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ABSTRACT: Remdesivir is one nucleotide analogue prodrug capable to terminate
RNA synthesis in SARS-CoV-2 RNA-dependent RNA polymerase (RdRp) by two
distinct mechanisms. Although the “delayed chain termination” mechanism has been
extensively investigated, the “template-dependent” inhibitory mechanism remains
elusive. In this study, we have demonstrated that remdesivir embedded in the template
strand seldom directly disrupted the complementary NTP incorporation at the active
site. Instead, the translocation of remdesivir from the +2 to the +1 site was hindered
due to the steric clash with V557. Moreover, we have elucidated the molecular
mechanism characterizing the drug resistance upon V557L mutation. Overall, our
studies have provided valuable insight into the “template-dependent” inhibitory
mechanism exerted by remdesivir on SARS-CoV-2 RdRp and paved venues for an
alternative antiviral strategy for the COVID-19 pandemic. As the “template-dependent”
inhibition occurs across diverse viral RdRps, our findings may also shed light on a
common acting mechanism of inhibitors.

The outbreak of coronavirus disease 2019 (COVID-19)
has become a global pandemic, and over 542 million

confirmed cases have been reported by June 2022.1 Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the novel coronavirus that has caused COVID-19 and can be
furtively transmitted among humans.2,3 To curb the health
crisis, great efforts have been devoted to exploring the effective
treatment for COVID-19.4−13

The core polymerase complex of SARS-CoV-2 has become
one promising target for antiviral drug design. It is the minimal
scaffold to mediate the RNA synthesis and plays a central role
in viral replication and transcription. It is composed of three
nonstructural proteins (nsps) (Figure 1A), where nsp12
mainly conducts the RNA synthesis in the active site, while
nsp7 and nsp8 serve as cofactors to stimulate RNA-dependent
RNA polymerase (RdRp) activity.14−18 Since the outbreak of
the pandemic, nucleotide analogues have been widely explored
as potential inhibitors to terminate the RNA synthesis in
SARS-CoV-2 RdRp.5,7,8,10−12,19

Remdesivir is one representative prodrug of a nucleotide
analogue that has demonstrated therapeutic efficacy in the
animal model of SARS-CoV-2 RdRp20 and effectively
terminated viral RNA synthesis in biochemical experiments
through a “delayed termination mechanism”.17,18,21−26 The
chemical structure of remdesivir’s active form (RDV-TP)
resembles that of natural adenosine triphosphate (ATP)
(Figure 1B,C). Previous studies have demonstrated that
RDV-TP can efficiently compete with ATP to incorporate
into the nascent strand.17,21,27−31 However, after the
incorporation of RDV-TP, three nucleoside triphosphates

(NTPs) can still be consecutively added into the nascent
strand, and the termination occurs when the translocation of
remdesivir from the −3 to −4 site is hampered due to the
interactions between the 1′-cyano group of remdesivir and the
protein residues.17,21,22,24−26 It is worthy to note that such a
termination is obvious when the NTP concentration is ∼0.1
μM and only less than 10% of the full-length RNA product can
be observed.22 However, when higher concentrations of NTP
pools were used, the RNA synthesis arrest caused by the
“delayed chain termination” would be overcome, and more
than 90% full-length product can be yielded at an NTP
concentration as low as 10 μM.21,22 As the intracellular NTP
concentrations are in the range of high μM and low mM,32,33

the efficient read-through likely occurs, and the full-length
RNA product containing remdesivir can be formed under
biologically relevant conditions.21,22

Intriguingly, a recent biochemical experiment has demon-
strated that when a copy of RNA strand embedded with
remdesivir was used as the template, it would exert the
“template-dependent” inhibition, where the UTP incorpora-
tion complementary to remdesivir is inhibited.22 In this
scenario, remdesivir shows stronger resistance to the increment
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of NTP concentration, and a concentration of 50−100 μM is
required to overcome this obstacle and recover over 90% NTP
incorporation efficiency.22 Such a concentration is obviously
higher than that required to bypass the “delayed chain
termination”, suggesting that the “template-dependent” in-
hibition is pronounced under biologically relevant conditions.
However, the contribution of two mechanisms to the antiviral
activity of remdesivir would be highly dependent on the NTP
concentrations. Also, when multiple RDV-TPs are incorpo-
rated into the nascent strand, the “delayed chain termination”
could be amplified. Even so, investigation of “template-
dependent” inhibitory mechanism is still one important aspect
for gaining a comprehensive understanding about the action of
remdesivir on SARS-CoV-2 RdRp. More interestingly, the
biochemical experiment has shown such inhibition can be
significantly reduced by the point mutation V557L.22 These
observations have altogether suggested that the presence of
remdesivir at the template strand offers the second opportunity
to inhibit the RNA extension. However, the experimental assay
alone is insufficient to distinguish whether the inhibition is
exerted by directly disrupting the NTP incorporation at the
active site or by hindering the translocation. Moreover, it
remains elusive how V557L mutation renders the SARS-CoV-2
RdRp drug-resistant to remdesivir at the template strand.

