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RNA-dependent RNA polymerase (RdRp) plays a key role in the replica-

tion of RNA viruses, including SARS-CoV-2. Processive RNA synthesis by

RdRp is crucial for successful genome replication and expression, especially

in the case of very long coronaviral genomes. Here, we analysed the activity

of SARS-CoV-2 RdRp (the nsp12–nsp7–nsp8 complex) on synthetic primer–
templates of various structures, including substrates with mismatched pri-

mers or template RNA modifications. It has been shown that RdRp cannot

efficiently extend RNA primers containing mismatches and has no intrinsic

RNA cleavage activity to remove the primer 30-end, thus necessitating the

action of exoribonuclease for proofreading. Similar to DNA-dependent

RNA polymerases, RdRp can perform processive pyrophosphorolysis of the

nascent RNA product but this reaction is also blocked in the presence of

mismatches. Furthermore, we have demonstrated that several natural post-

transcriptional modifications in the RNA template, which do not prevent

complementary interactions (N6-methyladenosine, 5-methylcytosine, inosine

and pseudouridine), do not change RdRp processivity. At the same time,

certain modifications of RNA bases and ribose residues strongly block RNA

synthesis, either prior to nucleotide incorporation (3-methyluridine and 1-

methylguanosine) or immediately after it (2’-O-methylation). The results

demonstrate that the activity of SARS-CoV-2 RdRp can be strongly inhib-

ited by common modifications of the RNA template suggesting a way to

design novel antiviral compounds.

Introduction

RNA-dependent RNA polymerase (RdRp) is the prin-

cipal enzyme involved in the replication of viral RNA

genomes and the most conserved component of the

viral replication machinery [1–3]. Due to its high con-

servation and its critical role in RNA replication,

RdRp can serve as a universal target for antiviral com-

pounds with broad specificity. At the same time,

RdRps from various viral families can significantly dif-

fer in their properties and sensitivity to existing antivi-

rals, as a result of lineage-specific differences in the

basal replication machinery and the action of

accessory factors [1]. Coronaviruses have the largest

genomes among RNA viruses (~ 30 kilobases), which

pose a significant threat to genome integrity and its

faithful replication [3–6]. Structural analysis of coron-

aviral RdRp, first from SARS-CoV [7] and then from

SARS-CoV-2 [8–10], demonstrated that it has a typical

right-hand structure composed of the fingers, thumb

and palm domains (Fig. 1). Acidic residues from the

palm domain bind divalent metal cations required for

catalysis, while several conserved motifs of the active

site coordinate the reacting substrates (Fig. 1B,C)
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[2,3]. In holoenzyme RdRp, the polymerase subunit

nsp12 interacts with one nsp7 and two nsp8 subunits,

which are required for efficient replication. Structural

analysis of a replicative complex of SARS-CoV-2

RdRp demonstrated that the upstream RNA duplex

interacts with N-terminal a-helical extensions of the

nsp8 subunits (Fig. 1A,B), suggesting that these con-

tacts may be important for stabilization of the contacts

of RdRp with RNA [11,12].

The full replicative complex of SARS-CoV-2 also

contains several accessory subunits, including the

nsp13 helicase, the nsp14 30-50 exonuclease/N7-

methyltransferase with its cofactor nsp10, and the

nsp16 2’-O-methyltransferase [2,3]. The replicative

complex binds two molecules of the nsp13 helicase,

one of which interacts with the RNA template and

another likely has a regulatory role [13,14]. Intrigu-

ingly, nsp13 moves in the opposite 50-30 polarity on

the RNA template relative to RdRp, suggesting that it

may act in RNA proofreading rather than in RNA

synthesis. In particular, it was proposed that nsp13

may displace RdRp backward on the RNA template

after nucleotide misincorporation, thus allowing the

action of the nsp14 exonuclease [15]. The mechanism

of coordination of the polymerization activity of

RdRp and exonuclease activity of nsp14 remains lar-

gely unknown but recent structural analysis suggested

that nsp14 may access the RNA 30-end in trans, after

dimerization of replicative complexes [16]. The

exonuclease activity of nsp14 is likely responsible for

RNA proofreading after nucleotide misincorporation

[17–19], as well as for the resistance of coronaviral

RdRp to various nucleotide analogues, which are

active against other viruses but can be removed after

their incorporation into the RNA product during

replication of coronaviruses [20,21].

