differs from the sequence previously used to study inhibition of EBOV and RSV
RdRp?®’, we repeated these experiments with EBOV and the current RNA template. The observed
selectivity value of 4 is in good agreement with our previous measurement of 3.8%7. LASV RdRp
showed the highest selectivity value for RDV-TP of 20-fold, which provides evidence for target
specificity. The combined results suggest that the ability of RDV-TP to compete with ATP is most

pronounced with the coronavirus RdRp complexes.
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Table 4.1. Selectivity values for Remdesivir (RDV-TP) with related and distant RARp enzymes.

ATP RDV-TP
Vmax' Kn b Vmax Vmax Kn Vmax Selectivity°
(product | (uUM) K (product (LM) K (fold)
fraction) fraction)
MERS-CoV® | n=7 n=6 0.35
0.47 0.017 28 0.50 0.0063 79
+° 0.011 0.0019 0.012 0.0006
% error ' 2 11 2 11
SARS-CoV n=4=% n=3 0.32
0.73 0.03 25 0.70 0.010 68
+ 0.017 0.003 6.3 0.015 0.0008 54 0.026
% error 6 23 25 11 3 8 8
SARS-CoV-2 n=_8 n=3 0.28
0.75 0.03 23 0.74 0.0089 84
+ 0.019 0.003 4.4 0.023 0.0010 | 14.3 0.045
% error 10 22 20 4 18 17 16
EBOV n=3 n=3 4.0
0.80 0.72 1.1 0.70 2.5 0.28
+ 0.048 0.21 0.065 0.047 0.76 0.048 0.49
% error 4 6 6 2 16 17 12
RSV" n=3 n=3 2.7
0.76 0.17 4.5 0.82 0.50 1.6
+ 0.022 0.023 0.027 0.089
% error 3 14 3 18
LASV n=3 n=3 20
0.57 0.11 5.6 0.35 1.3 0.29
+ 0.032 0.020 0.96 0.016 0.18 0.059 4.7
% error 2 18 17 40 53 20 24

* Vimax 15 @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide incorporation.

® K is a Michaelis-Menten parameter reflecting the concentration of the nucleotide substrate at which the

velocity of nucleotide incorporation is half of Viax.

¢ Selectivity of a viral RNA polymerase for a nucleotide substrate analogue is calculated as the ratio of the
Vmax/Km values for NTP and NTP analogue, respectively.

4Gordon et al., 2020

¢ Standard deviation of the average.

"Percent error.



& All reported values have been calculated on the basis of a 9-data point experiment repeated indicated
number of times (n).

B Tchesnokov et al., 2019

*EPT performed EBOV and LASYV selectivity experiments.

4.2.3 Selectivity of other nucleotide analogs against SARS-CoV-2 RdRp

We determined selectivity values for various other nucleotide analogue inhibitors to
provide a limited structure-activity relationship analysis with focus on SARS-CoV-2 RdRp (Fig.
4.2). Selectivity for dATP, which lacks the 2'a-hydroxyl group, 2'-C-methylated compounds, and
the broad-spectrum antivirals favipiravir and ribavirin were included in these studies (Table 4.2).
A high selectivity value of ~950-fold was measured for dATP, which shows that the enzyme
efficiently discriminates against ANTPs as one would expect for an RNA polymerase. Similarly,
the 2'B-hydroxyl in ara-ATP also translates in a high selectivity value (>1000-fold). 2'C-Me-ATP
contains a 2'B-methyl group, which shows a value of ~170. 2'd-2'fluoro-CTP has been shown to

exhibit antiviral activity against several RNA viruses®>4-3%7

. The selectivity value of 25 is relatively
low compared to the aforementioned compounds and suggest that the 2'a-fluoro is largely tolerated
by the enzyme. Sofosbuvir (SOF) is a uridine analogue that is approved for the treatment of
hepatitis C virus (HCV) infection. The drug inhibits HCV RdRp 3%. It contains a fluoro-group at
the 2'a-position and a methyl group at the 2'B-position. Here we measured a high selectivity value
(~1000-fold), which suggests that the 2'B-position may be the primary constraint for nucleotide
incorporation by SARS-CoV-2 RdRp. The active triphosphate forms of favipiravir and ribavirin
serve as substrates for several RdRp enzymes and mimic ATP and GTP!2% 154 195.338-360 "¢
compare efficiency of incorporation with RDV-TP, we measured selectivity values for

incorporation opposite template uridine. High values of ~500 and >>1000, respectively, indicate

that effective competition of these compounds with ATP is unlikely.
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Table 4.2 Selectivity values for A-, C-, and UTP analogs against SARS-CoV-2 RdRp

Vinax’ Kn® Vinax Selectivity®
(product (M) K (fold)
fraction)
ATP! (n=8°) 0.75 0.03 23 Reference
+ 0.019 0.004 4.4
% error® 10 22 20
2'CMe-ATP (n = 3) 0.84 6.4 0.13 173
+ 0.013 0.37 0.007 8.9
% error 1 5 5 5
dATP (n=13) 0.63 27 0.02 975
+ 0.021 2.41 0.04 169
% error 11 28 16 17
ara-ATP (n=3) 0.56 33 0.02 1329
+ 0.031 4.06 0.01 371
% error 15 39 30 28
ATP" (n=23) 0.63 0.04 14 Reference
+ 0.019 0.006 1.3
% error 3 12 9
Favipiravir- =
(aspgq’;‘;f;nzﬂgw) 3) 0.52 21 0.03 570
+ 0.031 3.9 0.02 230
% error 7 41 52 40
gg‘fgg;‘;go;?) na’ >>100 na. >>1000
+
% error
CTP(n=3) 0.72 0.001 1022 Reference
+ 0.023 8.8x 107 177
% error 1 18 17
2'd 2’ fluoro-CTP (n = 3) 0.60 0.02 37 29
+ 0.036 0.003 8.5 7.6
% error 17 36 23 26
UTP (n=3) 0.75 0.02 39 Reference
+ 0.021 0.003 9.3
% error 4 22 24
SOF-TP (n = 3) 0.77 21 0.04 1056
+ 0.030 2.3 0.01 212
% error 6 22 22 20
®Vmax 1s @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide

incorporation.
b Km is a Michaelis—-Menten parameter reflecting the concentration of the nucleotide substrate at
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which the velocity of nucleotide incorporation is half of Viax.

¢ Selectivity of a viral RNA polymerase for a nucleotide substrate analogue is calculated as the
ratio of the Vmax/Km values for NTP and NTP analogue, respectively.

4 These experiments were conducted on RNA template compatible with [a-3?P]GTP.

¢ All reported values have been calculated on the basis of a 9-data point experiment repeated
indicated number of times (n).

' Standard deviation of the average.

¢ Percent error.

P These experiments were conducted on RNA template compatible with [a-3?P]CTP.

i n.a., not available.

4.2.4 Structural model of nucleotide binding by SARS-CoV-2 RdRp

To provide plausible explanations for our experimental measurements, we generated a
model of an elongating SARS-CoV-2 RdRp complex (Fig. 4.3). This model is based on the cryo-
electron microscopy structure of the apo SARS-CoV-2 RdRp complex composed of nsp7, nsp8,

nsp12349,

The active site is similar to other enzymes, for which ternary structures have been
determined by X-ray crystallography, including HCV RdRp (Fig. 4.34), norovirus, and poliovirus
RdRp!!6: 303, 361 "The catalytic metal ions in SARS-CoV-2 nspl2 are coordinated by a trio of
aspartates, Asp-618, Asp-760, and Asp-761, and the substrate B-phosphate is stabilized by Arg-
555. Converting Asp-760 and Asp-761 into Asn-760 and Asn-761 rendered the enzyme inactive
(Fig. 4.1). Of particular note, the residues Asp-623, Ser-682, and Asn-691 involved in 2'-OH
recognition of the incoming nucleotide are conserved. However, while HCV, norovirus, and
poliovirus RdRps use these serine and asparagine residues to coordinate the 2'-OH during
incorporation, nspl2 appears to rely on an additional threonine residue (Thr-680) not present in
the others enzymes (Fig. 4.3B). This interaction has the effect of pulling the substrate deeper into
the pocket. The lower positioning of the NTP in the active site is also seen in the interaction of the
3’-OH with the protein. In HCV RdRp, 3’-OH forms a hydrogen bond to the Asp-225 backbone
NH, whereas in the coronaviruses, the model instead suggests that the B-phosphate coordinates to
the analogous Asp-623 NH. As a consequence of this repositioning of the substrate, the activity of
various inhibitors across the coronaviruses is expected to diverge from that seen with other
polymerases. The preference for 2'-OH > 2'd2'F >> 2'deoxy is evident from the nature of the polar
residues coordinating that position and is similar to the other enzymes. In contrast, SOF-TP and
2'-CMe-ATP have increased clashes between the 2'B-Me and Asp-623 and Ser-682 (Fig. 4.30).
This is partially relieved by a conformational change in Ser-682, but overall, the poorer

incorporation efficiencies of the 2'B-Me substituted inhibitors is likely due to these putative steric
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clashes. In contrast, RDV-TP (Fig. 4.3D) is recognized at the 2'-OH in a manner similar to ATP,
and the 1'-CN modification is well-positioned in a pocket formed between Thr-687 and Ala-688.

The high efficiency of incorporation reported here is consistent with this model.

Figure 4.3. X-ray structure of HCV RdRp with an incoming nonhydrolyzable ADP substrate
(PDB entry 4WTD). The 2’-OH of the substrate is recognized by the trio of residues, Asp-225,
Ser-282, and Asn-291, with hydrogen bonds formed to Ser-282 and Asn-291 in this
preincorporation state. B, model of SARS-CoV-2 nsp12 with incoming ATP. In addition to the
analogous Asp/Ser/Asn residues, Thr-680 is positioned to alter the hydrogen-bonding network and
effectively pull the substrate lower into the pocket relative to NS5B. C, model of SARS-CoV-2
with SOF-TP. The greater occlusion of the 2’ position due to Asp-623 and Ser-682 makes 2'B-
methyl substitution less effective than with NS5B. D, model of SARS-CoV-2 with remdesivir-TP.
The remdesivir 1'CN sits in a pocket formed by residues Thr-687 and Ala-688. Residues Asp-623
and Ser-682 (not shown) adopt the same conformations as with ATP.

*JKP contributed this figure.

4.2.5 Patterns of inhibition of RNA synthesis by RDV-TP
The incorporation of a nucleotide analogue into the growing RNA chain does not
necessarily translate into inhibition. To determine the patterns of inhibition of RNA synthesis, we

devised two RNA templates that contain single or multiple sites of incorporation (template
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uridines) (Fig. 4.44). These sequences were used to compare the inhibitory effects of RDV-TP
against MERS-CoV, SARS-CoV, SARS-CoV-2 and LASV RdRp. The latter enzyme showed a
significantly higher selectivity value for RDV-TP (Table 4.1) and RDV does not show antiviral
activity against LASV?*’. For CoV RdRp complexes with templates allowing multiple
incorporations, we observe termination of RNA synthesis at positions i+3 and i+4. A faint band
representing the full-length product suggests low levels of read-through (Fig. 4.4B). On a template
that allows only a single RDV-TP incorporation, termination is seen solely at position i+3. Full-
length product formation is generally more pronounced under these conditions, following the order
MERS-CoV RdRp > SARS-CoV RdRp > SARS-CoV-2 RdRp. For LASV RdRp, RNA synthesis
patterns in the presence or absence of the nucleotide analogue are very similar. Chain termination
or delayed chain termination is not evident. To further investigate the possibility of long-range
effect of RDV-TP incorporation, we used a 26-mer RNA template and did not observe any change
in the pattern of RNA synthesis (Appendix A, Fig. A24). Hence, LASV L protein is likely not
inhibited by RDV-TP.
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Figure 4.4. Patterns of inhibition of RNA synthesis with RDV-TP. 4, RNA primer/template
substrates used to test multiple (leff) or single (right) incorporations of RDV-TP. G indicates
incorporation of the radiolabeled nucleotide opposite template position 5. RDV-TP incorporation
is indicated by i. RDV-TP incorporation was monitored with purified CoV RdRp complexes (B)
and LASV L protein (C) in the presence of the indicated combinations of NTPs and RDV-TP.

*EPT contributed panel C to this figure.

Examination of the structural model suggests the primer with the incorporated RDV can
translocate without obstruction to position i+1 (Fig. 4.5, 4 and B). Similarly, no obstructions can
be discerned at the i+2 (Fig. 4.5C) or i+3 (Fig. 4.5D). This would allow the incorporation of three
subsequent nucleotides, in agreement with our experimental data. However, at position i+4 (Fig.
4.5, E and F), a steric clash is seen between the 1’-CN substituent of RDV and residue Ser-861.
The serine O is only 1.7 A from the 1'-CN N. The short distance is expected to lead to a significant

distortion of the positioning of the RNA, hampering translocation to the i+4 position.
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Figure 4.5. A steric clash between the incorporated RDV and Ser-861 prevents enzyme
translocation at i+3. A-D, the primer with the incorporated RDV (green) translocates without
obstruction from the substrate position i through i+3, allowing incorporation of three subsequent
nucleotides (yellow). E, at 14, the 1-CN moiety of RDV encounters a steric clash with Ser-861 of
nspl2. F, this clash likely prevents the enzyme from advancing into i+4.

*JKP contributed this figure.

4.2.6 Overcoming of the delayed chain termination by incorporated RDV

Read-through at a site of delayed chain temination may reduce the inhibitory effect of
RDV-TP. We therefore tested whether termination of RNA synthesis could be overcome with time
or with increasing concentrations of nucleotide pools (Fig. 4.6). In the presence of equivalent
concentrations of RDV-TP and UTP (0.1 uM), which is the next nucleotide to be incorporated
following the RDV-TP incorporation site and also following the site of delayed chain termination,
the full-length product formation is negligible. The signal for delayed chain termination is not
alleviated with time, which provides more evidence for a bona fide termination site and not enzyme

pausing. (Fig. 4.64, leff). In contrast, full-length product formation is time-dependent when ATP
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replaces RDV-TP in the reaction mixture (Fig. 4.64, middle). As expected, the ommision of both
ATP and RDV-TP prevents RNA synthesis beyond product 5 thus controlling for C:U and U:U
misincorporations under the present reaction conditions (Fig. 4.64, right). However, delayed chain
termination can be overcome with higher NTP concentrations. In the presence of increasing
concentrations of UTP, the signal at i+3 decreases concomitantly with an increase in the full-length
product. UTP concentrations that are ~100-fold higher than RDV-TP can cause significant

reductions in delayed chain termination (Fig. 4.6B).
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Figure 4.6. Overcoming of delayed chain termination. The RNA primer/template substrate used
in this assay is shown above the gels. G indicates incorporation of the radiolabeled nucleotide
opposite template position 5. Position i allows incorporation of ATP or RDV-TP. RNA synthesis
was monitored with purified SARS-CoV-2 RdRp complex in the presence of indicated
concentrations of NTP mixtures. A4, time dependence of delayed chain termination. B, overcoming
delayed chain termination with increasing concentrations of UTP.

*EPT Contributed to this figure.
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4.3 Discussion

RDV is an investigational nucleotide analogue with a broad spectrum of antiviral activities
against several RNA viruses, including filoviruses and coronaviruses?4!- 233257, 333, 334,346 "Gty djes
in mice and rhesus macaques have helped to assess the therapeutic potential of this drug against
EBOV, SARS-CoV and MERS-CoV?33 254 333, 336 Antjviral activity of RDV has also been
demonstrated against SARS-CoV-2 in cell culture'®, while data from animal models and clinical
trials are pending. Moreover, it remains to be seen whether the mechanism of inhibition described
for EBOV RdRp and MERS RdRp is also relevant for SARS-CoV-2. Here, we expressed and
purified active SARS-CoV-2 RdRp to study RNA synthesis and its inhibition by RDV-TP. Based

on our biochemical data, we propose a unifying, refined mechanism of inhibition of SARS-CoV,

MERS-CoV, and SARS-CoV-2 (Fig. 4.7).

Co-expression of SARS-CoV-2 nsp3, nsp7, nsp8, and nsp12 in insect cells yields an active
RdRp complex composed of nsp8 and nsp12. The same data were obtained with MERS-CoV and
SARS-CoV. RNA synthesis was monitored on short primer/templates that mimic the elongation
stage (Fig. 4.7, stage I). We initially compared efficiency of incorporation of RDV-TP with its
natural counterpart ATP (Fig. 4.7, stage 2). A steady-state kinetic approach was employed to
translate our findings into quantitative terms and to facilitate comparisons among the various
enzymes and compounds tested. Efficiency of incorporation of the natural nucleotide over the
nucleotide analogue defines selectivity. For RDV-TP, we measured selectivity values of ~ 0.3 with
SARS-CoV, SARS-CoV-2 and previously also with MERS-CoV RdRp. SARS-CoV and SARS-
CoV-2 both belong to the betacoronaviruses of the B lineage and the nsp 12 amino acid sequences
of the two viruses are 96% identical. In contrast, MERS-CoV belongs to the betacoronaviruses of
the C lineage and is only 71% identical with SARS-CoV-2. Despite greater sequence variations,
RdRp motifs that play important roles in substrate binding and catalysis are highly conserved
among the three coronaviruses (Appendix A, Fig. A3). Hence, interactions with nucleotide
analogue inhibitors are expected to be similar and our selectivity data provide experimental
evidence for this notion. Whereas the active sites of EBOV and RSV enzymes still share a number
of key residues within the classic polymerase motifs, LASV RdRp shows substantial differences
when these motifs are compared with EBOV and RSV and also with SARS-CoV, SARS-CoV-2,
and MERS-CoV (Appendix A, Fig. A3).
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We have evaluated several other nucleotide analogs using the same protocol with focus on
SARS-CoV-2 RdRp (Fig.4.2, Table 4.2). The selectivity of ATP over dATP is ~1000, which shows
that the enzyme effectively discriminates against deoxyribonucleotides that are substrates for DNA
polymerases. Similar results were obtained with the broad spectrum antivirals favipiravir and
ribavirin®3¥-3%, These compounds show high selectivity values of ~500 and ~10,000 in favor of
ATP. Compounds with modifications at the 2’B-position are also associated with high selectivity
values in favor of the natural nucleotide. SOF-TP and 2°-CMe-ATP show selectivity value of
~1000 and ~170 in favor of UTP and ATP, respectively. Selectivity of ATP over ara-ATP is
likewise high (~1000). A homology model of SARS-CoV-2 points to a putative steric clash of 2’f-
modifications with residues Asp-623 and Ser-682. With the limitations of a steady-state approach,
we are unable to ascribe differences in selectivity measurements solely to inhibitor binding;
however, while the model is not based on structural data of SARS-CoV-2 RdRp it provides a

plausible explanation for our experimental observations.

RDV-TP is a non-obligate chain terminator, which contains a 3'-hydroxyl group that may
still form a phosphodiester bond with the next incoming nucleotide. Indeed, as demonstrated for
RdRp enzymes from RSV, EBOV, NiV and MERS, delayed chain termination provides a likely
mechanism of action?®”- 333 335353 For all three coronavirus RdRp complexes, we observe a
specific termination site at position i+3 (Fig. 4.7, stage 3). The structural reasons for the precise
termination event remain to be elucidated; however, the underlying mechanism is likely to be
common to all three coronaviruses if we consider the identical patterns of inhibition. At i+4, our
model predicts a steric clash between the 1°-CN substituent of the incorporated RDV and residue
Ser-861. This model is consistent with the observed termination at i+3 and the inability of the
enzyme to translocate a single position further downstream to accommodate the next nucleotide.
Sequences extracted from Genebank™ reveal that this serine residue is conserved across all alpha-

, beta-, and deltacoronaviruses.

Termination of RNA synthesis can be overcome by higher concentrations of the natural
nucleotide pools (Fig. 4.7, stage 4). NTP concentrations can reach low millimolar
concentrations®$? 393, The intracellular concentration of RDV-TP can vary between low and high
micromolar concentrations in relevant cell cultures?* 33, and high ratios of NTP/RDV-TP are

likely detrimental to inhibition. However, the efficient incorporation of RDV-TP into the growing
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RNA chain may also provide a mechanism that counteracts reduced termination in the presence of
high NTP concentrations. Our data confirm that consecutive and/or multiple sites of incorporation
of RDV-TP increase termination and in turn inhibition; however, the efficiency of this effect
remains to be determined (Appendix A, Fig. A2B). Another factor that can reduce the potency of
nucleotide analogs is the 3°-5° exonuclease activity of nsp14°% 231:341.364 Thig enzyme displays
proofreading activity in conjunction with nsp10°-341-365_Tn this context, we have recently proposed
that the additional three nucleotides that follow the incorporated RDV may provide protection
from excision?®® 333, Future studies that take into account rates of nucleotide incorporation, rates
of excision of multiple nucleotides, and the likelihood of RDV-TP reincorporation will be required

to address this problem.

