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The RNA-dependent RNA polymerase of the severe acute
respiratory syndrome coronavirus 2 is an important target in
current drug development efforts for the treatment of coro-
navirus disease 2019. Molnupiravir is a broad-spectrum anti-
viral that is an orally bioavailable prodrug of the nucleoside
analogue β-D-N4-hydroxycytidine (NHC). Molnupiravir or
NHC can increase G to A and C to U transition mutations in
replicating coronaviruses. These increases in mutation fre-
quencies can be linked to increases in antiviral effects; however,
biochemical data of molnupiravir-induced mutagenesis have
not been reported. Here we studied the effects of the active
compound NHC 5’-triphosphate (NHC-TP) against the puri-
fied severe acute respiratory syndrome coronavirus 2
RNA-dependent RNA polymerase complex. The efficiency of
incorporation of natural nucleotides over the efficiency of
incorporation of NHC-TP into model RNA substrates followed
the order GTP (12,841) > ATP (424) > UTP (171) > CTP (30),
indicating that NHC-TP competes predominantly with CTP for
incorporation. No significant inhibition of RNA synthesis was
noted as a result of the incorporated monophosphate in the
RNA primer strand. When embedded in the template strand,
NHC-monophosphate supported the formation of both NHC:G
and NHC:A base pairs with similar efficiencies. The extension
of the NHC:G product was modestly inhibited, but higher
nucleotide concentrations could overcome this blockage. In
contrast, the NHC:A base pair led to the observed G to A
(G:NHC:A) or C to U (C:G:NHC:A:U) mutations. Together,
these biochemical data support a mechanism of action of
molnupiravir that is primarily based on RNA mutagenesis
mediated via the template strand.

The discovery and development of potent antiviral drugs for
the treatment of infection with severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) remains challenging. The
virus can cause severe forms of coronavirus disease 2019
(COVID-19) that require hospitalization. Remdesivir (RDV)
targets the viral RNA-dependent RNA polymerase (RdRp) and
is currently the only antiviral agent approved by the US Food
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and Drug Administration (1, 2). Antibody therapies were
granted emergency use authorization for the treatment of
outpatients who are at high risk for progressing to severe
disease and/or hospitalization (3) run up. Both RDV and
antibody therapies are intravenously administered, which
limits their utility especially for outpatient use. Oral drugs that
can be used much earlier in the disease are under investigation,
and molnupiravir (MK-4482/EIDD-2801) is perhaps the most
advanced candidate compound in this category (4). Molnu-
piravir is a prodrug of β-D-N4-hydroxycytidine (NHC, EIDD-
1931). It is intracellularly metabolized to its triphosphate
form (NHC-TP) that can serve as substrate for RNA poly-
merases (5, 6). NHC shows a broad spectrum of antiviral ac-
tivities against several positive- and negative-sense RNA
viruses (5–11). More recent studies focused on the develop-
ment of molnupiravir for the treatment of infection with
influenza and coronaviruses, respectively (12–16).

NHC potently inhibits MERS-CoV, SARS-CoV, and SARS-
CoV-2 with EC50 values in the submicromolar range,
depending on the specific cell type (13). Molnupiravir was also
shown to inhibit SARS-CoV-2 replication in humanized mice
(13, 16). Treatment 24 h after exposure to the virus was more
efficient than treatment 48 h after virus exposure, and treat-
ment before virus exposure shows the strongest antiviral ef-
fects. The large body of preclinical data justified human clinical
trials that are presently ongoing, although there have been
concerns about its mammalian cell mutagenic potential (5, 11,
17–21). Molnupiravir was evaluated in a phase 1 clinical study
in healthy volunteers, which demonstrated good tolerability
and no apparent signs of adverse events after a short duration
of treatment and follow-up (22). Knowledge on the mechanism
of action is largely derived from cell culture studies. Unlike
RDV that inhibits RNA synthesis, molnupiravir seems to act as
a mutagen (6, 10, 12, 13). Exposure to NHC increases G to A
and C to U transition mutations in MHV, MERS-CoV, and
SARS-CoV-2 (10, 13). Increases in mutation frequencies will
ultimately yield nonfunctional genomes, which explains the
antiviral effect. Other broad-spectrum antiviral agents, such as
ribavirin or favipiravir, have also been characterized as muta-
genic nucleoside analogues, although the potency of these
compounds is generally low with EC50 values in the higher
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micromolar range (23–25). The proofreading exonuclease of
coronaviruses can excise incorporated nucleotide analogues
and diminish the inhibitory effects (26, 27), but recent data
have shown that NHC is resistant to this proofreading activity
(10). However, it is currently not known how the interaction
between the drug and RdRp determines drug potency and the
nature of the observed mutations.

