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The nucleoside analog remdesivir (RDV) is a Food and Drug Administration (FDA)-approved antiviral for
treatment of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections. Thus, it is critical
to understand factors that promote or prevent RDV resistance. We passaged SARS-CoV-2 in the presence
of increasing concentrations of GS-441524, the parent nucleoside of RDV. After 13 passages, we isolated
three viral lineages with phenotypic resistance as defined by increases in half-maximal effective
concentration (ECso) from 2.7-to 10.4-fold. Sequence analysis identified nhon-synonymous mutations in
nonstructural protein 12 RNA-dependent RNA polymerase (nsp12-RdRp): VI66A, N198S, S759A, V792I and
C799F/R. Two lineages encoded the S759A substitution at the RdRp Sersso-Asp-Asp active motif. In one
lineage, the V792l substitution emerged first, then combined with S759A. Introduction of S759A and V792I
substitutions at homologous nspl2 positions in murine hepatitis virus (MHV) demonstrated transferability
across betacoronaviruses; introduction of these substitutions resulted in up to 38-fold RDV resistance and
a replication defect. Biochemical analysis of SARS-CoV-2 RdRp encoding S759A demonstrated a roughly
10-fold decreased preference for RDV-triphosphate (RDV-TP) as a substrate, whereas nsp12-V792I
diminished the uridine-triphosphate (UTP) concentration needed to overcome template-dependent
inhibition associated with RDV. The in vitro-selected substitutions identified in this study were rare or not
detected in the greater than 6 million publicly available nsp12-RdRp consensus sequences in the absence of
RDV selection. The results define genetic and biochemical pathways to RDV resistance and emphasize the
need for additional studies to define the potential for emergence of these or other RDV resistance

mutations in clinical settings.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infections have caused more than 850,000 deaths in
the United States and over 5 million deaths worldwide (7, 2).
Remdesivir (RDV, GS-5734) is the first Food and Drug Ad-
ministration (FDA) approved direct-acting antiviral for the
treatment of SARS-CoV-2. RDV is a monophosphoramidate
prodrug of the C-adenosine analog GS-441524 that acts by in-
hibiting RNA synthesis by the viral RNA-dependent RNA pol-
ymerase (nspI2-RdRp), and has been shown to be broadly
active against multiple RNA viruses (3-7). Preferential incor-
poration of the triphosphate form of RDV (RDV-TP) over its
natural adenosine-triphosphate (ATP) nucleotide counter-
part results in inhibition of RNA synthesis through several

First release: 28 April 2022  www.science.org/journal/stm

mechanisms. Delayed chain termination may occur three nu-
cleotides following RDV-TP incorporation due to a clash of
the RDV-monophosphate (MP) 1’-cyano with S861 in the
RdRp RNA exit channel, thereby preventing further enzyme
translocation (8-1I). However, increases in nucleoside-tri-
phosphate (NTP) concentrations can overcome this obstacle
and RNA synthesis can continue, resulting in RNA strands
with incorporated RDV-monophosphate (RDV-MP) residues.
In this setting, template-dependent inhibition of RNA synthe-
sis occurs because of compromised incorporation of the com-
plementary uridine-triphosphate (UTP) opposite RDV-MP
(12-14).

The use of therapeutic RDV has been shown to improve
disease outcomes and reduce viral loads in SARS-CoV-
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infected mice, in mice infected with chimeric SARS-CoV en-
coding the SARS-CoV-2 RdRp, in SARS-CoV-2 infected mice
co-treated with therapeutic antibodies, and in infected rhesus
macaques (4, 7, 15-17). Furthermore, RDV potently inhibits
viral replication of both human endemic coronaviruses
(CoVs) and bat CoVs in primary human lung cell cultures (4,
6). A large double-blinded, randomized, placebo-controlled
trial of intravenous RDV in adult patients hospitalized with
coronayvirus disease 2019 (COVID-19) demonstrated that RDV
was superior to placebo in shortening time to recovery (I8,
19), and recent data suggests 50% increased survival rates if
given early in infection (20). In addition, a 3-day early treat-
ment course of RDV reduced the hospitalization of high-risk
COVID-19 patients by 87% compared to placebo (2I). How-
ever, a recent case report described the emergence of possible
RDV resistance in an immunocompromised patient, under-
scoring the importance of further understanding pathways to
RDV resistance (22). Little is known about the evolution, viral
determinants, and specific mechanisms of SARS-CoV-2 re-
sistance to RDV, limiting active surveillance for resistance-
associated substitutions.

Here we report multiple pathways by which SARS-CoV-2
achieved varying degrees of resistance to RDV during serial
passage in cell culture in the presence of GS-441524, the par-
ent nucleoside of RDV, including multiple combinations of
nspl2-RdRp amino acid substitutions (V166A, S759A, V7921,
and C799F/R). Lineages containing S759A demonstrated 7-to-
9-fold decreased sensitivity to RDV as shown by half-maximal
effective concentration (ECs). Introduction of the SARS-CoV-
2 co-selected S759A and V7921 mutations at identical nsp12-
RdRp residues in the betacoronavirus, murine hepatitis virus
(MHYV), conferred up to 38-fold increase in RDV ECs, but also
incurred a replication defect compared to wild-type virus. Bi-
ochemical analyses of SARS-CoV-2 nspI2-RdRP with S759A
and V7921 mutations demonstrated distinct and complemen-
tary molecular mechanisms of RDV resistance. This study
provides insights into potential evolutionary pathways lead-
ing to RDV resistance, identifies viral determinants and mo-
lecular mechanisms of RDV resistance, and forms the basis
for surveillance for early indicators for potential RDV re-
sistance.

RESULTS

SARS-CoV-2 acquires phenotypic resistance to RDV
during passage with GS-441524.

We previously reported that RDV resistance mutations se-
lected in MHYV conferred resistance in SARS-CoV (5). To iden-
tify viral genetic pathways to RDV resistance in SARS-CoV-2,
we passaged the WA-1 clinical isolate (MN985325) (23) in
Vero E6 cells in the presence of dimethyl sulfoxide (DMSO)
vehicle or GS-441524, which achieves higher concentrations
of the active nucleoside triphosphate than the prodrug RDV
in Vero E6 cells because it is metabolized more efficiently in
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this cell type (7). Virus was passaged in three independent
and parallel series, resulting in three GS-441524-passaged lin-
eages and three DMSO-passaged lineages (fig. S1). An in-
crease in cytopathic effect (CPE) was observed in the all three
GS-441524-passaged lineages between passages 10 and 13. To
determine whether this shift represented selection for re-
sistance, we tested the sensitivity of each drug- and DMSO-
passaged lineage to RDV in the A549 human lung cell line
expressing human angiotensin converting enzyme 2 (A549-
hACE2), at passage 9 (P9) and passage 13 (P13) by quantifying
the relative change in viral genome copy number in cell cul-
ture supernatant and determining ECs, concentrations (Fig.
1A to D, table S1). All three P9 GS-441524-passaged lineages
were less sensitive to RDV than P9 DMSO lineages (Fig. 1A).
GS-441524 lineage 1 appeared moderately less sensitive to
RDV, with a 2.6-fold increase in EC5, at P9 (Fig. 1B, table S1).
Lineage 1 RDV sensitivity decreased further by P13, with a
10.4-fold increase in ECs (Fig. 1C and D, table S1). GS-441524
lineage 2 demonstrated minimal change in susceptibility to
RDV at P9, with a 1.5-fold increase in ECs; compared to
DMSO-passaged lineages (Fig. 1A and B, table S1) and its sen-
sitivity further decreased modestly by P13, with a 2.7-fold in-
crease in ECs, compared to DMSO-passaged lineages (Fig. 1C
and D, table S1). At P9, GS-441524 lineage 3 demonstrated a
1.7-fold increase in ECs, compared to the DMSO-passaged lin-
eages (Fig. 1B, table S1). Sensitivity of GS-441524 lineage 3 de-
creased further by P13, with an 8-fold increase in ECs
compared to DMSO-passaged lineage 1 (Fig. 1D, table S1). We
next tested the replication of all the DMSO and GS-441524-
passage lineages in the absence of RDV. Compared to the
clear replication advantage observed in the presence of RDV,
all three GS-441524-passaged P13 lineages demonstrated de-
layed and impaired replication with a 0.5 to 11log decrease in
peak titer compared to DMSO-passaged control virus in the
absence of drug (Fig. 1E). Thus, selection for phenotypic re-
sistance conferred a replication defect in all three lineages.