Despite intensive studies of the replication machin-

ery of coronaviruses, many structural details and

activities of the replicative complex of RdRp remain

unknown. In particular, the exact mechanism of

RNA proofreading following nucleotide misincorpora-

tion remains to be elucidated. Furthermore, while

many synthetic compounds inhibiting RdRp have

been tested in vitro and in vivo (see Discussion), it

remains unknown how natural modifications in the

RNA template can affect RdRp activities. In this

study, we have analysed the effects of primer and

template modifications on the activity of recombinant

RdRp from SARS-CoV-2. It has been shown that the

efficiency of RNA extension can be strongly affected

by the presence of mismatched nucleotides in the

RNA primer. Furthermore, we have demonstrated

that RdRp can perform nascent RNA cleavage in the

reaction of pyrophosphorolysis, which is blocked by

mismatches in the RNA 30-end, but does not possess

intrinsic RNA cleavage activity. Finally, we have

shown that RdRp can sense naturally occurring

nucleotide modifications and lesions in the template

Fig. 1. Structure of the catalytic complex of SARS-CoV-2 RdRp and the mechanism of RNA synthesis. (A) Structure of the elongation com-

plex of RdRp (nsp12, violet; nsp8, green; nsp7, blue) with an RNA substrate (PDB: 6YYT [12]). (B) The same structure showing interactions

of RdRp with the RNA product (P, orange) and RNA template (T, black). The +1 template nucleotide is shown in red. (C) Structure of the

active site of RdRp in complex with product–template RNA after incorporation of the triphosphate form of remdesivir (PDB: 7BV2 [59]). The

template nucleotide in the +1 position (+1 U) is pink; the complementary remdesivir residue is blue and the pyrophosphate moiety is light

blue. The catalytic aspartate residues of nsp12 (D760 and D761) are turquoise and catalytic magnesium ions are light green. The hydroxyl

group of template nucleotide at the +1 position and the direction of its translocation are indicated. Nsp12 residues G683 and A685 that may

block the translocation of 20-modified templates are shown. The images were generated by ViewerLite 4.2 (Accelrys Ltd., Cambridge, UK).
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RNA strand, resulting in strong inhibition of RNA

synthesis.

Results

Activity and substrate specificity of recombinant

SARS-CoV-2 RdRp

To test the activity and substrate specificity of recom-

binant RdRp consisting of the nsp12, nsp7 and nsp8

proteins, we analysed primer extension using primer–
template substrates of various structures, with either

RNA or DNA primer and template strands and with

various lengths of the upstream duplex (Fig. 2). First,

we measured RNA extension using substrates with

long upstream duplex (35 bp) to allow the formation

of the full set of contacts in the replication complex. It

was shown that RdRp can extend RNA primer on

both RNA and DNA templates, however, the effi-

ciency of RNA synthesis on the DNA template was

lower and it was stalled after the incorporation of sev-

eral nucleotides (Fig. 2B, lanes 1–4). In contrast,

RdRp was completely inactive with DNA primer on

either RNA or DNA templates (lanes 5–8). RdRp was

strictly selective for NTPs and could not incorporate

dNTPs even in the case of the optimal RNA–RNA

primer–template substrate (lanes 9–11).
We then compared the activity of RdRp on RNA

substrates containing RNA primers of various lengths

(Fig. 2A). To reveal the role of upstream RdRp–RNA

duplex interactions in the stabilization of the replica-

tion complex, the experiment was performed in reac-

tion buffers containing various concentrations of

monovalent salts, from 10 to 175 mM (Fig. 2C). In the

case of the long upstream duplex (35 bp), the activity

of RdRp was gradually decreased with increasing ionic

strength and was decreased 20-fold at 175 mM KCl

(Fig. 2C, left). Furthermore, the activity of RdRp

depended on the primer length. Even at the lowest

ionic strength (10 mM KCl), RNA synthesis was

decreased ~ 3–4 fold when using 15 and 10 nt primers

in comparison with the 35 nt primers (Fig. 2C, blue

bars). This effect became much stronger at 30 or

100 mM KCl concentrations (6- and 16-fold decrease,

Fig. 2. Primer–template specificity of SARS-CoV-2 RdRp. (A) Structures of RNA substrates with various lengths of RNA primers. DNA pri-

mer and template oligonucleotides of the same sequences as in the top substrate were also used in the experiment shown in panel (B). (B)

Extension of RNA or DNA primers on RNA or DNA templates by RdRp (the sequences of the 50 nt template and 35 nt primer oligonu-

cleotides correspond to the upper substrate in panel A). The reactions were performed for 10 min at 30 °C with 100 lM NTPs or dNTPs.

Positions of the starting 50-labelled primers and the extended products are indicated. The upper band indicated with an asterisk corresponds

to the RNA product–template duplex that was not completely denatured during PAGE analysis. A representative gel from two independent

experiments is shown. (C) Relative efficiency of full-length RNA synthesis by RdRp with primers of different lengths (forming 35, 20, 15 or

10 bp duplexes with the RNA template, see panel A) at increasing ionic strength (10, 30, 100 or 175 mM NaCl). For all reactions, the activity

was measured as the sum of extended RNA products and normalized by the maximal activity observed with the 35 nt primer at the lowest

ionic strength. Means and standard deviations from three independent experiments are shown.
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respectively, for 10 nt primer, green and orange bars).

At 175 mM KCl, only trace activity could be detected

with the short primers. We, therefore, conclude that

the upstream RNA duplex plays an important role in

the formation of stable replication complexes by

SARS-CoV-2 RdRp.

