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Remdesivir (RDV) is a direct-acting antiviral agent that is
used to treat patients with severe coronavirus disease 2019
(COVID-19). RDV targets the viral RNA-dependent RNA poly-
merase (RdRp) of severe acute respiratory syndrome corona-
virus 2 (SARS–CoV-2). We have previously shown that incor-
poration of the active triphosphate form of RDV (RDV-TP)
at position i causes delayed chain termination at position i1
3. Here we demonstrate that the S861G mutation in RdRp
eliminates chain termination, which confirms the existence of a
steric clash between Ser-861 and the incorporated RDV-TP.
With WT RdRp, increasing concentrations of NTP pools cause
a gradual decrease in termination and the resulting read-
through increases full-length product formation. Hence, RDV
residues could be embedded in copies of the first RNA strand
that is later used as a template. We show that the efficiency of
incorporation of the complementary UTP opposite template
RDV is compromised, providing a second opportunity to in-
hibit replication. A structural model suggests that RDV, when
serving as the template for the incoming UTP, is not properly
positioned because of a significant clash with Ala-558. The ad-
jacent Val-557 is in direct contact with the template base, and
the V557L mutation is implicated in low-level resistance to
RDV. We further show that the V557L mutation in RdRp low-
ers the nucleotide concentration required to bypass this tem-
plate-dependent inhibition. The collective data provide strong
evidence to show that template-dependent inhibition of SARS–
CoV-2 RdRp by RDV is biologically relevant.

The U.S. Food and Drug Administration has recently issued
an emergency use authorization (EUA) for the investigational
drug remdesivir (RDV) to treat infection with severe acute re-
spiratory syndrome coronavirus 2 (SARS–CoV-2) (1). The
EUA was largely based on a randomized clinical trial that
showed a significant reduction in the time of recovery of hospi-
talized individuals diagnosed with coronavirus disease 2019
(COVID-19) (2). RDV is a nucleotide analog prodrug that was
designed to target the RNA-dependent RNA polymerase

(RdRp) of RNA viruses (3, 4). The triphosphate form of RDV
(RDV-TP) is an analog of the natural adenosine triphosphate
(ATP) with 19-C-nucleoside bond and a 19-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) and Paramyxoviridae (e.g.
Nipah virus andmeasles virus) as well as in vitro activity against
viruses in the Pneumoviridae (e.g. respiratory syncytial virus)
family (3–7). Antiviral activity against positive-sense RNA
viruses, including flaviviruses and coronaviruses, was also dem-
onstrated in various systems (8–12). Several previous studies
have demonstrated prophylactic and therapeutic efficacy in
animal models of SARS-CoV, Middle East respiratory syn-
drome (MERS)-CoV and SARS–CoV-2 (10, 12).
Low 50% effective concentrations (EC50) and a high barrier

to the development of resistance were observed in cell cultures
(8). EC50 values in the lower nanomolar range have been meas-
ured for each of these three viruses, depending on the cell
type–specific metabolism of RDV-TP (12). In vitro selection
experiments with the mouse hepatitis virus (MHV) revealed
twomutations in the RdRp enzyme that confer low-level resist-
ance to RDV (8). F476L and V553L were shown to cause 2.4-
fold resistance and 5.0-fold resistance, respectively. The
F476L1V553L 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 (8). 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 refinedmech-
anism of action is based on high rates of incorporation of RDV-
TP, which translates in efficient competition with its natural
counterpart ATP (13, 14). However, the existence of a 39-OH
group allows further nucleotide incorporation events to occur
and inhibition 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 (5, 6, 13, 14). RdRp complexes
of SARS-CoV, MERS-CoV, and SARS–CoV-2 stop RNA syn-
thesis after position i1 3, i.e. three nucleotides following incor-
poration of RDV-TP at position i (13, 14). This pattern is identi-
cal with the three RdRp complexes, which points to a common
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mechanism of inhibition. Modeling studies suggested that a
steric clash between the side chain of the conserved Ser-861
and the 19-CN group of the incorporated RDV prevent translo-
cation, which means that the nucleotide binding site at position
i 1 4 is still occupied with the 39-end of the primer (14).
Another important observation is that RNA synthesis arrest
can be overcome with higher concentrations of natural nucleo-
tide pools (14). Increasing the 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 mM. Intracellular NTP concentra-
tions are in the high mM and low mM range (15, 16), which sug-
gests that read-through reactions likely occur under biologi-
cally 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 the
CoV exonuclease (ExoN) exhibits 39–59 proofreading activity
(8, 17–19), access to internal RDV residues is expected to be
compromised. This scenario raises the question whether RDV
residues embedded in the template strand may also cause inhi-
bition 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 and 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 much higher
here. This effect is partially reversed with a known resistance-
conferring mutation that can affect the positioning of the tem-
plate strand. Based on these data, we propose a comprehensive
mechanism of action of RDV that involves both the primer
strand and the template.