Herein, we employed a biochemical approach to study the
mechanism of action of molnupiravir. We expressed and pu-
rified the RdRp complex with nonstructural proteins nsp7,
nsp8, and nsp12 and studied the efficiency of incorporation of
NHC-TP in relation to natural NTP pools. NHC-TP is pref-
erentially incorporated as a C-analogue. When the mono-
phosphate (NHC-MP) is embedded in the template, it base
pairs with either GTP or ATP. The incorporation of GTP
causes subtle inhibition of RNA synthesis, whereas mismatch
extension with the incorporated ATP is not inhibited and leads
to transition mutations. The collective data presented in this
study provide a model that explains the antiviral effects of
molnupiravir and NHC.

Results

Selective incorporation of NHC-TP by SARS-CoV-2 RdRp

Biochemical data on NHC-TP as a substrate for RNA
polymerases are scarce (28). It has been shown that the res-
piratory syncytial virus RdRp complex accepts NHC-TP as a
substrate for incorporation opposite template G. The incor-
porated NHC-MP does not act as a chain terminator in this
case (6). Human mitochondrial DNA-dependent RNA poly-
merase can use NHC-TP as C- or U-analogue (28). Inhibitory
effects following incorporation have not been reported. Here
we measured steady-state kinetic parameters for incorporation
of NHC-TP by SARS-CoV-2 RdRp (Fig. 1). We have employed
the same biochemical approach for RDV-TP, other nucleo-
tides, and other RdRp complexes, which facilitates compari-
sons (2, 29–33). RNA synthesis was monitored with a short
model primer/template after addition of a single radiolabeled
[α-32P]NTP (Fig. 1A). The preference for a natural nucleotide
over the analogue is calculated as a ratio of their incorporation
efficiencies. The efficiency of incorporation of the natural
nucleotide over the efficiency of incorporation of the analogue
provides a selectivity value. SARS-CoV-2 RdRp shows a 30-
fold preference for CTP over NHC-TP (Fig. 1B). Selectivity
values follow the order GTP (12,841) > ATP (424) > UTP
(171) > CTP (30), which shows that all NTPs are more effi-
ciently incorporated than the NHC-TP. The data suggest that
competition with CTP is most efficient.

Extension of incorporated NHC-MP

We next monitored RNA synthesis following incorporation
of NHC-MP opposite template G at position 6 (Fig. 2). The
same concentrations of CTP and NHC-TP generate different
incorporation patterns at position 6. For CTP, most of the
primer is converted to yield the 6-nt product with minimal
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formation of larger products. Incorporation of CTP opposite
subsequent other bases would lead to mismatch formation and
is negligible under these conditions. For NHC-TP, both a 6-nt
product and a 7-nt product are formed, which points to a
certain degree of ambiguous base pairing. Since both products
are formed in the absence of ATP and UTP (lane 0), the 7-nt
product illustrates NHC-TP misincorporation as a U-analogue
opposite AMP in the template. In the presence of increasing
concentrations of ATP and UTP that allow full-length product
formation, the primer is almost completely extended regard-
less of whether CMP or NHC-MP was incorporated (Fig. 2, left
CTP and NHC-TP panels). This shows that the incorporated
NHC-MP is efficiently extended. Higher concentrations of
ATP and UTP reduce mismatch formations and generate
similar levels of full-template-length products (Fig. 2, right
CTP and NHC-TP panels). Moreover, similar levels of termi-
nal transferase activity are also seen at high concentrations of
ATP and UTP regardless of whether CMP or NHC-MP are
being extended from a 6-nt product (34).
RNA synthesis using NHC-MP embedded in the template