Several independent examples point to a significant correlation between the efficiency of
selective incorporation of a given nucleotide analogue and the corresponding antiviral effect
measured in cell culture. Half-maximal effective concentrations (ECso) of RDV against
coronaviruses and filoviruses are in the submicromolar range, which is unusually low for a
compound with a broad spectrum of antiviral activity?>3257-333.334.366 Hijgh potency in cell culture
correlates with highly effective incorporation of RDV-TP with EBOV RdRp and, even more so,
with the three coronavirus enzymes. Conversely, RDV shows a weak antiviral effect against
LASV?7, and our biochemical data revealed low rates of incorporation by LASV RdRp. In this
context it is also important to note that our previous measurements with human mitochondrial
RNA polymerase revealed high selectivity of ATP over RDV-TP 2¢7, which is consistent with low

V253 333 Favipiravir-TP and ribavirin-TP are also less well

levels of cytotoxicity of RD
incorporated by SARS-CoV-2 RdRp. This is also evident with a template that offers multiple
incorporation sites (Appendix A, Fig. A2B). In cell culture, these inhibitors often show ECso values
in the higher micromolar range depending on the nature of the RNA virus!'®® 3% 366 High
concentrations of favipiravir and ribavirin were also required to reduce infection with SARS-CoV-
2 (ECso = 109.50 uM and ECso = 61.88 uM, respectively)!'*. Moreover, ribavirin does not seem
to provide clinical benefits in the context of SARS-CoV and MERS-CoV infection ¢, 2°-CMe-
ATP is not utilized as a substrate by EBOV RdRp and 2’-C-methylated compounds show no
significant antiviral effects in mini-genome replicons of EBOV3¢7. Equivalent studies are not yet

available for coronaviruses; however, the high selectivity for the natural nucleotides over SOF-TP

and 2’-CMe-ATP would not predict a potent antiviral effect.
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In conclusion, the combined data provide evidence for a unifying mechanism of inhibition
of RDV-TP against coronavirus RdRp. Favorable selectivity for the nucleotide analogue over its
natural counterpart ATP and delayed chain-termination at position i+3 are key elements of
inhibition observed with SARS-CoV, MERS-CoV, and SARS-CoV-2 RdRp complexes. The
availability of human safety data along with the antiviral studies in cell culture and in animal
models, as well as a clear mechanism of action provide a large body of evidence to justify the
ongoing clinical trials with RDV for the treatment of COVID-19186253,254, 257, 333, 334, 345, 346,333 The
refined biochemical mechanism described in this study characterizes RDV as a direct-acting
antiviral (DAA). This term was previously introduced to describe newer classes of HCV drugs that

target a specific process in the viral life cycle’®

, as opposed to older treatments with interferon
and ribavirin that have been associated with multiple possible mechanisms*®°. Compounds that are
currently considered as potential treatments for COVID-19 include approved drugs for other
conditions, repurposed drugs, and inhibitors with a broad-spectrum of antiviral activities. Research

into underlying mechanisms is needed to classify any of these compounds as a DAA.
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Figure 4.7. Mechanism of inhibition of CoV RdRp by RDV-TP. /, the priming strand is shown
with green circles, colorless circles represent residues of the template, and the b/ue oval represents
the active CoV RdRp complex. This is a schematic representation of a random elongation
complex. The footprint of the RdRp on its primer/template is unknown. 2, competition of RDV-
TP with its natural counterpart ATP opposite template uridine (U). The incorporated nucleotide
analog is illustrated by the red circle. 3, RNA synthesis is terminated after the addition of three or
more nucleotides, which is referred to as delayed chain termination. 4, delayed chain termination
can be overcome by ratios of NTP/RDV-TP.
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Chapter 5: Template-dependent inhibition of coronavirus RNA-dependent RNA polymerase by

remdesivir reveals a second mechanism of action

This chapter contains content from the following source, republished with permission:

o Tchesnokov EP*, Gordon CJ¥, Woolner E, Kocincova D, Perry JK, Feng JY, Porter DP,
Gotte M. Template-dependent inhibition of coronavirus RNA-dependent RNA polymerase
by remdesivir reveals a second mechanism of action. J Biol Chem. 2020; 295:16156-

16165. © the authors.
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5.1 Introduction

The US FDA has recently issued an emergency use authorization (EUA) for the
investigational drug remdesivir (RDV) to treat infection with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)*"°. The EUA was largely based on a randomized clinical trial that
showed a significant reduction in the time of recovery of hospitalized individuals diagnosed with
coronavirus disease 2019 (COVID-19)*’l. RDV is a nucleotide analogue prodrug that was
designed to target the RNA-dependent RNA polymerase (RdRp) of RNA viruses?*!> 257, The
triphosphate form of RDV (RDV-TP) is an analog of the natural adenosine triphosphate (ATP)
with 1'-C-nucleoside bond and a 1'-cyano-substitution. RDV has shown a broad-spectrum of
antiviral activity in cell culture and animal models against negative-sense RNA viruses of the
Filoviridae [e.g. Ebola virus (EBOV)] and Paramyxoviridae [e.g. Nipah virus (NiV) and measles
virus (MV) as well as in vitro activity against viruses in the Pneumoviridae [e.g. respiratory
syncytial virus (RSV)] family?*!> 257- 333, 335,352 Antjviral activity against positive-sense RNA
viruses, including flaviviruses and coronaviruses, was also demonstrated in various systems>>!-25%

334,372 Several previous studies have demonstrated prophylactic and therapeutic efficacy in animal

models of SARS-CoV, Middle East respiratory syndrome (MERS)-CoV and SARS-CoV-22%2372,

Low 50% effective concentrations (ECso) and a high barrier to the development of
resistance were observed in cell cultures 2°!. ECso values in the lower nanomolar range have been
measured for each of these three viruses, depending on the cell-type-specific metabolism of RDV-
TP 32, In vitro selection experiments with the mouse hepatitis virus (MHV) revealed two
mutations in the RdRp enzyme that confer low-level resistance to RDV*!, F476L and V553L were
shown to cause 2.4-fold resistance and 5.0-fold resistance, respectively. The F476L+V553L
double mutant showed 5.5-fold resistance to RDV. The equivalent mutations F480L and V557L
introduced together in SARS-CoV were also shown to confer low-level (6.0-fold) resistance to the

drug »!. Resistance data for SARS-CoV-2 are pending.

Despite progress, there are gaps in our understanding of the mechanism of action of RDV.
A key element of a refined mechanism of action is based on high rates of incorporation of RDV-
TP, which translates in efficient competition with its natural counterpart ATP #%-5°. However, the

existence of a 3'-OH group allows further nucleotide incorporation events to occur and inhibition
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of RNA synthesis is not immediately evident. Biochemical experiments with various recombinant
RdRp complexes from both minus-sense and plus-sense RNA viruses show delayed chain-
termination®-3%-333:335 RdRp complexes of SARS-CoV, MERS-CoV and SARS-CoV-2 stop RNA
synthesis after position i+3, i.e. three nucleotides following incorporation of RDV-TP at position
i#% 5% This pattern is identical with the three RdRp complexes, which points to a common
mechanism of inhibition. Modeling studies suggested that a steric clash between the side chain of
the conserved Ser-861 and the 1'-CN group of the incorporated RDV prevent translocation, which
means that the nucleotide binding site at position i+4 is still occupied with the 3’-end of the
primer*. Another important observation is that RNA synthesis arrest can be overcome with higher
concentrations of natural nucleotide pools*. Increasing NTP concentrations gradually reduces
termination efficiency and favors read-through to yield the full-length RNA product. Efficient
read-through is seen at concentrations as low as 10 uM. Intracellular NTP concentrations are in
the high pM and low mM range®®% 3%, which suggests that read-through reactions likely occur
under biologically relevant conditions. It is therefore conceivable that the primer strand, and by
extension the entire negative-sense copy of the genome, contains several RDV residues. Although

33,251, 341,365 " access to internal

the CoV exonuclease (ExoN) exhibits 3'-5" proofreading activity
RDV residues is expected to be compromised. This scenario raises the question whether RDV
residues embedded in the template strand may also cause inhibition during synthesis of the second

RNA strand, i.e. during transcription or viral genome synthesis.

To address this question, we have devised a method that allows synthesis of small RNA
model templates with RDV-TP incorporated at a single strategic position. RNA synthesis with
recombinant SARS-CoV-2 RdRp shows that incorporation of UTP opposite RDV as well as the
following nucleotide incorporation are compromised. Similar to earlier observations with the
primer strand, this inhibition can be overcome with increasing NTP concentrations, although the
threshold is here much higher. This effect is partially reversed with a known resistance-conferring
mutation that can affect the positioning of the template strand. Based on this data, we propose a

comprehensive mechanism of action of RDV that involves both the primer strand and the template.
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5.2 Results
5.2.1 Effects of mutations at position Ser-861 on delayed chain termination

Several recent structural and biochemical studies have demonstrated that that the active
SARS-CoV-2 RdRp complex is composed of the three non-structural proteins nsp7, nsp8 and
nsp1241-46, 340,342,373 Reconstitution of separately expressed proteins commonly yields complexes
with stoichiometry of 1:1:2 for the nsp12 (RdRp) and the other components nsp7 and nspS,
respectively. We utilized constructs that co-express the viral protease nsp5 together with nsp7,
nsp8 and nsp12 in insect cells 4. Active complexes were captured via the histidine-tagged nsp8,
and binary complexes composed of nsp8 and nsp12 were identified with Coomassie staining. Here
we show that overloading of the gel with the soluble protein sample also visualizes nsp7 (Appendix
B, Fig. B1). Using the same construct design, we generated complexes with mutations at position
Ser-861 in nsp12 that are expected to affect efficiency of delayed chain-termination with RDV-
TP. The steric clash hypothesis predicts that smaller side chains will reduce delayed chain-
termination and larger side chains will increase inhibition, provided that substitutions do not

impede regular NTP incorporations.

We compared RNA synthesis of the wild type SARS-CoV-2 RdRp complex with S861G,
S861A and S861P mutants (Fig. 5.1). Reactions were monitored on a 17-mer RNA template that
contains a single site of incorporation for RDV-TP at position 9 or i (Fig. 5.14). The wild-type
enzyme shows delayed chain-termination at position 12 (i+3) (Fig. 5.14), which is illustrated by
more than 95% reduction in the full template length-to-(i+3) product ratio in the presence of RDV-
TP as compared to the full template length-to-p12 product ratio in the presence of ATP (Fig. 5.1B).
Termination efficiency is gradually reduced by increasing the concentration of the next incoming
nucleotide (UTP), as previously reported®. 50% read-through is seen at UTP concentrations of ~
0.3 uM, 90% read-through is seen with ~3 uM, and inhibition is abolished with ~ 30 uM (Fig.
5.1C). Delayed chain-termination is not observed with the S861G mutant. These findings are
consistent with the removal of a steric clash when serine is replaced with glycine. Full-length
product formation is already seen to near completion at UTP concentrations of ~ 1 uM (Fig. 5.14).
The S861A mutation shows only subtle reductions in delayed chain-termination (Fig. 5.1, 4 and

B), which is in agreement with a previous report by Wang and colleagues 373. We further show that
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the bulkier side chain of S861P shows subtle increases in UTP concentrations required to

overcome delayed chain-termination (Fig. 5.1, 4 and C).
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Figure 5.1. RNA synthesis catalyzed by SARS-CoV-2 RdRp wild-type, S861G, S861A, and
S861P mutant complexes on an RNA template containing single “U” for RDV-TP
incorporation. 4, RNA primer/template supporting incorporation of RDV-TP at position 9 (i=9)
is shown on top. i+3 illustrates delayed chain termination at position 12. G5 indicates incorporation
of [a->?P]-GTP at position 5. RNA synthesis was catalyzed by CoV-SARS-2 RdRp wild-type and
mutant complexes in the presence of RNA primer/template, MgCl, and indicated concentrations
of NTP and RDV-TP for 30 minutes. Reactions loaded in lanes “ATP, 0.1 pM” contained only
UTP/CTP/ATP at 0.1 uM; reactions loaded in the remaining lanes contained UTP/CTP/RDV-TP,
each at 0.1 uM, supplemented with indicated concentrations of UTP. “4” indicates the migration
pattern of 5’-32P-labeled 4-nt primer used here as a size marker. Asterisk indicates slippage due to
the polyA context of the template. B, Graphic representation of the effect of delayed chain-
termination at i+3 on full template-length RNA synthesis. The fold-ratio of full-length product 17
to delayed chain-termination at i+3 when RDV-TP is present in the reaction (in the absence of
supplemental UTP). This value was normalized to the corresponding ratio when ATP was present
in the reaction. Normalized values were plotted versus incorporated nucleotide at position i. C,
Graphic representation of products of RNA synthesis beyond position i+3 plotted as a function of
UTP concentration.
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5.2.2 RDYV inhibits RNA synthesis when embedded in the template

The high efficiency of read-through with increasing NTP concentrations suggests that the
newly synthesized copy of the RNA genome contains several RDV residues. This raises the
question whether RDV may also inhibit RNA synthesis when present in the template (Fig. 5.2).
The challenge to synthesize sufficient amounts of RNAs with embedded RDV residues using
RdRp is the need for strand separation. Hence, we developed a protocol to generate single-stranded
RNAs using T7 RNA polymerase along a DNA template that can be selectively degraded
(Materials and Methods, 2.3.4). We synthesized two 20-mer model RNAs that contain either
adenosine (Template A) or RDV (Template R) at the same strategic position 11 (Appendix B, Fig.
B2).

A 4-mer primer was used to initiate RNA synthesis with SARS-CoV-2 RdRp in the
presence of [a-**P]GTP (Fig. 5.24). With Template A, a cocktail of minimal concentrations of 0.1
uM CTP and UTP, and 1 uM ATP yields predominantly the full-length, 20-mer RNA product
(Fig. 5.2B). Increasing the concentration of UTP shows no significant increases in RNA synthesis.
With Template R, we observe an intermediate product at position 10 at the same base
concentrations of CTP, UTP and ATP (Fig. 5.2B). These findings demonstrate that 0.1 uM UTP
is not sufficient for incorporation opposite RDV, which is a marked difference to results obtained
with Template A. Increasing concentrations of UTP can overcome the inhibitory effects and we
observe an accumulation of product at position 11, which points to a second site of inhibition
immediately after the template-embedded RDV. A similar effect is seen with increasing the
concentration of UTP and CTP that is required later at position 14. Increases only in CTP did not
yield significant amounts of product at position 11, suggesting that incorporation of CTP opposite
RDV is negligible. Higher concentrations of UTP and ATP or UTP, ATP and CTP gradually
reduced the inhibitory effects and increased the yield of full-length product. Overall inhibition is
driven by the accumulation of products at positions 10 and 11. Together these findings show that
a single RDV residue in the template inhibits efficiency of incorporation of the complementary
UTP and the adjacent NTP (ATP in this particular sequence context). NTP concentrations required

to overcome these obstacles are higher than observed with delayed chain-termination (Fig. 5.2C).
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Figure 5.2. RNA synthesis catalyzed by SARS-CoV-2 RdRp using a template with a single
RDYV residue at position 11. 4, RNA primer/template with template-embedded RDV (Template
R) at position 11; the corresponding primer/template (7emplate A) with adenosine at this position
is shown on the left. G5 indicates the incorporation of [a->’P]-GTP opposite template position 5.
B, Migration pattern of the products of RNA synthesis catalyzed by CoV-SARS-2 RdRp wild-type
complex in the presence of RNA primer/templates shown in panel A, MgCl> and indicated
concentrations of NTP cocktails after incubation for 30 minutes. “4” indicates the migration
pattern of 5’-32P-labeled 4-nt primer used here as a size marker. C, Graphic representation of the
fold-ratio of the sum of products 12 through 20 to the sum of products 10 and 11.

*EPT contributed panel C to this figure.
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5.2.3 The V557L mutation in nspl2 counteracts the inhibitory effects of RDV in the
template

We next asked whether such template-dependent inhibition provides a biologically relevant
mechanism of action of RDV. To address this question we attempted to study possible neutralizing
effects of known resistance conferring mutations. In nsp12, two amino acid substitutions have been
associated with low-level resistance to RDV?!. The effect of F480L is subtle and structural data
do not suggest a direct effect on RNA synthesis. In contrast, the hydrophobic side chain of Val-
557 is located close to the template opposite the incoming nucleotide?>2. Hence, a mutation at this
position could conceivably affect nucleotide incorporation. We therefore expressed and purified
the V557L mutant and studied its potential effect on the concentration of UTP required to
overcome the obstacle imposed by the complementary RDV (Fig. 5.3). We compared WT RdRp
with the V557L mutant. Increasing the concentrations of UTP gradually from 0.1 uM to 100 uM
showed the following effects (Fig. 5.34). The primary observation is that the UTP concentration
required to overcome inhibition at position 10 and to generate the product at position 11 is lower
with the Val-557 mutant (0.7 versus 4 uM for 50% incorporation, and 10 versus 50 uM for 90%
incorporation of UTP by V557L and WT, respectively) (Fig. 5.3B). The associated steady-state
kinetic parameters show that UTP incorporation is ~5-fold more efficient with the mutant enzyme
(Appendix B, Table B1). The effect of V557L is specific to incorporation of UTP opposite RDV.
Incorporation of the next nucleotide (ATP) is not significantly affected by the V557L mutant
enzyme (Appendix B, Figure B3 and Table B1).

However, the increase in efficiency of UTP usage with the V557L mutant does not translate
in increases in the amount of the full-length product (Fig. 5.34). These findings suggest that regular
nucleotide incorporations might be compromised, which is not unusual of enzymes that contain
resistance-conferring mutations. Steady-state kinetic parameters show that the efficiency of ATP
incorporation is ~3-fold reduced with the mutant enzyme (Appendix B, Table B2). However, it is
important to note that the selectivity [Vmax/Km (ATP) / Vimax/Kim (RDV-TP)] is almost identical for
V557L and the wild-type enzyme. Thus, V557L does not show a resistance phenotype at the level
of incorporation of RDV-TP. Moreover, V557L is also not significantly different from the wild-
type in assays monitoring delayed chain-termination with either a single or multiple sites of

incorporation for RDV-TP (Appendix B, Fig. B4). The collective data provide evidence to show
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that the effect of V557L is specific to RDV embedded in the template, which in turn suggests that
this type of inhibition is biologically relevant. Moreover, the S861G mutant specifically reduces
delayed chain-termination and does not affect template-dependent inhibition of RNA synthesis
(Appendix B, Fig. B5). However, this mutation is here newly described and it remains to be seen

whether the corresponding virus is viable and may affect drug susceptibility.
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Figure 5.3. RNA synthesis catalyzed by SARS-CoV-2 RdRp wild-type and the V557L mutant
complex on Template R. A, RNA primer/template with template-embedded RDV at position 11
is shown on top. G5 indicates the incorporation of [a->’P]-GTP opposite template position 5.
Below the primer/template sequence is the migration pattern of the products of RNA synthesis
catalyzed by SARS-CoV-2 RdRp complexes in the presence of RNA primer/template, MgCla,
indicated concentrations of NTP cocktail supplemented with indicated concentrations of UTP after
30 minutes. “4” indicates the migration pattern of 5'-32P-labeled 4-nt primer used here as a size
marker. B, Graphic representation of the percent UTP incorporation opposite RDV plotted as a
function of UTP concentration.

*EPT contributed to this figure.
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5.2.4 Modeling shows template RDV is significantly perturbed relative to A

Building on our previous models of the pre-incorporation state of the replicating SARS-
CoV-2 nsp7/nsp8/nspl12 complex 4% 232, we found that RDV, when serving as template for the
incoming UTP, is not properly positioned (Fig. 5.4). In the absence of any relaxation relative to
the reference A-containing template, the 1’-CN has a significant clash with the backbone carbonyl
of residue Ala-558. Allowing for minimization of RDV and the template overhang, the clash can
be relieved, but base pairing between RDV and UTP is compromised. As a result, RDV functions
as a poor template for the incoming NTP. Furthermore, translocation to the next template position
may involve additional clashes, particularly between the 1'-CN and residue Thr-687. This model
therefore provides a plausible explanation for data shown in Figure 2. However, the structural
reasons for V557L resistance remain elusive and a fuller dynamic examination or structural data

may be required.

Figure 5.4. Structural model of UTP incorporation with (4) adenosine (cyan) serving as the
template base and (B) RDV (green) serving as the template base. With respect to the optimal
position seen with adenosine, RDV is significantly perturbed, shifting by ~1 A, due to a clash
between its 1’-CN and the protein backbone at residue Ala-558.

*JKP contributed this figure.
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5.3  Discussion

The investigational nucleotide analogue prodrug RDV is a direct-acting antiviral that has
been approved in several countries for the treatment of COVID-19 patients®’*. Previously, we
initiated studies on the mechanism of action of RDV and demonstrated that RDV-TP is efficiently
incorporated into the growing RNA chain by recombinant SARS-CoV-2 RdRp*. Inhibition of
RNA synthesis is delayed and observed at position i+3, i.e. three residues downstream of the site
of incorporation. However, higher concentrations of NTP pools can reduce the efficiency of
delayed chain-termination, concomitantly enhancing read-through and full-length product
formation*®- *°. Efficient read-through may therefore yield a complete copy of the positive-sense
RNA genome with embedded RDV residues. This negative-sense RNA is then utilized as a
template for viral genome synthesis and the generation of RNA transcripts. It is currently unknown
whether RDV exhibits inhibitory effects when present in the template. Using a biochemical
approach, we have addressed this question directly and propose a model of the mechanism of

action of RDV against SARS-CoV-2 RdRp that involves both RNA strands (Fig. 5.5).

The mechanism of inhibition during synthesis of the first RNA strand is adapted from our
previous study®. In this model, RNA synthesis by SARS-CoV-2 RdRp is reduced to the
polymerase, the primer strand and the template. The complex interactions between nsp7, nsp8,
nspl2, RNA and other viral factors that are implicated in replication and transcription are not
considered (stage 1). As RNA synthesis proceeds, RDV-TP competes with its natural counterpart

9o
1

ATP for incorporation opposite template U at a random position “i” (stage 2). Steady-state kinetics

P#: 30 which is

suggests that the efficiency of incorporation is three times higher with RDV-T
unusually efficient for a nucleotide analogue inhibitor. The presence of a 3'-hydroxyl group allows
a nucleophilic attack on the next incoming nucleotide and no significant inhibition is seen at
position i+1. Three additional nucleotides are incorporated before RNA synthesis is arrested at
position i+3 (stage 3). Inhibitors of this type are commonly referred to as “delayed chain
terminators”, in contrast to obligate or classic chain terminators that lack the 3'-hydroxyl group
and prevent further nucleotide additions at i+1%%8, Modeling suggested that a steric clash between

the side chain of Ser-861 and the 1'-CN group of RDV blocks translocation of the RdRp complex
into position i+4. This hypothesis was supported by experiments with the S861A mutant that
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showed subtle reductions in efficiency of delayed chain-termination*. Here we demonstrate that

the smaller S861G eliminates termination.

At this stage it is important to note that the steric clash does not represent an
unsurmountable obstacle. Delayed chain termination is gradually reduced when increasing the
concentration of the next incoming nucleotide. This effect is also shown here even with the bulkier
S861P substitution. The reduction in termination efficiency coincides with an increase in read-
through monitored as full-length RNA product synthesis. A possible explanation is that the
increased NTP concentration shifts the translocational equilibrium from i+3 (pre-translocation) to
i+4 (post-translocation), which liberates the nucleotide binding site. For HIV type 1 (HIV-1)
reverse transcriptase (RT), we developed site-specific footprinting techniques that demonstrated
such nucleotide-dependent translocation®®. Seifert and colleagues recently applied a single
molecule approach, based on magnetic tweezers, to study the function of SARS-CoV-2 RdRp and
its inhibition with nucleotide analogs®”>. The authors found that the incorporated RDV causes
enzyme pausing at high NTP concentrations, whereas termination was not observed. The full-
length products seen in this study are equivalent to read-through events and full-length product
formation seen in our experiments. It is therefore tempting to predict that the S861G mutant will
eliminate or reduce pausing. Each of the aforementioned studies provide evidence to suggest that
synthesis of the first RNA strand may continue to completion especially in the presence of high
concentrations of NTPs. We determined that NTP concentrations as low as 10 uM cause ~90%

read-through.

The 3'-5" proofreading ExoN activity of the replication complex plays another important
role in the generation of RNA strands with embedded RDV residues. ExoN(-) MHV shows a ~ 5-
fold increase in RDV susceptibility; however, potent inhibition was still seen with an intact ExoN
251 This partial protection from 3'-5' proofreading may therefore preserve RDV residues in
complete copies of the first RNA strand (stage 5). This assumption provides the basis for a
template-dependent inhibition mechanism. Here we show that incorporation of UTP at position i
opposite RDV is indeed compromised. UTP concentrations of ~50 uM are required to bypass this
obstacle (stage 6). This concentration is significantly lowered with the V557L mutant, which

provides a mechanism for drug resistance®!. Val-557 is located in close proximity to the
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incorporated RDV. It is therefore conceivable that the V557L facilitates incorporation of UTP
through repositioning of the template strand. The effect of V557L is specifically seen when RDV
is present in the template. WT and V557L mutant do not show significant differences regarding

selective incorporation of RDV-TP or delayed chain termination.