Identification of candidate resistance mutations in
nspl2-RdRp

To identify candidate resistance mutations, we performed
short-read Illumina poly(A) RNA sequencing (RNA-seq) on
RNA purified from infected cell monolayers of all six lineages
at passages O (input), 6, 9, and 13. (Table 1, data file S1). Nu-
merous low frequency nucleotide mutations (0.01 to 5%) were
detected in all six lineages at P13 (data file S1). Of the non-
synonymous (NS) mutations present at greater than 15% fre-
quency, mutations in spike were present in both DMSO- and
drug-passaged lineages and likely represent cell culture ad-
aptation (data file S1). In contrast, six NS nsp12-RdRp muta-
tions were detected with greater than 15% frequency in GS-
441524-passaged lineages, but not in any of the DMSO-
passaged lineages (Table 1). By P13, these nsp12-RdRp NS mu-
tations were dominant (>50%) in GS-441524-passaged
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populations. GS-441524 lineage 1 encoded NS nspi2-RdRp
mutations V166A (92%), N198S (97%), S759A (62%) and
C799F (38%); lineage 2 encoded only C799R; and lineage 3
encoded S759A (99%) and V7921 (99%) (Table 1, data file S1).
GS-441524 lineage 1 and 3 populations were more resistant
than GS-441524 lineage 2 based on both extent of CPE and
the increased RDV ECs (Fig. 1C and D). Of the selected sub-
stitutions, only S759A was detected in the original SARS-CoV-
2 WA-1 P5 stock virus population at 0.64%. The S759A was
not detected at any frequency in any of the lineages passaged
in the DMSO vehicle (Table 1, data file S1), suggesting a lack
of positive selection in absence of RDV. Overall, these results
identified distinct combinations of a limited number of
nspl2-RdRp NS mutations associated with independent
RDV-resistant lineages.

To look for presence of the identified in vitro GS-441524-
selected nspI2 mutations in circulating clinical isolates we
analyzed the consensus sequences of >8 million clinical iso-
lates of SARS-CoV-2 submitted to the GISAID Database (24)
prior to March 18, 2022 (table S2). In the absence of RDV se-
lection, the S759A mutation was identified in submitted con-
sensus sequences, including the Delta variant only in a single
isolate whereas the other nspI2 mutations were detected at a
frequency less than 0.01% (N=969). A separate analysis of the
Delta and recently emerged Omicron variant sequences was
performed. S759A was not observed and other substitutions
were detected at comparable or lower frequency than the full
global dataset. A clear limitation of this dataset is that the
details of isolation and raw sequence data are not available.
Consensus sequences most likely represent nucleotides pre-
sent at >50% and that any single nucleotide polymorphisms
present <50% in the population would not be represented in
this analysis. For example, we detected the S759A substitu-
tion at 0.64% in the expanded clinical WA-1 isolate received
from the Centers for Disease Control and Prevention (CDC),
which may have importance for its eventual selection. Simi-
larly, in the GS-441524 lineage 1 passage 13, C799F was pre-
sent at 38%, a frequency that would not be reported in
consensus sequence (Table 1). Despite this limitation, the
analysis can allow us to conclude that, in the absence of RDV-
selective pressure, the in vitro identified nspI2 mutations
were not present as dominant variants or propagated in cir-
culating SARS-CoV-2 variants, including Delta and Omicron.
This supports our hypothesis that the identified nsp12 muta-
tions likely were associated with GS-441524 selective pres-
sure, a hypothesis we next tested.

nsp12-RdRp S759A and -V792I are associated with in
vitro RDV resistance

The S759A residue substitution was selected in GS-441524
lineages 1 and 3, which demonstrated the most CPE and ECs
increase of GS-441524-passaged lineages (Fig. 1, fig. S1). In
both lineages, the S759A substitution emerged as a dominant
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change in the population in combination with at least one
other substitution; GS-441524 lineage 3 contained only S759A
and V7921. To define the contribution of S759A and V7921 to
RDV resistance in the context of adapted infectious virus, we
plaque-picked (PP), expanded, and sequenced sub-lineages
derived from GS-441524-passaged lineage 3 (Table 1, data file
S1). We isolated a sub-lineage containing V7921 alone and an-
other sub-lineage containing S759A in combination with
V7921. Importantly, in these two sub-lineages, no other NS
mutations were detected at greater than 5% elsewhere in rep-
licase genes (data file S1). In RDV sensitivity assays, the
S759A+V7921-containing sub-lineage was indistinguishable
from the GS-441524-passaged lineage 3 population at RDV
concentrations up to 3.3uM. A 7.3-fold increase in EC5, was
observed over the DMSO-passaged control as compared to an
8-fold increase in ECs, for the GS-441524 lineage 3 P13 popu-
lation virus (Fig. 1F and G, table S1). Thus, the S759A+V7921
plaque-picked sub-lineage recapitulated resistance pheno-
type of the GS-441524 lineage 3 P13 population. In contrast,
the V792I-containing sub-lineage displayed a low degree of
resistance corresponding to a 2.6-fold increase in ECso com-
pared to the DMSO-passaged virus. Finally, in the absence of
RDV, the V7921 and S759A+V792I plaque-picked sub-lineages
demonstrated replication kinetics similar to the DMSO-
passaged control virus rather than to the GS-441524 lineage
3 population virus (Fig. 1H), suggesting differential replica-
tion efficiency among subpopulations of GS-441524-passaged
virus.

Selection and emergence of candidate resistance mu-
tations and combinations.

To define viral genetic progression toward resistance, we
quantified the relative frequency of RDV resistance-associ-
ated nspl2 mutations in the GS-441524 lineages 1, 2, and 3 at
P6, P9, and P13 by RNA-seq (Fig. 2A to C) and direct nanopore
MinION sequencing of DNA amplicons spanning nspI2 cod-
ing domain (Fig. 2D to F). The data results between the two
methods were consistent in the emergence and patterns. In
lineage 1, N198F was present in the population at greater
than 87% by P6 and thereafter, whereas V166A, S759A, and
C799F were less abundant at P6 but were prominent by P13
(Fig. 2A and D). In lineage 2, only C799R was detected at any
passage by RNA-seq or nanopore amplicon sequencing (Fig.
2B and E). In lineage 3, V7921 became dominant in the P9
population, whereas S759A was detected at about 2.5% by na-
nopore amplicon sequencing at P6 and P9, but by P13 was
greater than 65% (Fig. 2C and F). In both lineage 1 and 3,
emergence of S759A correlated with an increase in ECs, (2.6-
to-10.4-fold in lineage 1; 1.7-to-8.0-fold in lineage 3) (Fig. 1,
Fig. 2, table S1).