MD simulations have been widely used to understand the
acting mechanism of RdRp inhibitors as well as to explore the
potential inhibitors since the outbreak of the COVID-19
pandemic.7,12,27,29 In particular, the “delayed chain termina-
tion” mechanism exerted by remdesivir has been investigated
by MD simulations,24,26 the results of which have not only
well-reproduced the experimental observations that the
termination occurs at the upstream site of the nascent strand
instead of the active site, but also further elucidated the

underlying mechanisms. These previous works have suggested
that MD simulations are powerful in elucidating the inhibitory
mechanisms of nucleotide analogues. Moreover, besides
understanding how remdesivir inhibits its complementary
UTP incorporation, our current work would also focus on the
mechanism about how the V557L mutation gains drug
resistance to remdesivir, the prerequisite of which is to explore
the conformations of V557L. However, the available
experimental structures of SARS-CoV-2 RdRp all possess the
wildtype V557, and a static model constructed by manually
mutating V557 to leucine may not appropriately estimate the
orientation of V557L. In this regard, MD simulations would
help to fully sample the conformational space of V557L and
explore the orientations of its side chain under a dynamic
protein environment, which lay the foundation for the
investigation of molecular mechanisms. Therefore, MD
simulations serve as a promising tool for the current
investigation of the “template-dependent” inhibition.

In this study, we have performed MD simulations to
elucidate the molecular mechanisms for the “template-
dependent” inhibition exerted by remdesivir. We first
examined if the NTP incorporation at the active site is directly
impaired when remdesivir is at the +1 site (Figure 1D,E). The
cryo-EM structure of the SARS-CoV-2 nsp12-nsp7-nsp8
complex (PDB ID: 7BZF17) was adopted as our structural
basis, and remdesivir was modeled at the +1 site of the
template strand with UTP binding at a closed active site (see
SI Section 1.2 for details of model construction). A total of five
replicas of 50 ns production simulations have been performed
to investigate the incorporation capability of UTP opposite to
remdesivir (Figure 1E). For comparison, the same amount of
MD simulations with UTP opposite to adenosine (“wildtype-
RNA” system, Figure 1D) has also been conducted (see SI

Figure 1. (A) Overall structure of the SARS-CoV-2 RdRp complex is shown on the left, with the catalytically active site amplified on the right. The
nascent and template strands are colored in red and cyan, respectively. Nucleoside triphosphate (NTP) is shown in sticks with two Mg2+ ions as
magenta spheres. (B) Chemical structures of adenosine triphosphate (ATP). (C) Chemical structure of remdesivir (RDV) in the triphosphate
form, with the 1′-cyano group highlighted in blue. (D) Structure diagram of SARS-CoV-2 RdRp with UTP at the active site. (E) Similar to (D) but
with RDV (shown in orange) embedded at the +1 site of the template strand.
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Section 1.1 for details). A distance between the Pα atom of
UTP and the O3′ atom of the 3′-terminal of the nascent strand
(Pα−O3′ distance, Figure 2A,B) below 4 Å has been suggested
to be necessary for efficient catalysis and formation of a
phosphodiester bond.34,35 Consistently, such distance is <4 Å
in all the MD conformations with a UTP:A pair at the active
site (Figure 2C). Interestingly, when remdesivir is present at
the template strand opposite to UTP, all the MD
conformations still maintain a Pα−O3′ distance below 4 Å
(Figure 2C), which satisfies the prerequisite for the efficient
incorporation. The stability of UTP at the active site is also
important for ensuring a catalytically active configuration.
Accordingly, the base pairing and base stacking stability were
examined (Figure 2D−I). Our results have demonstrated that
UTP can always form stable base pairing with remdesivir
embedded at the +1 site of the template strand (hydrogen
bonding probability = 95.6%), resembling that for the UTP:A
base pair (hydrogen bonding probability = 93.6%) (Figure
2F). Moreover, UTP can stack well with the 3′-terminal of the
nascent strand in both systems, with base-to-base dihedral
angles around 19.9° and 20.3° for adenosine and remdesivir,
respectively (Figure 2I). To examine the convergence of

sampling, we have extended each of the five replicas of 50 ns
simulations to 200 ns and found out that the capability of UTP
in maintaining the catalytically active conformation at the
active site computed using 5 × 100 ns, 5 × 150 ns, or 5 × 200
ns MD simulations is similar to that as observed in 5 × 50 ns
simulations (Figure S1). Moreover, we have also computed the
root-mean-square deviations (RMSD) of the Cα atoms in the
nsp12 along the MD trajectories and found out that the RdRp
is stable in our simulations (Figure S2). Altogether, our
calculations have suggested that UTP could well maintain a
catalytically active configuration opposite to remdesivir at the
+1 site of the template strand.