The link between the newly discovered template-dependent inhibition and a resistance-
conferring mutation suggests that this mechanism is biologically relevant. However, it is important
to note that neither V557L nor F480L or any other RDV resistance associated mutations in SARS-
CoV-2 have been reported at this point. The selection of the structural equivalent V5531 MHV
required a high number of passages and RNA levels in the presence of drug are still lower than
RNA levels in the absence of drug?®!. These results indicate a high barrier to the development of
resistance, which is likely due to a fitness deficit associated with this mutation. In agreement with
these observations, we demonstrate the V557L in SARS-CoV-2 RdRp diminishes efficiency of
regular nucleotide incorporations and neutralizes its advantageous effects on UTP incorporation
opposite RDV. Hence, the barrier to the selection of V557L might be even higher for SARS-CoV-
2. Moreover, incorporation of the adjacent NTP, immediately downstream of the newly added
UTP is likewise inhibited and the effect of V557L is less pronounced at this position (stage 7).
NTP concentrations required to overcome this obstacle exceed 100 uM and rescue of RNA
synthesis remains incomplete even at higher NTP concentrations (stage 8). Finally, we note that
template-dependent inhibition mechanisms have also been demonstrated with other nucleotide

analogue inhibitors!>4 164,268,269,

In conclusion, RDV can inhibit RNA synthesis by SARS-CoV-2 RdRp when incorporated
in the primer strand and when present in the template strand. The two distinct modes of inhibition
can be linked to interactions between the 1’-CN group of the nucleotide analogue and conserved
residues in nsp12. The side chain of Ser-861 causes a steric clash with the incorporated RDV and
inhibition is seen at position i+3. The backbone of Ala-558 causes steric problems when UTP is
incorporated opposite RDV in the template and inhibition is seen at positions i and i+1. The
neighboring resistance-associated mutation V557L counteracts this effect. The challenge is to
determine which mechanism is dominant. Delayed chain-termination is solely seen at low

concentrations of NTPs; however, the highly efficient use of RDV-TP can lead to multiple

106



incorporation events, e.g. along polyU-tracts, that can amplify inhibition (Appendix B, Fig. B4).
This effect has been demonstrated with various RARp complexes*-267-333.335 Template-dependent
inhibition can be observed at higher NTP concentrations, but this mechanism relies on a certain
degree of protection from proofreading that retains RDV in copies of the viral genome.
Biochemical approaches do often not capture the complexity of antiviral effects in a cellular
environment. It is therefore important to continue to monitor the emergence of resistance in
attempts to link specific amino acid substitutions to specific inhibition pathways. This work helps
to guide drug development efforts and the design of future structural or kinetic studies that address

these problems.
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Figure 5.5. Model of the mechanism of action of RDV against SARS-CoV-2 RdRp. Left, a
model for inhibition during synthesis of the first RNA strand is adapted from our previous study®.
The priming strand is shown with green circles, colorless circles represent residues of the template,
and the light blue oval represents the RdARp complex (stage 1). RDV-TP (R, red) competes with
ATP (A, blue) for incorporation opposite template U labeled yellow (stage 2). RNA synthesis is
terminated after the addition of three more nucleotides. This effect is referred to as “delayed chain-
termination” as a result of a steric clash between Ser-861 (red arrow) and the 1’-CN group of the
incorporated RDV (stage 3). Higher concentrations of NTP can overcome this effect and read-
through facilitates formation of full-length RNA products (stage 4). This mechanism retains RDV
residues in the primer strand that is later used as a template (stage 5). Incorporation of UTP
opposite RDV is compromised due to a steric clash between Ala-558 (red arrow) and RDV’s 1'-
CN group (stage 6). Higher concentrations of the next nucleotide can overcome inhibition. This
concentration is further reduced with the resistance-associated Val-557 mutant enzyme (green
arrow). NTP incorporation at the adjacent position is likewise inhibited (stage 7). This obstacle is
also partially overcome with higher NTP concentrations (stage 8).
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Chapter 6: Molnupiravir promotes SARS-CoV-2 mutagenesis via the RNA template

This chapter contains content from the following source, republished with permission:

o Gordon CJ, Tchesnokov EP, Schinazi RF, and Gotte M. Molnupiravir promotes SARS-
CoV-2 mutagenesis via the RNA template. J Biol Chem. 2021; 297:100770. © the authors.
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6.1 Introduction

The discovery and development of potent antiviral drugs for the treatment of infection with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) remains challenging. The virus
can cause severe forms of coronavirus disease 2019 (COVID-19) that require hospitalization.
Remdesivir (RDV) targets the viral RNA-dependent RNA polymerase (RdRp) and is currently the
only antiviral agent approved by the US Food and Drug Administration* 76, Antibody therapies
were granted emergency use authorization for the treatment of outpatients who are at high risk for
progressing to severe disease and/or hospitalization®*”’. Both RDV and antibody therapies are
intravenously administered, which limits their utility especially for outpatient use. Oral drugs that
can be used much earlier in the disease are under investigation and molnupiravir (MK-4482/EIDD-
2801) is perhaps the most advanced candidate compound in this category>’®

prodrug of B-D-N*-hydroxycytidine (NHC, EIDD-1931). It is intracellularly metabolized to its
triphosphate form (NHC-TP) that can serve as substrate for RNA polymerases®?? 223, NHC shows

. Molnupiravir is a

a broad spectrum of antiviral activities against several positive- and negative-sense RNA
viruses?? 223: 227, 379382 More recent studies focused on the development of molnupiravir for the

treatment of infection with influenza and coronaviruses!!3: 229 383-385

NHC potently inhibits MERS-CoV, SARS-CoV and SARS-CoV-2 with ECso values in the
submicromolar range, depending on the specific cell type??®. Molnupiravir was also shown to
inhibit SARS-CoV-2 replication in humanized mice?? 3%, Treatment 24 hours after exposure to
the virus was more efficient than treatment 48 hours after virus exposure, and treatment before
virus exposure shows the strongest antiviral effects. The large body of preclinical data justified
human clinical trials that are presently ongoing although there are concerns about its mammalian
cell mutagenic potential?2? 227- 386389 Molnupiravir was evaluated in a phase 1 clinical study in
healthy volunteers, which demonstrated good tolerability and no apparent signs of adverse events
after a short duration of treatment and follow-up**°. Knowledge on the mechanism of action is
largely derived from cell culture studies. Unlike RDV that inhibits RNA synthesis, molnupiravir
seems to act as a mutagen!!® 223229, 382 Exposure to NHC increases G to A and C to U transition
mutations in MHV, MERS-CoV, and SARS-CoV-22%38_ Increases in mutation frequencies will
ultimately yield non-functional genomes, which explains the antiviral effect. Other broad-

spectrum antiviral agents, such as ribavirin or favipiravir have also been characterized as

110



mutagenic nucleoside analogs although the potency of these compounds is generally low with ECso

values in the higher micromolar range*>: 12% 157

. The proofreading exonuclease of coronaviruses
can excise incorporated nucleotide analogs and diminish the inhibitory effects!> 1%, but recent
data have shown that NHC is resistant to this proofreading activity**2. However, it is currently not
known how the interaction between the drug and RdRp determines drug potency and the nature of

the observed mutations.

Herein, we employed a biochemical approach to study the mechanism of action of
molnupiravir. We expressed and purified the RdARp complex with non-structural proteins nsp7,
nsp8 and nsp12, and studied the efficiency of incorporation of NHC-TP in relation to natural NTP
pools. NHC-TP is preferentially incorporated as a C-analogue. When the monophosphate (NHC-
MP) is embedded in the template, it base pairs with either GTP or ATP. While the incorporation
of GTP causes subtle inhibition of RNA synthesis, mismatch extension with the incorporated ATP
is not inhibited and leads to transition mutations. The collective data presented in this study provide

a model that explains the antiviral effects of molnupiravir and NHC.

6.2  Results
6.2.1 Selective Incorporation of NHC-TP by SARS-CoV-2 RdRp

Biochemical data on NHC-TP as a substrate for RNA polymerases are scarce??’. It has been
shown that the respiratory syncytial virus RdRp complex accepts NHC-TP as a substrate for
incorporation opposite template G. The incorporated NHC-MP does not act as a chain terminator
in this case’?’. Human mitochondrial DNA-dependent RNA polymerase (h-mtRNAP) can use
NHC-TP as C- or U-analogue*’. Inhibitory effects following incorporation have not been
reported. Here we measured steady-state-kinetic parameters for incorporation of NHC-TP by
SARS-CoV-2 RdRp (Fig. 6.1). We have employed the same biochemical approach for RDV-TP,
other nucleotides and other RdRp complexes, which facilitates comparisons*®: 50 267- 325, 337, 391
RNA synthesis was monitored with a short model primer/template after addition of a single radio-
labeled [0-*2P]NTP (Fig. 6.14). The preference for a natural nucleotide over the analogue is
calculated as a ratio of their incorporation efficiencies. The efficiency of incorporation of the
natural nucleotide over the efficiency of incorporation of the analogue provides a selectivity value.

SARS-CoV-2 RdRp shows a 30-fold preference for CTP over NHC-TP (Fig. 6.1B). Selectivity
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values follow the order GTP (12,841) > ATP (424) > UTP (171) > CTP (30), which shows that all
NTPs are more efficiently incorporated than the NHC-TP. The data suggest that competition with
CTP is most efficient.
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Figure 6.1. Efficiency of NHC-TP incorporation. 4, migration pattern of the products of RNA
synthesis catalyzed by SARS-CoV-2 RNA-dependent RNA polymerase along the RNA
primer/templates as shown above the panels. The sequences support incorporation of NHC-
monophosphate as either a C-, U-, A-, or G-analogue at position 6. G, U, or C indicates
incorporation of [a-*?P]G-, [a->’P]U-, or [a-**P]CTP at position 5 (red). N indicates incorporation
of NHC-monophosphate. Asterisk indicates terminal transferase activity. A 5'-3’P-labeled 4-nt
primer (4) serves as a size marker (m). B, graphical representation of the data shown in A. Fitting
the data points to Michaelis—Menten function and the calculation of the selectivity values. Sel.,
selectivity for a nucleotide substrate analogue is calculated as the ratio of the Vimax/Km values for
NTP over NTP analogue. Error bars illustrate standard deviation of the data. £, standard error of
the fit. All reported values have been calculated on the basis of an 8-data point experiment repeated
at least three times.
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6.2.2 Extension of incorporated NHC-MP

We next monitored RNA synthesis following incorporation of NHC-MP opposite template
G at position 6 (Fig. 6.2). The same concentrations of CTP and NHC-TP generate different
incorporation patterns at position 6. For CTP, most of the primer is converted to yield the 6-nt
product with minimal formation of larger products. Incorporation of CTP opposite subsequent
other bases would lead to mismatch formation and is negligible under these conditions. For NHC-
TP, the both a 6-nt product and a 7-nt product are formed, which points to a certain degree of
ambiguous base pairing. Since both products are formed in the absence of ATP and UTP (lane 0),
the 7-nt product illustrates NHC misincorporation as a U-analog opposite AMP in the template. In
the presence of increasing concentrations of ATP and UTP that allow full-length product
formation, the primer is almost completely extended regardless of whether CMP or NHC-MP was
incorporated (Fig. 6.2, left CTP and NHC-TP panels). This shows that the incorporated NHC-MP
is efficiently extended. Higher concentrations of ATP and UTP reduce mismatch formations and
generate similar levels of full template-length products (Fig. 6.2, right CTP and NHC-TP panels).
Moreover, similar levels of terminal transferase activity are also seen at high concentrations of

ATP and UTP regardless of whether CMP or NHC-MP are being extended from a 6-nt product®*2.
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Figure 6.2. SARS-CoV-2 RNA-dependent RNA polymerase—catalyzed RNA synthesis
following incorporation of NHC-monophosphate. Migration pattern of the products of RNA
synthesis catalyzed by SARS-CoV-2 RdRp complex along the RNA primer/template as shown at
the top of the panel. RNA primer/template supports a single incorporation event of CMP or NHC-
monophosphate as a C-analogue at position 6. G indicates incorporation of [0-*2P]-GTP at position
5. A 5'-32P-labeled 4-nt primer (4) serves as a size marker (m). Asterisk indicates products of the
terminal transferase activity.

6.2.3 RNA synthesis using NHC-MP embedded in the template

In the absence of significant RNA synthesis inhibition, the copy of the viral genome is
likely synthesized in full length and contains embedded NHC-MP residues. Hence, efficiency and
fidelity of RNA synthesis may be affected at a later stage when this strand is utilized as a template.
To address this question, we have synthesized an RNA template with a single NHC-MP using T7
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RNA polymerase (Appendix C, Fig. C1). For comparative purpose, we generated two model RNAs
with either a single CMP (Template “C”) or a single NHC-MP (Template “N”) at position 11. To
test whether an incorporated NHC-MP still acts as a C-analogue when present in the template we
monitored RNA synthesis in the presence of increasing concentrations of GTP (Fig. 6.3).
Incorporation of GTP opposite CMP (Template “C”) is very efficient even at concentrations as
low as 0.015 uM. In contrast, the incorporation of GTP opposite NHC-MP is less efficient and
concentrations of 0.41 uM (or 27-fold higher) GTP are required to completely convert 10-nt
product to 11-nt product. Note that, even though RNA synthesis past 11-nt product along template
“C” is not very efficient; the full-length products are formed concomitantly with GTP
incorporation at position 11. Hence, the full-length product formation depends solely on ATP
concentration which is kept here low at 0.030 uM in order to reduce misincorporations. Another
caveat is that concentrations of GTP above 4 uM results in U:G misincorporation on both templates
(Fig. 6.3, asterisks). Full-length product formation along template “N” is less evident than with
template “C”, suggesting that overall RNA synthesis might be inhibited. The accumulation of 11-

nt product points to a specific site of inhibition.
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Figure 6.3. RNA synthesis with NHC-MP in the template strand. Migration pattern of the
reaction products catalyzed by SARS-CoV-2 RNA-dependent RNA polymerase. The template
contains an embedded NHC-MP at position 11 (Template “N”’) or CMP (Template “C”). Reactions
with [a-32P]-CTP as the only NTP are indicated by “0” in red. Figure notations are as in Figure 6.1.
Asterisks indicate products of GTP misincorporation opposite U in the template.

*EPT contributed this figure.
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To avoid the confounding effect of nucleotide misincorporations, we monitored RNA
synthesis also in the presence of the other required NTPs. For template N, increasing
concomitantly the concentrations of GTP and ATP yields transiently an 11-nt product that is
almost completely converted into full-length product at NTP concentrations as low as 10 uM (Fig.
6.4, panel “ATP and GTP”). The intermediate 11-nt product is not seen with template “C”, which
shows specific inhibition by NHC-MP in the template. The 11-nt product is also not seen when
increasing the concentration of ATP in the absence of GTP (Fig. 6.4, panel “ATP”), which
demonstrates that incorporation of GTP opposite NHC-MP is the cause for inhibition. Thus, while
both GTP and ATP can be incorporated opposite NHC-MP with similar efficiencies, only GTP
causes a subtle inhibitory effect that can be overcome by increasing NTP concentrations. We have
also shown that neither CTP nor UTP are incorporated opposite NHC-MP (Appendix C, Fig. C2).
Taken together, NHC-MP embedded in the template shows ambiguous base-pairing with GTP and
ATP. At the level of incorporation, NHC-TP shows a preference for template G.
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Figure 6.4. Mechanism of template-dependent inhibition of SARS-CoV-2 RNA-dependent
RNA polymerase complex. Figure notations are as in Figure 6.2. Signal accumulation at position
11 illustrates inhibition of nucleotide incorporation right after template-embedded p-D-N*-
hydroxycytidine 5’-monophosphate, which can be overcome with increasing concentrations of
NTP.
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6.3  Discussion

The broad-spectrum antiviral agent molnupiravir, a prodrug of NHC, is currently being
evaluated in advanced clinical trials for the treatment of SARS-CoV-2 infections*°. The drug is
orally bioavailable and can be given to outpatients early in the disease with the potential to reduce
hospitalizations. Preclinical data in cell culture revealed a dose-dependent increase in G to A and
C to U transition mutations that correlated with increases in antiviral effects against
coronaviruses??® 32, Molnupiravir is therefore classified as a mutagenic nucleotide analog. Here
we studied the underlying biochemical mechanisms with the purified RdRp complex of SARS-
CoV-2. Based on our data, we developed a model that describes effects on both efficiency and

fidelity of RNA synthesis (Fig. 6.5).

Steady-state kinetic measurements demonstrated that NHC-TP acts predominantly as a C-
analogue and is preferentially incorporated opposite template G (Fig. 6.54, step I). Selective
incorporation, defined as efficiency of incorporation of CTP over efficiency of incorporation of
NHC-TP, is relatively low with a value of 30. By comparison, the selectivity value of RDV-TP is
below one, suggesting that RDV-TP is more efficiently incorporated than its natural counterpart
ATP#-3% However, earlier studies have shown that NHC, in contrast to RDV, is resistant to the
coronavirus-associated proofreading exonuclease activity®®2. For hepatitis C virus RdRp, the
selectivity value of the 5'-triphosphate metabolite of sofosbuvir is also relatively low (45-fold),
but in the absence of a proofreading activity, sofosbuvir is an efficient inhibitor of HCV
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replication®’. Thus, the limited opportunities for incorporation of NHC-TP may still have an

impact on efficiency and fidelity of viral genome replication.

When NHC-MP is present in the template, base pairing is more ambiguous and both the
incoming GTP or ATP are accepted with no significant preference (Fig. 6.54, step 1). Like other
mutagenic nucleotides, NHC-TP likely exists in different tautomeric forms that affect base
pairing!?%. The hydroxylamine form acts like C and enables base pairing with G, whereas the oxime
form (C=NOH) acts like U and allows base pairing with A (Fig. 6.5B8). Our data suggest that the
NHC-TP substrate exists predominantly in its hydroxylamine form and acts like CTP; however,
when present as NHC-MP in the template, both tautomeric forms seem to co-exist and act like

CTP or UTP, favoring incorporation of GTP and ATP, respectively.
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Incorporation of GTP opposite NHC-MP inhibits incorporation of the next incoming
nucleotide. Increasing NTP concentrations to 10 uM can overcome this obstacle (Fig. 6.5C, steps
3 and 4). This inhibitory effect on RNA synthesis is not observed with ATP (Fig. 6.5C, steps 3’
and 4'). Instead, incorporation of ATP yields a G to A transition mutation via G:NHC-TP and
NHC-MP:A base pairing or short G:NHC:A (Fig. 6.5D). C to U transitions are realized if the
positive sense viral RNA contains a C via C:G:NHC:A:U. Thus, the preference for the G:NHC:A
pattern is necessary and sufficient to explain the higher frequencies of G to A and C to U transition
mutations in the presence of molnupiravir or NHC. The same mechanism may also apply to
influenza virus that shows the same transition mutations in the presence of the drug, but not to

113,223 However, biochemical data are

respiratory syncytial virus that shows a different pattern
generally lacking, and it will be important to study potential differences among various viral and
cellular polymerases that utilize NHC-TP as substrate. In the present study, we have shown that
the incorporated NHC-MP can either inhibit RNA synthesis in G:NHC:G, or act as a mutagen in
G:NHC:A. The mutagenic effect seems to be dominant given that increasing NTP concentrations
can overcome G:NHC:G inhibition at relatively low concentrations of GTP. In addition,
considering that intracellular concentration of ATP are several-fold higher than that of GTP?%2, the

G:NHC:A pairing may also be favored in a cellular environment.
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when NHC-MP is embedded in the template. C, mechanism of viral inhibition and mutagenesis by
template-embedded NHC-MP. Blue circles illustrate NTP incorporation past NHC-MP in the
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*MG contributed to this figure.
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Chapter 7: Efficient incorporation and template-dependent polymerase inhibition are major

determinants for the broad-spectrum antiviral activity of remdesivir

This chapter contains content from the following source, republished with permission:

o Gordon CJ*, Lee HW*, Tchesnokov EP*, Perry JK, Feng JY, Bilello JP, Porter DP, and
Gotte M. Efficient incorporation and template-dependent polymerase inhibition are major

determinants for the broad-spectrum antiviral activity of remdesivir. J Biol Chem. 2022;

298:6785-6797. © the authors.
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7.1  Introduction

The coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) revealed the importance of broad-spectrum antivirals as the first line
of defense in a pandemic® *°. Vaccines that effectively protect against severe COVID-19 were
developed in less than a year after the World Health Organization (WHO) declared a pandemic in
March 20203437, Antibody therapies, directed specifically against SARS-CoV-2, were also
developed in a relatively short time and the first antiviral drug approved for the treatment of
COVID-19 was the nucleotide analog prodrug remdesivir (RDV)3?8, Its broad spectrum of antiviral
activity was described in earlier pre-clinical studies?>!> 233, 254, 257, 267, 333-335, 352,372 RDV is a 1'-
cyano modified C-adenosine monophosphate prodrug that targets the RNA-dependent RNA
polymerase (RdRp) of a diverse panel of RNA viruses, including coronaviruses?4% 241, 251,252,257,
In 2019, prior to the COVID-19 pandemic, RDV was tested in a randomized clinical phase 3 trial
for the treatment of Ebola virus disease’*?. Although the clinical efficacy of RDV against Ebola
virus disease is inferior to two antibody therapies, its human safety data became available and this

enabled RDV compassionate use in January 2020 to treat COVID-19 patients®*.

Clinical studies of RDV for the treatment of COVID-19 have shown a shortened time to
recovery with an unclear effect on mortality*®® 4!, RDV is intravenously administered and is
therefore limited to patients under supervised medical care. In general, oral antiviral drugs would
allow earlier initiation of treatment in a broader patient population which may reduce the risk of
progression to more severe disease outcomes, not only in the context of infection with
coronaviruses but potentially for the treatment of other viral infections. The development of oral
broad-spectrum antiviral drugs is therefore critical to public health and pandemic preparedness.
Successful efforts in this field require a better understanding of biochemical mechanisms that
translate to antiviral activity. RDV shows antiviral activity against human positive-sense RNA
viruses including members of Coronaviridae (SARS-CoV, Middle Eastern respiratory syndrome,
MERS-CoV, and SARS-CoV-2)?°!-2%2 and the Flaviviridae (HCV)**, as well as nonsegmented
negative-sense RNA viruses including members of the Filoviridae (Zaire ebolavirus [Ebola virus,
EBOV)), Pneumoviridae (respiratory syncytial virus [RSV]), and Paramyxoviridae (Nipah virus
[NiV])®’. However, antiviral activity against segmented negative-sense RNA viruses is less

pronounced or not significant, as shown with members of the Arenaviridae (Lassa virus [LASV]),

124



the Orthomyxoviridae (influenza [Flu] virus), and Nairoviridae (Crimean-Congo hemorrhagic

fever virus [CCHFV])?40: 257,

Here, we expressed and purified representative RdRp enzymes or complexes associated
with these different families of RNA viruses and studied biochemical mechanisms of RDV-
mediated inhibition of RNA synthesis to better understand the molecular requirements for antiviral
effects. Previous studies with purified SARS-CoV, MERS-CoV and SARS-CoV-2 RdRp
complexes have shown that the triphosphate form of RDV (RDV-TP) is 2-3 times more efficiently
incorporated than its natural counterpart ATP#- 4% 0. 261 " nhibition is not seen immediately
downstream of the site of RDV-monophosphate (MP) incorporation "i", it is rather seen at position
"i+3" following the addition of three more nucleotides*- °. This pattern is consistent with the
definition of "delayed chain-terminators" that inhibit nucleotide incorporation events distant from
the site of incorporation 9% 403, Per definition, "termination" is not necessarily absolute and may

267, 268, 335, 402-407

be overcome with longer reaction times or increasing NTP concentrations . For

Ebola RdRp, it has been shown that delayed chain-termination with RDV-TP is in fact absolute at
position i+527. For SARS-CoV-2 RdRp, it has been demonstrated that higher NTP concentrations
can overcome inhibition at "i+3"43 4% 198, 263, 266, 408 " Qthers have therefore used a different

"263

terminology and refer to "delayed translocation"?®®, “delayed chain extension™?%?, “delayed

"264 " or enzyme "pausing": 198264409 <«Payging™ has also been

stalling"?%¢, “delayed intervention
observed on long templates that better mimic the RNA genome!®®. Most importantly, continuation
of RNA synthesis would yield newly synthesized RNA strands with embedded RDV-MP residues
and these RNAs will later serve as templates. We have recently shown that incorporation of UTP

265 We now

opposite the complementary RDV-MP provides a second opportunity for inhibition
demonstrate that this template-dependent inhibition of RNA synthesis is observed across a diverse
panel of viral polymerases. However, efficient incorporation of RDV-TP is a prerequisite for

downstream inhibition of RNA synthesis and its translation into antiviral activity.
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7.2 Results
7.2.1 Selective Incorporation of RDV-TP

To address the differences seen in the antiviral activity of RDV against a diverse spectrum
of virus families, we compared the efficiency and pattern of inhibition of recombinant RdRp
enzymes or enzyme complexes representing members of relevant families of viruses, and for
which antiviral activity data were available (Table 7.1). Partial biochemical data were available
for SARS-CoV, MERS-CoV, SARS-CoV-2, EBOV, and RSV RdRp complexes. Here, we
included polymerases from HCV and NiV that are also sensitive to RDV, LASV that is less
sensitive to RDV, and influenza B (FluB) and CCHFV that are not sensitive to RDV in antiviral
assays. RNA synthesis was monitored with short primer/templates mimicking random elongation
complexes as previously described* 30 265 267. 391 "We first determined the steady-state kinetic
parameters for RDV-TP incorporation for each RdRp and normalized the values to the rates of
incorporation of ATP. The enzyme concentration is the same in both cases and therefore cancels
out during the normalization. The ratio of efficiency of single incorporations of ATP over RDV-
TP defines the selectivity, which is a unitless parameter that facilitates comparisons between
enzymes. Selectivity is less than 1, if incorporation of the analog is more efficient than

incorporation of its natural counterpart.
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Table 7.1 Selective incorporation of RDV-TP and antiviral activity against selected RNA viruses

.Incgrporatl‘on Antiviral
in biochemical o
activity in cell culture
assays
Family . ATP/GS- b b
Sense (-viridae) Virus 441524-TP GS-441524° | Remdesivir
Selectivity® ECso ECso
SARS- ¢ d d
CoV 0.32 0.18 0.069
Corona- SARS- 0.8 0.28 - 1.65¢ | 0.47 —1.09¢
Positive CoV-2 ' 0.869f 0.115f
ssRNA MERS
- i d d
CoV 0.35 0.86 0.074
. HCV 0.93 4.18 0.0858
Flavi-
0.003 —
. c _ h
Filo- EBOV 4.0 1.0-3.1 0.021h
Non-
segmented '
negative Pneumo- RSV 2.73 063h 0021h
ssRNA
0.029 —
. i _ 9 9h
Paramyxo NiV 1.6 049-22 0,047
¢ No h
Arena- LASV 20 Inhibition® 4.5
Segmented . No No
negative Nairo CCHFV 41 Inhibition® | Inhibition®
ssRNA
FluB 68
Orthomyxo-
FluA 27.98

2 Selectivity of each viral RNA polymerase for RDV-TP is calculated as the ratio of the Vmax/Km
values for ATP and RDV-TP, respectively.

b Reported antiviral effects of RDV measured in cell culture.