RdRp activities with mismatched primers and the

reaction of pyrophosphorolysis

Previous studies demonstrated that replication com-

plexes of SARS-CoV-2 RdRp with noncomplementary

30-nucleotides in the RNA product can adopt a back-

tracked conformation, in which the mismatched 30-end
enters into the RdRp NTP entry tunnel [15]. It was

proposed that RdRp backtracking is required for

RNA proofreading through the nucleolytic activity of

the nsp14 exoribonuclease. Some previously studied

cellular and viral RNA polymerases can remove nas-

cent RNA 30-ends through intrinsic endonucleolytic or

exonucleolytic RNA cleavage or pyrophosphorolysis;

these reactions can be stimulated at increased pH or in

the presence of noncomplementary nucleotides (see

Discussion). However, the activity of SARS-CoV-2

RdRp with mismatched RNA substrates and its intrin-

sic ability to process mismatched RNA 30-end were

not studied.

To test the activities of SARS-CoV-2 RdRp on mis-

matched RNA substrates, we used RNA substrates

containing 1, 2 or 3 mismatched nucleotides at the pri-

mer 30-end (Fig. 3A). Analysis of their interactions

with RdRp by electrophoretic mobility shift assay

(EMSA) demonstrated that the presence of mismatches

slightly decreases the efficiency of their binding to

RdRp (Fig. 3B). Previously, RNA substrates having

different nucleotide sequence and containing 3 or 5

mismatched nucleotides at the primer 50-end were

shown to be less efficiently bound by RdRp than fully-

matched RNA, however, the activity of RdRp on such

substrates was not tested [15]. Analysis of RNA syn-

thesis in the presence of NTPs in complexes of SARS-

CoV-2 RdRp with mismatched substrates demon-

strated that the efficiency of RNA extension is greatly

decreased in comparison with the fully matched RNA

primer (30–50 fold for 1 nt and 2 nt mismatches;

Fig. 3C, compare lanes 4–12 with lanes 2–3). However,

some level of RNA extension was still observed with

all primers, and it was even higher in the case of RNA

primer with three mismatched nucleotides (Fig. 3C,

lanes 11–12). The addition of heparin, a competitive

inhibitor of RNA binding, had no major effects on

RNA extension, suggesting that RdRp forms suffi-

ciently stable complexes with all tested substrates.

These results suggested that RdRp may either accom-

modate and slowly extend the mismatched RNA 30-
end in the active site or first remove the mismatched

nucleotides through exo- or endonucleolytic cleavage

followed by extension of the newly formed 30-end.
To reveal whether RdRp can perform RNA cleav-

age in the case of fully matched or mismatched RNA

primers, we incubated the complexes of RdRp with

various types of RNA substrates in the presence of

divalent metal cations, which are required for catalysis,

but in the absence of NTP substrates (Fig. 3D). No

RNA shortening was observed with either fully com-

plementary or mismatched RNA primers in the pres-

ence of 2 mM or 20 mM Mg2+ or 2 mM Mn2+

(Fig. 3D). The addition of a noncomplementary

nucleotide (100 lM GTP) also did not stimulate RNA

cleavage (Fig. 3D, lanes 4, 9, 14 and 19). Therefore,

we conclude that SARS-CoV-2 RdRp lacks intrinsic

endonucleolytic or exonucleolytic activity, at least

under the conditions of our experiments.

We further analysed the reaction of pyrophospho-

rolysis in the same complexes, by adding inorganic

pyrophosphate at various concentrations (Fig. 3E).

Efficient shortening of the 50-labelled RNA primer was

observed in the case of fully complementary RNA sub-

strate (lanes 1–3). In contrast, no reaction products

were detected in the case of mismatched RNA sub-

strates, even in the case of a single nucleotide mis-

match (lanes 4–12). To reveal whether the reaction of

pyrophosphorolysis is processive, we compared the

kinetics of this reaction in the absence and presence of

heparin (Fig. 3F). The patterns of RNA products were

identical in both cases, indicating that processive RNA

shortening can occur in the same catalytic complex by

stepwise nucleotide removal without dissociation of

RdRp (compare lanes 2–6 and 7–11). From these

experiments, we can conclude that SARS-CoV-2 RdRp

can perform pyrophosphorolysis of complementary

RNA products but this reaction is strongly inhibited

in the presence of 30-mismatches.