Results

Effects of mutations at position Ser-861 on delayed chain
termination

Several recent structural and biochemical studies have dem-
onstrated that the active SARS–CoV-2 RdRp complex is com-
posed of the three nonstructural proteins nsp7, nsp8, and
nsp12 (20–24). Reconstitution of separately expressed proteins
commonly yields complexes with stoichiometry of 1:1:2 for the
nsp12 (RdRp) and the other components nsp7 and nsp8,
respectively. We utilized constructs that co-express the viral
protease nsp5 together with nsp7, nsp8, and nsp12 in insect
cells (13, 14). Active complexes were captured via the histidine-
tagged nsp8, and binary complexes composed of nsp8 and
nsp12 were identified with Coomassie Blue staining. Here we
show that overloading of the gel with the soluble protein sam-
ple also visualizes nsp7 (Fig. S1). 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 hy-
pothesis predicts that smaller side chains will reduce delayed
chain termination and larger side chains will increase inhibi-

tion, provided that substitutions do not impede regular NTP
incorporations.
We compared RNA synthesis of theWT SARS–CoV-2 RdRp

complex with S861G, S861A, and S861Pmutants (Fig. 1). Reac-
tions were monitored on a 17-mer RNA template that contains
a single site of incorporation for RDV-TP at position 9 or i (Fig.
1A). TheWT enzyme shows delayed chain termination at posi-
tion 12 (i1 3) (Fig. 1A), which is illustrated by more than 95%
reduction in the full template length-to–(i1 3) product ratio in
the presence of RDV-TP as compared with the full template
length-to–p12 product ratio in the presence of ATP (Fig. 1B).
Termination efficiency is gradually reduced by increasing the
concentration of the next incoming nucleotide (UTP), as previ-
ously reported (14). 50% read-through is seen at UTP concen-
trations of;0.3mM, 90% read-through is seen with;3 mM, and
inhibition is abolished with ;30 mM (Fig. 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
mM (Fig. 1A). The S861A mutation shows only subtle reduc-
tions in delayed chain termination (Fig. 1, A and B), which is in
agreement with a previous report byWang and colleagues (23).
We further show that the bulkier side chain of S861P shows
subtle increases in UTP concentrations required to overcome
delayed chain termination (Fig. 1,A andC).

RDV 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. 2). The challenge to synthesize suf-
ficient 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 RNApoly-
merase along a DNA template that can be selectively degraded
(see “Experimental procedures”). We synthesized two 20-mer
model RNAs that contain either adenosine (Template A) or
RDV (Template R) at the same strategic position 11 (Fig. S2).
A 4-mer primer was used to initiate RNA synthesis with

SARS–CoV-2 RdRp in the presence of [a-32P]GTP (Fig. 2A).
With Template A, a mixture of minimal concentrations of 0.1
mM CTP and UTP, and 1 mM ATP yields predominantly the
full-length 20-mer RNA product (Fig. 2B). Increasing the con-
centration of UTP shows no significant increases in RNA syn-
thesis. With Template R, we observe an intermediate product
at position 10 at the same base concentrations of CTP, UTP,
and ATP (Fig. 2B). These findings demonstrate that 0.1 mM

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
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Figure 1. RNA synthesis catalyzed by SARS–CoV-2 RdRp WT, S861G, S861A, and S861P mutant complexes on an RNA template containing single U
for RDV-TP incorporation. A, RNAprimer/template supporting incorporation of RDV-TP at position 9 (i = 9) is shown on top. i1 3 illustrates delayed chain ter-
mination at position 12. G5 indicates incorporation of [a-32P]GTP at position 5. RNA synthesis was catalyzed by SARS–CoV-2 RdRp WT and mutant complexes
in the presence of RNA primer/template, MgCl2, and indicated concentrations of NTP and RDV-TP for 30 min. Reactions loaded in lanes ATP, 0.1 mM contained
only UTP/CTP/ATP at 0.1mM; reactions loaded in the remaining lanes contained UTP/CTP/RDV-TP, each at 0.1mM, supplementedwith indicated concentrations
of UTP. 4 indicates the migration pattern of 59-32P-labeled 4-nt primer used here as a size marker. Asterisk indicates slippage because of the poly(A) context of
the template. B, graphic representation of the effect of delayed chain termination at i1 3 on full template-length RNA synthesis. The fold-ratio of full-length
product 17 to delayed chain termination at i1 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 repre-
sentation of products of RNA synthesis beyond position i1 3 plotted as a function of UTP concentration.
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significant amounts of product at position 11, suggesting that
incorporation of CTP opposite RDV is negligible. Higher con-
centrations 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 accumula-
tion of products at positions 10 and 11. Together these findings
show that a single RDV residue in the template inhibits effi-
ciency of incorporation of the complementary UTP and the ad-
jacent NTP (ATP in this particular sequence context). NTP
concentrations required to overcome these obstacles are higher
than observed with delayed chain termination (Fig. 2C).