¢ Data from Gordon et al., 2020%

d Data from Agostini et al., 2018%!

¢Data from Pruijssers et al., 2020%2
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fData from Xie et al., 2020"7

¢ Data from Cho et al., 201224

" Data from Lo et al., 20177

i Data from Gordon et al., 2020%°

i Data from Tchesnokov et al., 20202%¢7

*HWL contributed the NiV selectivity data.

*EPT contributed the CCHFV and FluB selectivity data.

Previous data have shown that RARp complexes of coronaviruses SARS-CoV, MERS-
CoV, and SARS-CoV-2 produce an RDV-TP selectivity value of less than 1 (~0.3) (Table 7.1).
The selectivity value obtained in our previous studies on SARS-CoV-2 RdRp using a steady-state
approach is comparable with the value obtained in pre-steady-state assays that used much higher
concentrations of ATP and RDV-TP#- 26!, Effective inhibitory concentrations (ECso) measured in
cell-based assays demonstrate potent antiviral activity of RDV across virus families. ECso values
for RDV or its parent nucleoside (GS-441524) are in the submicromolar range. Here we
demonstrate that HCV RdRp incorporates RDV-TP with a low selectivity value (0.93) (Table 7.1
and Appendix D, Table D1), indicating that both RDV-TP and ATP are used with similar
efficiency at the ATP and RDV-TP concentrations used in our study. The published ECso values
between ~0.08 uM for RDV and ~4 uM for GS-441524 are also indicative of efficient antiviral
activity although the prodrug has greater activity. A similar range of ECso values is observed with
RDV against the nonsegmented negative-sense RNA viruses EBOV (0.003-0.021 uM), RSV
(0.021 puM), and NiV (0.029-0.047 uM). The selectivity values are between 1.6 and 4, which are
slightly higher when compared with our measurements for polymerases from the positive-sense
RNA viruses. Conversely, RDV does not show significant antiviral activity against segmented
RNA viruses CCHFV and FluB, and the ECso value for LASV is relatively high (~4.5 mM for
RDYV). Corresponding ECso values have not been reported for GS-441524. In each of these cases,
we also measured high selectivity values for RDV-TP incorporation, which are 20, 41, and 68, for
LASV, CCHFV, and FluB, respectively. Thus, the combined results revealed a correlation between
antiviral activity as measured in cell-based assays and efficient rates of incorporation of RDV-TP
as measured in enzymatic assays. However, the incorporation of a nucleotide analogue does not
necessarily translate into inhibition of RNA synthesis. The overarching remaining question is
whether a uniform mechanism of action may help explain the broad spectrum of antiviral activities

associated with RDV.
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7.2.2 Inhibition of RNA synthesis catalyzed by HCV RdRp
Previous biochemical and structural studies with SARS-CoV-2 RdRp have shown that the

31
1

incorporated RDV-MP at position causes inhibition of nucleotide incorporation at position
“i+3” due to a steric clash between the 1’-cyano group and the hydroxyl group of the conserved
Ser-86143 4% 263-266 " We further demonstrated that a Ser-861-Gly mutation eliminated this
blockage®®. A structural comparison of SARS-CoV-2 and HCV identified Gly-410 of the HCV
RdRp as the residue corresponding to Ser-861 in SARS-CoV-2 RdRp (Appendix D, Fig. D1). A
similar mechanism of inhibition is therefore not expected with HCV RdRp. For SARS-CoV-2, the
extent of inhibition at position 9, or “i+3” depends crucially on the concentration of the nucleotide
substrate at position “i+4”. Low NTP concentrations favor inhibition, whereas high NTP
concentrations override inhibition due to enhanced enzyme translocation. To monitor inhibition
caused by RDV-TP, we utilized RNA templates with single sites of incorporation for RDV-TP and
gradually increased the concentrations of the next NTP substrates (Fig. 7.14). Incorporation of
RDV-TP by SARS-CoV-2 RdRp resulted in inhibition of nucleotide incorporation at position 9
(i+3) (Fig. 7.1B). For HCV RdRp, subtle inhibition of RNA synthesis was observed at the point of
incorporation (position 6, or i) and no inhibition at position 9, or “i+3” (Fig. 7.1C). Inhibition at
position “i”” is however easily overcome with low concentrations of the following NTP substrates.

50% read-through beyond the point of inhibition required a 10-fold greater nucleotide
concentration for SARS-CoV-2 to overcome the inhibition at i+3 as compared to HCV (Fig. 7.1D).
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Figure 7.1. SARS-CoV-2 or HCV RdRp-catalyzed RNA synthesis and inhibition patterns
following a single incorporation of RDV-MP as a function of nucleotide concentration. A,
RNA primer/template supporting a single incorporation event of AMP or RDV-MP at position 6.
G indicates incorporation of [a->’P]-GTP at position 5. B, Migration pattern of the products of
RNA synthesis catalyzed by SARS-CoV-2 RdRp. A 5'-32P-labeled 4-nt primer (4) serves as a size
marker. The asterisk indicates the point at which RNA synthesis is inhibited (position 9 or
“i+3”). Two asterisks indicate slippage products that are likely sequence-dependent. C, Reactions
with HCV RdRp, inhibition of RNA synthesis occurs at the site of RDV-MP (position 6 or “i”).
Three asterisks indicate increased slippage, likely sequence- and nucleotide-dependent. D,
Graphical representation of RNA synthesis beyond the point of RDV-TP induced inhibition for
SARS-CoV-2 RdRp (“i+3”) and HCV RdRp (“1”).

To study whether repeated incorporations of RDV-TP could increase overall inhibition, we
utilized a template with longer stretch of uridines (Fig. 7.24). RNA synthesis by SARS-CoV-2 and
HCV RdRp was monitored under competitive conditions in which we utilized a constant
concentration of ATP and increasing concentrations of RDV-TP. RNA synthesis by SARS-CoV-
2 RdRp was inhibited at ratios of RDV-TP over ATP as low as 0.1 and as high as 25 (Fig. 7.2B,

left). An apparent rescue of RNA synthesis is seen at higher ratios of inhibitor over the natural
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nucleotide. This observation results from efficient RDV-TP incorporation by the SARS-CoV-2
RdRp that overrides inhibition; however, these high ratios of RDV-TP over ATP are unlikely
relevant in a cellular environment. The possibility for multiple incorporations of RDV-TP by HCV
RdRp did not show any significant RNA synthesis inhibition at the level of the full template-length
product. However, as seen in Figure 7.1C (right) the inhibitory effect at the site of RDV
incorporation is more pronounced with higher RDV concentrations because the concentrations of
the ATP and NTPs for subsequent incorporations are kept constant and are therefore not sufficient
to overcome the inhibitory effect (Fig. 7.2B, right). These results demonstrate that while SARS-
CoV-2 and HCV RdRp both incorporate RDV-TP with high efficiency, significant inhibition of
primer extension reactions at the level of the full template-length product is solely seen with
SARS-CoV-2 RdRp. While RDV-mediated inhibition of RNA synthesis three nucleotides
downstream of an incorporated RDV-MP may therefore contribute to the observed antiviral effects
in coronaviruses, the antiviral effect of RDV against HCV is likely based on a different

mechanism.
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Figure 7.2. SARS-CoV-2 or HCV RdRp-catalyzed RNA synthesis following multiple
incorporations of RDV-MP as a function of RDV-TP concentration in the presence of a
constant NTP concentration. 4, RNA primer/template supporting multiple incorporation events
of ATP or RDV-TP. B, Migration pattern of the products of RNA synthesis catalyzed by SARS-
CoV-2 RdRp (left), First and second incorporation of RDV-TP occurs at position 6 (“i") and 9
(“1i2”), respectively, with inhibition appearing at position 9 (“i+3”) and 12 (“i2+3”). Migration
pattern of HCV RdRp (right), minor product accumulation occurs at position 6, but inhibition of
RNA synthesis resulting in full template length product is not evident. The asterisk likely indicates
reactions products due to slippage events.
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7.2.3 Template-dependent inhibition of HCV RNA synthesis

High rates of incorporation of RDV-TP along with mechanisms that overcome inhibition
provide conditions that allow synthesis of full-length RNA copies. These copies are modified with
multiple RDV-MP residues that could affect RNA synthesis when used as templates. For SARS-
CoV-2 RdRp, the RDV-MP in the template causes inhibition of the incorporation of
complementary UTP and the following NTP. A similar mechanism is also considered for HCV
RdRp (Fig. 7.3). We used RNA templates with a single RDV-MP incorporated at position 11. Both
SARS-CoV-2 and HCV RdRp show inhibition at position 10 prior to the site of UTP incorporation.
Increasing UTP concentration diminishes inhibition in both cases. HCV RdRp also requires a
lower concentration of UTP to overcome this obstacle. While inhibition of SARS-CoV-2 RdRp is
also seen at the adjacent position that requires ATP incorporation, inhibition of HCV is confined
to position 10. As a result of these two effects, overall inhibition of RNA synthesis is more
pronounced for SARS-CoV-2 RdRp. Increasing both UTP and ATP concentrations yielded more
full-length product, indicating that this obstacle is eventually overcome as well (Appendix D, Fig.
D2). For both SARS-CoV-2 and HCV RdRp, template-dependent inhibition is more pronounced

than the inhibitory effects in primer extension reactions.
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Figure 7.3. Template-dependent inhibition of SARS-CoV-2 and HCV RdRp by an embedded
RDV-MP. A, RNA primer/template with an embedded AMP (Template “A”, leff) and RDV-MP
(Template “R”, right) at position 11. B, Migration pattern of products of RNA synthesis catalyzed
by SARS-CoV-2 RdRp, incorporation of ATP at position 12 is inhibited C, Reactions with HCV
RdRp, incorporation of ATP at position 12 is not inhibited. D, Graphical representation of RNA
synthesis beyond position 10 and 11 (p10 and p11, respectively) on template “R”.

7.2.4 Embedded RDV-MP demonstrates a uniform mechanism of inhibition

It has previously been reported that RDV-TP causes “delayed chain-termination” in the
context of NiV RdRp**>. NiV RdRp RNA synthesis was here monitored following a single RDV-
TP or ATP incorporation in conjunction with increasing NTP concentrations (Fig. 7.44). However,
we were unable to detect significant inhibitory effects under these conditions. Similar patterns of
intermediate reaction products were seen after AMP and RDV-MP incorporation. In the absence
of significant inhibition, the newly synthesized RNA strand will contain embedded RDV-MP

residues. Employing the same approach as above, RNA synthesis inhibition was again seen
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opposite RDV-MP at position 11 (Fig. 7.4B). Incorporation opposite templated RDV-MP and
AMP, respectively, was evaluated with increasing concentrations of UTP. Templated AMP
allowed RNA synthesis to proceed to the full-length RNA at a UTP concentration as low as 4 uM.
In contrast, a UTP concentration up to 1000 uM was not sufficient to support incorporation
opposite RDV-MP, thus halting RNA synthesis at position 10 (Fig. 7.4B). Previous work with
RSV and EBOV RdRp revealed difficulties in identifying a template that enables the investigation

t50- 267 However,

of a single RDV-TP incorporation and generation of full template length produc
multiple incorporations of RDV-TP can cause “delayed chain-termination” with RSV and EBOV
RdRp at position i+52¢7-333, Here we also examined RNA synthesis opposite the embedded RDV-
MP at position 11 of the template (Appendix D, Fig. D34). RSV RdRp-catalyzed RNA synthesis
could not proceed beyond the embedded RDV-MP even at the highest NTP concentrations, with
most of the product accumulating at position 10 (Appendix D, Fig. D3B). The diminished
processivity of EBOV RdRp makes it difficult to accurately determine RNA synthesis and its

inhibition beyond 10 nucleotides (Appendix D, Fig. D3C).
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Figure 7.4. RNA synthesis patterns following AMP and RDV-MP incorporation and
template-dependent inhibition of NiV RdRp. A, RNA primer/template as indicated in Figure
5.1 and migration pattern of products of RNA following the incorporation of AMP or RDV-MP.
No inhibition is evident. B, RNA primer/template as indicated in Figure 7.3 and migration pattern
of RNA synthesis opposite AMP (left) or RDV-MP (right). The asterisk at position 10 indicates
the point of inhibition as a result of the embedded RDV-MP at position 11.

*HWL and EPT contributed to this figure.

Finally, we studied the inhibitory effects of RDV-TP or RDV-MP against RdARp enzymes
from segmented negative-sense RNA viruses. We have previously demonstrated that RDV-TP is
also a weak substrate for LASV RdRp, and its incorporation does not cause significant inhibition*.
Here, we demonstrate that the embedded RDV-MP in the template causes a complete stop of RNA
synthesis (Appendix D, Fig. D3D). For FluB RdRp, the presence of RDV-TP also does not mediate
significant inhibition of RNA synthesis (Fig. 7.54). Minor differences in the degree of full-length
product formed can likely be attributed to the inefficient incorporation of RDV-TP as compared
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to ATP. Templates containing AMP and RDV-MP, respectively, demonstrate again that the
embedded RDV-MP causes RNA synthesis arrest at position 10 (Fig. 7.5B). A very similar pattern
is seen with CCHFV RdRp (Appendix D, Fig. D4). No significant inhibition by RDV-TP in primer
extensions, and strong inhibition or even termination when RDV-MP is embedded in the template.
However, inhibition translates to antiviral effects only if the rate of incorporation of RDV-TP is

sufficiently high, which is unlikely the case for LASV, FluB, and CCHFV RdRp.
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Figure 7.5. RNA synthesis patterns following AMP and RDV-MP incorporation and
template-dependent inhibition of FluB RdRp. 4, RNA primer/template as indicated in Figure
6.1 and migration pattern of RNA products following the incorporation of AMP or RDV-MP. No
inhibition is evident. B, RNA primer/template as indicated in Figure 7.3 and migration pattern of
RNA synthesis opposite AMP (left) or RDV-MP (right). The asterisk at position 10 indicates the
point of inhibition as a result of the embedded RDV-MP at position 11.

*EPT contributed this figure.
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7.3  Discussion
We compared the inhibitory effects of RDV-TP against a panel of viral RNA polymerases
that represent diverse families of RNA viruses. The goal was to identify correlations between

antiviral effects as previously measured in cell-based assays and the mechanism of inhibition.

Members of the positive-sense Coronaviridae (SARS-CoV-2) and Flaviviridae (HCV)
families, as well as the nonsegmented negative-sense Pneumoviridae (RSV), Filoviridae (EBOV)
and Paramyxoviridae (NiV) families are sensitive to RDV treatment, while members of the
segmented negative-sense Arenaviridae (LASV), Orthomyxoviridae (FluB), and Nairoviridae
(CCHFV) families are not sensitive to the drug?*® 23!- 252257 We expressed the corresponding
RdRp enzymes or enzyme complexes and studied: (i) selective incorporation of the nucleotide
substrate RDV-TP, (ii) the effect of the incorporated RDV-MP on primer extensions, and (iii) the
effect of the template-embedded RDV-MP on UTP incorporation.

Efficient selective incorporation of RDV-TP, calculated as ratio of efficiency of
incorporation of ATP over RDV-TP, is seen with SARS-CoV-2 (0.3), HCV (0.9), EBOV (4.0),
NiV (1.6), and RSV enzymes (2.7). In contrast, much higher selectivity values for LASV (20),
CCHFV (41), and FluB (68) enzymes suggest poor RDV-TP substrate usage. The ability of a
nucleotide analogue inhibitor to be incorporated by viral RdRp enzymes is largely dependent on
variations in the residues that define the nucleotide-binding site**. The overall structure of the
active site is well conserved across a wide array of viruses and is commonly defined by a set of

motifs®®. Of these, motifs A, B, and C form important interactions with the incoming NTP.

From available ternary structures of SARS-CoV-2, HCV, and FluB RdRp, primer/template
and incoming NTP, we developed models of how RDV-TP binds in its pre-incorporated state as
compared to ATP (Fig. 7.6). Consistent with our biochemical findings, SARS-CoV-2 and HCV
RdRp enzymes show similar active sites for favorable binding of RDV-TP with virtually no
distortion in position or alteration in how the ribose is recognized as compared to ATP. Moreover,
the 1'-pocket is polar and therefore conducive to accommodating the 1’-cyano group of RDV-TP.
In contrast, for FluB RdRp, polar residues at the active site appear to be too far to interact directly
with the ribose portion of the NTP, as in SARS-CoV-2 and HCV. A WaterMap analysis predicted

the presence of a water molecule in the nucleotide binding site that facilitates recognition of the
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ribose 2'OH*!% 411 However, the location of this water molecule overlaps with the location of the
I'-cyano group and would be necessarily displaced. A sequence alignment of FluB, LASV and
CCHFV enzymes suggests similarities, which may explain the poor incorporation of RDV-TP by
these polymerases. Structures of EBOV, NiV, CCHFV RdRp enzymes are not available, and
structures of RSV and LASV RdRp lack the RNA substrate, which is a limitation of our modeling

approach!.

! Since the publication of this study the structures have become available for EBOV®, RSV®, and LASV*.
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Figure 7.6. Models of ATP and RDV-TP in their pre-incorporation states for SARS-CoV-2
(4 and B), HCV (C and D) and FluB (E and F) RdRps. RDV-TP is seen to be a good substrate
for SARS-CoV-2 and HCV, showing little difference in binding position relative to ATP.
However, RDV-TP displaces a water molecule critical to recognition of the ribose 2'OH in FluB,
compromising its binding affinity. G, A comparison of the key motifs that make up the polymerase
active site suggests LASV and CCHFV may recognize the NTP in a manner more similar to FluB,
while EBOV and RSV likely recognize the NTP by a different set of interactions.

*JKP contributed this figure.
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Incorporation of a nucleotide analog at position does not necessarily translate in
inhibition of RNA synthesis. Structural evidence for inhibition at position “i+3” has been provided
for SARS-CoV-2 RdRp**44:263.266 The conserved Ser-861 clashes with the 1'-cyano group of the
incorporated RDV-MP and diminishes enzyme translocation. However, NTP concentrations > 10
uM are often sufficient to overcome the inhibition*3- 4% 263, 265.266.408 Tnterestingly, a very similar
pattern is seen in the context of enterovirus A71 (EV-A71) RdRp and may be ascribed to the
equivalent Ser-4172%, No significant inhibition was observed with HCV or dengue virus type 2
RdRp, both of which lack a structurally equivalent residue. Here, we have shown a subtle
inhibitory effect at position “i” with HCV RdRp. RSV and EBOV RdRp show inhibition at
position i+52%7; however, the structural reasons for these patterns remains elusive. Overall, this
analysis suggests that the inhibitory effect in primer extension reactions is heterogeneous and

generally weak. In contrast, the template-dependent inhibition of RNA synthesis seems to provide

a uniform mechanism that shows strong inhibition of UTP incorporation opposite RDV-MP.

The template nucleotide that base pairs with the incoming nucleotide substrate is positioned
through conserved interactions with residues in motif F (Fig. 7.7). As seen in ternary structures of
SARS-CoV-2, HCV and FluB RdRp, the template base interacts with a bulky hydrophobic residue,
while the ribose interacts with a second residue of varying character. These residues are separated
by one additional residue, which is turned away from the template. In the case of SARS-CoV-2,
the base moiety contacts Val-557 while the ribose interacts with Gly-559. For HCV, similar
interactions are seen with Ile-160 and Tyr-162, while for FluB, the equivalent interactions are with
Ile-241 and Thr-243. A sequence alignment suggests that this sub-motif is conserved across all
enzymes included in this study (Fig. 7.7). From the available structures, we have generated
molecular models with template incorporated RDV-MP positioned for UTP incorporation. In each
case, the template RDV-MP 1’-cyano would be positioned between these two motif F residues,
leading to a clash with the backbone carbonyl of the middle residue. In SARS-CoV-2, the 1’-cyano
is positioned too close to the carbonyl of Ala-5582%. Similarly, the 1’-cyano appears too close to
the carbonyl of Ala-242 in FluB as well. The hydrophobic nature of this area is likewise not
conducive to placement of the polar cyano group and may also drive a shift in the position of
template RDV. It is conceivable that this unfavorable environment is sufficient to prevent UTP

binding or its proper alignment for incorporation. While these details can vary across polymerases,
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a proposed uniform model is shown schematically in Figure 7.8. With fewer constraints on the
single stranded 5’ template overhang, RDV-MP is likely to be translocated to the active site without
obstruction (Stages 1 and 2). The formation of a polymerase-competent complex with the
incoming UTP is however constrained due to the putative steric problem between the 1'-cyano
group of RDV-MP and motif F (Stage 3). Additional steric problems may also arise with the first
translocation subsequent to UTP incorporation, but once past this point, further translocation does

not appear to be impeded (Stage 4).

Motif F__
sARs2 555 R T[v]a[G]s59
HCv 158 R L|1|V|F|162
EBOV 561 R T|F|G|[K|S65
RSV 627 R M|F|[A[M|[631
NiV 551 R L|F[A[K[S55
LASV 1133 R E|L|Y|[1|1137
CCHFV 2280 R D|L|L|V|2284
FuB 239 R A[I|A[T[243

FluB

Figure 7.7. Template-dependent inhibition by RDV for SARS-CoV-2 (4), HCV (B), and FluB
(O) RdRps. The 1'-CN of template incorporated RDV-MP is positioned between two typically
hydrophobic residues, pushing against the backbone of the intermediate residue. D, As the overall
structure of Motif F is widely conserved, if not the exact sequence, this represents a uniform
mechanism of inhibition across a diverse set of polymerases.