Effects of RNA modifications on the activity and

fidelity of RdRp

Previous studies identified several nucleotide analogues

acting as efficient inhibitors of the RdRp activity. Sev-

eral of them, including remdesivir, favipiravir and mol-

nupiravir (b-D-N4-hydroxycytidine), which are

clinically approved for COVID-19 treatment, can be

incorporated into nascent RNA by SARS-CoV-2

RdRp. This leads to inhibition of coronaviral replica-

tion by either blocking RdRp translocation after their

incorporation into the RNA product (for remdesivir
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Fig. 3. Activities of SARS-CoV-2 RdRp with matched and mismatched primer–template substrates. (A) Structures of RNA substrates with mis-

matched 30-ends. (B) Electrophoretic mobility shift assay with mismatched RNA substrates. The binding reactions were performed with

500 nM RdRp and 50 nM RNA. The percentages of bound RNA substrates relative to the fully matched primer–template RNA are shown below

the gel (means and standard deviations from four independent experiments). (C) Extension of fully matched and mismatched RNA primers (0,

1, 2 or 3 nt mismatches) by RdRp in the absence and presence of heparin. Positions of extended RNA products are indicated. The percentages

of RNA extension relative to the RdRp activity measured with fully matched RNA in the absence of heparin are shown below the gel (means

and standard deviations from three independent experiments). (D) Analysis of RNA cleavage by RdRp in fully matched and mismatched com-

plexes. Preformed RNA–RdRp complexes were incubated in the absence of divalent cations or presence of Mg2+ (2 or 20 mM) or Mn2+ (2 mM)

for 15 min at 30 °C. GTP (‘G’) was added when indicated. A representative gel from two independent experiments is shown. (E) Pyrophospho-

rolysis of primer RNA by RdRp. The reactions were performed for 15 min at 30 °C at indicated concentrations of PPi. (F) Kinetics of pyrophos-

phorolysis in fully matched complexes in the absence or presence of heparin. The reactions were performed with 1 mM PPi for indicated time

intervals. Panels E and F show representative gels from two independent experiments, which produced identical results.
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[22–24]) or by impairing the fidelity of nucleotide

incorporation during subsequent rounds of RNA syn-

thesis (for favipiravir and molnupiravir incorporated

into the RNA template [25,26]). In addition, incorpo-

ration of remdesivir into template RNA was shown to

result in ‘template-dependent’ inhibition of RdRp

activity, by preventing nucleotide addition opposite the

modified nucleotide [27,28]. Genomic RNA of coron-

aviruses also contains natural post-transcriptional

modifications, including 50-cap with 2’-O-methylated

adenosine [3,29] as well as internal N6-

methyladenosine, pseudouridine and 2’-O-methylated

nucleotides, but their possible functional role in coron-

aviral replication remains largely unknown [30].

To understand the effects of various types of RNA

template modifications on the activity of SARS-CoV-2

RdRp, we used a set of templates containing natural

modifications and lesions that are commonly found in

cellular RNA (Fig. 4A,B), including inosine (Ino, the

product of adenosine deamination), pseudouridine (Ψ,
a common type of modification found in both noncod-

ing and coding RNAs [31]) N6-methyladenosine (N6-

meA), 5-methylcytosine (5-meC), 3-methyluridine (3-

meU), 2’-O-methylguanosine (2’-O-meG) and 1-

methylguanosine (1-meG) (all are the products of

RNA methylation; Fig. 4B). For comparison, we anal-

ysed control RNA templates containing corresponding

unmodified nucleotides (Fig. 4A). To confirm that

RdRp is active with the modified RNA substrates, we

used an RNA primer that was positioned one nucleo-

tide upstream of the modified template nucleotide.

During RNA extension on all templates, a single cyto-

sine nucleotide should be incorporated prior to

encountering the site of modification, thus allowing

detection of RdRp activity independently of the pres-

ence of modification (Fig. 4A).

It was found that RdRp extended the RNA primer

to the end of the template with all control unmodified

substrates (A, C, U, G; Fig. 4C, lanes 2–5). The suc-

cessful synthesis of full-length RNA was also observed

in the case of Ino, N6-meA, 5-meC and Ψ modifica-

tions (lanes 6–9). On these templates, weak RdRp stal-

ling could be detected upstream of N6-meA (lane 7).

In contrast, RNA synthesis was strongly inhibited in

the case of 3-meU, 2’-O-meG and 1-meG modifica-

tions. For the 3-meU and 1-meG templates, RdRp

could not incorporate nucleotides opposite the lesion

and stalled immediately upstream of it after incorpora-

tion of C (> 90% of RNA was stalled at this position;

lanes 10 and 12). For the 2’-O-meG template, RdRp

Fig. 4. Activity of SARS-CoV-2 RdRp on RNA templates containing modified nucleotides. (A) Structures of RNA substrates containing site-

specific modifications (‘M’) or control unmodified nucleotides (A, C, U or G) in template RNA. (B) Structures of analysed nucleotide modifica-

tions (shown in red). (C) Primer RNA extension with control and modified RNA templates. Positions of the starting RNA primer (14 nt), full-

length RNA (32 nt) and the products of RNA extension stalled before (15 nt) or opposite the lesion (16 nt) are indicated. The reactions were

performed with 10 lM of all four NTPs for 10 min at 30 °C. The levels of RdRp stalling at modified nucleotides (or corresponding positions

for control templates) are calculated as the ratio of stalled RNA products to the sum of all extended RNAs and shown below the gel (means

and standard deviations from three independent measurements).
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could incorporate an additional nucleotide opposite

the modification and stalled after it (with the total effi-

ciency of stalling also approaching 90%; lane 11).