We noticed that a previous study based on structural
modeling has suggested that the backbone of the protein
residue A558 would clash with the 1′-cyano group of
remdesivir at the +1 site, thereby departing from remdesivir
and destabilizing the base pairing between UTP and
remdesivir.22 In our simulations, we have consistently observed
that A558 would move away from the 1′-cyano group of
remdesivir (Figures S3 and S4). Specifically, the distance
between the backbone oxygen atom of A558 and the C1′ atom
of remdesivir is 6.78 ± 0.14 Å, obviously larger than that

Figure 2. Investigation into the NTP incorporation capability in SARS-CoV-2 RdRp by 5 × 50 ns simulations. (A,B) 3D structure (A) and cartoon
model (B) showing the distance between the Pα atom of the NTP and the O3′ atom of the 3′-terminal nucleotide of the nascent strand. (C)
Histogram of the Pα−O3′ distance for two systems including RdRp with wildtype-RNA (gray) and RDV at the +1 site (blue). (D,E) 3D structure
(A) and cartoon model (B) showing the hydrogen bond probability for base pairing at the active site. (F) Hydrogen bonding probability for the
two systems. (G,H) 3D structure (G) and cartoon model (H) showing the stacking angle between the base of NTP and the base of the 3′-terminal
nucleotide. The stacking angle was defined as the angle formed by the normal vectors of the base of NTP and the base of the 3′-terminal nucleotide
of the nascent strand. (I) Histogram of the stacking angles in two systems.
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between A558 and adenosine (4.70 ± 0.23 Å). However, such
conformational changes seldom perturb the base pairing
stability, as the hydrogen bonding probability of UTP:remde-
sivir (>90%) is similar to that of the UTP:A pair (Figure 2F),
the observation of which is different from that in the previous
work based on a static structural model.22 We also noted that
the previous study used an alternative cryo-EM structure of
SARS-CoV-2 RdRp (PDB ID: 6YYT16) as the basis to
construct the model. To further examine if the discrepancy of
the base pairing stability originated from modeling using

different experimental structures, we have constructed two
extra models by referring to the previous study. MD
simulations have been performed to examine the stability of
the active site as well as the position of A558 relative to the
template-strand nucleotide (Figure S5, see SI Section 4 for
details). We have found out that even though different
experimental structures were used for the initial modeling, the
UTP:remdesivir base pair at the active site is always well-
maintained, and A558 would move away from remdesivir,
further consolidating the robustness of our results.

Figure 3. Translocation of RDV from the +2 to +1 site is hindered by V557. (A) Diagram showing V557 hampers the translocation of RDV from
the +2 to the +1 site, where RDV and V557 are colored in orange and purple, respectively. (B) Cartoon model showing the distance between the
center of mass (c.o.m.) of V557 and C1′ of RA/RDV. (C) Histogram of the distance as shown in (B) when RA (black) or RDV (red) translocates.
(D) Cartoon model showing the base-stacking angle between RDV/RA and the upstream nucleotide. (E) Histogram of the base-stacking angle for
RA (black) or RDV (red) during translocation. (F,G) Typical conformation of RA/RDV with V557 during translocation.
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The above observations altogether indicate that the
“template-dependent” inhibitory mechanism is not exerted by
directly impairing the NTP incorporation at the active site. In
this regard, the inhibition could be applied by the second
scenario, where the translocation is hampered and the NTP
incorporation is inhibited. To examine the propensity of
translocation when remdesivir moves from the +2 to +1 site
along the template strand, we first evaluated the influence of
remdesivir on the stability of both the pre- and post-
translocation states by performing MD simulations for SARS-
CoV-2 RdRp with remdesivir at the +1 site in the post-
translocation state and at the +2 site in the pre-translocation
states, respectively (see SI Sections 1.2 and 2.2 for details).
SARS-CoV-2 RdRp with wildtype double-stranded RNA
(dsRNA) in both states has also been examined for
comparison (see SI Sections 1.1 and 2.1 for details). The
hydrogen bonding probability between the template and
nascent strands was computed to estimate the thermal stability
of both states. Our results have demonstrated that when
remdesivir is present at the template strand, the base pairs at
the −1, −2, and −3 sites are well-maintained in both states
(hydrogen bonding probabilities >85%), resembling the
scenario observed for the RdRp with wildtype dsRNA (Figure
S6). This result has suggested that the translocation of
remdesivir from the +2 to +1 site is thermodynamically
allowed.