In the absence of significant RNA synthesis inhibition, the
copy of the viral genome is likely synthesized in full length and
contains embedded NHC-MP residues. Hence, efficiency and
fidelity of RNA synthesis may be affected at a later stage when
this strand is utilized as a template. To address this question,
we have synthesized an RNA template with a single NHC-MP
using T7 RNA polymerase (Fig. S1). For comparative purpose,
we generated two model RNAs with either a single CMP
(Template “C”) or a single NHC-MP (Template “N”) at posi-
tion 11. To test whether an incorporated NHC-MP still acts as
a C-analogue when present in the template we monitored
RNA synthesis in the presence of increasing concentrations of
GTP (Fig. 3). Incorporation of GTP opposite CMP (Template
“C”) is very efficient even at concentrations as low as 0.015 μM.
In contrast, the incorporation of GTP opposite NHC-MP is
less efficient and concentrations of 0.41 μM (or 27-fold higher)
GTP are required to completely convert the 10-nt product to
11-nt product. Note that, even though RNA synthesis past the
11-nt product along template “C” is not very efficient, the full-
length products are formed concomitantly with GTP incor-
poration at position 11. Hence, the full-length product for-
mation depends solely on ATP concentration, which is kept
here low at 0.030 μM in order to reduce misincorporations.
Another caveat is that concentrations of GTP above 4 μM
results in U:G misincorporation on both templates (Fig. 3,
asterisks). Full-length product formation along template “N” is
less evident than with template “C,” suggesting that overall
RNA synthesis might be inhibited. The accumulation of 11-nt
product points to a specific site of inhibition.

To avoid the confounding effect of nucleotide mis-
incorporations, we monitored RNA synthesis also in the pres-
ence of the other required NTPs. For template N, increasing
concomitantly the concentrations of GTP and ATP yields



Figure 1. Efficiency of NHC-TP incorporation. A, migration pattern of the products of RNA synthesis catalyzed by SARS-CoV-2 RNA-dependent RNA po-
lymerase along the RNA primer/templates as shown above the panels. The sequences support incorporation of NHC-monophosphate as either a C-, U-, A-, or
G-analogue at position 6. G, U, or C indicates incorporation of [α-32P]G-, [α-32P]U-, or [α-32P]CTP at position 5 (red). N indicates incorporation of
NHC-monophosphate. Asterisk indicates terminal transferase activity. A 50-32P-labeled 4-nt primer (4) serves as a size marker (m). B, graphical representation of
the data shown in A. Fitting the data points to Michaelis–Menten function and the calculation of the selectivity values (Experimental procedures). Sel.,
selectivity for a nucleotide substrate analogue is calculated as the ratio of the Vmax/Km values for NTP over NTP analogue. Error bars illustrate standard de-
viation of the data. ±, standard error of the fit. All reported values have been calculated on the basis of an 8-data point experiment repeated at least three
times. NHC-TP, β-D-N4-hydroxycytidine 5’-triphosphate.
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Figure 2. SARS-CoV-2 RNA-dependent RNA polymerase–catalyzed RNA
synthesis following incorporation of NHC-monophosphate. Migration
pattern of the products of RNA synthesis catalyzed by SARS-CoV-2 RdRp
complex along the RNA primer/template as shown at the top of the panel.
RNA primer/template supports a single incorporation event of CMP or NHC-
monophosphate as a C-analogue at position 6. G indicates incorporation of
[α-32P]-GTP at position 5. A 50-32P-labeled 4-nt primer (4) serves as a size
marker (m). Asterisk indicates products of the terminal transferase activity.
NHC-TP, β-D-N4-hydroxycytidine 5’-triphosphate.

Figure 3. RNA synthesis with NHC-MP in the template strand. Migration
pattern of the reaction products catalyzed by SARS-CoV-2 RNA-dependent
RNA polymerase. The template contains an embedded NHC-MP at position
11 (Template “N”) or CMP (Template “C”). Reactions with [α-32P]-CTP as the
only NTP are indicated by “0” in red. Figure notations are as in Figure 1.
Asterisks indicate products of GTP misincorporation opposite U in the
template. NHC-MP, β-D-N4-hydroxycytidine 5’-monophosphate.
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transiently an 11-nt product that is almost completely converted
into full-length product at NTP concentrations as low as 10 μM
(Fig. 4, panel “ATP and GTP”). The intermediate 11-nt product
is not seen with template C, which shows specific inhibition by
NHC-MP in the template. The 11-nt product is also not seen
when increasing the concentration of ATP in the absence of
GTP (Fig. 4, panel “ATP”), which demonstrates that incorpo-
ration of GTP opposite NHC-MP is the cause for inhibition.
Thus, although both GTP and ATP can be incorporated
opposite NHC-MP with similar efficiencies, only GTP causes a
subtle inhibitory effect that can be overcome by increasing NTP
concentrations. We have also shown that neither CTP nor UTP
is incorporated opposite NHC-MP (Fig. S2). Taken together,
NHC-MP embedded in the template shows ambiguous base
pairing with GTP and ATP. At the level of incorporation, NHC-
TP shows a preference for template G.