To better understand the effects of RNA modifica-

tions on the activity and fidelity of RdRp, we tested

the incorporation of individual NTPs on all modified

templates in comparison with corresponding unmodi-

fied RNAs (Fig. 5). In all cases, we added combina-

tions of single NTPs together with CTP (to enable

primer extension down to the site of modification).

Control reactions contained all four NTPs (last lanes

for each template in Fig. 5).

For all unmodified templates, the patterns of

nucleotide incorporation were fully consistent with

the template sequence and the primer was extended

by one or more nucleotides depending on added NTP

combinations. For example, the major extension

product on template A in the presence of CTP alone,

CTP + ATP or CTP + GTP corresponded to the

incorporation of a single C (with some readthrough

as a result of misincorporation of C opposite next

template A; Fig. 5, lanes 2–4), while in the presence

of CTP + UTP RNA was extended by four nucleo-

tides as a result of consecutive incorporation of C

and three Us (lanes 5). In comparison, when inosine

was present in place of template A, two nucleotides

were successfully added to the primer 30-end in the

presence of CTP (as well as CTP + ATP or

CTP + GTP, lanes 8–10), indicating that inosine pro-

motes the incorporation of C instead of U. In the

case of the N6-meA template, only correct C was

added upstream of the site of modification, and no

misincorporation of C was observed after opposite

the modified base (lanes 14–16), indicating that

Fig. 5. Analysis of nucleotide incorporation by SARS-CoV-2 RdRp on modified RNA templates. The general structure of the RNA substrates

containing site-specific modifications (‘M’) is shown on the top. The reactions were performed with modified RNA templates or correspond-

ing control templates for 2 min at 30 °C in the presence of various combinations of NTPs. CTP was present in all reactions to allow one-

nucleotide RNA extension opposite template G prior to the modified nucleotide. Positions of the starting RNA primer (14 nt), full-length RNA

(32 nt) and the products of RNA extension stalled before (15 nt) or opposite the lesion (16 nt) are indicated.
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methylation of adenosine at the N6 position prevents

mispairing of A with C.

For the pseudouridine template, the pattern of

nucleotide addition was identical to the control tem-

plate containing unmodified U (compare lanes 26–29
with 20–23). Similarly, 50-methylcytosine had no effect

on the fidelity of nucleotide incorporation in compar-

ison with the control template C (compare lanes 44–47
with lanes 38–41). In contrast, in the case of 3-

methyluridine and 1-methylguanine, only single

nucleotide incorporation upstream of the modified

nucleotide was observed with all tested nucleotide

combinations (lanes 32–36 and 62–66), indicating that

these lesions completely block RNA extension. For 2’-

O-methylguanosine, RNA primer was extended by two

nucleotides with all combinations of NTPs, as a result

of the incorporation of two consecutive Cs, followed

by strong RdRp stalling (lanes 56–60). This indicated

that 2’-O-methyl ribose modification does not affect

the fidelity of nucleotide incorporation but prevents

further RdRp translocation. We, therefore, tested

whether another 20-ribose modification, 20-fluoro
ribose, can also affect RNA synthesis by RdRp. The

pattern of nucleotide incorporation in the case of the

20-fluoroguanosine (2’F-G) template was similar to the

control unmodified template G, indicating that this

modification does not strongly affect transcription

(lanes 67–72). From these experiments, we can con-

clude that modifications in the RNA template can

have highly varying effects on the activity of RdRp,

depending on the type and position of modification.

Discussion

Since coronaviral RdRp plays a central role in geno-

mic replication and transcription, it can serve as a

promising target for the development of novel drugs

inhibiting viral reproduction [1,3]. While most efforts

have been focused on finding nucleoside analogues or

non-nucleoside inhibitors targeting the catalytic cycle

of RdRp [32–37], we have demonstrated that struc-

tural variations in the template and primer RNA can

also strongly modulate its activity.

Structural studies revealed extensive protein–RNA

contacts within the replicative complex of SARS-CoV-

2, including an extended interface between the two

nsp8 subunits of the replicase and the upstream RNA

duplex (Fig. 1A,B) [11,12]. In accordance with previ-

ous studies [38], we have found that the activity of

RdRp strongly depends on ionic strength, indicating

that the replication complex is destabilized at high salt

concentrations. However, we have also found that

RdRp activity and its salt resistance are increased

when using longer RNA primers, suggesting that inter-

actions of the RdRp replicase with the upstream pro-

duct–template duplex are important for RdRp

processivity. Furthermore, we have shown that SARS-

CoV-2 RdRp can extend RNA on complementary

template DNA, although with a decreased efficiency.