To further examine if the presence of remdesivir would
affect the translocation dynamics, a translocation pathway was
generated by the Climber algorithm36,37 (Figure S7), and MD
simulations were conducted for the translocating intermediates
(see SI Section 3 for details). Intriguingly, we have found that
the 1′-cyano group of remdesivir would clash with the side
chain of V557 when remdesivir moves from the +2 to +1 site
(Figure 3A), while such repulsion from V557 has not been
observed when adenosine translocates. Specifically, when
remdesivir translocates from the +2 to +1 site, its steric clash
with V557 would result in a separation distance of 5.87 ± 0.25
Å, larger than that between V557 and adenosine (4.91 ± 0.12
Å) (Figure 3B,C). Moreover, the steric clash would push the
base of remdesivir in a tilted configuration with a larger
dihedral angle relative to the base of the upstream nucleotide
(55.95 ± 5.81°), while the adenosine’s base adopts a more
parallel configuration (25.04 ± 1.43°) (Figure 3D−G). Further
calculations have validated that the conformation as shown in
Figure 3G with an obviously tilted base is a highly populated
and representative conformation along the translocation
pathway in SARS-CoV-2 RdRp with V557, as K-center
clustering based on the conformational similarity has shown
that ∼83% of MD conformations fall into the clusters with a
mean angle >50° (see SI Section 3.4 for details). Therefore,
our simulations have suggested that V557 hinders the
translocation of remdesivir from the +2 to +1 site and further
inhibits the NTP incorporation against remdesivir at the +1
site. This finding is also consistent with the experimental
observation that SARS-CoV-2 RdRp with a single-point V557L
mutation would become drug-resistant to remdesivir.22

To further understand how the V557L mutation could
reduce the inhibitory effect exerted by remdesivir on the
transcription of SARS-CoV-2 RdRp,22 we have performed MD
simulations with the V577L point mutation for the wildtype-
RNA system (see SI Section 1.2 for details). We observed that
UTP opposite to adenosine at the +1 site can still maintain the
catalytically active conformation upon V557L mutation

(Figure S8). Intriguingly, we found that the Val-to-Leu
mutation would reorientate its side chain to the direction
opposite to the translocation pathway, which is accompanied
by the movement of V557L’s backbone (Figure 4A−D).

Specifically, the center of mass (c.o.m.) distance between the
backbone/side chain of V557L and the base of the upstream
nucleotide becomes obviously larger than that for V557
(Figure 4B,D). This variation of the side-chain orientation is
observed not only in the wildtype-RNA system (Figure 4B,D),
but also when remdesivir is embedded in the template strand
(Figure S9). These observations have suggested that
remdesivir exerts no extra influence on the side chain
orientation of V557L and the bulkier side chain upon Val-to-
Leu mutation would spontaneously rotate, resulting in extra
space along the translocation pathway.

To evaluate the above conjecture, we generated the
translocation pathway for SARS-CoV-2 RdRp with the
V557L mutation and performed MD simulations with the
translocating intermediates (see SI Section 3 for details). We
found that the distance between V557L and remdesivir (5.5 ±
0.12 Å) is similar to that between V557L and wildtype
adenosine (5.4 ± 0.25 Å) (Figure 5B,C). In addition,
remdesivir and adenosine also form similar base-stacking
angles relative to the upstream nucleotide, with dihedral angles
of 29.72 ± 6.42° and 30.34 ± 5.29°, respectively (Figure 5D−
G). Therefore, our results have suggested that the V557L
residue would rotate its side chain away from the translocation
pathway and thereby relieve the hindrance over the trans-
location of remdesivir from the +2 to +1 site (Figure 5A). Our
calculations have also rationalized the kinetic steady-state
experimental data that the UTP incorporation opposite to
remdesivir is 5-fold more efficient upon V557L mutation.22

Moreover, our work further consolidates that the steric
repulsion from V557 plays the dominant role in hampering
the translocation of remdesivir from the +2 to +1 site and thus

Figure 4. Side chain of V557L is rotated in comparison with that of
V557. (A) Representative conformation of V557 with the dashed lines
denoting the distance between the base of the nucleotide and the
backbone (db.b.)/side-chain (ds.c.) of V557. (B) Density plot of db.b.
versus ds.c. for RdRp with wildtype RNA. (C) Similar to (A) but for a
V557L mutation. (D) Similar to (B) but for RdRp upon a V557L
mutation. In (B) and (D), the simulations of RdRp with UTP binding
at the active site were used for the calculations.
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reduces the incorporation efficiency of UTP complementary to
remdesivir at the +1 site.