Discussion

The broad-spectrum antiviral agent molnupiravir, a prodrug
of NHC, is currently being evaluated in a clinical phase 3 trial
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for the treatment of SARS-CoV-2 infections (22). The drug is
orally bioavailable and can be given to outpatients early in the
disease with the potential to reduce hospitalizations. Preclini-
cal data in cell culture revealed a dose-dependent increase in G
to A and C to U transition mutations that correlated with
increases in antiviral effects against coronaviruses (10, 13).
Molnupiravir is therefore classified as a mutagenic nucleotide
analogue. Here we studied the underlying biochemical



Figure 4. Mechanism of template-dependent inhibition of SARS-CoV-2
RNA-dependent RNA polymerase complex. Figure notations are as in
Figure 2. Signal accumulation at position 11 illustrates inhibition of nucle-
otide incorporation right after template-embedded β-D-N4-hydroxycytidine
5’-monophosphate, which can be overcome with increasing concentrations
of NTP.
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mechanisms with the purified RdRp complex of SARS-CoV-2.
Based on our data, we developed a model that describes effects
on both efficiency and fidelity of RNA synthesis (Fig. 5).

Steady-state kinetic measurements demonstrated that
NHC-TP acts predominantly as a C-analogue and is prefer-
entially incorporated opposite template G (Fig. 5A, step 1).
Selective incorporation, defined as efficiency of incorporation
of CTP over efficiency of incorporation of NHC-TP, is rela-
tively low with a value of 30. By comparison, the selectivity
value of RDV-TP is below one, suggesting that RDV-TP is
more efficiently incorporated than its natural counterpart ATP
(2, 32). However, earlier studies have shown that NHC, in
contrast to RDV, is resistant to the coronavirus-associated
proofreading exonuclease activity (10). For hepatitis C virus
RdRp, the selectivity value of the 5’-triphosphate metabolite of
sofosbuvir is also relatively low (45-fold), but in the absence of
a proofreading activity, sofosbuvir is an efficient inhibitor of
hepatitis C virus replication (35). Thus, the limited
opportunities for incorporation of NHC-TP may still have an
impact on efficiency and fidelity of viral genome replication.

When NHC-MP is present in the template, base pairing is
more ambiguous and both the incoming GTP and ATP are
accepted with no significant preference (Fig. 5A, step 1). Like
other mutagenic nucleotides, NHC-TP likely exists in different
tautomeric forms that affect base pairing (36). The hydroxyl-
amine form acts like C and enables base pairing with G,
whereas the oxime form (C=NOH) acts like U and allows base
pairing with A (Fig. 5B). Our data suggest that the NHC-TP
substrate exists predominantly in its hydroxylamine form
and acts like CTP; however, when present as NHC-MP in the
template, both tautomeric forms seem to coexist and act like
CTP or UTP, favoring incorporation of GTP and ATP,
respectively.

