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The nucleotide analogue prodrug remdesivir remains the only
FDA-approved antiviral small molecule for the treatment of
infection with SARS-CoV-2. Biochemical studies revealed that
the active form of the drug targets the viral RNA-dependent RNA
polymerase and causes delayed chain-termination. Delayed
chain-termination is incomplete, but the continuation of RNA
synthesis enables a partial escape from viral proofreading.
Remdesivir becomes embedded in the copy of the RNA genome
that later serves as a template. Incorporation of an incoming
nucleotide triphosphate is now inhibited by the modified
template. Knowledge on the mechanism of action matters.
Enzymatic inhibition links to antiviral effects in cell cultures,
animal models and viral load reduction in patients, which
provides the logical chain that is expected for a direct acting
antiviral. Hence, remdesivir also serves as abenchmarkin current
drug development efforts that will hopefully lead to orally
available treatments to the benefit of a broader population.
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Introduction

Hundreds if not thousands of investigational antiviral agents
have been tested for the treatment of infection with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which causes coronavirus disease 2019 (Covid-19). One year
into the pandemic, only a single small molecule compound
has been given green light by the US Food and Drug
Administration (FDA). On October 22, 2020, the FDA
approved remdesivir (Veklury) for the treatment of
Covid-19 in hospitalized patients who are 12 years of age
or older [1]. An emergency use authorization (EUA) was
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already granted on May 1, 2020. The approval is essentially
based on the Adaptive Covid-19 Treatment Trial (ACTT-1)
by the National Institute of Allergy and Infectious Diseases
(NIAID). ACCT-1 is a Randomized Clinical Trial (RCT)
that showed a reduced median time to recovery from 15 days
in the placebo group to 10 days in the remdesivir group [2°°].
In contrast, the Solidarity trial sponsored by the World
Health Organization (WHO) did not reveal such a benefit
[3°°]. It has been argued that differences in the design of the
two trials may account for this discrepancy [1]. However, the
consequences are profound. Largely based on Solidarity, the
WHO recommended against the use of remdesivir. But can
we really blame the drug? As an antiviral agent, remdesivir
should decrease the viral load in SARS-CoV-2 infected
patients. Neither ACTT-1 nor Solidarity have addressed
this question. In this opinion article it is intended to discuss
the value of biochemical studies. It has been stated before
that the mechanism matters in drug development and
approval processes [4].

Mechanism of action: why bother?

The approval of a new drug by the FDA does not require
detailed knowledge on the mechanism of action. RCT's
are the gold standard for the assessment of potential
therapeutics. So why bother with biochemical studies
that are designed to provide knowledge on how a given
compound is working? This question might be even more
relevant during a pandemic when time is a critical factor.
A focus on RCT's that determine patient outcomes for
promising drug candidates seems to be a very logical
approach under these circumstances. However, variations
in study design, different patient populations, timing of
treatment and the specific endpoints may give rise to
dissenting results as described above. The first year in the
Covid-19 pandemic has been a roller coaster for several
investigational therapeutics that were prematurely touted
as ‘game changers’ or dismissed as ‘flops’. The reality is
often more nuanced and some of the relevant compounds
deserve a spot between the two bookends. In the face of
clinical data that are difficult to reconcile it might be
helpful to go back to the basics and ask what can we
actually expect from a drug like remdesivir? The value of
biochemical studies is here discussed in the context of a
large body of pre-clinical data that justified clinical trials
in humans, which ultimately led to its approval for the
treatment of infection with SARS-CoV-2.

