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Formycin A (FOR) and pyrazofurin A (PYR) are nucleoside
analogs with antiviral and antitumor properties. They are
known to interfere with nucleic acid metabolism, but their
direct effect on transcription is less understood. We explored
how RNA polymerases (RNAPs) from bacteria, mitochondria,
and viruses utilize FOR, PYR, and oxidized purine nucleotides.
All tested polymerases incorporated FOR in place of adenine
and PYR in place of uridine. FOR also exhibited surprising
dual-coding behavior, functioning as a cytosine substitute,
particularly for viral RNAP. In contrast, 8-oxoadenine and
8-oxoguanine were incorporated in place of uridine in addition
to their canonical Watson—Crick codings. Our data suggest
that the interconversion of canonical anti and alternative syn
conformers underlies dual-coding abilities of FOR and
oxidized purines. Structurally distinct RNAPs displayed vary-
ing abilities to utilize syn conformers during transcription. By
examining base pairings that led to substrate incorporation and
the entire spectrum of geometrically compatible pairings, we
have gained new insights into the nucleobase selection pro-
cesses employed by structurally diverse RNAPs. These insights
may pave the way for advancements in antiviral therapies.

Formycin A (FOR) and pyrazofurin A (PYR) are related
nucleoside analogs produced by Streptomyces and other acti-
nobacteria. FOR and PYR are the products of similar biosyn-
thetic pathways (1, 2) and belong to C-nucleoside antibiotics
(3). Their original functionality in actinobacteria is presumably
to suppress the growth of competing organisms. These com-
pounds have also been explored as anticancer and antiviral
agents, but their clinical use has been limited due to toxicity
(3-5).

FOR is similar to adenosine but contains a pyrazolopyr-
imidine moiety in place of imidazolopyrimidine featured by
adenosine (Fig. 1A4). PYR closely resembles ribavirin (RIB), a
synthetic nucleoside analog that was originally developed as an
antiviral drug (Fig. 1A4) (6). Both PYR and RIB can be viewed as
incomplete purine analogs featuring a 5-membered ring and a
carboxamide moiety. The 5-membered ring of the nucleobase
is pyrazole in PYR and triazole in RIB. In addition, the PYR
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nucleobase features a hydroxyl group in ortho position relative
to the carboxamide moiety.

FOR and PYR differ from adenosine and RIB by featuring
C-C glycosidic bonds and are thus resistant to the action of
cellular glycosylases. The 1.55 A C-C bond is also slightly
longer than the 1.47 A C-N bond, lowering the energy barrier
for the nucleobase rotation around the glycosidic bond and
facilitating the reversible interconversion between anti and syn
conformers (Fig. 1B) (7-9). In crystals, FOR and PYR adopt
syn (CCDC IDs FOMHBH10, PYRZOMO1), intermediate
(CCDC ID FORMYC, PDB IDs 1K9S, 1T8S, 3UT6), and anti-
like conformations (PDB IDs 3MI2, 3SEC). The second major
difference is the presence of a polar hydrogen at one of the
nitrogens of the pyrazole moiety. Both FOR and PYR exist as a
mixture of two readily interconverting tautomers (10). The
tautomer with the polar hydrogen at the nitrogen adjacent to
the glycosidic bond (Fig. 14) may become the predominant
form upon FOR binding to the enzyme active sites (11).

FOR and PYR are thought to interfere with the metabolism
of nucleic acids, though the exact metabolic steps affected by
these compounds and the mechanism of inhibition are not
fully understood (12). FOR has been reported to target purine
nucleoside phosphorylase (13, 14), whereas PYR targets oro-
tidine-5’-monophosphate decarboxylase (15-17). FOR, PYR,
and RIB are also recognized by nucleoside kinases when inside
the cell and undergo series of phosphorylation reactions, ul-
timately converting into the triphosphate forms (6, 17, 18) that
can serve as substrates for nucleic acid polymerases (14, 19,
20). FOR is a priori expected to function as an adenine analog:
both compounds feature identical amino substituted pyrimi-
dine rings that can mediate base pairing with uridine or
thymine. The pyrazole ring of FOR is not expected to affect
base pairing in the canonical anti conformation of the nucle-
obase but may affect stacking with adjacent nucleobases dur-
ing and after incorporation into RNA as we previously
proposed for oxazinomycin (21). In contrast, the carboxamide
group of PYR and RIB can rotate 180° potentially enabling
these compounds to mimic either adenine or guanine
depending on the orientation of the carboxamide group (20).