To determine the frequency with which resistance-associ-
ated mutations were present individually or in haplotypic
linkages, we employed long-read nanopore (MinION)
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sequencing across full-length nsp12 amplicons and developed
the bioinformatics pipeline, MutALink, to quantify the abso-
lute abundance of each mutation alone or in combination
with other mutations that occurred at greater than 15% fre-
quency by P13 (Fig. 2 G to I). Of the nsp12-RdRp amino acid
substitutions identified in lineage 1, the abundance of com-
bined V166A+N198S+S759A underwent the greatest increase
with increasing drug concentration (Fig. 2G). In lineage 2, the
C799R mutation had no detected linkage to another mutation
(Fig. 2H). In lineage 3, the abundance of combined
S759A+V7921 demonstrated the greatest increase with in-
creasing drug concentration (39%) (Fig. 2I). Thus, S759A pre-
dominantly existed in combination with either N198S+V166A
(lineage 1) or V792I (lineage 3).

Structural modeling of S759A predicts altered RDV
interactions.

The potential of RDV resistance-associated nspl2 muta-
tions to accommodate the RDV-TP substrate was evaluated
using a structural model of the pre-incorporation state in
which the NTP substrate is base paired to the template and
coordinated with two Mg** ions in the active site (Fig. 3). The
model was generated based on the SARS-CoV-2 RdRp cryo-
EM structure 6XEZ (25), but was influenced by several other
polymerase structures (26-28). From this model, we deter-
mined that the amino acid substitutions which arose during
serial drug passage were clustered in three general locations:
S759A was located in the RdRp catalytic S;,DD motif C, in
close proximity to the incoming NTP; V166A, V7921 and
C799F/R were located on or adjacent to motif D, a common
structural element of polymerases important to the dynamics
of NTP incorporation; and N198S was located on the protein
surface behind the Nidovirus RdRp associated nucleotidyl
transferase domain (NiRAN) site, a position having no known
or predicted role in RNA synthesis (Fig. 3A). Focusing on the
active site, several polar residues form a pocket containing
T687, A688 and N691 on motif B and S759 on motif C that
could easily accommodate the RDV-TP T’-cyano group (Fig.
3B). Some variation in the sidechain conformations of T687
and S759 was observed across the available cryo-EM struc-
tures and may be dependent on the state of RNA and sub-
strate binding. A computational assessment of these
conformations within the RDV-TP pre-incorporation model
suggested that a state which oriented the hydroxyls toward
the RDV-TP T’-cyano was optimal. The resulting hydrogen
bonds were weak (2.5 A for T287 and 2.8 A for S759), but this
overall favorable interaction suggested a potential advantage
of RDV-TP over natural substrates. Modeling the S759A mu-
tation showed a loss of one of these hydrogen bonds (Fig. 3C).
From that we predicted decreased binding affinity of RDV-TP
in the pre-incorporation complex relative to ATP. The effect
of other observed mutations was more difficult to predict
structurally. A conformational search of the RARp loops 163
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to 168 and 790 to 800 for both wild-type and mutant amino
acids predicted only modest shifts for VI66A+S759A and
S759A+V7921 (Fig. 3D and E). In contrast, the C799R and
V166A+C799F mutations predicted clear changes in the con-
formation of motif D (Fig. 3F and G). As motif D is thought
to be important to the closing of the polymerase active site
once the NTP is positioned for incorporation (29), any muta-
tion affecting dynamics of this loop could potentially impact
incorporation rates.

SARS-CoV-2nspl12-RdRp S759A and V7921 mutation
homologs confer RDV resistance in recombinant mu-
rine hepatitis virus.

In all subsequent experiments we targeted S759A and
V7921 for genetic and biochemical analysis because they were
associated with the most increase in measured resistance,
they could be isolated alone (V792I) and together
(8759A+V792I) in virus clones, and S759A, located in the
nspl2-RdRp LS;5DD active site motif, modeled a plausible
change in interaction with RNA. To directly test the capacity
of S759A and V7921 substitutions to mediate RDV resistance
in isogenic virus backgrounds devoid of other mutations, we
engineered individual S-to-A and V-to-I changes at the
aligned identical and structurally orthologous S755 and V788
residues in the nspi2-RdRp of MHV (Fig. 4A). Viable MHV
mutants encoding S755A, V788I, or S755A+V'788I were com-
pared with wild-type MHYV in replication assays in the ab-
sence of RDV. Although all mutant viruses ultimately
attained peak titers similar to wild-type, there were defects
in mutant virus replication kinetics (Fig. 4B). The MHV
S755A and V7881 mutants demonstrated a 2-hour delay to ex-
ponential replication compared to wild-type MHV and a 12-
hour delay to peak titer. The S755A+V7881 double mutant
conferred a more protracted 4-hour delay to exponential rep-
lication and 16-hour delay to peak titer. Analysis of sensitivity
to RDV demonstrated that MHV mutants were less sensitive
to RDV than wild-type MHV based on reduction in infectious
viral titer (Fig. 4C) and genome copy number (Fig. 4D). MHV
mutants encoding S755A or V7881 alone demonstrated small
decreases in sensitivity to RDV compared to wild-type MHV
by ECs calculation. For S755A, there was a 2.2-fold increase
in ECs, by infectious virus titer (plaque assay) (Fig. 4E) and
2.7-fold increase based on RNA genome copy number (Fig.
4F). Corresponding values for V7881 were 1.3-fold and 1.8-fold
increase in ECs, respectively (Fig. 4E and F). In contrast, the
combined S755A+V7881 mutant demonstrated a of 38.3-fold
increase in ECs, compared to wild-type based on infectious
viral titer and 24.9-fold increase in ECs based on genome
copy number (Fig. 4E and F). Further, the combination
S755A+V7881 mutant demonstrated complete resistance to
RDV at a concentration of RDV that caused greater than 99%
inhibition of wild-type MHV (0.6 mM) (Fig. 4E and F). Thus,
GS-441524-selected SARS-CoV-2 S759A and V792I-associated
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phenotypes were transferable to MHV and mediated RDV re-
sistance in the MHV genetic background. The results also
demonstrated that the substitutions, when tested in isolation
or in combination, impaired virus replication efficiency in the
absence of RDV, consistent with our previous study demon-
strating that RDV resistance selection in MHV was achieved
at the expense of viral fitness (5).

SARS-CoV-2 nspl12-RdRp S759A and V7921 substitu-
tions mediate RDV resistance by independent and com-
plementary biochemical mechanisms

We next sought to define the mechanisms of S759A and
V792I-mediated resistance. For biochemical analysis, we ex-
pressed and purified SARS-CoV-2 wild-type, S759A, or V7921
RdRp complexes consisting of nsp7, nsp8, and nspl2, using
approaches previously described (8). A key characteristic of
RDV-TP as an inhibitor of wild-type SARS-CoV-2 is that it is
incorporated with higher efficiency than its natural ATP
counterpart by the viral RdRp (8, 30). To determine if a
change in selective substrate usage could explain the effect of
S759A and V7921, we determined the efficiency of incorpora-
tion of ATP over RDV-TP by measuring kinetic parameters
for single nucleotide incorporation events under steady-state
conditions (Fig. 5A, fig. S2, and Table 2). Vi and K, are
Michaelis-Menten parameters that reflect the maximum ve-
locity of nucleotide incorporation and the concentration of
nucleotide substrate at ¥4 Vi, respectively. The ratio of Vi
over K, is the measure of efficiency for nucleotide incorpora-
tion. ATP and RDV-TP incorporation were monitored with a
model primer/template that adequately mimic RNA synthe-
sis using wild-type RdRp and the S759A and V7921 mutants
(fig. S2). Selectivity is defined by the ratio of single nucleotide
incorporation efficiencies of ATP over RDV-TP (Fig. 5B and
C). Consistent with previous reports (8, 30), the selectivity
measured with the wild-type enzyme was 0.38 indicating that
RDV-TP was preferred over ATP (Table 2). In contrast, the
selectivity value for the S759A mutant was 4.0, demonstrating
a preferred use of ATP over RDV-TP. This shift was driven
primarily by a marked reduction in the use of RDV-TP as a
substrate (33-fold decrease in V. /Kn). The efficiency of in-
corporation of ATP also was compromised with S759A to a
lesser degree (3.1-fold decrease in Vi./Km). When corrected
for the difference in ATP usage, the S759A mutant showed a
10.5 fold reduced use of RDV-TP as substrate relative to the
use of ATP. In contrast, the RARp expressing V7921 demon-
strated a 3.4-fold increased capacity to incorporate ATP,
whereas the increase in RDV-TP substrate usage was less pro-
nounced. This resulted in a selectivity value of about 1.3 only
a 3.4-fold change compared with the wild-type RdRp (Table
2). Thus, the S759A mutant discriminated against the inhibi-
tor RDV-TP at the level of nucleotide incorporation much
more effectively than V792I.