What is the target for remdesivir?
Remdesivir (RDV, formerly GS-5734) is a 1’-cyano-
substituted nucleotide analogue prodrug [5]. The base
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moiety is adenosine-like. A C-C bond links sugar and
base, while uracil base pairing properties are retained.
The phosphoramidate substitution at the 5'-hydroxyl
group facilitates delivery into the cell, where hydrolysis
yields the monophosphate version of the drug. As a
nucleotide analogue, RDV is designed to inhibit viral
RNA synthesis. Intracellular phosphorylation to the tri-
phosphate generates the active form that is eventually
accommodated by viral RNA-dependent RNA poly-
merases (RdRp). Antiviral activity of the corresponding
nucleoside analogue was originally demonstrated against
several positive-strand RNA viruses, including HCV and
SARS-CoV [6]. The triphosphate showed inhibition of
HCV RdRp with ICs, values (5.6 M) comparable with
the cell-based ECsq measurements (4.1 uM). RDV was
later shown to exhibit a broader spectrum of antiviral
activities that included also negative-strand RNA viruses
like respiratory syncytial virus (RSV), Nipah virus (NiV)
and Ebola virus (EBOV) [7]. Biochemical assays with
purified polymerase complexes indicated that RDV-TP
can cause inhibition of RNA synthesis a few nucleotides
downstream from its initial site of incorporation. Such a
pattern is commonly referred to as ‘delayed chain-
termination’ [8°,9,10]. In 2016 it has been demonstrated
that RDV-TP is indeed formed in various human cell
types and antiviral activity was also confirmed in a rhesus
monkey model of Ebola virus disease (EVD) [8°]. The
therapeutic efficacy of RDV was then evaluated in a trial
during the 2018/19 Ebola outbreak in the Democratic
Republic of the Congo (DRC) [11]. Although two differ-
ent antibody therapies were more efficacious than RDV,
human safety data were now available for this drug. At
around the same time it has also been shown that RDV is
active against diverse human coronaviruses including
SARS-CoV and MERS-CoV [12]. Iz vitro selection
experiments with the mouse hepatitis virus (MHV)
revealed two resistance-conferring mutations in the
non-structural protein 12 (nsp12), which represents the
RdRp enzyme [13°]. Moreover, the virus-associated
proofreading exonuclease activity (ExoN) was also shown
to decrease susceptibility to RDV. This data suggested
that the nucleotide analogue inhibitor is indeed incorpo-
rated into the growing RNA chain, but the ExoN activity
can partially decrease its potency.

Efficiency as substrate

The pioneering work by Bruno Canard and colleagues
after the SARS outbreak in 2002 provided a strong basis
for biochemical and structural studies on related corona-
viruses [14°]. Major findings indicated that RARp activity
requires a complex of nsp7, nsp8 and nsp12. Using cryo-
electron microscopy, Kirchdoerfer and Ward reported the
first structure of the SARS-CoV polymerase nsp12 with its
cofactors ns7 and nsp8 [15]. This knowledge enabled
several successful structural studies on the SARS-CoV-
2 complex within the first couple of months in the
pandemic [16°17°18,19]. The nsp7/8/12 complex can

be reconstituted from the three independently expressed
proteins or independently expressed nspl2 and linked
nsp7-nsp8. In early 2020, we devised a MERS-CoV
construct that contained the nsp5 protease with nsp7,
nsp8, and nsp12 [20°°]. Expression in insect cells yielded
an active polymerase complex. Steady-state kinetic mea-
surements of single nucleotide incorporations revealed
that RDV-TP is an excellent substrate for the RdRp. The
ratio of the efficiency of incorporation (V,,,./K,,) of ATP
over the efficiency of incorporation RDV-TP defines the
‘selectivity’. A value below 1 suggests that the analogue is
more efficiently used than its natural counterpart ATP.
We measured a selectivity value of 0.35 for the MERS-
CoV RdRp, 0.32 for SARS-CoV RdRp and 0.28 for SARS-
CoV-2 [20°°,21°°]. A pre-state kinetic approach later
revealed almost exactly the same results for the SARS-
CoV-2 RdRp complex (0.57) [22]. Together this data
suggests that RDV-TP competes efficiently with ATP.
For sofosbuvir-TP (SOF-TP), a nucleotide analogue for
the treatment of infection with the HCV, we measured a
selectivity value of ~1000 suggesting that the inhibitor is
heavily outcompeted by its natural counterparc UTP
[21°°]. Moreover, human mitochondrial RNA polymerase
shows a desirable preference for ATP over RDV-TP. We
measured a selectivity value of ~500, which demonstrates
effective discrimination against RDV-TP [9].