The V557L mutation in nsp12 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 neu-
tralizing effects of known resistance conferring mutations. In
nsp12, two amino acid substitutions have been associated with
low-level resistance to RDV (8). The effect of F480L is subtle
and structural data do not suggest a direct effect on RNA syn-
thesis. In contrast, the hydrophobic side chain of Val-557 is
located close to the template opposite the incoming nucleotide
(12). 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 con-
centration of UTP required to overcome the obstacle imposed
by the complementary RDV (Fig. 3). We compared WT RdRp
with the V557L mutant. Increasing the concentrations of UTP
gradually from 0.1 mM to 100 mM showed the following effects
(Fig. 3A). The primary observation is that the UTP concentra-
tion required to overcome inhibition at position 10 and to gen-
erate the product at position 11 is lower with the Val-557 mu-
tant (0.7 versus 4 mM for 50% incorporation and 10 versus 50
mM for 90% incorporation of UTP by V557L and WT, respec-
tively) (Fig. 3B). The associated steady-state kinetic parameters
show that UTP incorporation is ;5-fold more efficient with
the mutant enzyme (Table S1). 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 (Fig. S3 and Table S1).
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. 3A). These findings suggest that
regular nucleotide incorporations might be compromised,
which is not unusual for enzymes that contain resistance-con-
ferring mutations. Steady-state kinetic parameters show that
the efficiency of ATP incorporation is ;3-fold reduced with
themutant enzyme (Table S2). However, it is important to note
that the selectivity (Vmax/Km (ATP)/Vmax/Km (RDV-TP)) is
almost identical for V557L and the WT enzyme. Thus, V557L

does not show a resistance phenotype at the level of incorpora-
tion of RDV-TP. Moreover, V557L is also not significantly dif-
ferent from the WT in assays monitoring delayed chain termi-
nation with either single or multiple sites of incorporation for
RDV-TP (Fig. S4). The collective data provide evidence to show
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 tem-
plate-dependent inhibition of RNA synthesis (Fig. S5). How-
ever, this mutation is here newly described, and it remains to be
seen whether the corresponding virus is viable and may affect
drug susceptibility.

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/nsp12 com-
plex (12, 14), we found that RDV, when serving as template for
the incoming UTP, is not properly positioned (Fig. 4). In the ab-
sence of any relaxation relative to the reference A-containing
template, the 19-CN has a significant clash with the backbone
carbonyl of residue Ala-558. Allowing forminimization 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. Fur-
thermore, translocation to the next template position may
involve additional clashes, particularly between the 19-CN and
residue Thr-687. This model therefore provides a plausible ex-
planation for data shown in Fig. 2. However, the structural rea-
sons for V557L resistance remain elusive and a fuller dynamic
examination or structural data may be required.

Discussion

The investigational nucleotide analog prodrug RDV is a
direct-acting antiviral that has been approved in several coun-
tries for the treatment of COVID-19 patients (25). 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 (14).
Inhibition of RNA synthesis is delayed and observed at position
i 1 3, i.e. three residues downstream of the site of incorpora-
tion. However, higher concentrations of NTP pools can reduce
the efficiency of delayed chain termination, concomitantly
enhancing read-through and full-length product formation (13,
14). Efficient read-throughmay therefore yield a complete copy
of the positive-sense RNA genome with embedded RDV resi-
dues. 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

Figure 2. RNA synthesis catalyzed by SARS–CoV-2 RdRp using a template with a single RDV residue at position 11. A, RNA primer/template with tem-
plate-embedded RDV (Template R) at position 11; the corresponding primer/template (Template A) with adenosine at this position is shown on the left. G5 indi-
cates the incorporation of [a-32P]GTP opposite template position 5. B, migration pattern of the products of RNA synthesis catalyzed by SARS–CoV-2 RdRp WT
complex in the presence of RNA primer/templates shown in panel A, MgCl2, and indicated concentrations of NTP cocktails after incubation for 30 min. 4 indi-
cates the migration pattern of 59-32P-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 sumof products 10 and 11.
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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).
The mechanism of inhibition during synthesis of the first