Nucleobases that can form base pairs with more than one
nucleobase in the active sites of nucleic acid polymerases are
frequently described as dual coders. Some of the best-known
dual coders are oxidized derivatives of nucleosides, 8-
oxoguanine (80G) and 8-oxoadenine (80A) (Fig. 1). 80G
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Dual-coding substrates of RNA polymerases
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Figure 1. Nucleoside analogs employed to study the nucleobase selectivity of diverse RNAPs. A, FOR closely resembles adenosine but contains
pyrazole moiety in place of the imidazole moiety of adenosine. PYR resembles FOR but contains an incomplete six-membered ring. PYR also resembles
ribavirin (RIB): both compounds feature a carboxamide moiety attached to the five-membered aromatic ring that is pyrazole in PYR and triazole in RIB. The
carboxamide moiety can rotate 180° (curved blue arrows), enabling PYR and RIB to resemble either adenine or guanine. Pyrazole moieties of FOR and PYR
can equilibrate between two tautomers (curved blue arrows). 80A and 80G feature a keto group at position corresponding to C8 of adenosine and guanine
and a polar hydrogen at a nitrogen corresponding to N7 of adenosine and guanine. B, FOR, PYR, 80A, and 80G have the increased propensity to adopt a so-
called syn configuration by rotating around the glycosidic bond (curved blue arrows). 80A, 8-oxoadenine; 80G, 8-oxoguanine; FOR, formycin A; PYR, pyr-

azofurin A; RNAP, RNA polymerase.

pairs with cytosine and adenine when in anti and syn config-
uration, respectively (22, 23). 80A predominantly pairs with
uridine and guanine when in anti and syn configuration,
respectively (24, 25). In general, the dual coding potential may
result from the rotation of a moiety as in RIB (20), rotation of
the entire nucleobase around the glycosidic bond as in 80G, or
reversible interconversion of tautomeric forms as in N4-
hydroxycytidine (26, 27). Deoxyribonucleoside versions of
dual coders are potent mutagens in DNA genomes of cellular
life forms (28-30). In contrast, ribonucleoside versions of dual
coders can cause translational errors and have mutagenic ef-
fects in genomes of RNA viruses (20, 26, 31).

In this study, we investigated utilization of triphosphory-
lated forms of FOR, PYR, and structurally related nucleoside
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analogs RIB, 80A, and 80G by three major types of RNA
polymerases (RNAPs). Escherichia coli enzyme (Ec-DdRP)
served as a representative of DNA-dependent RNAPs (DdRPs)
that belong to the two-barrel structural family (two double-
psi-p-barrel domains constitute a part of the active site)
(32-35). These are commonly referred to as multisubunit
RNAPs, but we found it advantageous to call them two-barrel
DdRPs in this study. Two-barrel DARPs are responsible for
transcription of genomes in bacteria, archaea, and eukaryotic
nuclei (36). Human mitochondrial RNAP (Mt-DdRP) was
employed as a DARP representative of the right-hand struc-
tural family of nucleic acid polymerases (the catalytic module
resembles the right hand) (37, 38). Right-hand DdRPs tran-
scribe mitochondrial genomes across all eukaryotic organisms
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(39, 40) and certain segments of chloroplast genomes in higher
plants (41). Finally, RNAP from coxsackievirus (Cv-RdRP)
served as an RNA-dependent representative (RARP) of the
right-hand structural family of nucleic acid polymerases
(42—-44). Right-hand RdRPs transcribe and replicate genomes
of RNA viruses such as poliovirus (45), hepatitis C virus (46),
coxsackievirus (47), and coronaviruses (48).

Despite considerable structural and evolutionary diver-
gence, all three major types of RNAPs feature a principally
similar geometry of the active site: (i) the substrate NTP is
recruited by forming a Watson—Crick base pair with the
acceptor nucleotide in the template strand; (ii) the ribose
moiety of NTP is recognized and bound in a dedicated
pocket; and (iii) the nucleotide addition occurs at the
primer-template junction where the acceptor nucleotide, the
primer-terminal RNA nucleotide and the substrate NTP are
all arranged according to the A-form helical geometry. By
employing three diverse RNAPs, we aimed to both delineate
the base pairing capabilities of nucleoside analogs and
pinpoint the differences in the nucleobase selection mecha-
nism employed by diverse RNAPs. Our results reveal several
unexpected codings of nucleoside analogs that are likely
mediated by syn conformers of nucleoside triphosphates. We
further observed differential utilization of these codings by
different RNAPs in our set. By examining the base pairings
responsible for substrate incorporation and the entire spec-
trum of base pairings with potential geometric compatibility,
we have gained new insights into the nucleobase selection
processes employed by three major types of RNAPs. These
insights may pave the way for future advancements in anti-
viral therapies.