Delayed chain-termination

Efficient incorporation of a nucleotide analogue is usually
a prerequisite for inhibition, but this is not a sufficient
requirement. The presence of the 3'-hydroxyl group of
the incorporated RDV-MP at position i allows the incor-
poration of the next N'TP substrate by the coronavirus
RdRp. RNA synthesis continues and is inhibited at
position i+ 3 (Figure 1, top) [21°°]. This type of inhibition
has previously been observed with other compounds and
other viral polymerases. In general, nucleotide analogues
that do not block DNA or RNA synthesis at the point of
incorporation, but only after additional natural nucleo-
tides are added to the growing chain, are referred to as
‘delayed chain-terminators’ [23]. Inhibition is not neces-
sarily absolute and longer reaction times may overcome
the blockage. The hepatitis B virus (HBV) and human
immunodeficiency virus type 1 (HIV-1) reverse transcrip-
tase inhibitor entecavir [24], and the human cytomegalo-
virus (HCMV) DNA polymerase inhibitor ganciclovir are
prominent example in this regard [25]. For SARS-CoV-2,
modeling studies predicted a steric clash between the 1'-
cyano group of RDV and the side chain of S861 [21°°].
The RNA primer with the incorporated RDV-MP can
translocate without obstruction from position i through i +
3; however, the clash is evident at position i + 4. It was
therefore predicted that mutant enzymes with smaller
side chains should diminish the clash and support trans-
location. While the S861A mutant shows a subtle reduc-
tion in delayed chain-termination [16°,27°°], RNA syn-
thesis is not inhibited with the S861G mutant [27°°].
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Figure 1

Remdesivir-MP (R) in the
Primer Strand
i i+3
S861 i+4

Remdesivir-MP (R) in the
Template
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How does RDV work against SARS-CoV-2?

(Top) The viral polymerase (blue oval) uses RDV-TP as a substrate and
incorporates RDV-MP (red) into the RNA primer strand (green bubbles)
opposite UMP in the template (yellow/clear bubbles). A clash between
the incorporated RDV-MP and S861 blocks translocation of the
polymerase, which inhibits its ability to bind the next nucleoside
triphosphate (N) at position i + 4. (Bottom) Inhibition at position i + 3 is
not complete, the primer is eventually extended and is later used as a
template (now green). Here, RDV-MP clashes with A558, which
reduces binding of UTP(U). V557L is a mutation in the polymerase that
can in part neutralize this effect. This mutation is associated with low-
level resistance to RDV in MHV. Adapted from Ref. [27°7].

These results guided structural studies that confirmed the
original model [28,29].

Template-dependent inhibition

Delayed chain-termination is also reduced by increasing
the concentration of the N'TP that would be incorporated
at position i + 4 [20°°,21°°]. These are conditions that
drive translocation as demonstrated for HIV-1 reverse
transcriptase using site-specific footprinting techniques
[30,31]. N'T'P concentrations in the low micromolar range
are sufficient to obtain the full-length product. This can
compromise inhibition in a cellular environment with
N'TP concentrations in the low milimolar range. Over-
coming delayed chain-termination will yield RNA strands

Mechanism of action of remdesivir Gotte 83

with embedded RDV-MP residues, and RDV-MP in the
template inhibits incorporation of the complementary
UTP (Figure 1, bottom) [27°°]. Such template-dependent
blockage provides a second opportunity for inhibition and
in this case inhibition is less sensitive to the concentration
of the next nucleotide. Of note, one of the RDV resis-
tance-associated mutations previously selected with
MHYV diminishes specifically the template-dependent
inhibition mechanism [27°°]. In SARS-CoV-2, the equiv-
alent mutation (V557L) would be in contact with the base
moiety of RDV-MP in the template. However, there is
currently no evidence that RDV selects for this mutation
in SARS-CoV-2. Resistance in the context of SARS-CoV-
2 remains elusive at this point [32,33].