*JKP contributed this figure.
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F
Motif

F
Motif

Figure 7.8. A uniform model of the mechanism of action of RDV. (Stage 1) The priming strand
is shown with white circles, green circles represent residues of the template, the light blue oval
represents RdRp, the dark blue semi-circle represents motif F, the red oval (R) represents RDV-
MP with its 1'-cyano group, and the dark green circle represents the templating nucleotide that
precedes RDV-MP. The complex is here shown immediately after nucleotide (N) incorporation.
(Stages 2 and 3). Molecular modeling predicts a steric clash between the 1’-cyano group and motif
F. The magnitude of the clash (red arrow) is a function of the sequence variation in motif F across
the various viral RdRp and will determine the extent of UTP (yellow) incorporation. For HCV and
SARS-CoV-2 RdRp, higher UTP concentrations can overcome inhibition. For SARS-CoV-2
RdRp, another obstacle arises at the level of the subsequent nucleotide incorporation (white) that
is observed in our biochemical assays (Stage 4).

*MG contributed this figure.
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Taken together, the combined results of this biochemical study and previously reported
cell-based data suggest a strong correlation between the antiviral effect of RDV, or its nucleoside
parent, and effective use of RDV-TP as substrate. The high selectivity of RDV-TP over ATP is a
prerequisite for any downstream inhibitory effect. The patterns of inhibition of primer extension
reactions can differ substantially depending on the nature of the polymerase. However, inhibition
is usually inefficient at higher NTP concentrations. These are conditions that facilitate polymerase
translocation and continuation of RNA synthesis. For coronaviruses, weak inhibition during
synthesis of the first RNA strand might even be desired, so as to evade the intrinsic proofreading
activity associated with the replication complex. A uniform mechanism of action is provided by
the template-dependent inhibition of RNA synthesis opposite the embedded RDV-MP. Inhibition
of incorporation of an incoming UTP base-pairing with RDV-MP is likely due to steric conflicts
between the 1’-cyano group of RDV-MP and conserved residues of motif F. This inhibitory effect
is seen with each of the diverse RdRp enzymes used in this study, including polymerases from the
segmented negative-sense RNA viruses that are not sensitive to RDV. In these cases, the selective
use of RDV-TP as substrate was poor. Thus, future drug development efforts that aim at a broader
spectrum of antiviral activities should focus on improving rates of incorporation while still

capitalizing on the inhibitory effects of a bulky 1’-modification.
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Chapter 8: Mechanism and spectrum of inhibition of a 4"-cyano modified nucleotide analog

against diverse RNA polymerases of prototypic respiratory RNA viruses

This chapter contains content from the following source, republished with permission:

o Gordon CJ, Walker SM, Tchesnokov EP, Kocincova D, Pitts J, Siegel D, Perry JK, Feng
JY, Bilello JP, and Gotte M. Mechanism and spectrum of inhibition of a 4’-cyano modified

nucleotide analog against diverse RNA polymerases of prototypic respiratory RNA
viruses. J Biol Chem. 2024; 300:107514. © the authors.

Author Contributions

CJG, SMW, EPT, DK, and JKP investigation; CJG, SMW, and EPT validation; CJG, SMW, EPT,
JKP, and MG formal analysis; CJG, SMW, EPT, and JKP visualization; CJG and MG writing—
original draft; CJG, SMW, EPT, DK, JP, DSS, JKP, JYF, JPB, and MG. writing-review and
editing; JYF, JPB, and MG resources; CJG data curation; MG conceptualization; CJG, SMW,
EPT, JKP, and MG methodology; MG supervision; MG project administration; MG funding

acquisition.

* Experiments performed by other authors have been identified in figure legends.

e HRV-16 and EV-71 RdRp were expressed and purified by DK

Funding

This study was supported by grants to M. G. from the Canadian Institutes of Health Research
(CIHR) under the funding reference number 170343, Gilead Sciences Inc, the Alberta Ministry of
Technology and Innovation through SPP-ARC (Striving for Pandemic Preparedness-The Alberta
Research Consortium) and by the National Institute of Allergy and Infectious Diseases of the
National Institutes of Health under Award Number U19AI171292. C. J. G. is supported by a grant
from the CIHR under the funding reference number 181545.

145



8.1 Introduction

Respiratory RNA viruses represent a substantial public health burden worldwide. Facile
transmission from person to person can cause outbreaks, epidemics, or pandemics. Severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative agent of coronavirus disease
2019 (COVID-19), is a most recent example. Other prominent examples include members of the
Coronaviridae such as SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-
CoV); the Picornaviridae, e.g. human rhinovirus (HRV); the Pneumoviridae, e.g. respiratory
syncytial virus (RSV); the Paramyxoviridae, e.g. human parainfluenza viruses (HPIV); and
influenza viruses of the Orthomyxoviridae family. Infection with these pathogens is associated
with diverse disease outcomes, from asymptomatic or mild sequelae to viral bronchiolitis and
pneumonia. High rates of hospitalizations and mortality from viral respiratory infections are of
particular concern in children, older adults, and those with chronic airway inflammatory diseases,

such as asthma® 412416

The development of effective medical countermeasures is challenging due to the diverse
nature of the aforementioned viruses that cover positive-sense RNA viruses (coronaviruses and
picornaviruses), non-segmented negative-sense RNA  viruses (pneumoviruses and
paramyxoviruses) and segmented negative-sense RNA viruses (orthomyxoviruses). A common
target for pharmaceutical intervention strategies is the viral RNA-dependent RNA polymerase
(RdRp), which is required for viral genome replication. Although the structural details of these
enzymes differ across virus families and to a lesser degree from virus species to species, the active
site is relatively conserved to accommodate nucleoside 5'-triphosphate (NTP) substrates. The
development of antiviral nucleoside or nucleotide analogs is therefore a logical strategy to identify
therapeutics with potential for broad-spectrum antiviral activity. Once incorporated into the
growing RNA chain, the nucleotide analog can cause inhibition of RNA synthesis. The detailed

mechanism of action depends on both the nature of the inhibitor and the nature of the polymerase.

Remdesivir (RDV) is a 1'-cyano modified C-adenosine monophosphate prodrug (Fig.
8.14) derived from the parent nucleoside GS-441524 (Fig. 8.1B)**!. RDV was the first antiviral
drug to receive approval from the US Food and Drug Administration (FDA) for the treatment of
COVID-19%*., In vitro, RDV and GS-441524 exhibit broad-spectrum antiviral activity against
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respiratory viruses, including coronaviruses (SARS-CoV-2, SARS-CoV, and MERS-CoV)!57251-

254 picornaviruses (HRV-16, enterovirus D68 [EV-D68])>% 25°, pneumoviruses (RSV, human

) 257,258

metapneumovirus [HMPV] , and human paramyxoviruses (HPIV)?*%- 257 Antiviral activity

is not observed against several segmented negative-sense RNA viruses, including Lassa virus
(LASV), Crimean-Congo hemorrhagic fever virus (CCHFV), and influenza viruses?*%-257-25 The
5" ester prodrug of GS-441524, obeldesivir (ODV) (Fig. 8.1C), is metabolized pre-systemically to
(GS-441524 and subsequently to GS-443902, and therefore shares the same antiviral profile as

247

RDV and its parent nucleoside “*’. ODV was recently evaluated in phase 3 clinical trials for

COVID-19 and was efficacious against filoviruses in a post-exposure prophylaxis non-human

primate model>°.

Key biochemical attributes of RDV and GS-441524 that enable potent inhibition of the
SARS-CoV-2 RdRp complex have been identified. Their active 5'-triphosphate metabolite, herein
referred to as GS-443902 (Fig. 8.1D), outcompetes its natural counterpart adenosine triphosphate

73D
1

(ATP) 2- to 3-fold** 3% 26! Incorporation into the growing RNA chain at position “i” results in
delayed chain-termination at position “i+3”. A steric clash between the 1'-cyano group of GS-
443902 and the conserved Ser-861 in the RdRp causes inhibition of primer extension *°-2%°, Higher
NTP concentrations can overcome delayed-chain termination at position “i+3”, potentially
yielding complete copies of the viral genome with embedded GS-443902 residues®® 198 263-266,
When used as templates, incorporation of the complementary UTP is likewise inhibited. This
template-dependent inhibition is more effective, but higher NTP concentrations can overcome this

obstacle as well 293,

Here we compare the 1’-cyano modified C-adenosine with a newly discovered 4'-cyano
modified C-adenosine. Derived from the nucleoside GS-646089 (Fig. 8.1E), the monophosphate

prodrug GS-7682 is associated with a broad-spectrum of antiviral activities*!”

. Viruses that belong
to the Picorna- and Pneumoviridae families were most sensitive to GS-7682 treatment in cell
culture. The 50% effective concentration (ECso) of GS-7682 was less than 100 nM against several
picornaviruses, including HRV-16*'7. Further, GS-7682 was potent against HMPV and RSV with
ECso values of 210 £ 50 and 3-46 nM (various assays), respectively. However, GS-7682

417

demonstrated limited antiviral activity against corona- and orthomyxoviruses*'’. In this study, we
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compared the biochemical properties of the active 5'-trisphosphate form of GS-7682, referred to
as GS-646939 (Fig. 1F), with GS-443902 against an array of RARp enzymes representing multiple
families of respiratory viruses. Highly efficient rates of GS-646939 incorporation are seen with
picornaviruses HRV-16 and EV-71 RdRp and, to a lesser extent, with pneumoviruses RSV and
HMPV RdRp. In contrast to GS-443902, inhibition with GS-646939 is based on immediate chain-

73t
1

termination at position “i”. Overall, the biochemical evaluation of the two nucleotide analogs

against their targets provides mechanistic detail for the observed antiviral effects.

"z_p/ N N
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Ho™ “oH

GS-646089 GS-646939

Figure 8.1. Chemical structures of remdesivir (4), GS-441524 (B), obeldesivir (C), GS-443902
(D), GS-646089 (E), and GS-646939 (F).
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8.2  Results
8.2.1 Experimental strategy

The main objective of this study was to elucidate the mechanism of action of GS-646939
using purified RdRp enzymes from prototypic respiratory RNA viruses of the Coronaviridae,
Picornaviridae, Pneumoviridae, Paramyxoviridae and Orthomyxoviridae (Table 8.1). The
prototypic pathogen approach is based on research efforts with selected viruses that represent
specific families?. To strengthen this approach, we expressed the RdRp from two prototypic
species within each of the five families mentioned above. SARS-CoV-2 and MERS-CoV were
selected to represent coronaviruses, HRV-16 and EV-71 for picornaviruses, RSV and HMPV for
pneumoviruses, and HPIV-3 and PIV-5 for paramyxoviruses. Orthomyxoviruses were represented
by influenza B virus. The RdRp from Lassa virus (LASV) a segmented negative-sense RNA virus
(like influenza) which belongs to the Aremaviridae family, was also evaluated. Human
mitochondrial RNA polymerase (h-mtRNAP) was utilized to assess potential off-target effects.
The comprehensive approach was designed to identify common biochemical properties that are
associated with broad-spectrum antiviral activity. Active RdARp enzymes used in this study exist
either as monomers, dimers or multimeric complexes (Table 8.1). The coronaviruses SARS-CoV-
2 and MERS-CoV form complexes with non-structural protein 12 (Nsp12), which contains the
RdRp active site, and essential cofactors Nsp7 and Nsp84-42, Picornavirus RdRps from HRV-16
and EV-71, also referred to as 3DP°!, are monomeric and do not require additional cofactors'® !!.
The replication complex of the pneumoviruses RSV and HMPV, as well as paramyxoviruses
HPIV-3 and PIV-5, consists of the large (L) protein, containing the RdRp active site, and a
phosphoprotein (P)%7- 79, PIV-5, or canine parainfluenza virus, was included because the structure
of the RdRp complex is available’ (Table 8.1). While this manuscript was under review, the
structure of the HPIV-3 polymerase complex was also reported . Influenza viruses assemble a
heterotrimeric complex composed of PA (cap-snatching endonuclease subunit), PB1 (RdRp
subunit), and PB2 (cap-binding subunit) 32, The LASV L protein is a dynamic monomer
functionally similar to the trimeric influenza replication complex, possessing an N-terminus
endonuclease, RdRp core, and C-terminus cap-binding domain®’. Finally, h-mtRNAP is a single

418

subunit enzyme responsible for the transcription of the mitochondrial genome™*'®. In this study, we

combined enzymatic assays with structural modeling to provide insight into the requirements for

149



nucleotide incorporation and inhibition of RNA synthesis, respectively, with GS-443902 serving

as a benchmark.

Table 8.1: Expression of RNA polymerases

Family . Expression . M.W.
Sense (-virdae) Virus System Construct Composition (kDa)* PDB
nsp3-1°nsp7-
SARS-CoV-2 18xHis-nsp8- Tetramer 165 7004¢
d
Corona- BEVS® n:HSS plilzspi7
Positive ssRNA MERS-CoV 18xHis-nsp8- Tetramer 165 n/a
Insp12-Strep
HRV-16 . 50 4K50
. _ : _pprol
Picorna EV71 E. coli 8xHis-3D Monomer 50 INGL
RSV —TEYﬁ_%’ig;f'P' _ 282 | 6PZK
se;?:n-te d Pneumo- BEVS 1 Dimer
TEV-18xHis-P-
ne%{aNthe HMPV IStrep-L 267 | 6U50
ss
HPIV-3f . . 323 8KDB
- plOp_pPH] _
Paramyxo PIV-5 BEVS P-P"HL-8xHis Dimer 203 6V85
TEV-18xHis-
Segmented Orthomyxo- FluB BEVS IPA-1PB1- Trimer 263 6QCV
negative IPB2-Strep
ssRNA _
Arena- LASV BEVS Strep-8xHis-L Monomer 257 70JN
Human DNA- .
dependent RNA h-mtRNAP BEVS Strep-8xtHis- Monomer 138 | 4BOC
polymerase RNAP

2 Molecular weight is an approximation and calculated according to the subunit composition of the
replication complex (e.g. coronavirus replication complex accounts for the ratio 1:2:1 of
Nsp7:Nsp8:Nspl2 as observed structurally). The protease is not included in the calculation.

b Baculovirus expression vector system

¢ Down arrow represents the cleavage site acted on by that constructs respective protease
(underlined).

4 Bolded domains indicate where the RARp motifs responsible for catalyzing RNA synthesis are
contained.

¢ Ternary structure of the SARS-CoV-2 replication complex with GS-443902 in the active site as
reported by Malone et al.*

fCloned into pFastBac-DUAL vector employing the p10 and polyhedrin (PH) promoter as reported
by Abdella at el.”

8.2.2 Selective incorporation of GS-443902 and GS-646939 by representative RdRp
enzymes

We compared nucleotide incorporation efficiency of the 1'-cyano GS-443902 (Table 8.2,
column 4) with the 4'-cyano GS-646939 (Table 8.2, column 5) modified NTP. Enzyme reactions

were monitored in gel-based assays using model primer/templates (Appendix E, Fig. E1)#- 130260,
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267. 273 Steady-state kinetic parameters Vimax/Km for ATP incorporation over Vmax/Km for the
nucleotide analog provide a measure of the efficiency of nucleotide incorporation in relation to its
natural counterpart (Appendix E, Tables E1 and E2). The numerical value is unitless and defines
the selectivity for a given nucleotide analog. Selectivity values below 1 indicate that the nucleotide
analog is more efficiently incorporated than ATP. Previous studies revealed selectivity values of
~0.3 for GS-443902 incorporation by RdRp complexes of coronaviruses SARS-CoV-2, SARS-
CoV, and MERS-CoV (Table 8.2, column 4)*- 30 260265 HRV-16 and EV-71 RdRp show
selectivity values around 1 for GS-443902, indicating that picornavirus enzymes incorporate this
nucleotide analog and ATP with similar efficiency. RdRp complexes of pneumoviruses RSV and
HMPYV show higher selectivity values of 2.7 and 6.7, respectively, signifying a preference for the
natural ATP nucleotide. A similar observation was made with paramyxovirus enzyme complexes
of HPIV-3 (7.2) and PIV-5 (8.3). Incorporation of GS-443902 by influenza B and LASV RdRp is
even more limited, with selectivity values of 68 and 20, respectively. GS-443902 incorporation by

h-mtRNAP is highly inefficient, with a selectivity value of ~500 27

GS-646939 shows incorporation selectivity values of approximately 1.2-1.4 for SARS-
CoV-2 and MERS-CoV RdRp (Table 8.2, column 5). For HRV-16 and EV-71 RdRp, GS-646939
selectivity values are as low as 0.018, markedly exceeding the incorporation efficiency of the 1'-
cyano GS-443902 by up to ~50-fold. RSV and HMPV RdRp show selectivity values of ~1.5 for
GS-646939, a slight improvement over GS-443902. Incorporation by HPIV-3 and PIV-5 RdRp
show comparable selectivity values between 5 and 10 for both nucleotide analogs. Similar to GS-
443902, GS-646939 served as a poor substrate for influenza B and LASV RdRp, generating
selectivity values greater than 200. Likewise, h-mtRNAP demonstrated poor incorporation
efficiency of GS-646939 with a selectivity value of ~1500. Overall, GS-646939 and GS-443902
follow similar trends. The exception is the preference for GS-646939 by picornavirus RdRp and a
predilection for GS-443902 by coronavirus RdRp.
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Table 8.2: Selective incorporation of GS-443902 and GS-646939, by selected RdRp enzymes

GS-443902 GS-646939
Family . Selectivity? Selectivity®
RNA Sense (-viridae) Virus (fold) (fold)
SARS-CoV-2 0.30! 1.37
SARS-CoV 0.34! N.R
Corona-
Positive MERS-CoV 0.35! 1.17
ssRNA
HRV-16 1.03 0.018
Picorna- EV-71 0.93 0.051
RSV 2.732 1.58
Pneumo-
HMPV 6.71 1.73
Nonsegemented
negative
sSRNA HPIV-3 7.20 10.3
P -
aramyo PIV-5 8.31 5.05
FluB 68! 2288
Segmented Orthomyxo- 1
Negative 1
sSRNA Arena- LASV 20 225
Human DNA-dependent h-mtRNAP 5032 1538
RNA polymerase

2 Selectivity of a viral RNA polymerase for a GS-443902 is calculated as the ratio of
the Vimax/Km values for ATP and GS-443902 analog, respectively.

b Selectivity of a viral RNA polymerase for a GS-646939 is calculated as the ratio of
the Vimax/Km values for ATP and GS-646939 analog, respectively.

¢ Not reported.

' Data from Gordon et al. 26

2 Data from Tchesnokov et al. 2¢7

*HPIV-3 and HPIV-5 selectivity values were generated by SMW

The exceptional substrate utilization of GS-646939 by HRV-16 and EV-71 RdRp suggests
that the nucleotide analog can outcompete its natural counterpart ATP. To address this question
directly, we simultaneously added ATP and GS-646939 to the reaction and monitored
incorporation of the corresponding monophosphate (MP) formed (Fig. 8.2). AMP (“i1”) and GS-
646939 (“12”) terminated primers could be distinguished from one another due to the difference in
migration pattern (Fig. 8.24). The concentration of GS-646939 required to match 50% ATP

incorporation is defined as the matching concentration (MCsg). As expected for a competitive
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inhibitor, the MCso value increased with increasing concentrations of the competing ATP (Fig.
8.2B). The ratio of the MCso value over the ATP concentration provides the competition index
(Fig. 8.2C). The lower the value, the better the competitive advantage for incorporation of a given
nucleotide. The average competition index values for GS-646939 were 0.04 and 0.07 for HRV-16
and EV-71 RdRp, respectively (Fig. 8.2D). These data suggest that, under competitive conditions,
the picornavirus RdRp enzymes use GS-646939 ~14- to 25-fold more efficiently than ATP.
Furthermore, both picornavirus enzymes demonstrated a greater than 30-fold preference for GS-
646939 over GS-443902 under competitive conditions (Appendix E, Fig. E2). Together, the

competitive incorporation data corroborate the selectivity measurements.
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Figure 8.2. Incorporation of GS-646939 under competitive conditions by HRV-16 and EV-
71 RdRp. 4, RNA primer/template (fop) supporting a single incorporation of ATP (“i1””) or GS-
646939 (“i2”) at position 6. G indicates incorporation of [a-*?P]-GTP at position 5. Migration
pattern of RNA synthesis products catalyzed by HRV-16 (middle) and EV-71 RdRp (bottom).
Product formation resulting in AMP- or GS-646939-terminated primers was compared across
increasing GS-646939 concentrations at ATP concentrations of 10, 100, and 1000 uM. A 5'-32P-
labeled 4-nt primer serves as a size marker. B, Graphical representation of AMP-terminated
primers (%) at increasing GS-646939 concentrations as shown in A. Independent §-data point
experiments were performed at least three times (n=3) and error bars represent standard error
associated with the fit. C, The MCsg value is defined as the concentration at which GS-646939
matches ATP for incorporation at position 6. The competition index (CI) is the ratio of the MCso
value to the ATP concentration present in the reaction. D, CI values determined for HRV-16 and
EV-71 RdRp and the CI average (Clav) and standard deviation (%) across all ATP concentrations.
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8.2.3 Structural models of incorporation

Based on existing x-ray and cryo-EM structures!?: 40: 67, 72, 82,90, 418

, we generated models of
the pre-incorporated states of ATP, GS-443902, and GS-646939 for representative RARp enzymes
investigated in this study (Table 8.1). The active site of viral RdRps is generally characterized by
a set of motifs with highly conserved residues involved in substrate binding and catalysis 4!°.
However, subtle variations in the active site landscape seem to govern the specificity of inhibitor
incorporation. For HRV-16, EV-71, SARS-CoV-2, MERS-CoV, RSV, HMPV, PIV-5 and HPIV-
3, both the 1'-cyano of GS-443902 and the 4'-cyano of GS-646939 are tolerated to varying degrees.
As previously described, the 1'-cyano of GS-443902 is particularly well positioned in the
coronavirus active site, occupying a uniquely polar pocket defined by Thr-687, Asn-691 and Ser-
759 in SARS-CoV-2 %, and similarly for MERS-CoV. For GS-646939, the 4'-cyano appears to
have a favorable interaction with Asn-296 of HRV-16 (Fig. 8.34). The Motif C residue Gly-326
in HRV-16 allows for maximum flexibility in the 4’ pocket, in contrast to the similar SARS-CoV-
2 and MERS-CoV pocket, in which the corresponding residue is a serine (Fig. 8.3B). For RSV
(Fig. 8.3C) and HMPV, PIV-5 (Fig. 8.3D) and HPIV-3, the 4’-cyano fits nicely in the pocket, but

doesn’t appear to convey any advantage.
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Figure 8.3. Selectivity is largely driven by the nature of the 4’ pocket and the specifics of how
the 2'-OH is recognized by the polymerase. GS-646939 is shown in magenta. HRV (A4) and
SARS-CoV-2 (B) have a similar overall active site structure, differing primarily at Gly-326/Ser-
759 and Tyr-238/Cys-622. While somewhat different from HRV and SARS-CoV-2, RSV (C) and
PIV5 (D) also have a similar overall structure, differing primarily at Phe-704/Tyr-667 and Asn-
705/Cys-668. In each case, the 4’-cyano of GS-646939 is at least tolerated. The interaction between
the 4'-cyano and Asn-296 in HRV appears to be particularly ideal and is likely responsible for the
inhibitor’s increased affinity compared to ATP.

*JKP contributed this figure.