RNA strand is adapted from our previous study (14). 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, nsp12, 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 ATP for incorporation
opposite template U at a random position “i” (stage 2). Steady-
state kinetics suggests that the efficiency of incorporation is
three times higher with RDV-TP (13, 14), which is unusually ef-
ficient for a nucleotide analog inhibitor. The presence of a 39-
hydroxyl group allows a nucleophilic attack on the next incom-
ing nucleotide and no significant inhibition is seen at position i
1 1. Three additional nucleotides are incorporated before RNA
synthesis is arrested at position i1 3 (stage 3). Inhibitors of this
type are commonly referred to as “delayed chain terminators,”

Figure 3. RNA synthesis catalyzed by SARS–CoV-2 RdRpWT and the V557Lmutant complex on Template R. A, RNA primer/template with template-em-
bedded RDV at position 11 is shown on top. G5 indicates the incorporation of [a-32P]GTP opposite template position 5. Below the primer/template sequence
is themigration pattern of the products of RNA synthesis catalyzed by SARS–CoV-2 RdRp complexes in the presence of RNA primer/template, MgCl2, indicated
concentrations of NTP mixture supplemented with indicated concentrations of UTP after 30 min. 4 indicates the migration pattern of 59-32P-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.
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in contrast to obligate or classic chain terminators that lack the
39-hydroxyl group and prevent further nucleotide additions at i
1 1 (26). Modeling suggested that a steric clash between the
side chain of Ser-861 and the 19-CN group of RDV blocks trans-
location of the RdRp complex into position i1 4. This hypothe-
sis was supported by experiments with the S861A mutant that
showed subtle reductions in efficiency of delayed chain termi-
nation (23). Here we demonstrate that the smaller S861G elimi-
nates termination.
At this stage it is important to note that the steric clash does

not represent an unsurmountable obstacle. Delayed chain ter-
mination is gradually reduced when increasing the concentra-
tion 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 i1 3 (pre-transloca-
tion) to i 1 4 (post-translocation), which liberates the nucleo-
tide binding site. For HIV type 1 (HIV-1) reverse transcriptase
(RT), we developed site-specific footprinting techniques that
demonstrated such nucleotide-dependent translocation (28).
Seifert and colleagues (29) recently applied a single molecule
approach, based on magnetic tweezers, to study the function of
SARS–CoV-2 RdRp and its inhibition with nucleotide ana-
logues. The authors found that the incorporated RDV causes
enzyme pausing at high NTP concentrations, whereas termina-
tion 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 con-
centrations of NTPs. We determined that NTP concentrations
as low as 10mM cause;90% read-through.
The 39–59 proofreading ExoN activity of the replication com-

plex plays another important role in the generation of RNA
strands with embedded RDV residues. ExoN(2) MHV shows
an;5-fold increase in RDV susceptibility; however, potent in-
hibition was still seen with an intact ExoN (8). This partial pro-
tection from 39–59 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 mM are required to bypass this obstacle
(stage 6). This concentration is significantly lowered with the
V557L mutant, which provides a mechanism for drug resist-
ance (8). Val-557 is located in close proximity to the incorpo-
rated 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 impor-
tant to note that neither V557L nor F480L or any other RDV re-
sistance–associated mutations in SARS–CoV-2 have been
reported at this point. The selection of the structural equivalent
V553LMHV required a high number of passages and RNA lev-
els in the presence of drug are still lower than RNA levels in the
absence of drug (8). These results indicate a high barrier to the
development of resistance, which is likely because of 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 incorpora-
tions and neutralizes its advantageous effects on UTP incorpo-
ration 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 con-
centrations required to overcome this obstacle exceed 100 mM

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 demon-
strated with other nucleotide analog inhibitors (26, 30–32).
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 inhi-
bition can be linked to interactions between the 19-CN group of
the nucleotide analog 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 1 3. The backbone of
Ala-558 causes steric problems when UTP is incorporated op-
posite RDV in the template and inhibition is seen at positions i
and i 1 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 incorporation
events, e.g. along polyU-tracts, that can amplify inhibition (Fig.
S4). This effect has been demonstrated with various RdRp com-
plexes (5, 6, 14, 33). 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

Figure 4. A and B, structural model of UTP incorporation with (A) adenosine
(cyan) serving as the template base and (B) RDV (green) serving as the tem-
plate base. With respect to the optimal position seen with adenosine, RDV is
significantly perturbed, shifting by ;1 Å, because of a clash between its 19-
CN and the protein backbone at residue Ala-558.
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approaches often do 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.