Previously, SARS-CoV nsp12 was also shown to be

active on a DNA template [39]. This ability may

potentially be used for the development of DNA-based

assays for testing RdRp activity [39]. At the same

time, SARS-CoV-2 RdRp cannot extend DNA primers

and is also strongly selective for NTP substrates.

Structural analysis suggested that active-site residues

of nsp12 (in particular, N691) recognize the 2’-OH

group of the NTP, thereby enabling preferential incor-

poration of NTPs over dNTPs [12,40], but it remains

to be established whether there are additional mecha-

nisms of dNTP exclusion.

Cellular DNA-dependent RNA polymerases can

remove misincorporated nucleotides from the RNA 30-
end through their intrinsic endonucleolytic RNA cleav-

age activity, which is increased at high pH and can be

stimulated by dedicated RNA cleavage factors, Gre

proteins in bacteria and TFIIS in eukaryotic Pol II

[41–43]. This reaction requires backtracking of the

transcription complex to allow attack of the active site

of RNA polymerase on the internal phosphodiester

bond [44–46]. In addition, noncomplementary NTPs

were shown to induce exonucleolytic cleavage of a 30-
terminal nucleotide from the RNA product by bacte-

rial DNA-dependent RNA polymerase [47] and also

by hepatitis C virus (HCV) RNA-dependent RNA

polymerase [48].

While no such activities have been reported for

coronaviral RdRps, recent structural studies revealed

that SARS-CoV-2 RdRp can form backtracked com-

plexes with mismatched RNA substrates [15]. How-

ever, we could not detect either endonucleolytic or

exonucleolytic RNA cleavage by RdRp under any

tested conditions, including various concentrations of

divalent metal cofactors (Mg2+ or Mn2+), the presence

of noncomplementary nucleotides or increased pH

(Fig. 3 and unpublished observations). At the same

time, we have demonstrated that SARS-CoV-2 RdRp

can extend mismatched RNA primers, albeit with a

low efficiency, which may result in error-prone genome

replication. This likely explains the strong requirement

of the proofreading exonuclease nsp14, which can

remove mismatched nucleotides [16,17], for error-free

replication and maintaining the genome integrity in

coronaviruses [18,19].

Another potential way of the 30-terminal RNA pro-

cessing is pyrophosphorolysis, the reverse reaction for
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RNA synthesis that removes the 30-terminal residues

and generates triphosphate nucleotides. Pyrophospho-

rolysis of nascent RNA can be performed by DNA-

dependent RNA polymerases [49] and some previously

studied RdRps including HCV RdRp [48] and hepati-

tis B virus RdRp [50]. We have demonstrated that

coronaviral RdRp can also perform pyrophospho-

rolytic cleavage of the nascent RNA product, thus

providing a way for 30-nucleotide removal. However,

pyrophosphorolysis is strongly blocked in the presence

of 30-mismatches, indicating that correct 30-nucleotide
positioning in the RdRp active site is critical for this

reaction. Despite pyrophosphorolysis is unlikely to

play a functional role in RNA processing by RdRp

due to low pyrophosphate concentrations in vivo, it

can be used as a tool to study the catalytic mechanism

and the translocation state of RdRp.

Finally, we have tested the activity of SARS-CoV-2

RdRp on RNA templates containing various types of

nucleotide modifications. Previously, it was reported

that synthetic nucleotide analogues remdesivir and

molnupiravir can inhibit RNA synthesis by SARS-

CoV-2 RdRp when incorporated into the RNA tem-

plate [25,27,28]. Analysis of RdRp activity on RNA

templates containing a remdesivir residue demon-

strated that RNA synthesis is strongly delayed before

the modified nucleotide, as well as after incorporation

of U opposite remdesivir [27,28]. Template molnupi-

ravir modestly inhibits RNA synthesis by RdRp after

nucleotide incorporation, but this inhibition can be

overcome at high NTP concentrations. In addition,

template molnupiravir induces misincorporation of A

in addition to correct G and dramatically increases the

level of mutagenesis [25]. Similarly, favipiravir incor-

porated into genomic RNA disrupts coronaviral repli-

cation by base pairing with both cytidine and uridine

[26]. Structural studies demonstrated that template

remdesivir clashes with residue A558 of nsp12, and

mutations of adjacent V557 help RdRp bypass the site

of modification [28]. Inhibition of RNA synthesis by

template remdesivir is also alleviated by the V792I

mutation in nsp12, which does not contact template

RNA but may affect the dynamics of NTP incorpora-

tion [27,51]. It is likely that this and other substitu-

tions in nsp12 may also modulate the effects of other

types of RNA template modifications (see below) on

the activity of RdRp.

We have demonstrated that natural RNA modifica-

tions can also modulate the activity of RdRp. It has

been found that post-transcriptional modifications N6-

meA, 5-meC and Ψ, which do not change base pairing,

also do not affect primer RNA extension by RdRp.