Next, we used a second biochemical assay to assess both
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the effect of changes in selective incorporation of ATP versus
RDV-TP as well as the inhibitory effects of the incorporated
RDV-MP on primer extension. We utilized a polyU template
and increasing RDV-TP concentrations to enhance the re-
sistant phenotypes by allowing multiple incorporations of
RDV-TP, which could potentially magnify effects of the mu-
tations (fig. S3A). In this in vitro model for wild-type RdRp,
initially increasing RDV-TP concentration resulted in in-
creased chain-termination (fig. S3B). However, further in-
creases in RDV-TP concentration resulted in an increase in
full-length product due to efficient RDV-TP substrate incor-
poration on the polyU template which overcame delayed
chain termination. The V7921 substitution showed a very sim-
ilar pattern to wild-type, with only marginal increases in full-
length product formation. Conversely, both the S759A and
S759A+V7921 mutants demonstrated delayed chain-termina-
tion only at higher concentrations compared to wild-type,
and no rebound in full-length product formation was ob-
served as RDV-TP concentrations increased. S759A and
S759A+V7921 were indistinguishable in this assay, suggesting
that the phenotype is driven by S759A and the reduced usage
of RDV-TP as a substrate. In contrast, the V7921 substitution
alone did not demonstrate an effect on selective incorpora-
tion of RDV-TP, delayed chain-termination, or overcoming
delayed chain-termination (Table 2, Fig. 5, and fig. S3B). This
result indicated that the contribution of V7921 to RDV re-
sistance is likely based on a different mechanism.

We previously reported that the MHV-V553L RDV re-
sistance mutation, when tested as the homologous V557L
substitution in a SARS-CoV-2 biochemical system, conferred
a low degree of RDV resistance by improving incorporation
of UTP opposite the RDV-MP in the template and thereby re-
ducing template-dependent inhibition (12). To test a poten-
tial effect of V7921, S759A, and S759A+V7921 on template-
dependent inhibition, we prepared wild-type template-A in
which a single adenosine-monophosphate (AMP) was embed-
ded, and template-R in which a single RDV-MP was embed-
ded (Fig. 6A). All enzymes were equilibrated so that the same
amount of product was present in the absence of UTP (Fig.
6B, lane “0”, product 10). The S759A mutant behaved almost
identically to wild-type in this reaction, whereas V792I alone
or S759A+V7921 together lowered the UTP concentration
needed to overcome template-dependent inhibition (Fig. 6C
and D). Thus, distinct and complementary mechanisms of re-
sistance were associated with S759A and V7921, and the two
residue substitutions combined provided an advantage to
RNA synthesis in the presence of RDV.

DISCUSSION

We here show that SARS-CoV-2 is capable of evolving re-
duced susceptibility to GS-441524/RDV through substitutions
in the nspI2-RdRp at, or in close proximity to, the RARp
S9DD active motif. Distinct sets of mutations within the
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RdRp arose in three separate lineages with differing degrees
of population resistance, with lineage 3 co-evolving S759A
and V7921 substitutions that together in plaque isolates
demonstrated the greatest RDV resistance. Introduction of
the substitutions at homologous positions in the structurally
conserved MHV nspI12-RdRp (S755A and V788I) confirmed
the resistance phenotype and its transferability across diver-
gent CoVs. Biochemical kinetic studies of the mutations in
the expressed RARp complex consisting of nsp7, 8 and 12
demonstrated that S759A improved RdRp discrimination
against incorporation of RDV-TP, whereas V7921 reduced
template-dependent inhibition of RNA synthesis mediated by
incorporated RMP, thereby complementing the effects of
S759A. These results provide a mechanistic explanation for
the co-selection and emergence of these mutations.
Although RdRp mutations previously have been reported
in MHV (5) and SARS-CoV-2 (31, 32) associated with RDV re-
sistance, this report identifies an amino acid substitution in
a CoV nspI12-RdRp S7oDD catalytic motif that mediates a high
magnitude of RDV. Notably, mutations are well-known at the
structurally equivalent HIV-1 reverse transcriptase (RT)
YM,5.DD active motif that confer resistance to nucleoside an-
alogs (33). The HIV-1 RT YMy, DD motif is relatively con-
served among RT enzymes and M184V or M1841 within this
region has an effect on RT catalytic activity and may confer
increased resistance (>100-fold) to lamivudine (Epivir) and
emtricitabine (Emtriva) (32, 34, 35). In our study, replacing
the conserved S759 in the S;;,DD motif of the RARp with an
alanine resulted in decreased sensitivity to RDV, yet exerted
diminished impact compared to similar changes in the HIV-
1 RT. Nevertheless, these data pinpoint S759A—the product
of a single nucleotide change and tolerated amino acid sub-
stitution in the RdRp—as a likely key determinant of RDV
resistance. Finally, it remains to be determined if our in vitro-
selected S759A, V7921, or other mutations emerge in vivo un-
der selection. Here, the HIV-1 example is potentially informa-
tive as the RT M184V/I substitutions first identified in vitro
have repeatedly been confirmed to be selected in vivo (36).
The results of this study, along with our published bio-
chemical and genetic studies, suggest that there are multiple
potential genetic pathways to SARS-CoV-2 RDV resistance.
These pathways may evolve both common and unique deter-
minants within and across divergent CoVs. There remain
many questions to pursue in understanding the relationship
of RDV with the uniquely complex CoV multi-protein repli-
case, and the likely equally complex pathways to resistance
in vitro and in vivo. Our previously reported MHV nspi2-
RdARp RDV resistance substitutions F476L. and V553L (5)
were not detected at SARS-CoV-2 homologous F480 and V557
residues in any of the three GS-441524-passaged lineages in
this study. However, our previous biochemical studies
demonstrated that the SARS-CoV-2 V557L change did reduce
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template-dependent inhibition of RNA synthesis (12). In con-
trast, although the SARS-CoV-2 RDV resistance mutations
S759A and V7921 were not identified during MHV passage,
introduction of the homologous substitutions in recombinant
MHYV mutants yielded clear reduced susceptibility to RDV
alone and combined. The difference in the magnitude of the
resistance phenotype when the mutations selected in WA-1
were introduced into MHV may be due to intrinsic differ-
ences between the two polymerases and the interactions be-
tween the polymerase and other replicase proteins. Although
we cannot exclude a theoretical influence of the nonsynony-
mous mutations detected in non-replicase proteins, our cur-
rent understanding of mechanism of inhibition by RDV
gained from resistance selection analysis and detailed bio-
chemical studies in several different CoVs indicates that the
primary viral determinants of inhibition by RDV lie within
replicase proteins, in particular the RARp, which amino acid
sequence remains highly conserved across variants of con-
cern (VOC). Results from another in vitro SARS-CoV-2 pas-
sage study with RDV linked nspi2-RdRp E802D, a residue
change not observed in our studies, to partial RDV resistance
(32). GS-441524 forms an identical active metabolite to RDV
in cells and acts through the same mechanism of RdRp inhi-
bition, but may have different intracellular pharmacokinetics
and triphosphate concentrations (7, 37) that could theoreti-
cally contribute to differential outcomes observed in the in
vitro resistance selection experiments performed with RDV
versus GS-441524. Further, it will be critical to test mutations
that are selected in other proteins of the CoV replicase com-
plex, specifically in the nspl4 exonuclease, a key determinant
of CoV high fidelity replication (proofreading), and to test na-
tive resistance to nucleoside analogs such as Ribavirin and 5-
Fluorouracil, as well as resistance to RDV in the MHV model
(5, 38, 39). Finally, it will be important to determine if the
different individual and combined 7nspI2-RdRp mutations
herein identified confer different extents of RDV resistance
and fitness cost in SARS-CoV-2 compared to the SARS-CoV-2
lineages or in the recombinant isogenic MHV background.
These direct genetic studies of SARS-CoV-2 were in process
when RDV received FDA Emergency Use Authorization
(EUA) and FDA Approval for treatment of COVID-19 in Octo-
ber 2020. The FDA approval, while stating the importance of
and requiring data on SARS-CoV-2 RDV resistance determi-
nants and potential, paradoxically triggered a halt to any
newly initiated genetic studies of RDV resistance in SARS-
CoV-2 using NIH or other US government support (40-42).
This necessitated our targeting of reverse genetic studies us-
ing the non-human betacoronavirus MHV.