For LASV and FluB, both the 1'-cyano of GS-443902 and 4'-cyano of GS-646939 disrupt
a water-mediated hydrogen bond network, which is essential for recognition of the substrate 2'-
OH (Appendix E, Fig. E34 and E3B). For GS-646939, the water molecule is likely completely
displaced, with no means to compensate for the loss in hydrogen bonding at 2'. Compounding the
issue, both LASV and FluB have a bulky tryptophan residue forming the floor of the 4’ pocket.
The comparable residue in the polymerases for which GS-646939 has demonstrably greater

activity is typically a tyrosine, phenylalanine, or another smaller residue. This provides a degree
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more flexibility to accommodate the 4’-cyano. In the case of h-mtRNAP, Motif B is fundamentally
different from viral RdRps (Appendix E, Fig. E3C). With respect to GS-443902, the 1’ pocket is
clearly occluded by His-1125, while for GS-646939, the 4’ pocket is occluded by a salt bridge
formed from Arg-802 and Asp-1128. In both cases, incorporation of the inhibitor should be

significantly compromised.

8.2.4 Inhibition of RNA primer extension reactions

Incorporation of the nucleotide analog into the growing RNA chain is a prerequisite for
any potential inhibitory effect. Notably, GS-443902 and GS-646939 possess a 3'-hydroxyl group,
classifying them as non-obligate chain-terminators. The presence of a 3'-hydroxyl group may
allow for the nucleophilic attack on the incoming nucleotide and its subsequent incorporation.
Previous biochemical and structural studies of SARS-CoV-2 have established that incorporation
of GS-443902 at position “i” results in delayed-chain termination at position “i+3” 4265266 Thjs
mechanism can be attributed to a steric clash between the 1'-cyano group and the hydroxyl group
of the conserved Ser-861. A structural comparison between Nsp12 of SARS-CoV-2 and the 3DP°!
of HRV-16 and EV-71 revealed that the picornaviruses share an analogous serine (Fig. 8.44) 24,
RNA synthesis following GS-443902 incorporation by SARS-CoV-2, EV-71, and HRV-16 RdRp
at position “1” generated the same intermediate product at position “i+3” (Fig. 8.4B). As reported

for SARS-CoV-2 RdRp, the inhibitory effect was favoured at low nucleotide concentrations and

could be overcome with increasing concentrations of the nucleotide substrate at position “i+4” 4%
265
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Figure 8.4. SARS-CoV-2, EV-71, and HRV-16 RdRp-catalyzed RNA synthesis pattern of
inhibition following a single incorporation of ATP or GS-443902 as a function of nucleotide
concentration. A, Sequence alignment based on a 3D structural overlay of SARS-CoV-2 Nspl12
(PDB:7U04), HRV-16 3D (PDB:1TP7), and EV-71 3Dr° (PDB:3N6L) composed using
ESPript 3.0 192, Ser-861 (SARS-CoV-2 numbering) is conserved in HRV-16 and EV-71 RdRp. B,
RNA primer/template supporting a single incorporation of ATP or GS-443902 at position 6 (fop).
G indicates incorporation of [a->*P]-GTP at position 5. Extension following the incorporation of
ATP and GS-443902 at position 6 (“1”) at increasing CTP and UTP concentrations catalyzed by
SARS-CoV-2, EV-71, and HRV-16 RdRp (bottom). Following GS-443902, an intermediate
product forms at position 9 (“i+3”"), which is overcome at elevated CTP and UTP concentrations.
A 5'-3?P-labeled 4-nt primer serves as a size marker. Product formation at and above
the asterisk indicates RNA products that are likely a result of sequence-dependent slippage events.
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Employing the same approach as above, we show that GS-646939 inhibited HRV-16 and
EV-71 RdRp-mediated RNA synthesis at the site of incorporation (Fig. 8.5). While GS-443902
incorporation promotes delayed chain-termination, GS-646939 causes immediate chain-
termination. Inhibition by GS-646939 is overcome with increasing NTP concentration following
the incorporated analog. A similar pattern was observed for SARS-CoV-2 and MERS-CoV RdRp
(Appendix E, Fig. E4). GS-443902 inhibits other RdRp enzymes likewise via delayed chain-
termination. However, the patterns are more heterogeneous, with variations in the position of
inhibition; the structural reasons have yet to be determined?®’. In contrast, GS-646939
incorporation by RSV and HMPV RdRp resulted in immediate chain-termination (Appendix E,
Fig. ES), which was nearly absolute and could not be overcome to a discernable extent with
increased NTP concentrations. Inhibition of HPIV-3 and PIV-5 RdRp with GS-646939 shows a

similar immediate chain-termination pattern (Appendix E, Fig. E6).
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Figure 8.5. HRV-16 or EV-71 RdRp-catalyzed RNA synthesis and pattern of inhibition
following a single incorporation of ATP or GS-646939 as a function of nucleotide
concentration. 4, RNA primer/template supporting RNA synthesis and a single incorporation of
ATP or GS-646939 at position 6 (“i”). G indicates incorporation of [0-*?P]-GTP at position 5. B,
Migration pattern of RNA products resulting from HRV-16 RdRp-catalyzed RNA extension of
AMP (left) of GS-646939 (right) at increasing concentrations of CTP and UTP. A 5'-32P-labeled
4-nt primer serves as a size marker. Product formation at and beyond the asterisk indicates RNA
products that are likely a result of sequence-dependent slippage events. C, RNA synthesis products
catalyzed by EV-71 RdRp. Incomplete inhibition of RNA synthesis occurs at the site of GS-
646939 incorporation (“i’), full template-length product is generated at elevated nucleotide
concentrations.
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To quantify the inhibitory effect of GS-443902 and GS-646939 on subsequent nucleotide
incorporation, we generated AMP-, GS-443902-, and GS-646939-terminated primers and
measured kinetic parameters of the natural UTP substrate incorporation at position “i+1” (Fig. 8.6
and Appendix E, Table E3). For all RdRp enzymes, compared to AMP-terminated primers, the
extension of GS-646939-terminated primers required a marked increase in UTP concentration.
Conversely, GS-443902-terminated primers promoted subtle inhibition of UTP incorporation for
HRV-16, EV-71, RSV, and HMPV RdRp. For SARS-CoV-2, MERS-CoV, HPIV-3, and PIV-5

RdRp, equivalent or improved utilization of the GS-443902-terminated primer was observed.
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Figure 8.6. GS-646939 inhibits subsequent nucleotide incorporation. UTP incorporation at
position “i+1” was monitored at increasing concentrations immediately following ATP (black),
GS-443902 (orange), or GS-646939 (blue) incorporation at position “i". Concentrations of ATP,
(GS-443902, and GS-646939 supplemented to the reaction are shown in brackets. Viral RdRp
enzymes investigated include SARS-CoV-2 (4), MERS-CoV (B), HRV-16 (C), EV-71 (D), RSV
(E), HMPV (F), HPIV-3 (G), and PIV-5 (H). The product fraction was calculated as the total
signal above position “i”” divided by total signal in the lane. Independent 8-data point experiments
were performed 3 times (n=3) and error bars represent standard error associated with the fit.

*HPIV-3 and HPIV-5 inhibition data were generated by SMW
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8.2.5 Structural rationale for chain-termination

An analysis of the trajectory of the incorporated GS-646939 during translocation from the
“1” substrate position to the “i+1” primer position may help to provide a better understanding of
the requirements for chain-termination. For all the RdRps studied here, the 4’-cyano moiety of the
inhibitor must pass through a set of Motif C residues, which coordinate the two catalytic metals
(Fig. 8.7). The obstacle presented by these residues is largely independent of the specific
sidechains and instead derives from the protein backbone itself. For HRV (Fig. 8.74) and SARS-
CoV-2 (Fig. 8.7B), this clash is moderate. But for RSV (Fig. 8.7C) and PIV5 (Fig. 8.7D), the clash
appears to be severe, significantly impairing proper positioning of the primer. If translocation is
indeed compromised, one would expect diminished NTP incorporation independent of the nature
of the incoming nucleotide. Like GS-646939, 4’-ethynyl-2-fluoro-2'-deoxyadenosine (EFdA)
possesses a bulky 4'-modification and was shown to block translocation of human
immunodeficiency virus type 1 reverse transcriptase (HIV-1 RT) 406 420. 421 Therefore, we used
EFdA as a benchmark. For HRV-16 RdRp, GS-646939- and EFdA-terminated primers generally
reduce NTP incorporation of all nucleotides tested (Appendix D, Fig. D7). High concentrations of
UTP and 2-thio-UTP are required to obtain the “i+1” product, while 3'deoxy UTP, 2'O-methyl
UTP, and 2'deoxy UTP are not incorporated. In contrast, AMP- and GS-443902-terminated
primers do not cause immediate chain-termination and instead enable the incorporation of each of

these nucleotide analogs to a similar extent.
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Figure 8.7. Models of incorporated GS-646939 translocated to the “i+1” position for HRV
(4), SARS-CoV-2 (B), RSV (C), and PIV-5 (D). Structures are not optimized but serve as a guide
to clashes that impair further incorporation. Following incorporation, translocation of the RNA to
position the inhibitor in the first primer position is hindered by residues of Motif C which
coordinate the catalytic metals. For HRV, Ca of Gly-326 and NH of Asp-327 present a
translocation obstacle to the 4'-cyano of the incorporated inhibitor. A similar impediment to
translocation exists for the other RdRps. Assuming translocation occurs, C=0 of Tyr-325 presents
a significant steric clash which would perturb proper primer positioning. This clash appears to be
more significant in RSV and PIVS.

*JKP contributed this figure.

8.2.6 Significance of template-dependent inhibition by GS-646939
For SARS-CoV-2 RdRp, it has been demonstrated that higher NTP concentrations can

49,50, 198,265 This in turn may

overcome GS-443902-induced delayed chain-termination or pausing
lead to full-length products containing embedded nucleotide analogs. When used as a template,
UTP incorporation opposite the complementary GS-443902 is diminished. This unified template-
dependent inhibition mechanism for GS-443902 has been described for several viral RdRps 2.

Here, we designed RNA templates to monitor UTP incorporation opposite a template-embedded
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GS-443902 or GS-646939 residue, respectively (Fig. 8.84). For the HRV-16 RdRp,
submicromolar UTP concentration was sufficient to generate full-template length product on
Template “A” that contains the natural nucleotide (Fig. 8.8B). Comparatively, on Template “GS-
443902” and “GS-646939”, inhibition opposite the embedded analog could be rescued by
increasing UTP concentrations ~8- and 2-fold, respectively (Fig. 8.8C). Similarly, EV-71 RdRp-
catalyzed UTP incorporation was inhibited to a greater extent across GS-443902 (~16-fold) than
GS-646939 (~9-fold) (Appendix E, Fig. E8). For SARS-CoV-2 and MERS-CoV RdRp, RNA
synthesis opposite GS-646939 generates multiple intermediate products, indicative of an
inhibitory effect (Appendix E, Fig. E9). To conclude, GS-443902 and GS-646939 cause inhibition
in primer extension reactions when embedded in the template. While the template-dependent
mechanism seems to be the dominant mode of inhibition of RdARp enzymes by GS-443902, GS-

646939 acts primarily as a chain-terminator.
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Figure 8.8. RNA synthesis catalyzed by HRV-16 RdRp using a template with a single GS-
443902 or GS-646939 residue embedded in the template at position 11. 4, RNA
primer/template with an embedded GS-443902 (Template “GS-443902”, middle) or GS-646939
(Template “GS-646939”, right); the corresponding primer/template with adenosine (Template A)
at this position is shown on the left. G5 indicates incorporation of [a-*?P]-GTP at position 5. B,
Migration pattern of the products of RNA synthesis catalyzed by HRV-16 RdRp. MgCla, [a-*2P]-
GTP, and ATP provided to the reaction to support RNA synthesis up to position 10. Increasing
concentrations of UTP were supplemented to the reactions to monitor incorporation opposite a
templated adenosine, GS-443902, or GS-646939 at position 11, and templated adenosines from
position 12 to 20. Compared to Template A, intermediate products form at position 10 on Template
“GS-443902” and “GS-646939”, indicating template-dependent inhibition. Product formation at
and beyond the asterisk indicates RNA products that are likely a result of sequence-dependent
slippage events. A 5'->?P-labeled 4-nt primer serves as a size marker. C, Quantification of B (fop)
where the sum of RNA products generated beyond position 10 was divided by the total signal in
the lane and normalized as a percentage, fold-inhibition resulting from an embedded GS-443902
or GS-646939 (bottom). To account for template-dependent differences in activity, product
fraction was normalized as a percentage to product fraction observed at 1000 uM UTP for that
template.
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8.3 Discussion

The availability of effective antivirals for treating infections with respiratory RNA viruses
is limited. Nucleotide analog RdRp inhibitors have the potential to act broadly against diverse
RNA viruses, which is of particular importance in outbreak situations with emerging pathogens.
Mutagenic nucleotides such as ribavirin, favipiravir, or molnupiravir provide prominent examples
in this regard!!3 129223, 226, 232,422 Thege compounds are base-modified, which can cause lethal

130, 224~ Classic

mutagenesis when the active triphosphate metabolite is used as a substrate
nucleotide analogs with modifications in the sugar moiety commonly inhibit RNA synthesis. Here,
we studied the mechanism of action of the GS-646939 nucleotide triphosphate metabolite of the
newly discovered GS-7682 4'-cyano modified C-adenosine nucleotide phosphoramidate analog.
Inhibition of RNA synthesis was evaluated against an array of purified recombinant RdRp
enzymes representing medically relevant respiratory RNA viruses. The broadly acting 1’-cyano
modified C-adenosine nucleotide triphosphate analog GS-443902 was included in this study for
comparative purpose. Despite a certain degree of overlap in the spectrum of antiviral activities, the
results of this study demonstrate distinct mechanisms of action for GS-443902 and GS-646939.
While GS-443902 inhibits RNA synthesis predominantly when embedded in the template strand,

GS-646939 causes chain-termination at the site of incorporation.

For RNA polymerases evaluated in this and our previous studies, the data reveal a decrease
in selectivity for GS-443902 in the order of SARS-CoV-2, SARS-CoV, MERS-CoV > HRV-16,
EV-71 > RSV, HMPV > HPIV-3, PIV-5 > LASV > influenza B >»> h-mtRNAP. GS-443902 is a
better substrate for the SARS-CoV-2 RdRp complex than its natural counterpart ATP*% 26!, Cryo-
EM structures of the enzyme complex with bound RNA and a pre-incorporated GS-443902
revealed a hydrophilic pocket composed of Nspl2 Thr-687, Asn-691, and Ser-759 that
accommodates the 1’-cyano group*’. Of note, the S759A mutation was shown to confer resistance
to GS-5734, due to a 5- to 10-fold increase in discrimination against GS-443902 4% 273, Thus,
biochemical and structural data align with in vitro selection experiments in explaining the

selectivity for GS-443902 over ATP.

The preference for selective incorporation of GS-646939 follows the order: HRV-16 and
EV-71 > SARS-CoV-2 and MERS-CoV = RSV and HMPV > HPIV-3 and PIV-5 > LASV >
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influenza B = h-mtRNAP. For HRV-16 and EV-71 RdRp, GS-646939 is used ~20-50 fold more
efficiently as a substrate than ATP. To the best of our knowledge, this is the most favourable
selectivity ever reported for the incorporation of a nucleotide analog by viral polymerases.
Modeling of the pre-incorporated GS-646939 indicates that the 4'-cyano is tolerated by each of the
aforementioned polymerases with the exception of LASV, influenza B and h-mtRNAP. With
respect to HRV-16 and EV-71 RdRp, the particular combination of residues that form both the 2'-
OH recognition motif and the 4’ pocket allow for a favorable interaction between the 4'-cyano and
Asn-296 in HRV. In the case of LASV and influenza B, both the 1'-cyano of GS-443902 and the
4'-cyano of GS-646939 disrupt a water-mediated hydrogen bonding network which serves to
recognize the ribose 2'-OH. The active site of h-mtRNAP is dissimilar to any of the viral RdRps,

with predicted clashes for both 1’-cyano and 4’-cyano substitutions.

GS-443902-mediated inhibition of primer extension reactions is generally
heterogeneous?®. The position and extent of inhibition depend upon the nature of the polymerase,
and the underlying structural determinants have not yet been investigated for RSV and other
RdRps. For the SARS-CoV-2 RdRp complex, delayed chain-termination and backtracking have
been associated with the incorporation of GS-443902%: 1% Although structural evidence for
backtracking has been reported?*, it is currently not known whether these events can be linked to
each other and whether GS-443902 triggers similar effects also on other viral polymerases. In
contrast, all viral RNA polymerases tested towards this end inhibit the incorporation of UTP
opposite an embedded GS-443902 in the template. This inhibition may not necessarily translate
into significant antiviral effects because the incorporation of GS-443902 may be inefficient in
some cases, as it is for LASV and influenza viruses**°. For GS-646939, the unifying mechanism
of action is chain-termination. The extent of inhibition depends on the NTP concentration that can
overcome blockages. Chain-termination with HRV-16 and EV-71 RdRp is indeed not absolute,
and higher NTP concentrations allow the continuation of RNA synthesis. However, the high
selectivity for GS-646939 over ATP seems sufficient to cause potent antiviral effects. Chain-
termination with SARS-CoV-2 and MERS-CoV is also overcome with higher NTP concentrations,
but a limited antiviral effect in cellular assays may be explained by the presence of a viral

exonuclease, which can remove the incorporated inhibitor and allow synthesis to continue?%¢, For
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RSV and HMPV, chain-termination is nearly absolute and lower nucleotide analog incorporation

rates are therefore still sufficient for potent antiviral effects.

The antiviral effects and biochemical properties of several other nucleotide analogs with
bulky 4’-modifications have been reported, and chain-termination is the dominant mechanism of
action?38: 291, 325-327, 421, 423-425  prodrugs of 4'-azidocytidine (balapiravir) and 4'-chloromethyl-2'-
deoxy-2'-fluoro-cytidine (lumicitabine) were developed for the treatment of HCV and RSV
infection, respectively. EFdA was developed for the treatment of HIV-1 infection. EFAA-TP is
efficiently incorporated by HIV-1 RT, and structural data provide strong evidence to show that
chain-termination is based on compromised enzyme translocation %6 420:421 ' A hydrophobic pocket
accommodates the 4'-ethynyl moiety, which facilitates binding of EFdA-TP and stabilizes the
complex after incorporating the nucleotide analog. The favourable interactions in the pre-
translocated state and unfavourable interactions in the post-translocated state essentially block RT
translocation and further incorporation events. Our structural models of RdARp enzymes considered
in this study point to a similar mechanism with GS-646939. In contrast, 4 -fluorouridine was

327 This data suggests that the

shown to cause delayed chain-termination against RSV RdRp
relatively small 4’-fluoro modification does not interfere with translocation at the point of

incorporation.

In conclusion, 1'-cyano and 4'-cyano modified nucleotide analogs inhibit diverse RdRp
enzymes of respiratory RNA viruses via different mechanisms. Enzymes of the Coronaviridae
(SARS-CoV-2 and MERS-CoV) and the Pneumoviridae (RSV and HMPV), are effectively
targeted by the 1'-cyano modified C-adenosine GS-443902. Selective incorporation, various
blockages during primer extension, and efficient template-dependent inhibition provide
biochemical explanations for the observed antiviral activity 4% %29, RdRps of the Picornaviridae
(HRV-16 and EV-71) and Pneumoviridae (RSV and HMPV) are effectively targeted by the 4'-
cyano modified C-adenosine GS-646939. Selective incorporation and efficient chain-termination
were identified here as important parameters that correlate with potent antiviral activity in cell
culture. The described inhibitory effects were observed with two prototypic polymerases of the

Coronaviridae, the Pneumoviridae and the Picornaviridae; hence, the data provide confidence
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that the 1'-cyano and 4’-cyano modified nucleotides can be considered broadly to target emerging

viruses that belong to these families.
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Chapter 9: Concluding remarks and future directions

9.1 General summary and contributions to the COVID-19 pandemic

The aim of this dissertation was to investigate broad-spectrum nucleotide analogs, namely
RDV-TP, NHC-TP, and GS-646989, and determine the biochemical parameters that facilitate their
antiviral effect. Central to this goal was the successful expansion of our viral RdRp library that
offers coverage across important RNA virus families. Collectively, the data reported in this thesis
supported COVID-19 pandemic rapid response efforts and demonstrate the utility of the prototypic
pathogen approach to improve our preparedness for future pandemics (Fig. 9.1). Finally, this work
offers strategies that will support the study of the next generation of nucleotide analogs against the

RdRp from prototypic RNA viruses.

Pandemic Preparedness COVID-19 Rapid Response Pandemic Preparedness
Mar. 13, 2020

WHO announced COVID-19
Pandemic

Sept. Jan.
2019 2020

Feb. 2020 Sept. 2020 May 2021 Jul. 2024
gfar:;r:tréwd MOA of RDV 204 MOA of MOA of NHC Spectrum of
Studies against MERS- RDV against against SARS- GS-646939

CoV SARS-CoV-2 CoV-2 activity
(mechanisms)
Apr. 2020 Dec. 2021

Spectrum of
RDV activity
(mechanisms)

15t MOA of
RDV against
SARS-CoV-2

1 l

May 1, 2020 Jul. 27, 2020 Oct. 22, 2020 Dec. 23, 2021

RDV: EUAin RDV: Canada RDV: FDA Molnupiravir:
) the US Cond. Approval Approval EUA

Support

Figure 9.1. Timeline of publications that contributed to COVID-19 rapid response efforts
and pandemic preparedness. Publications (blue boxes) included in this dissertation that detail
the mechanism of action (MOA) of RDV and molnupiravir against coronavirus RdRp supported
their approval or emergency use authorization (EUA) for the treatment of COVID-19, respectively.
Pandemic preparedness is addressed by the spectrum of activity studies for RDV and GS-646939
(right) against a panel of viral RdRp.
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9.1.1 Supporting the approval of RDV and molnupiravir for the treatment of COVID-19
The initial investigation of MERS-CoV RdRp complex offered a novel expression strategy
for coronavirus RdRp complexes and provided a springboard into pandemic rapid response efforts.
The following studies directed towards SARS-CoV-2 focused on RDV-TP, and other nucleotide
analogs that were also under therapeutic consideration at the time (i.e. ribavirin, favipiravir, and
sofosbuvir). These results would be the first to indicate that RDV-TP is a superior substrate
compared to other nucleotide analogs. Subsequent preclinical and clinical data would corroborate
these findings. RDV-TP inhibits RNA synthesis via two mechanisms downstream from the site of
incorporation. This is a key attribute that likely helps RDV-TP evade excision by the proofreading
ExoN. Ultimately, this work supported the approval of RDV as the first available antiviral therapy
for people infected with SARS-CoV-2 and would be included in the FDA factsheet for healthcare
providers under “mechanism of action”. In contrast, the antiviral activity of molnupiravir is not
reliant on chain termination but rather promiscuous base pairing. Disclosed in these studies is
biochemical mechanism of action for molnupiravir that facilitate its observed mutagenic effects.
These findings helped support the EUA authorization of molnupiravir by the FDA for the treatment
of COVID-19. Together, this portion of my thesis presents the first mechanistic evaluation of
RDV-TP and NHC-TP against SARS-CoV-2 RdRp complex, which offer valuable insight towards

the parameters required for anti-coronavirus activity.