Interestingly, N6-meA may even increase the fidelity of

nucleotide incorporation by RdRp. At the same time,

inosine, which occurs in RNA as a result of deamina-

tion of adenosine, promoted the misincorporation of C

instead of U. Other tested RNA modifications, includ-

ing 3-meU, 1-meG and 2’-O-meG, severely block

RNA synthesis by RdRp. The strong effects of 3-meU

and 1-meG on nucleotide incorporation by RdRp are

likely explained by the disruption of complementary

base pairing by these modifications. In contrast, 2’-O-

meG contains a methyl group at the ribose moiety that

does not affect base pairing. In comparison with 3-

meU and 1-meG, 2’-O-methyl modification does not

prevent nucleotide incorporation opposite the modified

nucleotide but prevents further RNA extension. Previ-

ously, a strong inhibitory effect of the 2’-O-methyl

RNA modification was also observed for reverse tran-

scriptases [52]. Analysis of available structures of

RdRp suggests that residues G683 and A685 of nsp12

can sterically interfere with translocation of the 2’-O-

methyl group after nucleotide incorporation (Fig. 1C),

while a smaller 20-fluoro modification does not prevent

RNA synthesis (Fig. 5).

Three of the analysed modifications, N6-

methyladenosine, pseudouridine and 2’-O-methylri-

bose, are naturally found in the SARS-CoV-2 genome

[30]. N6-meA is introduced at about one or two dozen

sites in coronaviral RNA by cellular RNA methyl-

transferases, and it was shown that inhibition of their

activity delays coronaviral replication [30,53,54]. How-

ever, the exact functional role of this modification in

the coronaviral life cycle remains to be established. Ψ
is found in multiple positions in the SARS-CoV-2 gen-

ome and it was hypothesized that it may help the virus

avoid the host immune response [55]. Both N6-meA

and Ψ are easily bypassed by SARS-CoV-2 RdRp,

without interfering with viral replication.

The 2’-O-methyl modification is introduced in the

50-adenosine by the nsp16 methyltransferase and is a

part of the 50-cap that protects coronaviral RNA from

degradation by host nucleases [29,56]. It is therefore

essential that RdRp is stalled by this modification only

after nucleotide incorporation (Fig. 4C), thus allowing

complete genome replication. Intriguingly, multiple 2’-

O-methyl modifications were found in coronaviral

RNA in host cells, enriched in 50- and 30-untranslated
regions [57]. Since the presence of these modifications

in template RNA would interfere with genomic RNA

synthesis, modified RNAs may represent a fraction of

coronaviral genomes not participating in replication

but potentially involved in translation. Indeed, only a

fraction of each target site in coronaviral RNA is 2’-

O-methylated [57]. Further studies are needed to estab-

lish whether there is any kind of functional
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specialization between individual copies of the coron-

aviral genome, depending on their 2’-O-methylation.

An important goal of future studies is to test

whether other natural RNA modifications or chemi-

cally induced RNA lesions can efficiently inhibit

RdRps from SARS-CoV2 and other RNA viruses or

change the fidelity of nucleotide incorporation by these

polymerases. Further analysis of the effects of various

classes of RNA modifications on coronaviral replica-

tion may lead to the discovery of highly potent

template-specific RdRp inhibitors.

Materials and methods

Protein expression and purification

The nsp12, nsp7 and nsp8 genes of SARS-CoV-2 were

codon optimized for expression in E. coli using OPTIMI-

ZER (http://genomes.urv.es/OPTIMIZER/) and obtained

by chemical synthesis. To purify the nsp12–nsp7–nsp8 com-

plex, we co-expressed nsp12 containing a C-terminal His8

tag and an nsp7–His6–nsp8 polypeptide, in which the C

terminus of nsp7 was fused to the N terminus of nsp8

through a hexahistidine linker. As was previously demon-

strated, this approach allows to obtain highly active RdRp

preparations [58]. Nsp12 and fused nsp7–His6–nsp8 were

cloned into the pET-28 vector using HiFi DNA assembly

master mix (New England Biolabs, Ipswich, MA, USA)

under the control of T7 RNA polymerase promoter (T7-

promoter_nsp12–His8_nsp7–His6–nsp8). E. coli BL21

(DE3) carrying the expression plasmid were grown at

37 °C until OD600 0.45 and chilled on ice for 30 min. IPTG

was added to 0.1 mM and the cells were grown for 16 h at

37 °C. The cells were collected by centrifugation, resus-

pended in a 10-fold excess of lysis buffer (50 mM Tris–HCl,

pH 7.9, 500 mM NaCl and 100 lg�mL�1 PMSF) and lysed

with a cell disruptor CF (Constant Systems Ltd, Daventry,

UK). The lysate was centrifuged twice for 20 min at 45 000 g.

The RdRp complex was purified from the cleared lysate by

Ni-affinity chromatography using a 1 mL HiTrap TALON

crude column (GE Healthcare, Chicago, Illinois, USA),

pre-equilibrated with buffer containing 40 mM Tris–HCl,

pH 7.9 and 500 mM NaCl. The sample was loaded at

1 mL�min�1 and the column was washed with the same

buffer containing 0, 30 and 100 mM imidazole. RdRp was

eluted by the same buffer containing 300 mM imidazole.