Experimental procedures

Nucleic acids and chemicals

RNAprimers and templates, except RNA templates with em-
bedded RDV, used for in this study were 59-phosphorylated
and purchased from Dharmacon (Lafayette, CO, USA). RDV-
TP was provided by Gilead Sciences (Foster City, CA, USA).
NTPs were purchased from GE Healthcare. [a-32P]GTP was
purchased from PerkinElmer.

Protein expression and purification

SARS–CoV-2 RdRpWT andmutant (V557L, S861A, S861G,
and S861P) were expressed and purified as we reported previ-
ously (13, 14). Additional details on the constructs, protein
expression and purification are also provided in supporting
information.

Evaluation of RNA synthesis and inhibition studies

RNA synthesis assays involving RDV-TP incorporation by
SARS–CoV-2 RdRp complex, data acquisition and quantifica-
tion were done as previously reported by us (27, 33, 34). Final
enzyme concentrations in the reaction mixtures were 0.15 mM

for WT, S861A, S861G, and S861P mutants, and 0.45 mM for
the V557Lmutant.

Production of a model RNA template with an embedded
remdesivir residue

Our initial tests revealed that T7 RNA polymerase (Thermo
Fisher Scientific) readily accepted short RNA/DNA primer/
templates for RNA synthesis and was capable of incorporating
RDV-TP at high concentrations of 100 mM followed by a full
template-length RNA synthesis (data not shown). The follow-
ing DNA template (Dharmacon, Lafayette, CO, USA) was used
as the starting material: 39-AAACAACAATAAAAAGCGCA-
59. Underlined portion indicates the region which is comple-
mentary to the 59-monopyosphorylated RNA primer: 59-
pUUUGUUGUU. The template residue “T” indicates the site
of the RDV-TP incorporation into the RNA primer. Therefore,
the fully extended primer will contain an embedded remdesivir
(R) and may serve as a 20-nt RNA template for the RNA

Figure 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 (14). The priming strand is shown with green circles, colorless circles represent residues of the template, and the light blue
oval represents the RdRp 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 19-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). Incorpora-
tion of UTP opposite RDV is compromised because of a steric clash between Ala-558 (red arrow) and RDV’s 19-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 overcomewith higher NTP concentrations (stage 8).
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synthesis by SARS–CoV-2 RdRp complex: 59-pUUUGUU-
GUURUUUUUCGCGU-39, where underlined portion is com-
plementary to the RNA primer 59-pACGC 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 poly-
merase, 200 mM RNA primer, 100 mM DNA template, 100 mM

UTP/CTP/GTP mixture, and 100 mM ATP or RDV-TP in a
25 mM Tris-HCl buffer (pH 8). Reactions were started with
5 mM MgCl2, 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. The reaction mixtures were
then extracted with phenol/chlorophorm (premixed with iso-
amyl 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).

Evaluation of RNA synthesis across the RNA template with
embedded RDV

RNA synthesis assays by SARS–CoV-2 RdRp complex on
an RNA template with embedded remdesivir (59-pUUU-
GUUGUURUUUUUCGCGU-39, where underlined portion
is complementary to the RNA primer 59-pACGC), or with
adenosine at the equivalent position (59-pUUUGUUGUU-
AUUUUUCGCGU-39), data acquisition and quantification
were done as previously reported by us (27, 33, 34) with the
following adjustments: reaction mixtures contained ;5 mM

RNA template, and enzyme concentrations were increased to
;1 mM for the WT and ;1.5 mM for the V557L mutant RdRp
complexes to favor the full template-length RNA synthesis.
Five independent preparations of RDV-embedded RNA tem-
plates and at least three independent preparations of SARS–
CoV-2 WT and V557L mutant enzymes were used in this
study.

Structural modeling

Modeling was done following the general approaches out-
lined previously (12, 14). A major update to the model was
done by using the more recent and more complete cryo-EM
structure of Hillen et al. (22) (PDB ID: 6YYT). The pre-incorpo-
ration state incorporated elements from the previous models
into this new structure, with optimization achieved via minimi-
zation and conformational searches done with the Schrödinger
suite of programs (Schrödinger Release 2020-2: Prime, Schrö-
dinger, LLC, NewYork, NY).

Data availability

All data are included within this article.
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