Our results also emphasize the need for additional re-
search to determine the potential for in vivo resistance emer-
gence and impact of resistance in various clinical settings and
patient populations. A case report of an
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immunocompromised COVID-19 patient who responded
poorly to RDV described a single mutation in nsp12-RdRp,
but neither causal effect nor mechanism was demonstrated
(22). Our results would predict that the barriers to RDV re-
sistance emergence are substantial but not insurmountable.
The passage-selected SARS-CoV-2 RDV-resistant lineages and
the targeted engineered MHV mutants displayed either im-
paired replication or no advantage compared to the parallel
vehicle-passaged or recombinant wild-type controls, suggest-
ing that development of RDV resistance in SARS-CoV-2 may
confer a substantial fitness cost, consistent with our previous
findings on MHV RDV-resistance mutants (5). Further, since
RDV is administered intravenously, emergence of clinical re-
sistance during treatment of an individual likely would be
disfavored by the highly controlled duration of administra-
tion and rapid and profound reduction in virus titer. Taken
together, these factors would predict substantial barriers to
RDV resistance in natural variants and treated patients. Our
analysis of greater than 8 million consensus sequences depos-
ited to the GISAID database also demonstrates very low prev-
alence in global SARS-CoV-2 isolates, including Delta and
Omicron variants, of the RARp substitutions identified in this
study (43). Although it is encouraging that natural variants
to date have not propagated confirmed RDV resistance mu-
tations within reported consensus sequences, these substitu-
tions might arise as minority variants. The possibility of RDV
extended use in chronically infected or immunosuppressed
patients also may increase the opportunities for SARS-CoV-2
to overcome genetic barriers and adapt for increased fitness.

Although our study shows that SARS-CoV-2 can develop
resistance to RDV during in vitro serial passage in presence
of drug and that different genetic pathways and mechanisms
may be selected in parallel lineages, there are limitations to
our results and interpretations. First, it is possible there may
be differences in the development of drug resistance in vivo
compared to in vitro, and that in vitro selected resistance may
have fitness costs not defined here. Specifically, the S759A
mutation was present in the clinical isolate as a low fre-
quency variant and became dominant in two lineages under
drug selection, but we do not know if that mutation would be
selected if virus was passaged in vivo. Second, although we
demonstrate through forward genetics in SARS-CoV-2 and re-
verse genetics in MHV that combined mutations
S759A+V792I are sufficient to overcome sensitivity to RDV,
we were restricted from reverse genetic testing of the muta-
tions alone or together in isogenic SARS-CoV-2 making it not
possible to confirm their phenotype in absence of other pas-
sage-selected mutations. Further, though we would not ex-
pect any differences in the effect of these mutations in the
background of the evolving VOCs, future studies should ad-
dress these questions. Finally, we did not perform detailed
analysis of mutations which were selected in replicase
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nonstructural proteins (nsp) outside of the nspi12-RdRp. This
important area for future genetic and biochemical studies as
we seek to define additional protein functions and targets for
antiviral development.

In summary, our studies present potential pathways to re-
sistance for SARS-CoV-2 to RDV and provide multiple mech-
anisms of resistance that the virus uses to overcome
sensitivity to RDV. Our results create a reference for surveil-
lance for RDV resistance, and support the need to pursue
combination therapies targeting the RAdRp through different
mechanisms (38, 44), as well as inhibiting other replicase
functions such as protease activities (45).

MATERIALS AND METHODS

Study Design. The details of study design, analysis and
statistics are provided in the relevant sections below. The pri-
mary goal of this study was to determine the potential path-
ways and mechanisms by which SARS-CoV-2 can acquire
resistance to RDV. A clinical isolate of the WA1 strain of
SARS-CoV-2 was serially passaged in triplicate the presence
of GS-441524 or vehicle (DMSO) in Vero E6 cells to generate
drug resistance. Experiments were performed in two or more
independent biological replicates with two or more technical
replicates each. Each virus isolate stock was given a number.
Drug sensitivity assays performed in duplicate with technical
replicates in A549-hACE2 cells against RDV confirmed that
drug-passaged lineages showed increased resistance to RDV
compared to the vehicle-passaged control populations. The
researcher performing the antiviral drug sensitivity assays
was blinded to the numbering at the time the experiment was
performed and during data collection. Sample numbers were
linked back to virus isolate names at the time of graphing and
analysis to allow for data interpretation. The isolates showing
phenotypic resistance at terminal passages were chosen for
sequence analysis. Once the candidate mutations were iden-
tified, plaque isolation and propagation were performed to
test for genetic linkages in individual plaques. Size calcula-
tions were not possible as we were working with complex vi-
rus populations and the variability of viruses within the
populations could not be absolutely defined. The multiple lin-
eages and complex passage evolution suggests that other
pathways to resistance may have been possible. The goal was
to best isolate mutations alone and in combination in plaque
isolates. Mutations were introduced into cloned murine hep-
atitis virus for recovery, sequencing, and analysis of replica-
tion and RDV sensitivity in backgrounds without passage
selected mutations. Candidate resistance mutations were
tested by biochemical approaches using purified proteins to
determine mechanisms by which these mutations result in
resistance. The biochemical studies were designed to explain
the mechanism of resistance of the passage-identified muta-
tions.

Cells and viruses. Vero E6 cells were obtained from the
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United States Army Medical Research Institute of Infectious
Diseases (USAMRIID) and cultured in Dulbecco’s modified
Eagle medium (DMEM) (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Gibco), 100 U/ml penicillin (Gibco), 100
mg/ml streptomycin (Gibco), and 0.25 uM amphotericin B
(Corning). A549 cells overexpressing the human ACE2 recep-
tor (A549-hACE2) (46) were cultured in DMEM supple-
mented with 10% FBS, 100 U/ml penicillin, 100 mg/ml
streptomycin, and 1% modified Eagle medium (MEM) Non-
Essential Amino Acids Solution (Gibco). Murine astrocytoma
delayed brain tumor (DBT) cells and baby hamster Kidney 21
cells expressing the MHYV receptor (BHK-R) (47) were main-
tained in DMEM containing 10% FBS (Invitrogen), 100 U/ml
penicillin, 100 mg/ml streptomycin, HEPES (Gibco), and 0.25
uM amphotericin B. BHK-R cells were further supplemented
with 0.8 mg/ml G418 (Mediatech). A P3 stock of the SARS-
CoV-2/human/USA/WA-CDC-WA1/2020 isolate (GenBank
accession no. MN985325.1) was obtained from the CDC and
passaged twice in Vero E6 cells to generate a high-titer P5
stock for experiments described in this manuscript. All work
with MHV was performed using the recombinant wild-type
strain MHV-A59 (GenBank accession no. AY910861) (47). Mu-
tant MHYV viruses were generated using QuikChange muta-
genesis performed according to the manufacturer’s protocol
to generate mutations in MHV individual genome cDNA frag-
ment plasmids using the previously described infectious
clone reverse-genetics system (47). Mutants were recovered
in BHK-R cells following electroporation of in vitro-tran-
scribed genomic RNA. All fragments containing mutations
were Sanger sequenced to ensure mutations were present be-
fore use in further studies (GeneWiz). RDV and GS-441524
were synthesized by the Department of Medicinal Chemistry,
Gilead Sciences.