The eluted proteins were dialysed against buffer containing

50 mM Tris–HCl, pH 7.9, 50 mM NaCl, 5% glycerol,

0.1 mM DTT and 0.5 mM EDTA overnight. The sample

was loaded on a HiScreenQ HP column (GE Healthcare)

at the rate of 0.3 mL�min�1. The column was washed with

a linear salt gradient from 50 mM to 1 M NaCl in the same

buffer for 150 min at the rate of 0.5 mL�min�1. The com-

plex of nsp12 with the nsp7–nsp8 fusion was eluted at

~ 300 mM NaCl. The fractions were concentrated using

Amicon Ultra-4 centrifugal filters Ultracel-50 K; NaCl,

DTT and glycerol were added to 250 mM, 1 mM and 50%,

respectively; the samples were aliquoted, frozen in liquid

nitrogen and stored at �70 °C.

In vitro transcription

Analysis of substrate specificity of SARS-CoV-2 RdRp was

performed using synthetic RNA and/or DNA oligonu-

cleotide substrates corresponding to the template and pri-

mer strands (see Fig. 2A for oligonucleotide sequences).

Primer oligonucleotides were 50-labelled with c-[P32]-ATP

and T4 polynucleotide kinase and mixed with template

oligonucleotides in transcription buffer containing 10 mM

Tris–HCl, pH 7.9, 10 mM KCl (or 30, 100 and 175 mM

KCl when indicated), 2 mM MgCl2 and 1 mM DTT at final

concentrations of 2 and 4 lM respectively. The samples

were incubated for 3 min at 95 °C, cooled down to 85 °C
for 2 min and then cooled down to 25 °C at

~ 0.5 °C�min�1. The assembled primer-template substrate

was diluted with the same buffer (50 nM final primer con-

centration), mixed with RdRp (500 nM final concentration)

and incubated for 15 min at 30 °C. Transcription reactions

were initiated by adding 100 lM NTPs (together with

50 lg�mL�1 heparin when indicated) at 30 °C and stopped

with 1.1 volume of formamide with 100 lg�mL�1 heparin

after 15 min. The samples were heated at 95 °C for 4 min

and rapidly loaded onto pre-running 15% denaturing

PAGE. The reaction products were visualized by phosphor

imaging with a Typhoon 9500 scanner (GE Healthcare).

To analyse in vitro transcription of modified RNA tem-

plates, primer–template substrates were prepared in the

same way using modified or control RNA oligonucleotides

shown in Fig. 4A. The annealed substrates were diluted

with transcription buffer to 50 nM, mixed with 2.5 lM
RdRp and incubated for 15 min at 30 °C. Transcription

reactions were initiated by adding all four NTPs or combi-

nations of individual NTPs with CTP (10 lM each). The

reactions were performed for 10 min (when measuring

RdRp activity with all NTPs) or for 2 min (when measur-

ing the fidelity of incorporation of individual NTPs) at

30 °C and stopped with 1.1 volume of formamide with

100 lg�mL�1 heparin. The samples were heated at 95 °C
and separated in 19% denaturing PAGE.

Electrophoretic mobility shift assay

Complexes of oligonucleotide primer–template substrates

with RdRp were assembled as described above in a tran-

scription buffer containing 10 mM Tris–HCl, pH 7.9,

10 mM KCl, 1 mM DTT, 0.1 mM EDTA and 100 lg�mL�1

BSA. The samples were mixed with 1/5 volume of loading

dye buffer containing 50% glycerol, 2.5x TBE and sepa-

rated in 4.5% native gel (acrylamide:bisacrylaimde 37.5 : 1,

0.5x TBE and 10 V�cm�1) at 25 °C.
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Analysis of RNA cleavage and

pyrophosphorolysis

For analysis of intrinsic RNA cleavage, primer–template

substrates were prepared from oligonucleotides containing

1, 2 or 3 mismatched nucleotides in the primer 30-end
(Fig. 3A) in transcription buffer containing 10 mM Tris–
HCl, pH 7.9, 10 mM KCl, 1 mM DTT and 0.1 mM EDTA

and assembled with RdRp as described above. The reac-

tions were initiated by adding different concentrations of

divalent cations (2 or 20 mM MgCl2 or MnCl2) and pro-

ceeded for 15 min at 30 °C. GTP was added to 100 lM,
when indicated. For analysis of pyrophosphorolysis, the

complexes of RdRp were assembled in the same way. The

reaction was initiated by adding sodium pyrophosphate

(PPi) to a final concentration of 1 or 5 mM together with

7 mM MgCl2, heparin was added to 50 lg�mL�1 when indi-

cated. The reaction was stopped after indicated time inter-

vals and the samples were processed as described above.
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