In summary, we have elucidated the molecular mechanism
of “template-dependent” inhibition exerted by remdesivir on
the complementary NTP incorporation in SARS-CoV-2 RdRp
by comprehensive analysis based on extensive MD simulations.
Our computational results have suggested that the remdesivir
at the template strand does not directly abolish the
complementary NTP incorporation at the active site. Instead,
translocation of remdesivir from the +2 to +1 site is inhibited,
and thus the NTP incorporation becomes inefficient.

Specifically, the dynamic translocation of remdesivir from the
+2 site to the +1 site is kinetically hindered due to the clash
between the 1′-cyano group of remdesivir and the side chain of
V557, while the V557L mutation tends to reduce the inhibitory
effect by rotating its side chain away from the translocation
pathway. This finding not only matches with the experimental
observation that SARS-CoV-2 RdRp upon V557L mutation
would gain drug resistance to remdesivir, but also elucidates an
unprecedented mechanism at the molecular level. Although
there is no direct experimental evidence to support that the
inhibition is due to the translocation rather than the

Figure 5. V557L mutation relieves the inhibition exerted by RDV. (A) Diagram showing V557L allows the translocation of RDV from the +2 to
the +1 site, where RDV and V557L are colored in orange and green, respectively. (B) Cartoon model showing the distance between the c.o.m. of
V557L and C1′ of RA/RDV. (C) Histogram of the distance as shown in (B) when RA (black) or RDV (red) translocates. (D) Cartoon model
showing the base-stacking angle between RDV/RA and the upstream nucleotide. (E) Histogram of the base-stacking angle for RA (black) or RDV
(red) during translocation. (F,G) Typical conformation of RA/RDV with V557L during translocation.
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compromised base pairing,22 our prediction can well-
distinguish the effect of V557 versus V557L on NTP
incorporation as observed in the biochemical experiment,
which thus could offer a promising mechanism for “template-
dependent” inhibition. We have also noted that the overall
fidelity control and the transcriptional efficiency of RNA
polymerases could be influenced by several check
points,30,38−40 which are more complex than the two scenarios
(NTP incorporation and dsRNA translocation) investigated in
this study. For example, the presence of remdesivir at the
template strand may also affect the initial binding of NTP at
the active site and the active site isomerization before
catalysis.29,41 However, the most obvious structural discrep-
ancy between remdesivir and the natural adenosine lies in the
1′-cyano substitution, which is neither in direct contact with
the complementary NTP when remdesivir is located at the +1
site of the template, nor in proximity to the protein motifs A
and C mediating the active site isomerization42,43 or motif F
proposed to be involved in NTP loading.41 Therefore, we
speculate that the influence of template-dependent remdesivir
on these two check points is relatively minor. Instead, we have
suggested that the inhibition could be mainly exerted by
hampering the translocation of remdesivir from the +2 to +1
site, rendering the active site partially or fully occupied by the
3′-terminal of the nascent strand and unavailable for the arrival
of the next NTP. We have also noted that the current
investigation of the interpolated and energy-minimized trans-
location pathway of remdesivir along the template strand is an
approximate estimation, while a more accurate description of
the translocation dynamics should be achieved by using a more
tailor-made method36,44−46 based on expanded sampling. Even
so, our proposal about the potential role of V557 in impeding
the translocation of remdesivir as well as the influence of
V557L in attenuating the inhibition matches well with the
experimental observation, which in turn validates that our
protocol could still effectively illuminate the “template-
dependent” inhibitory mechanism acted by remdesivir in
SARS-CoV-2 RdRp. As the “template-dependent” inhibition
has been observed across diverse viral RNA polymerases,47−49

our finding may also shed light on the inhibition mechanism
acted by nucleotide analogues in other RdRps. Overall, our
studies have provided valuable molecular insights into the
inhibitory mechanism when remdesivir is embedded in the
template strand and underlined the role of 1′-cyano
substitution in exerting the inhibitory effect. This offers an
alternative strategy for the rational design of antiviral drugs
targeted at SARS-CoV-2 RdRp during the synthesis of the
second RNA strand for viral transcription and genome
synthesis.
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