Antiviral effects

In February 2020, Wang ¢z a/. published the first study on
the antiviral effects of RDV against a clinical isolate of
SARS-CoV-2 in Vero cells [26]. In July 2020, Pruijssers
et al. demonstrated that RDV inhibits SARS-CoV-2 in
human lung cell cultures and the potency dependent on
cell-type-specific concentrations of RDV-TP [34°]. ECs,
values were as low as 10 nM, which indicated high
potency. Reductions in viral load have also been shown
in various animal models [34°,35]. Most importantly, a
case report has shown that the use of RDV in an immu-
nocompromised patient correlated with clinical resolution
and viral clearance [36°]. This patient never developed
severe disease, which likely expanded the window for the
effective use of an antiviral treatment. The observation of
antiviral effects in these various settings can be explained
by the aforementioned biochemical inhibition studies.
The active form of RDV inhibits viral RNA synthesis
when incorporated in the primer strand and/or embedded
in the template strand. The collective body of evidence
supports the notion that RDV is a potent direct acting
antiviral (DAA) [21°°]. Thus, the drug does what it is
expected to do. That said, a recently published retrospec-
tive clinical study confirmed that treatment with remde-
sivir is associated with a significant reduction in the time
to recovery [37°°].

Future directions

The SARS-CoV-2 replication transcription complex
(RTC) is composed of nsp7/8/12 and several other non-
structural proteins involved in activities that include RNA
capping, RNA unwinding and proofreading [38]. Nsp14
contains the ExoN activity that can reduce susceptibility
to nucleotide analogue inhibitors [39]. Nsp10 acts as a
cofactor and increases the ExoN activity of nsp14 [40].
Parameters that trigger the transfer of the 3’-end of the
primer from the polymerase to the ExoN active site
remain to be defined. In this context it is important to
note that MERS-CoV nsp14 is iz vive not active against
the mutagenic nucleotide analogue B-p-N*-hydroxycyti-
dine (NHC) [41]. Its prodrug molnupiravir (MK-4482/
EIDD-2801) is currently evaluated in a clinical phase
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3 trial for the treatment of SARS-Cov-2 infection in
outpatients. The guanosine nucleotide analogue A'T-
527 has also advanced into clinical trials; however, a
potential mechanism of action has yet to be elucidated
for this compound [42]. Future biochemical studies
aimed at investigational nucleotide analogues would ide-
ally include the nsp14/nsp10 complex and perhaps also
other components of the RTC, including the helicase
nsp13. A recent structural study suggested that nsp13 can
move along the template to cause backtracking of the
RdRp complex, which in turn liberates the 3'-end of the
primer strand and makes it potentially accessible for
proofreading [43].

Conclusion

So what is the value of biochemical studies? The mecha-
nism of action of RDV is the basis of a logical chain from
demonstrated enzymatic inhibition to antiviral effects in
cell culture, antiviral effects in animal models, reduction
in viral load in patients and ultimately improved patient
outcomes. Insufficient data at each of these steps would
raise further questions with respect to both safety and
efficacy. RDV is now the benchmark and investigational
antivirals are compared against this antiviral drug. Bio-
chemical data provide necessary tools to improve proper-
ties of nucleotide analogue inhibitors, which will hope-
fully contribute to the development of novel treatments
that can be used earlier in the disease to the benefit of
more patients. Remdesivir is administered intravenously
and oral antivirals that could be used in outpatients are
not yet approved. Finally, knowledge on the mechanism
of action generates trust between doctors and patients and
the FDA included the available information on the
mechanism of action of RDV in the fact sheet for health-
care providers.
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