9.1.2 Evaluating broad-spectrum nucleoside analogs to address pandemic preparedness
efforts

Broad-spectrum nucleoside analogs offer a logical and efficient solution to address
pandemic preparedness efforts. The final studies included in this thesis detail a collaborative effort
by our group investigating a 1’-cyano (RDV-TP) and 4’-cyano (GS-646939) modified nucleotide
against several prototypic viral RdRp. At a biochemical level, these projects demonstrate
successful nucleotide analogs must efficiently compete with its natural counterpart for
incorporation by the viral RdRp. As a substrate, bulky 1'- or 4-modifications are most suitable to
target positive- and nonsegmented negative-sense RNA viruses. Conversely, these modifications
are not viable options to target segmented negative RNA viruses and alternative substitutions
should be considered. As summarized in figure 9.2, the 1'-cyano modification elicits a uniform

and more potent mechanism of inhibition when acting as the templating base. Whereas the 4'-
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cyano modification promotes immediate chain termination. The different mechanistic behavior
between these cyano-modified nucleotide analogs will aid the development of future nucleotide

analogs targeting a spectrum of RNA viruses.
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®® R
% ¢
LA
N & R \‘\6

e
) .
4 . '\é RUARN
N\ o*“(\d\‘ N
\)((\ 0(0

O
NI o

dO ¢
V\R? o((\*(\’bq\ ,a('b((\ Q(\ G
& e R
&0 Incorporation Efficiency

Primer-Strand Incorporation

Template-Strand

AN

Figure 9.2. Summary of the mechanism of action for RDV-TP (left) and GS-646939 (right).
Top, RDV-TP (pink circle) and GS-646939 (blue circle) compete with ATP (grey circle) for
incorporation by the viral polymerase (grey) into the elongating primer strand (green circles).
Middle, during primer strand elongation RDV-TP inhibitory effects are more heterogenous and
inhibition can be easily overcome with increased subsequent nucleotide concentration. Whereas
GS-646939 acts uniformly as an immediate chain terminator requiring much greater subsequent
nucleotide concentration to overcome inhibition. Bottom, when embedded in the template strand
both RDV-MP and GS-646939-MP provoke an inhibitory effect. These data suggest that the
primary mechanism of action for RDV-TP and GS-646939 are template-dependent inhibition and
immediate chain termination, respectively.
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To conclude, RNA viruses from the Picorna-, Paramyxo-, Filo-, Bunya-, and
Orthomyxoviridae families pose a significant threat to human health due to their epidemic potential
and absence of effective medical countermeasures. This thesis presents the first mechanistic
studies of 1’- or 4'-cyano-modified nucleotide analogs against several important RNA virus
families. I provide a biochemical rationale supporting the development of these modified
nucleoside analog prodrugs for preparedness against future picorna- and paramyxo-, and filovirus
outbreaks. Conversely, therapeutic intervention strategies towards orthomyxo- and high-priority
bunyaviruses are generally lacking. I have identified the limitations of bulky 1'- or 4’-modified
nucleoside analogs and key biochemical parameters that must be improved for enhanced potency.
Future preclinical studies should employ a comprehensive approach which addresses DAA
development from a prototypic pathogen perspective. The strategies outlined in this thesis provide
a foundation for subsequent biochemical studies investigating the next generation of nucleotide

analogs targeting priority pathogens.

9.2  Future directions
9.2.1 Continued nucleoside analog development for improved treatment efficacy

Vaccines remain the gold-standard for reducing viral transmission and instances of severe
disease. However, vaccines may not be available at the onset of RNA virus outbreaks and therefore
readily available DAAs, such as nucleoside analogs, are needed to mitigate early spread. Still, a
nucleoside analog is only as effective as its prodrug formulation. When considering acute viral
infection, the optimal prodrug would be orally available to allow for treatment early in disease
progression. Remdesivir requires intravenous administration, and as a result is limited to
hospitalized patients whose disease may have advanced beyond the therapeutic window. Indeed,
remdesivir treatment was more efficacious in an outpatient setting at reducing severe disease
progression*?S, Oral availability can also broaden prodrug utility to include post-exposure
prophylaxis. Baloxavir, although not a polymerase inhibitor, is an orally available DAA approved
for the treatment of influenza and is highly effective as a post-exposure prophylactic??’> 428,
Unfortunately, increased exposure to an antiviral monotherapy, will likely introduce drug
resistance into a viral population. Indeed, resistance was detected following a single dose treatment

- 427

of baloxavir**’. Therefore, clinical resistance to nucleoside analog prodrugs must be monitored.

Identifying resistance-conferring mutations will not only provide greater insight into the
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mechanism of action but also guide the development of the next generation of antivirals.
Exemplified by antiretroviral therapy (ART) for HIV-positive patients, multi-drug treatment
regimens offer an effective strategy to combat resistance*”. Taken together, there remains a need
for additional medical countermeasures, ideally ones that are orally available and can work in

tandem with already approved DAAs.

9.2.2 SARS-CoV-23'to 5’ proofreading exoribonuclease

The characterization of RDV-TP, NHC-TP, and GS-646939 against the SARS-CoV-2
RdRp complex is not entirely complete. A key variable missing from these studies is their ability
to evade recognition by the 3’ to 5’ proofreading ExoN. Based on previous coronavirus ExoN-
deficient studies, one would anticipate that RDV-TP is somewhat susceptible to excision?*!, while
NHC-TP may be resistant??®. Preliminary data generated in our lab, as well as data published by
others, have established a system to monitor coronavirus ExoN activity?’% 32!, To thoroughly
divulge ExoN susceptibility, these studies would require investigating the interplay between the
RdRp complex and the ExoN, a relationship that remains unresolved?’" 32!, Work by Chinthapatla
and colleagues found that stable RARp complex association with the terminal basepair, regardless
of its composition, blocked ExoN access?’’. This observation highlights an additional confounding
variable the helicase (Nsp13), which has been associated with backtracking as a mechanism to
partition RNA duplex allowing ExoN access to the single-stranded RNA 3'-terminus?%* 20°,

Therefore, a logical approach to ExoN susceptibility would require an assay that can first evaluate

the relationship between SARS-CoV-2 RdRp complex (Nsp7, -8, -12) and Nsp13.

204-206’ and

Protein-protein interactions facilitate Nsp7, -8, -12, and -13 complex formation

430,431 Recent work has demonstrated

the addition of Nsp12 enhances Nsp13 unwinding activity
ultraviolet (UV)-induced cross-linking as viable technique to monitor RdRp backtracking?*4. Here,
the authors rely on an already incorporated 4-thiouridine that, when released from the RNA duplex
due to helicase unwinding, can crosslink with the replication complex. Studies have yet to achieve
an assay that is capable of monitoring RNA synthesis and backtracking activity by a Nsp7, -8, -
12, and -13 complex. It is assumed that backtracking is initiated by RdRp complex stalling,
therefore RdRp pre-translocation may be necessary to engage Nsp13. Supplementing increased

NTP concentration can shift the RdRp to post-translocation, which in turn, should prevent Nsp13-

mediated backtracking activity.
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A major hurdle to this investigation is the NTPase activity of Nspl3 which would
inherently sequester available NTP substrate away from the RdRp active site preventing RNA
catalysis. A potential solution to this would be the use of nonhydrolyzable nucleotide diphosphate
(NDP) substrates which cannot support Nsp13 helicase activity**? but can be incorporated by the
RdRp active site, albeit less efficiently than their NTP counterpart**. Taken together, it is feasible
that complex backtracking and RNA synthesis can be monitored in the absence or presence of
NTP/NDP substrate, respectively. By extension, the hypothesis that backtracking enables ExoN
access to the single-stranded RNA 3'-terminus promoting excision could then be investigated. The
inclusion of RDV-TP, NHC-TP, or GS-646939 in these studies would provide additional

biochemical parameters that determine their antiviral activity against SARS-CoV-2.

GS-646939 is efficiently incorporated by the SARS-CoV-2 RdRp complex, but the prodrug
demonstrates limited antiviral activity in cell culture. This is likely because it acts as an immediate
chain terminator, a mechanism that in theory should promote ExoN excision. Assuming GS-
646939 is efficiently excised by the ExoN, an interesting follow-up study would include replacing
the non-bridging oxygen of the 5’-a-phosphate with a sulfur atom. This strategy proved to be
successful for limiting the ExoN excision?’% 32!, therefore it may improve antiviral activity against

SARS-CoV-2.

9.2.3 GS-646939 as a translocation inhibitor

In Chapter 7 we conclude GS-646939 likely prevents translocation to inhibit RNA
synthesis. This was based on structural similarity to EFdA-TP (an established translocation
inhibitor), modeling, and subsequent incorporation of modified nucleotides. To further elucidate
how GS-646939 may affect translocation, future work should include structural and biochemical
experimentation with picornavirus 3DP. In both cases a stable elongation complex must be
established, this will require optimization which is likely to be different for structural and
biochemical studies. As demonstrated previously for EFdA-TP against HIV-1 RT*!, this study
would require capturing structural intermediates before and after incorporation of GS-646989. One
technique that proved successful to trap a pre-incorporation SARS-CoV-2 structure was the

incorporation of 3'-deoxy nucleotide prior to the analog*’. The greatest barrier to these structural
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studies may be resources, this could be overcome through collaboration or implementation of the

new Cryo-EM facility on campus.

Biochemically, potential phosphorolytic excision of GS-646939 would be an interesting
pursuit that pairs nicely with structural studies. Techniques evaluating this mechanism have been
described in detail for 2’-modified nucleotide analogs against HCV. This investigation would
require reaction conditions that allow for a stable elongation complex to form with a labelled RNA
substrate. We have generated preliminary data to support this approach, however it has not been
demonstrated for all available viral RdRp. If phosphorolytic excision is achieved, next steps would
include demonstrating the rescue of RNA synthesis following GS-646939 removal from the
nascent primer strand. Naturally, completion of these objectives would facilitate the investigation
of other nucleotide analogs, specifically RDV-TP. Together, this work would provide valuable
information regarding the efficacy of structurally related analogs (1'- versus 4’-cyano) and support

development of the next generation of nucleotide analogs.

9.2.4 (GS-646939 resistance

Resistance to GS-7682, the prodrug of GS-646939, has yet to be observed in the literature.
Considering the highly efficient rates of incorporation and inhibition of RNA synthesis via
immediate chain termination. Anticipated mechanisms of resistance could include reduced
incorporation efficiency or phosphorolytic excision of GS-646939. Three key residues in motif B
of RSV, when mutated, reduced the incorporation efficiency of 2'-F,4’-CICH2 CTP, another bulky
4'-modified nucleotide analog. Until resistance is discovered, future work should evaluate GS-
646939 against the analogous mutations in picornavirus 3DP°!. This investigation could be
extended to other nucleotide analogs to assess potential cross-resistance or hypersusceptibility. A
mechanism of HIV-1 RT resistance to AZT is phosphorolytic excision where ATP is the acting
pyrophosphate donor. Although this resistant mechanism has not been described for an RNA virus,
the pyrophosphorolysis assay described above would enable the investigation of phosphorolytic

excision as a potential mechanism of resistance.
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9.2.5 4'-fluoro modified nucleotide analogs

As exemplified by 4'-F1 U, less bulky 4'-modified nucleotide analogs present an exciting
opportunity to target a diverse spectrum of RNA viruses. 4’-F1 UTP can act as a substrate for
SARS-CoV-2, RSV, and influenza RdRp3?"-32°, However, the mechanism of action is convoluted
and likely dependent on the nature of the RdRp. Using the same strategy shown in Chapters 6 and
7, future work should consider a comprehensive biochemical study of diverse viral RdRp against
a less bulky 4’-modified nucleotide analog. RNA synthesis following a single 4'-F1 UMP can
proceed uninterrupted®®, therefore this study would require the investigation of a template-
dependent mechanism. To this end, our T7 RNA oligo synthesis platform will prove to be

instrumental.

Nucleotide analogs that effectively target segmented negative-sense RNA virus RdRp (e.g.
influenza) remain a challenge. 4'-F1 U, given its activity against influenza, should act as a guide
for additional structure-activity relationship studies. Previous nucleotide analogs that effectively
target influenza RdRp have low specificity, therefore, candidate nucleotide analogs should be

evaluated against h-mtRNAP for insight into potential toxicities.
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Appendices

Appendix A: Supporting information for Chapter 4
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Figure Al. Selective incorporation of ATP analogs. A, RNA primer/template substrate used in
the RNA synthesis assays to test RDV-TP and 2°CMe-ATP as substrates for incorporation as ATP
-analogs is shown above the gel. G indicates incorporation of the radiolabeled nucleotide opposite
template position 5. Position 1 allows incorporation of ATP or ATP analogs. NTP incorporation
was monitored with purified SARS-CoV-2 RdRp complex in the presence of [0-*?P]GTP, RNA
primer/template, MgClz and increasing concentrations of ATP and ATP substrate analogs. Lane
m illustrates the migration pattern of the radiolabeled 4 nucleotide-long primer. B, Graphic
representation of the data for incorporation of ATP and ATP-analogs. Error bars represent standard
deviation of the data within at least three independent experiments.
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Figure A2: Patterns of inhibition of RNA synthesis by LASV and CoV-SARS-2 RdRp. 4, The
RNA primer/template used in this experiment is shown above the gel. A single incorporation event
of RDV-TP is supported by this template. G indicates incorporation of the radiolabeled nucleotide
opposite template position 5. RDV-TP incorporation is indicated by “i”. RDV-TP incorporation
was monitored with purified LASV RdRp in the presence of indicated combinations of NTPs and
RDV-TP. B, Multiple incorporations RDV-TP are supported by this template. G indicates
incorporation of the radiolabeled nucleotide opposite template position 5. The first RDV-TP
incorporation is indicated by “1”. RDV-TP incorporation was monitored with purified SARS-CoV-
2 RdRp in the presence of indicated combinations of NTPs, RDV-TP or favipiravir-TP and

ribavirin-TP, respectively.
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*EPT contributed to this figure.

A
C
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Figure A3. The nsp12 active site is well conserved between SARS-CoV-2 and (4) SARS-CoV
and (B) MERS. Residues shown in red are identical, yellow similar and white dissimilar. The
active site is visible near the center of each image. C, The active site of other polymerases, while
maintaining the same basic structure defined by motifs A, B and C, is only conserved at key
residues (highlighted in red). RSV and EBOV are similar in the nature of their active sites
(highlighted in pink), while LASV is different from both CoV and RSV-like structures in key

aspects.
*JKP contributed this figure.
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Appendix B: Supporting information for Chapter 5

Table B1. UTP and ATP relative efficiency of incorporation opposite or after remdesivir in the
template, respectively, catalyzed by SARS-CoV-2 WT and V557L mutant RdRp complexes.

®Vmax 1s @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide

incorporation.

b Km is a Michaelis—-Menten parameter reflecting the concentration of the nucleotide substrate at

Incorporation opposite RDV in the
template
UTP
wild type Vimax ? 076d
(product fraction) | #£0.010°
Km® uM 3.6
+0.24
Vmax/KmC 0.21
V557L Vmax 0.67
(product fraction) | £0.019
Km, uM 0.64
+0.13
Vmax/Km 1 .0
V557L (L)
wild type (V::::X) 5
Incorporation after RDV in the template
ATP
wild type Vmax 0.31
(product fraction) | £0.0021
Km, uM 2.1
+0.068
Vmax/Km 0. 1 5
V557L Vmax 0.33
(product fraction) | +0.013
K, uM 1.9
£0.037
Vmax/Km 0. 1 7
V557L (L)
wild type (V::::X) 1.2

which the velocity of nucleotide incorporation is half of Viax.

¢ Efficiency of nucleotide incorporation.
d All reported values have been calculated on the basis of an 8- or 10-data point experiments.

¢ Standard error associated with the fit.
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Table B2. Remdesivir-TP (RDV-TP) selectivity values of for incorporation opposite U in the
template catalyzed by SARS-CoV-2 wild-type and V557L mutant RdRp complexes.

Incorporation opposite U
ATP RDV-TP
wild type Vinax ? 0.90¢ 0.87
(product fraction) | £0.0081F | +0.018
Kin®, uM 0.033 0.013
+0.0012 | £0.00098
Vmax/ch 27 67
Selectivity, fold ¢ 0.41
V557L Vimnax 0.76 0.66
(product fraction) | +0.020 | +0.029
K, uM 0.091 0.033
+0.012 | +0.0061
Vmax/Km 8.4 20
Selectivity, fold 0.42

®Vmax 1s @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide
incorporation.

b Km is a Michaelis—Menten parameter reflecting the concentration of the nucleotide substrate at
which the velocity of nucleotide incorporation is half of Viax.

¢ Efficiency of nucleotide incorporation.

dSelectivity of a viral RNA polymerase for a nucleotide substrate analogue is calculated as the
ratio of the Vmax/Km values for NTP and NTP analogue, respectively.

¢ All reported values have been calculated on the basis of an 8- or 10-data point experiment.

' Standard error associated with the fit.
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Figure B1. Expression construct, SDS PAGE and mass spectroscopic analyses of the SARS-
CoV-2 RdRp complexes. A, Schematic representaion of the expression construct
(pFastBac1/nsp5-7-8-12) used to produce SARS-CoV-2 nsp7/nsp8/nsp12 RdRp complex. Genes
coding for non-structural proteins, molecular weight of the expressed proteins in kDa and affinity
tags (Hiss and Strep, histidine and strep tags, respectively) are indicated. Red rectangles indicate
the nsp5 protease cognate cleavage sites. B, SDS PAGE migration pattern of the purified enzyme
preparations stained with Coomassie Brilliant Blue G-250 dye. Bands migrating at ~100 kDa and
~25 kDa contain nsp12 and nsp8, respectively. Red rectangle defines the location on the gel which
was submitted to the mass spectroscopic analysis. Bottom subpanel illustrates the portion of the
gel where nsp7 is expected to migrate; in order to facilitate the visualization the contrast of the
image was uniformly increased. C, A snapshot of the mass spectroscopy data file of the portion of
the gel illustrated by the red rectangle in panel B.
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Figure B2. Quality of the RNA templates produced by T7 RNA polymerase. A, Schematic
representation of the T7 RNA polymerase reaction used to produce an RNA template with
template-embedded RDV (R). B, Migration pattern of RNA template preparations (after
phenol/chloroform extraction and spin-column size-exclusion chromatography) subjected to
denaturing 8M urea PAGE. Trace amounts of [a-**P]-CTP were added to the T7 RNA polymerase
reactions to allow the visualization of the final reaction products. Template A and R refers to T7
RNA polymerase reaction conditions where UTP/CTP/GTP nucleotide cocktail was supplemented
with ATP or RDV-TP, respectively. Full template-length product (20) fraction in Template A
preparation is 1.2-fold higher than in Template R preparation. Template A and R exhibit identical
and uniform RNA degradation products with the full template-length (20) product containing the
strongest signal in the lane. These RNA template preparations were used only for the illustration
of their migration pattern; they were not used in reactions with SARS-CoV-2 RdRp complex. 4
indicates the migration pattern of 5°-3*P-labeled 4-nt primer used here as a marker (m). C, Example
of an absorbance spectra of the RNA template preparations used in the reactions with SARS-CoV-
2 RdRp complex after phenol/chloroform extraction and spin-column size-exclusion
chromatography. These RNA templates were synthesized by T7 RNA polymerase using
ATP/UTP/CTP/GTP or RDV-TP/ UTP/CTP/GTP cocktails in the absence of [a-*’P]-CTP. The
a260 absorbance of Template R is 1.3-fold higher than of Template A.

*EPT contributed to this figure.
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Figure B3. RNA synthesis catalyzed by SARS-CoV-2 RdRp wild type and V557L complexes
on an RNA template containing remdesivir embedded in the template. RNA primer/template
with template-embedded remdesivir (R) at position 11 is shown on top. G5 indicates the
incorporation of [a-**P]-GTP opposite template position 5. Below the primer/template sequence is
the migration pattern of the products of RNA synthesis catalyzed by CoV-SARS-2 RdRp
complexes in the presence of RNA primer/template, MgClz, indicated concentrations of NTP
cocktail supplemented with indicated concentrations of UTP after 30 minutes. 4 indicates the
migration pattern of 5°-32P-labeled 4-nt primer used here as a marker.
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Figure B4. RNA synthesis catalyzed by SARS-CoV-2 RdRp wild-type and V557L mutant
complexes on an RNA template containing multiple or a single site for RDV-TP
incorporation. A, Inhibition of RNA synthesis with increasing concentrations of RDV-TP. RNA
primer/template supporting multiple incorporations of RDV-TP shown on top of the panel. G5
indicates the incorporation of [0-*?P]-GTP opposite template position 5. RNA synthesis was
catalyzed by CoV-SARS-2 RdRp wild-type and mutant complexes in the presence of RNA
primer/template, MgCly, indicated concentrations of NTP cocktail and increasing concentrations
of RDV-TP for 30 minutes. “4” indicates the migration pattern of 5°-32P-labeled 4-nt primer used
here as a size marker. B, Overcoming the delayed chain-termination at position i+3. RNA
primer/template supporting incorporation of RDV-TP (i) at position 6 (i = 6) is shown on top. i+3
illustrates a delayed chain termination at position 9 when RDV-TP is incorporated at position 6.
GS5 indicates the incorporation of [a-*2P]-GTP opposite template position 5. RNA synthesis was
catalyzed by CoV-SARS-2 RdRp wild type and mutant complexes in the presence of RNA
primer/template, MgCl> and indicated concentrations of NTP supplemented with increasing
concentrations of UTP for 30 minutes. “4” indicates the migration pattern of 5’-3?P-labeled 4-nt
primer used here as a size marker.
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Figure BS. RNA synthesis catalyzed by SARS-CoV-2 wild type and S861G mutant RdRp
complexes. 4, RNA primer/template with template-embedded RDV (Template R) at position 11;
the corresponding primer/template with adenosine at this position (Template A) is shown on the
left. G5 indicates the incorporation of [a->2P]-GTP opposite template position 5. B, Migration
pattern of the products of RNA synthesis catalyzed by CoV-SARS-2 RdRp wildtype and S861G
mutant RARp complexes in the presence of RNA primer/templates shown in panel A, MgCl, and
indicated concentrations of NTP cocktails after 30 minutes. “4” indicates the migration pattern of
5°-32P-labeled 4-nt primer used here as a size marker.
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Appendix C: Supporting information for Chapter 6

DNA template for RNA
. synthesis by T7 RNA pol
RNA primer for T7 RNA pol

3" ARACRACARAGARARACCTCAS'
5’ pUUUGUUGUU

T7RNA pol
CTP or NHC-TP, 100 uM
UTP,ATP,GTP, 100 uM

3" AAACAACARAGAAAADLCCTCAL'
5/ pUUUGUUGUUNUUUUUGGAGU3”
¢DNase

5/ pUUUGUUGUUNUUUUUGGAGU3’

Phenol-chloroform extraction
Size-exclusion chromatography

(spin columns, 4 times)

RNA purification on RNA miniprep columns
v
5' pUUUGUUGUUNUUUUUGGAGU3"
CUCApP5’

SARS-CoV-2 RdRp complex
[a-*2P]CTP

UTP,ATP,GTP, 100 uM

| MgCl

A
11 5 1
57 pUUUGUUGUUNUUUUUGGAGU 3’
ARACAACRAGAARAACCUCADPS”

Figure C1. Schematic representation of the T7 RNA polymerase system used to synthesize
the RNA template with NHC-MP embedded at position 11. The scheme illustrates the
modifications necessary for the synthesis of an NHC-embedded RNA template. T7 RNA
polymerase (Thermo Fisher Scientific, Waltham, MA, USA) was used to initiate the RNA
synthesis from a 5’-pyosphorylated RNA primer: 5’-pUUUGUUGUU which is complementary to
the 3’-end of the DNA template (Dharmacon (Lafayette, CO, USA)): 3'-
AAACAACAAGAAAAACCTCA-5’. Underlined portion indicates the region which is
complementary to the RNA primer. The template residue “G” indicates the site of the NHC MP
incorporation into the RNA primer. Therefore, the fully extended primer will contain an embedded
NHC-MP (N) and may serve as a 20-nt RNA template for the RNA synthesis by SARS-CoV-2
RdRp complex: 5-pUUUGUUGUUNUUUUUGGAGU-3’, where underlined portion is
complementary to the RNA primer 5-pACUC used in SARS-CoV-2 RNA synthesis reactions.
Note that this RNA primer can only anneal to a fully-synthesized 20-nt RNA template. The T7
RNA polymerase reaction mixtures contained 30 units of the polymerase, 300 uM RNA primer,
100 uM DNA template, 100 uM UTP/ATP/GTP cocktail, and 100 puM CTP or NHC-TP in a 25
mM Tris-HCI buffer (pH 8). Reactions were started with 5 mM MgCl,, incubated at 37 °C for 90
minutes, boiled for 10 minutes, and incubated with 2 units of Turbo DNase (Thermo Fisher
Scientific, Waltham, MA, USA) at 37 °C for 30 minutes. The reaction mixtures were then extracted
with phenol/chlorophorm (premixed with Isoamyl Alcohol 25:24:1, (BioShop (Burlington, ON,
Canada)) and buffer-exchanged consecutively four times through the size-exclusion
chromatography on PD SpinTrap G-25 spin columns (Cytiva, Little Chalfont, UK). The fourth
column eluate was further purified using a Direct-zol RNA MiniPrep Plus kit (ZYMO Research,
Tustin, CA, USA). *EPT Contributed to this figure.
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Figure C2. CTP and UTP incorporation opposite templating NHC-MP during viral RNA
synthesis along a template with a single NHC-MP residue. Migration pattern of the products of
RNA synthesis catalyzed by SARS-CoV-2 RdRp complex along the RNA primer/template with a
strategic residue at position 11 as shown at the top of the panel. RNA primer/template contains an
embedded NHC-MP at position 11 (Template “N”’) or CMP (Template “C”). Figure notations are
as in Figure 1. Signal at position 11 in panels Template “C” is due to C:A misincorporation. Signal
accumulation of position 10 in panels Template “N” illustrates the inability of SARS-CoV-2 RdRp
complex to generate NHC-MP: A misincorporation. Persistence of the signal at position 11 and 10
at increasing concentrations of CTP or UTP in panels “C” and “N”, respectively, illustrate the
inability of the enzyme to generate C:C, U:U, and NHC-MP:C, NHC-MP:U misincorporations.
Note that in order to avoid CTP competition with [a->’P]CTP the reactions were run for 8 minutes
with [a->’P]CTP only, then increasing concentrations of CTP in the presence of 0.030 uM ATP
we added and the reactions were further incubated at 30°C for another 10 minutes.
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Appendix D: Supporting information for Chapter 7

Table D1. Vmax and Kn values associated with newly reported selectivity values for the
triphosphate metabolite of remdesivir (RDV-TP) with RdRp enzymes as it relates to table 7.1 in
the main text.