Results
The setup of single-nucleotide addition experiments

We synthesized triphosphates of FOR and PYR using the
previously established method (21, 49) and acquired tri-
phosphorylated RIB, eight-80A and 80G from commercial
sources. We then investigated the ability of Ec-DdRP, Mt-
DdRP, and Cv-RdRP to utilize the triphosphorylated
nucleoside analogs in place of natural substrates ATP,
CTP, GTP, and UTP.

Transcription elongation complexes (ECs) were assembled
on synthetic nucleic acid scaffolds. The scaffolds for DARPs
contained a fully complementary transcription bubble flanked
by 20-nt-long DNA duplexes upstream and downstream
(Figs. 2 and 3). The annealing region of a 16-nt RNA primer
was nine nucleotides. The RNA primer was 5’ labeled with the
infrared fluorophore ATTO680 to monitor RNA extension by
denaturing PAGE. To assemble RdRP ECs, the same 16-nt
RNA primer was annealed to the 24-nt-long RNA template
that contained 2'-O-methylated (2'-OMe) nucleotides at the 3’
and 5 ends to increase its stability against degradation by
exonucleases. The resulting scaffold contained a 9-base pair
RNA:RNA duplex, 3 2/-OMe nucleotides upstream, 5 nt of
single-stranded template RNA downstream of the primer-
template junction followed by 7 2'-OMe nucleotides. Four
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RNA:DNA and four RNA:RNA scaffolds were designed so that
the first incorporated nucleotide was AMP, CMP, GMP, or
UMP. When the first incorporating nucleotide was purine, the
second was pyrimidine and vice versa to minimize readthrough
due to misincorporation of canonical nucleoside mono-
phosphates (NMPs).

We then walked RNAPs on these four scaffolds by one or
two positions utilizing either two canonical substrates or a
nucleoside analog and a canonical substrate (Figs. 2-3). These
experiments revealed whether the nucleoside analog can be
incorporated in place of a canonical substrate and whether the
resulting EC can incorporate the next nucleotide. Before
introducing the results of the walking experiments it is
imperative to consider two aspects of the experimental setup
and data interpretation.

First, RNAPs are highly selective toward the cognate
NTPs (NTPs that form canonical Watson—Crick base pairs
with the acceptor nucleotide in the template DNA or RNA)
but will also incorporate non-cognate NMPs if incubated
with noncognate NTPs for sufficiently long time. In our
experiments, the reaction time (1 min) and nucleoside
analog concentrations (100 uM) were chosen to permit
detection of incorporation events with about ~1000-fold
slower rate than that for canonical NTPs (50-52). Under
such conditions, most misincorporation events involving
canonical substrates were not observed, except for the uri-
dine measurably incorporating in place of cytidine and
adenine in place of guanine (Fig. S1). In other words, our
walking experiments were performed at the threshold con-
ditions where some misincorporation of canonical NMPs
become noticeable but were still relatively inefficient. In this
study, we describe a nucleoside analog as recognized by
RNAP in place of a canonical cognate nucleotide when its
relative incorporation efficiency exceeds 25% under our
standard assay conditions (100 UM substrate, 1 min, 25 °C).
This threshold represents the relative efficiency of most
efficient misincorporations of canonical nucleotides in our
assay.