Incorporation of GTP opposite NHC-MP inhibits incorpo-
ration of the next incoming nucleotide. Increasing NTP con-
centrations to 10 μM can overcome this obstacle (Fig. 5C,
steps 3 and 4). This inhibitory effect on RNA synthesis is not
observed with ATP (Fig. 5C, steps 3’ and 4’). Instead, incor-
poration of ATP yields a G to A transition mutation via
G:NHC-TP and NHC-MP:A base pairing or short G:NHC:A
(Fig. 5D). C to U transitions are realized if the positive-sense
viral RNA contains a C via C:G:NHC:A:U. Thus, the prefer-
ence for the G:NHC:A pattern is necessary and sufficient to
explain the higher frequencies of G to A and C to U transition
mutations in the presence of molnupiravir or NHC. The same
mechanism may also apply to influenza virus that shows the
same transition mutations in the presence of the drug, but not
to respiratory syncytial virus that shows a different pattern (6,
12). However, biochemical data are generally lacking, and it
will be important to study potential differences among various
viral and cellular polymerases that utilize NHC-TP as sub-
strate. In the present study, we have shown that the incorpo-
rated NHC-MP can either inhibit RNA synthesis in G:NHC:G
or act as a mutagen in G:NHC:A. The mutagenic effect seems
to be dominant given that increasing NTP concentrations can
overcome G:NHC:G inhibition at relatively low concentrations
of GTP. In addition, considering that intracellular concentra-
tions of ATP are several-fold higher than that of GTP (37), the
G:NHC:A pairing may also be favored in a cellular
environment.

Experimental procedures

Nucleic acids and chemicals

[α-32P]NTP, RNA primers and templates (except RNA
templates with embedded NHC-MP) used in this study were
50-phosphorylated and purchased from PerkinElmer. NHC-TP
were from two sources: Dr Schinazi laboratory and from
MedChemExpress. NTPs were purchased from GE Healthcare.

Protein expression and purification

The SARS-CoV-2 RdRp complex was produced by
expressing nsp-5, -7, -8, and -12 as a polyprotein by employing
a baculovirus expression system and purifying the nsp-7-8-12
J. Biol. Chem. (2021) 297(1) 100770 5



Figure 5. Mutagenesis model of NHC against SARS-CoV-2. A, schematic representation of SARS-CoV-2 RNA-dependent RNA polymerase (oval)-mediated
nucleotide incorporation into RNA primer (gray circles)/template (white circles). Plus and minus signs indicate RNA sense. Letters A, C, G, and U refer to
natural nucleotide bases. Letter M refers to molnupiravir. Three small circles refer to a triphosphate moiety of the NTP. B, alternative base pairing of NHC
base moiety is supported by its tautomerization. The N-hydroxylamine form is dominant when NHC-TP is the substrate, whereas both the N-hydroxylamine
and the oxime form are available when NHC-MP is embedded in the template. C, mechanism of viral inhibition and mutagenesis by template-embedded
NHC-MP. Blue circles illustrate NTP incorporation past NHC-MP in the template. D, summary of NHC-mediated inhibitory and mutagenic effects on viral
replication. MP, monophosphate; NHC, β-D-N4-hydroxycytidine; TP, 5’-triphosphate.
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complex through Ni-NTA affinity chromatography on nsp-8
N-terminal histidine tag as described (2).

NTP incorporation and the effect of primer- or template-
embedded NHC-MP on viral RNA synthesis

NTP incorporation by SARS-CoV-2 RdRp and data acqui-
sition and quantification were done as reported by us (2, 32,
38). Enzyme concentration was 100 or 200 nM for single and
multiple nucleotide incorporation assays, respectively. RNA
synthesis incubation time was 10 min. Data from single
nucleotide incorporation assays were used to determine the
preference for the natural nucleotide over NHC-TP. The
selectivity value is calculated as a ratio of the incorporation
efficiencies of the natural nucleotide over the nucleotide
analogue. The efficiency of nucleotide incorporation is deter-
mined by the ratio of Michaelis–Menten constants Vmax over
Km. The substrate for nucleotide incorporation is a 5-nt primer
generated by incorporation of [α-32P]NTP into a 4-nt primer.
Formation of the 5-nt primer is maximal at a given time point;
however, its precise concentration is unknown. Hence, the
product generated in the reaction is measured by quantifying
the signal corresponding to the 6-nt primer product and
dividing it to the total signal in the reaction (5-nt primer and
6 J. Biol. Chem. (2021) 297(1) 100770
6-nt primer). This defines the product fraction. The product
fraction is commonly multiplied by the total substrate con-
centration in order to determine the molar units of the Vmax,
which is here not possible as explained above. Therefore, the
unit of Vmax is reported as product fraction over time. The
selectivity value is unitless as it is the ratio of two Vmax/Km

measurements with the same units. RNA templates with
embedded NHC-MP were produced as described by us (38).
NHC-related protocol modifications are explained in Fig. S1.

Data availability

All data are contained within the article.

Supporting information—This article contains supporting
information (38).
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