Selection of RDV resistance. Infection was initiated in
6-well tissue-culture plates (Corning) at a multiplicity of in-
fection (MOI) of 0.01 plaque forming units (PFU) SARS-CoV-
2 per cell in replicates of six. Three wells of Vero E6 cells were
treated with 0.5 uM GS-441524, and three other wells were
treated with 0.1% DMSO (vehicle controls), each well repre-
senting one lineage. Once cell monolayers demonstrated at
least 40% CPE or after 72 hours, cell culture supernatant was
harvested and a constant volume of 20 uL supernatant was
added to a fresh monolayer to initiate the subsequent pas-
sage. All lineages were maintained until passage 13 (P13). At
P13, GS-441524 lineage 2 was reduced to 3 uM to allow for
virus recovery, whereas lineage 1 and 3 replicated in 9 uM
GS-441524. P13 virus lineages were titered by plaque assay,
and sensitivity to RDV were determined in an antiviral activ-
ity assay. In addition, RNA was harvested from infected cell
supernatant using TRIzol LS reagent (Invitrogen) and cell
monolayers using TRIzol reagent (Invitrogen) for viral popu-
lation sequencing. Passages from GS-441524-treated lineages
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were subjected to viral plaque isolation by standard plaque
assay in the absence of GS-441524. Plaque picks (PP) were ex-
panded in Vero E6 cultures supplemented with 1 uM GS-
441524. Cultures were harvested when CPE was greater than
50% or after 72 hours. Supernatant RNA was collected for
Sanger sequencing and total monolayer RNA was harvested
for RNA-seq.

Antiviral activity assays. A549-hACE2 cells were seeded
at 5 x 10* cells per well in 48-well plates (Corning) and al-
lowed to adhere for 16 to 24 hours. RDV (20 uM in DMSO
stock) was serially diluted in DMSO to achieve 1000x final
concentration and diluted to final 1x concentration in culture
medium up to 2 hours before start of infection. Cells were
incubated with MOI = 0.01 PFU per cell of passaged virus lin-
eages in gel saline (0.3% [wt/vol] gelatin in phosphate-buff-
ered saline containing CaCl, and MgCl, (PBS +/+) (Corning)
for 30 min at 37°C and gently rocked manually every 10 min
to redistribute the inoculum. Viral inoculum was removed,
and cells were washed with pre-warmed PBS +/+. Medium
containing dilutions of RDV or vehicle control (0.1% DMSO)
was added and following incubation at 37°C/5% CO, for 4.8
hours, cell culture supernatants were harvested and pro-
cessed for viral genomic RNA quantification by quantitative
reverse transcription polymerase chain reaction (RT-qPCR).
Data represent the means of two independent experiments
consisting of two replicates each.

Viral replication assays. A549-hACE2 or DBT-9 cells
were seeded at 1 x 10° cells per well in 24-well plates (Corn-
ing) and allowed to reach confluence within 24 hours. A549-
hACE2 cells were adsorbed with MOI = 0.01 PFU per ml
SARS-CoV-2 passaged population virus or plaque-isolated
sub-lineages. DBT-9 cells were adsorbed with MOI = 0.01 PFU
per ml wild-type MHV (derived from the infectious clone) or
with MHV recombinantly engineered to contain putative
RDV-resistance mutations in the isogenic background. Cells
were adsorbed with virus for 30 min at 37°C/5% CO,, with
manual rocking every 10 min to redistribute the viral inocu-
lum, after which the inoculum was removed, cells were
washed with pre-warmed PBS +/+, and fresh medium with-
out drug was added. Cultures were incubated at 37°C/5% CO,,
supernatants were harvested at indicated times post infec-
tion, and MHV infectious titers were determined by plaque
assay as previously described (48). Viral genomic RNA in cul-
ture supernatants was quantified by RT-qPCR.

Quantification of SARS-CoV-2 infectious titer. Ap-
proximately 1 x 10° Vero E6 cells per well were seeded in 6-
well plates and allowed to reach confluence within 24 hours.
Medium was removed, and 100 uL of 10-fold serial dilutions
of virus-containing supernatants in gelatin saline (0.3%
[wt/vol] gelatin in PBS +/+) was adsorbed in duplicate wells
for 30 min at 37°C/5% CO,. Plates were rocked manually
every 10 min to redistribute inoculum. Cells were overlaid
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with DMEM containing 1% agar and incubated at 37°C/5%
CO.. Plaques were enumerated in unstained monolayers at 48
to 72 hours post infection.

Quantification of viral RNA. Cell culture supernatants
were harvested in TRIzol LS reagent, and RNA was purified
following phase separation by chloroform as recommended
by the manufacturer. RNA in the aqueous phase was collected
and further purified using a KingFisher IT automated nucleic
acid extraction system (Thermo Fisher Scientific) according
to the manufacturer’s protocol. Viral RNA was quantified by
RT-qPCR on a StepOnePlus Real-Time PCR System (Applied
Biosystems) using TagMan Fast Virus 1-Step Master Mix
chemistry (Applied Biosystems). SARS-CoV-2 genomic RNA
was amplified and detected wusing forward (5'-
CGTGTAGTCTTTAATGGTGTTTCC-3') and reverse (5'-
GCACATCACTACGCAACTTTAG-3") primers and probe (5'-
FAM-TTTGAAGAAGCTGCGCTGTGCAC-BHQ-1-3") specific
for the nsp4 gene. RNA copy numbers were interpolated from
a standard curve produced with serial 10-fold dilutions of
nsp4 gene RNA. Briefly, SARS-CoV-2 cloned nsp4 gene cDNA
served as template to PCR-amplify a 1062 bp product using
forward 5'-
TAATACGACTCACTATAGGCTGCTGAATGTACAATTTT-3")
and reverse (5'-CTGCAAAACAGCTGAGGTGATAGAG-3'")
primers that appended a T7 RNA polymerase promoter to the
5' end. PCR product was column purified (Promega) for sub-
sequent in vitro transcription of mnsp4 RNA using
mMESSAGE mMACHINE T7 Transcription Kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
Nsp4 RNA was purified using the RNeasy mini kit (Qiagen)
according to the manufacturer’s protocol, and copy number
was calculated using the SciencePrimer.com copy number
calculator. RNA copy numbers from MHYV infections were
quantified as previously described (49).

INlumina sequencing. Total RNA was extracted from P9
and P13 monolayers using TRIzol according to the manufac-
turer’s instructions. For RNA-Seq, total RNA underwent
poly(A) selection followed by NovaSeq PE150 sequencing (I1-
lumina) at 15 million reads per sample at the Vanderbilt Uni-
versity Medical Center (VUMC) core facility, Vanderbilt
Technologies for Advanced Genomics (VANTAGE). Reads
were aligned to the reference genome (MT020881.1), and mu-
tations were identified, quantified, and annotated using the
in-house pipeline, CoVariant. Amino acid locations were con-
firmed through sequence alignment using MacVector and
CLC Workbench (QIAGEN).