Second, we found it imperative to model tentative geome-
tries of base pairings suggested by our data and present such
analysis alongside the experimental observations. To do so, we
postulated that a productive base pairing (base pairing that
leads to substrate incorporation) must (i) follow Watson—
Crick geometry, and (if) feature similar distances between
the nucleo-sugars to those observed in canonical A-T, A-U,
and G-C base pairs. These postulates have been largely proven
for high-fidelity DNA polymerases (22, 53-56) and it is
conceivable that they hold also for RNAPs. To graphically
implement these postulates, we started with 2D projections of
the canonical pairs between nucleobases including glycosidic
bonds. To draw the tentative geometries of base pairs formed
by nucleoside analogs, we replaced the canonical nucleobases
with their analogs while maintaining the distance between the
glycosidic bonds and, where necessary, introducing only
minimal changes to the angle between the glycosidic bonds
(Fig. S2). We explored both canonical anti and less frequently
encountered syn orientations of the nucleobases. For syn-anti
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Figure 2. Incorporation of nucleoside analogs into RNA in place of adenine and cytidine by Ec-DdRP, Mt-DdRP, and Cv-RdRP. Assembled ECs were
supplemented with 10 uM NTPs, 100 UM nucleoside analogs, and incubated for 1 min at 25 °C. A, incorporation in place of adenine. B, incorporation in place
of cytidine. Schematics of nucleic acid scaffolds are shown above gel panels. DNA, RNA, and 2’OMe nucleotides are colored black, red, and cyan,
respectively. Quantification is presented in the Supplementary Data File. 2'-OMe, 2’-O-methylated; DdRP, DNA-dependent RNAP; EC, elongation complex;
Mt-DdRP, mitochondrial RNAP; Cv-RdRP, RNAP from coxsackievirus.

pairs, we rotated the glycosidic bonds of the substrate nucle- acknowledge the possibility of incorporations mediated
obase by 10°, which is within the normal variations of the exclusively by base stacking to the primer-terminal nucleobase
glycosidic bond angle in canonical nucleotides. Finally, we (e. g, incorporations against an abasic site) and specialized
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Figure 3. Incorporation of nucleoside analogs into RNA in place of guanine and uridine by Ec-DdRP, Mt-DdRP, and Cv-RdRP. Assembled ECs were
supplemented with 10 tM NTPs, 100 UM nucleoside analogs, and incubated for 1 min at 25 °C. A, incorporation in place of guanine. B, incorporation in place
of uridine. Schematics of nucleic acid scaffolds are shown above gel panels. DNA, RNA and 2’OMe nucleotides are colored black, red, and cyan, respectively.
Quantification is presented in the Supplementary Data File. 2’-OMe, 2'-O-methylated; Cv-RdRP, RNAP from coxsackievirus; DdRP, DNA-dependent RNAP; EC,
elongation complex; Mt-DdRP, mitochondrial RNAP.

geometries observed in the active sites of translesion DNA
polymerases, where wobble pairing may result in nucleotide
incorporation (57). However, we did not need to invoke
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stacking-only scenarios to explain our data and considered
that wobble pairings are unlikely to be productive in the active
sites of RNAPs.
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Utilization of nucleoside analogs in single-nucleotide addition
experiments

FOR was incorporated in place of adenine by all RNAPs in
our set as expected from the coding capacity of the anti
conformer (Fig. 24 lanes 5-6). Unexpectedly, FOR was also
recognized as cytidine by Ec-DdRP and Cv-RdRP but not Mt-
DdRP (Fig. 2B lanes 5-6). C-coding of FOR was also evident
from a partial readthrough by two positions during tran-
scription of the AC sequence in the presence of FOR (Fig. 24
lane 5). The readthrough efficiency declined in the order Cv-
RdARP > Ec-DdRP > > Mt-DdRP. We reasoned that pairing
with guanine is most likely mediated by the syn conformer of
FOR (Fig. 2B) because syn-purine pairing with anti-purine is
arguably the only possible geometry that allows for Watson—
Crick-like pairing between two purines while preserving the
internucleo-sugar distance characteristic for canonical purine-
pyrimidine base pairs (22). FOR was also efficiently
incorporated into RNA against inosine in the template DNA
by Ec-DdRP (Fig. S3 lanes 7-8), indicating that exocyclic
amino group of guanine is not essential for C-coding of FOR.
At the same time, adenine was not incorporated against ino-
sine (Fig. S3 lanes 5-6), suggesting that the ability of FOR to
code for cytidine is primarily attributable to the increased
propensity to adopt syn configuration.

FOR was also incorporated in place of guanine by Ec-DdRP
forming an EC that failed to add the next nucleotide within the
timeframe of the experiment (Fig. 3A lanes 5-6). Notably, a
similar phenomenon was observed for ATP (Fig. S1D lanes
5-6). We can conceivably explain these incorporations only by
invoking rare imino tautomers (Figs. 3A and S1F).