ATP RDV-TP
Vmax® Kn® | Vmax V max Kn | Vmax | Selectivity®
(product | (uM) K, (product | (WM) | K, (fold)
fraction) fraction)
HCV n=34 n=3 0.93
0.55 0.012 46 0.59 0.012 49
+° 0.018 0.0019 0.023 0.002
1
Nipah n=3 n=3 1.6
0.89 0.034 26 0.90 0.056 16
+ 0.014 0.020 0.023 0.004
7
CCHFV n=4 n=4 41
0.69 0.063 11 0.54 2.0 0.27
+ 0.019 0.0092 0.017 0.26
FluB n=3 n=3 68
0.73 0.23 3.2 0.45 9.7 | 0.046
+ 0.014 0.020 0.0064 0.42

®Vmax 1s @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide
incorporation. The ATP or RDV-TP incorporation is measured by quantifying the signal
corresponding to the product of incorporated AMP or RDV-MP and dividing it by the total
signal in the reaction (the sum of signals corresponding to un-extended primer and AMP- or
RDV-MP-extended primer). This defines the product fraction at the end of the reaction time.

b Km is a Michaelis—-Menten parameter reflecting the concentration of the nucleotide substrate at
which the velocity of nucleotide incorporation is half of Viax.

¢ Selectivity of a viral RNA polymerase for a nucleotide substrate analogue is calculated as the
ratio of the Vmax/Km values for NTP and NTP analogue, respectively, and it is a unitless
parameter.

4 All reported values have been calculated on the basis of a 8-data point experiment repeated
indicated number of times (n).

¢ Standard error associated with the fit.

*Nipah selectivity values were generated by HWL

*CCHFYV and FluB selectivity values were generated by EPT
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Figure D1. Structure-based alignment of select CoV and HCV RdRp. Sequence alignment
based on a 3D structural overlay of HCV ns5b (PDB:4WTA) and SARS-CoV-2 nspl2
(PDB:6XEZ). Secondary structure is shown below the HCV sequence and below the three
coronavirus sequences. Helix secondary structure elements are indicated by the red bars, while
loops are indicated by solid black lines. While the three coronaviruses have high homology, the
HCV sequence has fairly low homology. Despite this, it shares a common secondary structure in
the thumb sub-domain such that Ser-861 in SARS-CoV-2 is seen to correspond to Gly-410 in
HCV.

*EPT contributed this figure.
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Figure D2. Template-dependent inhibition of SARS-CoV-2 RdRp. 4, RNA primer/template
with a template-embedded AMP (Template “A”, left) and RDV-MP (Template “R”, right) at
position 11. B, Migration pattern of products of RNA synthesis catalyzed by SARS-CoV-2 RdRp,
incorporation of UTP opposite RDV-MP is inhibited (signal accumulation at p10), but is overcome
with increasing concentrations of ATP, UTP nucleotide mix.
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Figure D3. Template-dependent inhibition of RSV, EBOV, and LASV RdRp by an
embedded RDV-MP. 4, RNA primer/template as indicated in Fig. 3. B, Migration pattern of RSV
RdRp-catalyzed RNA synthesis supplemented with increasing NTP concentrations opposite AMP
(left) or RDV-MP (right). C, Migration pattern of EBOV RdRp-catalyzed RNA synthesis in which
the conditions are the same as described in B. D, Migration pattern of RSV RdRp-catalyzed RNA
synthesis in which the conditions are the same as described in B and C. The asterisk at position 10
indicates point of inhibition as a result of the embedded RDV-MP at position 11.

*EPT Contributed this figure.
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Figure D4. RNA synthesis patterns following AMP and RDV-MP incorporation and
template-dependent inhibition of CCHFV RdRp. 4, RNA primer/ template, as indicated in
Figure 6.1 and migration pattern of products of RNA following the incorporation of AMP or RDV-
MP. No inhibition is evident. B, RNA primer/template, as indicated in Figure 6.3 and migration
pattern of RNA synthesis opposite AMP (/eff) or RDV-MP (right). The asterisk at position 10
indicates the point of inhibition as a result of the embedded RDV-MP at position 11.

*EPT Contributed to this figure.
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Appendix E: Supporting information for Chapter 8

Table E1: Selective incorporation of GS-443902, a 1'-cyano purine NTP analog, by selected RdRp

enzymes
ATP GS-443902
Family . Vina® b Vi Selectivity"
RNA Sense . Virus (product | Kn’(UM) | Vma/Km | (product Kin (UM) Vimax/m
(-viridae) . . (fold)
fraction) fraction)
SARS-CoV-2 0.30"
PR 0.75¢ 0.03 25 0.74 0.0089 83
+° 0.019 0.003 0.023 0.0020
SARS-CoV 0.34
Corona- PR. 0.73 0.03 24 0.70 0.010 70
£ 0.017 0.003 0.015 0.0008
. MERS-CoV 0.35"
};;’}S{‘{\}f PR. 0.47 0.017 28 0.50 0.0063 79
£ 0.011 0.019 0.012 0.0006
HRV-16 1.03
0.90 4.52 0.20 0.96 4.96 0.19
P + 0.017 031 0.015 0.27
rcorna- EV-71 0.93
0.96 0.96 1.0 0.93 0.86 1.08
£ 0.021 0.066 0.027 0.081
RSV 2.73
PR. 0.76 0.17 45 0.82 0.50 1.6
. £ 0.022 0.023 0.027 0.089
fleumo- HMPV 6.71
Nonsegement 0.60 6.40 0.094 0.57 42.19 0.014
ed £ 0.024 0.98 0.045 7.79
negative HPIV-3 7.20
ssRNA 0.63 0.061 10.3 0.63 0.44 1.43
£ 0.025 0.015 0.010 0.040
Paramyxo-
PIV-5 8.31
0.74 1.5 0.49 0.77 13 0.059
£ 0.026 0.25 0.042 2.3
FluB 70!
Orthomyxo PR. 0.73 0.23 32 0.45 9.7 0.046
Segmented ) £ 0.014 0.020 0.0064 0.42
Negative .
SRNA LASV 19
Arena- PR. 0.57 0.11 5.2 0.35 13 0.27
£ 0.032 0.020 0.016 0.18
Human DNA- h-mtRNAP 5032
dependent PR. 0.98 0.050 19.6 0.81 21 0.039
RNA + 0.018 0.0037 0.013 0.096
polymerase

? Vmax 1s @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide
incorporation.

b Km is a Michaelis—-Menten parameter reflecting the concentration of the nucleotide substrate at
which the velocity of nucleotide incorporation is half of Vimax

¢ Previously reported

4 All reported values have been calculated based on an 8—data point experiment repeated at least
3 times (n=3).

¢ Standard error associated with the fit.

fSelectivity of a viral RNA polymerase for a nucleotide substrate analog is calculated as the ratio
of the Vimax/Kim values for ATP and GS-443902 analog, respectively.

' Data from Gordon et al.?

2 Data from Tchesnokov et al.?¢’
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*HPIV-3 and HPIV-5 selectivity values were generated by SMW

Table E2: Selective incorporation of GS-646939, a 4'-cyano purine NTP analog, by selected RdRp
enzymes

ATP GS-646939
Family . Vina® b Vi Selectivity®
RNA Sense . Virus (product | K’ (UM) | Vma/Km || (product K (uUM) Vinax/Km
(-viridae) . . (fold)
fraction) fraction)
SARS-CoV-2 1.37
0.84° 0.057 14.74 0.88 0.082 10.73
c £ 0.030 0.0078 0.015 0.0070
orona- MERS-CoV .17
0.84 0.032 26.25 0.90 0.040 22.50
Positive £ 0.0090 0.0014 0.012 0.0031
ssRNA HRV-16 0.018
0.90 4.52 0.20 0.80 0.072 11.11
P + 0.017 0.31 0.021 0.0097
rcorna- EV-71 0.051
0.96 0.96 1.0 0.93 0.047 19.79
£ 0.021 0.066 0.019 0.0034
RSV 1.58
0.61 0.97 0.63 0.80 2.0 0.40
. £ 0.065 0.36 0.059 0.52
fleumo- HMPV 1.73
Nonsegement 0.39 2.1 0.19 0.53 4.8 0.11
ed £ 0.028 0.41 0.027 0.99
negative HPIV-3 10.3
ssRNA 0.63 0.061 10.3 0.78 0.78 1.0
Paramyxo- £ 0.025 0.015 0.012 0.059
PIV-5 5.05
0.74 1.5 0.49 0.69 7.1 0.097
£ 0.026 0.25 0.013 0.49
FluB 2288
Orthomyxo 0.68 0.11 6.18 0.18 66 0.0027
Segmented ) £ 0.014 0.0077 0.0057 4.1
Negative
RNA LASV 225
Arena- 0.80 0.39 2.05 0.29 31.95 0.0091
£ 0.0037 0.075 0.091 25.15
Human h-mtRNAP 1538
DNA- 0.93 0.096 9.69 0.67 107 0.0063
dependent
RNA £ 0.026 0.0091 0.22 60.71
polymerase

? Vmax 1s @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide
incorporation.

b Km is a Michaelis—-Menten parameter reflecting the concentration of the nucleotide substrate at
which the velocity of nucleotide incorporation is half of Viax.

¢ All reported values have been calculated based on an 8—data point experiment repeated at least
3 times (n=3).

d Standard error associated with the fit.

¢ Selectivity of a viral RNA polymerase for a nucleotide substrate analog is calculated as the
ratio of the Vimax/Km values for ATP and GS-646939, respectively.

*HPIV-3 and HPIV-5 selectivity values were generated by SMW
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Table E3: Inhibitory effect of the incorporated analog-monophosphate on incorporation of the

subsequent nucleotide

Virus Primer 3’-end (base) Substrate Vm;,f;(gﬁt;d)um Kn® (uM) Vinax/Km Inl(nfl:;llg;)nd

AMP 1.10°+70.043 0.009 +0.0015 122 Ref®

SC?)I\{/,_SZ- GS-646939 (MP%) UTP 0.79 + 0.036 16.42 +£2.67 0.048 2542
GS-443902 (MP) 1.13 +0.047 0.0082 + 0.0013 138 0.88
AMP 1.03+0.016 0.0016 + 0.0001 644 Ref.

MCEOI;S- GS-646939 (MP) UTP 091 +0.10 24.68 +9.19 0.037 17,405
GS-443902 (MP) 0.98 +0.018 0.0009 + 0.0001 1089 0.59
AMP 0.76 + 0.015 0.023 +0.002 33.04 Ref.
HRYV-16 GS-646939 (MP) UTP 0.83 +0.012 18.88 +£1.22 0.044 751
GS-443902 (MP) 0.67 +0.015 0.057 = 0.005 11.75 2.81
AMP 0.65 + 0.003 0.028 + 0.0006 23.21 Ref.

EV-71 GS-646939 (MP) UTP 0.81 +£0.017 157 £10.25 0.005 4,642
GS-443902 (MP) 0.48 + 0.005 0.093 +0.003 5.16 4.50
AMP 0.70 £ 0.037 1.6 £0.41 0.44 Ref.

RSV GS-646939 (MP) UTP 0.15 £0.0029 354+ 16 0.00042 1,048
GS-443902 (MP) 6.27"
AMP 0.48 + 0.026 7.8+22 0.062 Ref.
HMPV GS-646939 (MP) UTP 0.087 + 0.030 732 + 488 0.00012 517
GS-443902 (MP) 0.28 +0.018 22+6.2 0.013 4.77
AMP 0.56 £ 0.0097 0.073 +0.0093 7.67 Ref.

HPIV-3 GS-646939 (MP) UTP 0.61 £0.0099 268 £ 11 0.0023 3,334
GS-443902 (MP) 0.58+0.011 0.076 = 0.011 7.63 1.01
AMP 0.51 +£0.022 58+1.3 0.088 Ref.

PIV-5 GS-646939 (MP) UTP 0.058 + 0.080 2740 + 4899 0.000021 4,190
GS-443902 (MP) 0.48 £ 0.0089 2.2+0.26 0.22 0.40

2 Denotes that the 3"-end of the primer is terminated by the monophosphate form of the

respective nucleotide.
® Vimax is @ Michaelis—Menten parameter reflecting the maximal velocity of nucleotide
incorporation.

¢ Km 1s a Michaelis—Menten parameter reflecting the concentration of the nucleotide substrate at

which the velocity of nucleotide incorporation is half of Vimax

4 Inhibition of subsequent nucleotide incorporation is calculated as the ratio of Vimax/Km values

for UTP determined on primers terminated with AMP, GS-646939, or GS-443902.

¢ All reported values have been calculated based on an 8—data point experiment repeated at least

3 times (n=3).

f Standard error associated with the fit.
& Reference.

I Data from Tchesnokov et al.2%7
*HPIV-3 and HPIV-5 values were generated by SMW
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Figure E1. Selective incorporation of GS-443902 and GS-646939 by EV-71 RdRp. 4, RNA
primer/template substrate used in the RNA synthesis assays to test GS-443902 and GS-646939 as
substrates for incorporation at position 6 (“i”’) is shown above the gel. G indicates incorporation
of the radiolabelled nucleotide opposite template position 5. NTP incorporation was monitored
with purified EV-71 RdRp in the presence of [a-*’P]-GTP, RNA primer/template, MgCl, and
increasing concentrations of ATP or the respective ATP analog substrate. Lane m illustrates the
migration pattern of the radiolabelled 4 nucleotide-long primer. B, Graphical representation of the
incorporation of ATP and ATP analogs shown in A, fitting the data points to the Michaelis-Menten
function to determine Vmax and K. Independent 8-data point experiments were performed at least
three times (n=3), each replicate is plotted to represent the variation between experiments. C,
Kinetic parameters and efficiency of ATP, GS-443902, and GS-646939 incorporation by EV-71
RdRp. Efficiency is determined as the quotient of Vimax over Kim and selectivity as the quotient of
natural ATP efficiency over the efficiency of the ATP analog.
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Figure E2. Competitive incorporation of GS-646939 versus GS-443902 by HRV-16 and EV-
71 RdRp. 4, RNA primer/template (fop) supporting a single incorporation of GS-443902 (“,”) or
GS-646939 (“i2”) at position 6. G indicates incorporation of [a-**P]-GTP at position 5. Migration
pattern of RNA synthesis products catalyzed by HRV-16 (middle) and EV-71 RdRp (bottom).
Product formation resulting in GS-443902- or GS-646939-terminated primers were compared
across increasing GS-646939 concentrations at GS-443902 concentrations of 10, 100, and 1000
uM. A 5'-3?P-labeled 4-nt primer serves as a size marker. B, Graphical representation of GS-
443902-terminated primers (%) at increasing GS-646939 concentrations as shown in A. C, The
MCso value is defined as the concentration at which GS-646939 outcompetes GS-443902 for
incorporation at position 6. The competition index (CI) is the ratio of the MCso value to the GS-
443902 concentration present in the reaction. D, CI values determined for HRV-16 and EV-71
RdRp and the CI average (Clavg) and standard deviation (%) across all GS-443902 concentrations.
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Figure E3. Models of ATP in its pre-incorporated state for A, LASV, B, FluB, and C, h-
mtRNAP. The active sites of LASV and FluB are similar to RSV and PIV5, but differ significantly
in the specific residues which recognize the 2’-OH and define the 4’ pocket. In particular, a
bridging water molecule is predicted to be a key element in the recognition of the 2’-OH. This is
likely displaced by the 4’-cyano of GS-646939, compromising its affinity for these polymerases.
The active site for h-mtRNAP is structurally very different from the viral polymerases. The 4'-
cyano of GS-646939 appears to conflict with a salt bridge formed by Arg-805 and Asp-1128,
which sit just below the ribose, making it a poor inhibitor.

*JKP contributed this figure
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Figure E4. SARS-CoV-2 and MERS-CoV RdRp-catalyzed RNA synthesis and inhibition
patterns following a single incorporation of ATP or GS-646939 as a function of nucleotide
concentration. 4, RNA primer/template supporting RNA synthesis and single incorporation of
ATP or GS-646939 at position 6 (“i"). G indicates incorporation of [0-*?P]-GTP at position 5. B,
Migration pattern of RNA products resulting from SARS-CoV-2 RdRp catalyzed RNA extension
of AMP (left) of GS-646939 (right) at increasing concentrations of CTP and UTP. A 5'-32P-labeled
4-nt primer serves as a size marker. Product formation at and beyond the asterisk indicate RNA
products that are likely a result of sequence-dependent slippage events. C, Reactions with MERS-
CoV RdRp, incomplete inhibition of RNA synthesis occurs at the site of GS-646939 incorporation,
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full template-length product is generated at elevated nucleotide concentrations.
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Figure ES. RSV or HMPV RdRp-catalyzed RNA synthesis and inhibition patterns following
the incorporation of GS-646939 as a function of nucleotide concentration. 4, RNA
primer/template supporting RNA synthesis and a first and second incorporation of ATP or GS-
646939 by RSV and HMPV RdRp at position 6 (“i”) and 9 (“i2”"). G indicates incorporation of [a-
32P]-GTP at position 5. B, Migration pattern of RNA products resulting from RSV RdRp-catalyzed
RNA extension of AMP (/eft) or GS-646939 (right) at increasing concentrations of CTP and UTP.
A 5'-32P-labeled 4-nt primer serves as a size marker. C, Migration patterns of RNA products
catalyzed HMPV RdRp, RNA synthesis was monitored at increasing CTP and UTP concentrations
when ATP (left) or GS-646939 (right) were incorporated at position 6. GS-646939-terminated
primers fail to be extended.
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Figure E6. HPIV-3 or PIV-5 RdRp-catalyzed RNA synthesis and inhibition patterns
following the incorporation of ATP, GS-646939, or GS-443902. A, RNA primer/template
supporting RNA synthesis and a first and second incorporation of ATP or GS-646939 or GS-
443902 at position 6 (“i”) and 9 (“i2”). G indicates incorporation of [a-*?P]-GTP at position 5. B,
Migration patterns of RNA products catalyzed HPIV-3 RdRp. RNA synthesis was monitored at
increasing CTP and UTP concentrations when natural ATP (left), GS-646939 (middle), or GS-
443902 (right) were incorporated at position 6. GS-646939 termination was nearly absolute,
whereas RNA products can be observed up to position 12 following the incorporation of GS-
443902. C, Migration patterns of RNA products catalyzed PIV-5 RdRp, RNA synthesis was
monitored at increasing CTP and UTP concentrations when natural ATP (left), GS-646939
(middle), or GS-443902 (right) were incorporated at position 6. PIV-5 RdRp failed to catalyze
RNA products beyond an incorporated GS-646939, while GS-443902 could be readily extended

(1392

to position 9 (“i+3” or “i2”).

*SMW contributed to this figure
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Figure E7. GS-646939 inhibits subsequent nucleotide incorporation catalyzed by HRV-16
RdRp in a manner resembling EFdA. A, chemical structures of ATP and ATP analogs. B,
Chemical structures of UTP and UTP analogs. UTP and UTP analog incorporation at position
‘i+1” was examined at increasing concentrations immediately following incorporation of ATP (C),
GS-443902 (D), GS-646939 (E), or EFdA (F) at position “i”. Product fraction was calculated as

the signal generated beyond position

“i"
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Figure E8. RNA synthesis catalyzed by EV-71 RdRp using a template with a single GS-
443902 or GS-646939 residue in the template at position 11. 4, RNA primer/template with a
template-embedded GS-443902 (Template "GS-443902”, middle) or GS-646939 (Template “GS-
6469397, right) at position 11; the corresponding primer/template with adenosine (Template “A”)
at this position is shown on the left. G5 indicates incorporation of [a-*2P]-GTP at position 5. B,
Migration pattern of the products of RNA synthesis catalyzed by EV-71 RdRp. MgCl,, [a-*2P]-
GTP, and ATP were provided to the reaction to support RNA synthesis up to position 10.
Increasing concentrations of UTP were supplemented to the reactions to monitor incorporation
opposite adenosine, GS-443902, or GS646939 at position 11, and templated adenosines from
position 12 to 20. For Template “GS-443902”, intermediate products are observed at position 10.
For Template “GS-646939”, additional sites of inhibition are indicated by the formation of
intermediate products at positions 9 and 14. Product formation at and beyond the asterisk indicates
RNA products that are likely a result of sequence-dependent slippage events. A 5'-?P-labeled 4-
nt primer serves as a size marker C, Quantification of B (top) where the sum of RNA products
generated beyond position 10 was divided by the total signal in the lane and normalized as a
percentage, fold-inhibition resulting from a templated GS-443902 and GS-646939 (bottom). To
account for template-dependent differences in activity, product fraction was normalized as a
percentage to the product fraction observed at 1000 uM UTP for that template.
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Figure E9. RNA synthesis catalyzed by MERS-CoV and SARS-CoV-2 RdRp using a
template with a single GS-646939 residue embedded at position 11. 4, RNA primer/template
with template-embedded GS-646939 (Template “GS-646939”, right); the corresponding
primer/template with adenosine (Template “A”) at this position is shown on the left. G5 indicates
incorporation of [a->?P]-GTP at position 5. B, Migration pattern of the products of RNA synthesis
catalyzed by MERS-CoV and SARS-CoV-2 RdRp. MgCla, [a-*?P]-GTP, and ATP were provided
to the reaction to support RNA synthesis up to position 10. Increasing concentrations of UTP were
supplemented to the reactions to monitor incorporation opposite an embedded AMP, or GS-
646939, at position 11, and templated adenosines from position 12 to 20. A 5'-*’P-labeled 4-nt
primer serves as a size marker.
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