Nanopore amplicon sequencing. 5 L of RNA from in-
fected cell monolayers was reverse transcribed using random
hexamers and Superscript III (Thermo Fisher Scientific) to
generate the first cDNA strand for each sample according to
manufacturer’s protocols. Nspl12 amplicons 2796 bp in size
were generated with first-round EasyA (Agilent) PCR using
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tailed primers according to manufacturer’s protocols (for-
ward = 5'-TTTCTGTTGGTGCTGATATTGCCTGTAGATGCTG
CTAAAGC-3'; reverse = 5'-ACTTGCCTGTCGCTCTATCTTC
TGACATCACAACCTGGAGC-3") and confirmed by gel elec-
trophoresis. PCR products were purified by the Wizard SV
Gel and PCR Clean-Up System (Promega) and quantified us-
ing the Qubit dsDNA HS assay (Thermo Fisher Scientific). For
each sample, 1 ug of DNA (505.7 fmol) was used for barcoding
PCR according to manufacturer’s protocols for the EXP-
PBCO001 kit (Oxford Nanopore Technologies). Barcoded am-
plicons were purified by the Wizard SV Gel and PCR Clean-
Up System (Promega) and quantified using the Qubit dsDNA
HS assay. Amplicons were pooled using 112 ng of amplicon
DNA per sample for a total of 1 ug of amplicon DNA. Sequenc-
ing of the library prep was performed according to the man-
ufacturer’s protocols using the SQK-LSK110 kit (Oxford
Nanopore Technologies). The pooled library was loaded onto
a quality-checked MinION flowcell with 1491 functional se-
quencing pores, and sequencing was performed using the
MinKNOW GUI over 72 hours.

Nanopore genetic linkage analysis. Mutation linkage
was determined using an in-house pipeline, MutALink. Anal-
ysis was directed by sequential custom Bash shell scripts that
direct each module of the pipeline. The first module performs
basecalling and alignment. Specifically, following sequenc-
ing, raw FASTS5 files were basecalled and demultiplexed using
Guppy 05.0.11 (Oxford Nanopore Technologies). Pass FASTQ
files were aligned to the SARS-CoV-2 genome (MT020881.1)
for each sample using minimap2 (50), and alignments were
processed and filtered for reads containing sequences across
all of nspi2 using SAMtools (51). Alignment statistics were
generated using NanoStat. The second module of the Mu-
tALink pipeline calls and quantifies variant allele frequencies
for candidate variants using Nanopolish (52). The last mod-
ule, genotype quantification, filters different combinations of
candidate variants and generates outputs for each lineage us-
ing a custom batch script, variant-specific javascript files
(V166A.js, N198S.js, V7921.js, S759A.js, and C799F.js), and the
samjdk package from jouarkit (53) using a separate Bash shell
script for each lineage. Read counts were corrected manually
for duplicate counting between combinations, and the fre-
quency of each genotype in each sample passage compared to
total mapped reads was reported and visualized using the Py-
thon package, seaborn (54).

Structural modeling. The model of the SARS-CoV-2 pre-
incorporation polymerase complex was built on the cryo-EM
PDB structure 6XEZ (25) by examination of several post-in-
corporation/pre-translocation SARS-CoV-2 RdRp structures
compared to a number of pre-incorporation complexes of
similar viral RARps (such as hepatitis C virus, norovirus, and
poliovirus) (26-28). First ATP was positioned in the active
site, as were two Mg** ions. The corresponding template base
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at position +1 was modified from A to U. D618, D760 and
D761 were optimized to coordinate the metal ions, and a con-
formational search was done on key sidechains in the active
site, including K545, R553, R555, D623, S682, T687, N691,
D759 and K798 (55). These residues, as well as metals, ATP,
and primer/template nucleotides P, T, and T,; were then
minimized (56). Once optimized, ATP was modified to RDV-
TP and the structure was minimized again. Mutations were
analyzed by conducting a conformational search of all resi-
dues within 5 A of the mutation and minimizing. In the case
of V166A, V7921 and C799R/F, a conformational search of the
loops 163 to 168 and 790 to 800 was also conducted.

Protein expression and purification. SARS-CoV-2
RdRp wild-type and mutant proteins (S759A and V7921) were
expressed and purified as reported previously (8, 9, 12). The
pFastBac-1 (Invitrogen) plasmid with codon-optimized syn-
thetic DNA sequences (GenScript) coding for a portion of 1ab
polyproteins of SARS-CoV-2 (NCBI: QHD43415.1), containing
only nsp5, nsp7, nsp8, and nspl2, was used as starting mate-
rial for protein expression in insect cells (Sf9, Invitrogen). We
employed the MultiBac (Geneva Biotech) system for protein
expression in insect cells according to published protocols
(57, 58).

Single NTP incorporation and the effect of primer-
embedded RDV-MP. To measure NTP incorporation by
SARS-CoV-2 RdRp wild-type and mutants, data acquisition
and quantification were done as previously reported (8, 9, 12).
Enzyme concentration was 150 nM for both single and mul-
tiple nucleotide incorporation assays, respectively. RNA syn-
thesis incubation time was 10 min. Single nucleotide
incorporation assays were used to determine the preference
for the natural nucleotide over RDV-TP. The selectivity value
was calculated as a ratio of the incorporation efficiencies of
the natural nucleotide over the nucleotide analog. The dis-
crimination value was calculated as a ratio of mutant to wild-
type selectivity. The efficiency of nucleotide incorporation
was determined by the ratio of Michaelis-Menten constants
Vmax OVer Ky, as previously reported (8, 9, 12).

Evaluation of RNA synthesis across the RNA tem-
plate with embedded RDV-MP. RNA synthesis assays us-
ing SARS-CoV-2 RdRp complex on an RNA template with an
embedded RDV-MP or adenosine at equivalent positions,
data acquisition, and quantification were done as previously
described with the following adjustments: (1) enzyme con-
centration of wild-type RdRp was increased to 250 nM, and
(2) mutant RARp concentration was adjusted such that activ-
ity was equivalent to wild-type. Two independent prepara-
tions of RDV-embedded RNA templates and at least three
independent preparations of SARS-CoV-2 wild-type and mu-
tant enzymes were used.

Statistical analyses. The ECs, value was calculated in
GraphPad Prism 8 as the concentration at which there was a
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50% decrease in viral replication relative to vehicle alone (0%
inhibition). Dose-response curves were fit based using four-
parameter non-linear regression. All statistical tests were ex-
ecuted using GraphPad Prism 8. Statistical details of experi-
ments are described in the figure legends.
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Fig. 1. SARS-CoV-2 RDV resistance develops after serial passaging. SARS-CoV-2 was serially passaged in the
presence and absence of GS-441524 in Vero-E6 cells in triplicate lineages. (A) Sensitivity of P9 lineages (Lin) to RDV
in Ab49-hACE2 cells was determined by change in genome copy number. (B) Percent inhibition was calculated from
genome copy number (A) and fold-change in ECso compared to vehicle (DMSO)-passaged lineage 1 at P9. (C)
Sensitivity of P13 lineages to RDV in Ab49-hACE2 cells was determined by change in genome copy number. (D)
Percent inhibition calculated from genome copy number (C) and fold-change in ECso compared to vehicle-passaged
lineage 1 at P13. (E) Replication kinetics of P13 drug-passaged viral lineages are shown compared to vehicle-
passaged lineage 1. (F) Sensitivity to RDV is shown for plaque-pick (PP) isolates from GS-441524-passaged lineage
3 and vehicle-passaged lineage 1 population viruses and input virus in A549-hACE?2 cells, as determined by change
in genome copy number. Plaque-picks (PP) from lineage 3 were isolated and expanded in presence of 1uM GS-
441524 (G) Percent inhibition was calculated from raw genome copy number (F) and fold-change in ECso compared
to vehicle DMSO-passaged lineage 1. (H) Replication kinetics of plaque isolates tested in (F) and (G). Error bars
indicate standard deviation.
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Fig. 2. Evolution and intramolecular linkage of nspl2 mutations. SARS-CoV-2 was passaged 13
times inincreasing concentrations of GS-441524 in 3 lineages. RNA from infected cell monolayers was
subjected to Illumina RNA sequencing and Oxford nanopore MinlON sequencing. (A to C) RNA-seq
was used to measure the percent of nspl2 mutations in lineages 1 (A), 2 (B), and 3 (C). (D to F)
Nanopore amplicon sequencing was used to measure percent of nspl2 mutations (MUT) in lineages 1
(D), 2 (E), and 3 (F) relative to wild-type (WT) nspl2. (G to 1) The frequency of single and combined
sets of nspI2 mutations is shown for in single viral genomes in lineages 1 (G), 2 (H), and 3 (). Variants
were mapped according to their genomic position and frequency, expressed as a percentage of the
total reads mapped to that position.
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Fig. 3. Structural modelling predictions of identified nsp12-RdRp mutations. (A) Observed nspl2 amino
acid substitutions were mapped on a model of the SARS-CoV-2/RDV-TP pre-incorporation complex. nspl2
is shown in white, nsp7 in pink, nsp8 in cyan, the primer strand in yellow, the template strand in orange,
RDV-TP in magenta, and mutations in green. S759A is in the active site, whereas V166A, V792A and
C799F/R are adjacent to the active site, clustered around motif D (in blue). Details of the RDV-TP pre-
incorporation model are shown, highlighting the polar residues that interact with the 2’0OH and the 1'CN. (B)
S759 is seen to be in close contact with the 1'CN, forming a favorable interaction. (C) Substitution of the
serine with an alanine increases the distance between residue 759 and the 1'CN, resulting in a loss of
favorable interaction. N198S does not appear to impact either the NiRAN or Pol sites. (D) A model of the
lineage 1 mutations V166A and S759A (green) overlaid on the wild-type structure (white) is shown. V1I66A
is in direct contact with V792 and may impact the dynamics of motif D. (E) A model of the similar lineage 3
mutations V7921 and S759A (green) overlaid on the wild-type structure (white) is shown. (F) A model of the
lineage 2 mutation C799R (green) overlaid on the wild-type structure (white) is shown. The mutation is
predicted to alter the conformation of motif D, impacting how K798 interacts with the substrate -
phosphate. (G) A model of the lineage 1 mutations V1I66A and C799F is shown, which are also observed to
alter the conformation of motif D and the position of K798.
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Fig. 4. SARS-CoV-2 resistance mutations confer RDV resistance in MHV. (A) Candidate resistance
mutations identified in SARS-CoV-2 were engineered at conserved homologous positions in the MHV
infectious clone. Wild-type MHV and mutant viruses were tested against RDV in murine delayed brain
tumor (DBT) cells. (B) MHV replication kinetics. (C) Change in infectious viral titers as measured by
plaque assay. Changes are shown relative to DMSO control treatment. (D) Change in MHV genome
copy number as measured using gRT-PCR. (E) Percent inhibition and ECso values calculated using
infectious virus titers from (B). (F) Percent inhibition and ECso values calculated using genome copy

numbers from (C).
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Fig. 5. RDV-TP is differentially incorporated by wild-type, S759A, and V7921 mutant SARS-CoV-2
RdRp complexes. (A) Graphical representation of ATP or RDV-TP single nucleotide incorporation
during RNA synthesis as a function of their respective concentrations shown in fig. S2. Best fit lines
illustrate fitting of the data points to Michaelis-Menten kinetics function using GraphPad Prism 7.0.
Error bars illustrate the standard deviation of the data. All data represent at least three independent
experiments. (B) The efficiencies of incorporation (ATP and RDV-TP) and selectivity (ATP over RDV-
TP) of the mutant enzymes were quantified and corrected for differences in ATP incorporation. (C)
Selectivity and discrimination values were calculated for RDV-TP across mutant enzymes.
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Fig. 6. RNA synthesis differs between SARS-CoV-2 wild-type and mutant S759A, V792I, and S759A+V792I
RdRp complexes. (A) The RNA primer/template sequences used are shown. (B) RDV-MP is embedded at
position 11 in the template R strand while AMP is in the same position on the template A strand. RNA products
were synthesized by the wild-type or mutant SARS-CoV-2 RdRps in a reaction mixture containing the
primer/template pair, MgCl,, and indicated NTP concentrations. G (red) indicates the incorporation of [«-*2P]
GTP at position 5 and 4 indicates the migration pattern of 5'-3P-labeled 4-nt primer is used as a size marker.
The O point in red indicates a reaction where [«-3?P] GTP was the only NTP present to control for contaminating
NTPs in the template preparations. (C and D) The fraction of RNA synthesis beyond position 11 with respect to
total RNA products formed was quantified. (C) The comparison of reactions using template A and template R
with wild-type RdRp and increasing concentrations of UTP is shown. (D) Comparisons of RNA synthesis by wild-
type and mutant enzymes are shown. Data corresponding to UTP = 33 and 100 puM were excluded to focus on
the differences in the lower concentration range.
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Table 1. nsp12 non-synonymous mutations present at greater than 15% of populations of serially passaged SARS-
CoV-2. SARS-CoV-2 was passaged 13 times in increasing concentrations of GS-441524 or vehicle (DMSO) in three lineages
each. Values represent percent of mutations detected by RNA-seq at passage 13 in RNA extracted from infected cell mono-
layers. PP: sub-lineages isolated from plaque picks. Refer to data file S1 for complete dataset.

nspi12
Genome Position 13937 14033 15715 15814 15835 15836

Amino Acid Changes V166A N198S S759A V7921 C799R C799F
Input Virus (SARS-CoV-2 WA-1 - - 0.64% - - -

P5 Stock)

DMSO P13 Lineage 1

DMSO P13 Lineage 2

DMSO P13 Lineage 3

GS-441524 P13 Lineage 1 92.32% 97.57% 61.72% 38.31%
GS-441524 P13 Lineage 2 86.27%

GS-441524 P13 Lineage 3 99.27% 98.82%

PP nspi12-V7921 99.96%

PP nsp12-S759A+V7921 99.72% 99.97%

Table 2. Selectivity values against RDV-TP incorporation by SARS-CoV-2 wild-type and a set of mutants contain-
ing single amino acid substitution at residue S759.

Vmaxa Km b Vmax / Km
Selectivity¢® Discrimination ¢
ATP RDV-TP ATP RDV-TP ATP RDV-TP

RdRp

MO G S A M v w om e
ﬁzggA igg(2)8 133(1)6 1093375 182;25 4.8 12 0 105
hs o0 soom 000w soo0m O 13 3-‘*

“ Viax i @ Michaelis-Menten parameter reflecting the maximal velocity of nucleotide incorporation; reported as a raw value
of product fraction of the incorporated nucleotide. ® K, is a Michaelis-Menten parameter reflecting the concentration (uM)
of the nucleotide substrate at which the velocity of nucleotide incorporation is half of V. ¢ Selectivity of a viral RNA poly-
merase for a nucleotide substrate analog is calculated as the ratio of the Viya/Kn values for NTP and NTP analog, respec-
tively; as such, it is a unitless value. ¢ The discrimination index is calculated as a ratio of selectivity of the mutant over wild-
type. ¢ All reported values have been calculated on the basis of a 9-data point experiment repeated the indicated number of
times (n).

f Standard error associated with the fit. £ Reference value used to determine discrimination by mutant enzymes.

First release: 28 April 2022 www.science.org/journal/stm (Page numbers not final at time of first release) 22