PYR was incorporated in place of adenine by Ec-DdRP as
expected from the coding capacity of the anti conformer
(Fig. 2A lanes 7-8). However, Mt-DdRP incorporated PYR in
place of adenine very inefficiently (Fig. 2A lanes 7-8) and Cv-
RdRP not at all (Fig. 2A lanes 7-8). At the same time, the G-
coding of the anti-PYR corresponding to the alternative
orientation of the carboxamide moiety was not observed for
any RNAP in our set (Fig. 3A lanes 7-8). Unexpectedly, all
RNAPs in our set incorporated PYR in place of uridine (Fig. 3B
lanes 7—8). We reasoned that PYR pairing with adenine is most
likely mediated by the syn-PYR similarly to what we proposed
for FOR. Noteworthy, the hydrogen bonding of syn-FOR with
guanine (Fig. 2B) and syn-PYR with adenine (Fig. 3B) both
involve atoms of the pyrazole moiety but are mediated by
different tautomers: syn-FOR accepts N1H of guanine,
whereas syn-PYR donates hydrogen to N1 of adenine.

RIB was incorporated by Ec-DdRP in place of adenine
(Fig. 2A lanes 9-a) and to some extent guanine (Fig. 34 lanes 9-
a) as expected from the coding capacities of conformers with
the opposite orientation of the carboxamide moiety. However,
the latter EC was poorly extendable by the next nucleotide.
RIB was not incorporated into RNA by right-hand RNAPs
under our standard assay conditions, despite being docu-
mented to serve as a substrate for polioviral RARP and display
a dual-coding potential (20). The failure of RIB to incorporate
is attributable to the relatively short reaction time that we
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chose to distinguish additional codings of nucleoside analogs
from canonical misincorporation events. In contrast, at 1 mM,
RIB was incorporated by Cv-RdRP in place of GMP and AMP
on a timescale of minutes (Fig. S4), consistent with previous
reports on polioviral RARP (20). Notably, Ferrer-Orta et al.
observed a nonincorporated RIB triphosphate in the active site
of the foot-and-mouth disease virus RARP under conditions
that resulted in incorporation of other substrates such as ATP
and 5-fluorouridine triphosphate (58).

80A was incorporated in place of adenine by Ec-DdRP as
expected from the coding capacity of the anti conformer
(Fig. 2A lanes b-c). However, Mt-DdRP utilized A-coding of
80A very inefficiently (Fig. 24 lanes b-c) and Cv-RdRP not at
all (Fig. 2A lanes b-c). We initially anticipated that syn-80A (as
enol tautomer) would also pair with guanine and incorporate
in place of cytidine (25). However, the incorporation of 80A in
place of cytidine was very inefficient and only observed for Ec-
DdRP (Fig. 2B lanes b-c). In addition, a partial readthrough by
two positions was observed upon waking Ec-DdRP through
the AC sequence in the presence of 80A, indicating an inef-
ficient C-coding by 80A (Fig. 2A lane b). Unexpectedly, all
RNAPs in our set efficiently incorporated 8oA in place of
uridine (Fig. 3B lanes b-c). We hypothesize that syn-80A is
responsible for the U-coding capacity (Fig. 3B). Noteworthy,
such a conformer has to adopt an imino configuration to avoid
clashes between the exocyclic amino groups of 80A and
adenine.

80G was incorporated in place of guanine by all RNAPs in
our set as expected from the coding capacity of the anti
conformer (Fig. 3A lanes d-e). Ec-DdRP and Mt-DdRP also
efficiently incorporated 80G in place of uridine as expected
from the coding capacity of the syn conformer (Fig. 3B lanes d-
e) (22, 23). U-coding of 80G was also evident from a partial
readthrough by two positions during transcription of GU
sequence (Fig. 3A lane d) and UG sequence (Fig. 3B lane d).
Unexpectedly, Cv-RdRP failed to utilize U-coding of syn-80G
(Fig. 3B lanes d-e).

Interestingly, right-hand RNAPs efficiently utilized anti-
80G as a G-substitute (Fig. 3A lanes d-e) but failed to effi-
ciently utilize anti-80A as an A-substitute (Fig. 2A lanes d-e).
While anti-80G and anti-80A retain all determinants to form
canonical Watson—Crick base pairings with cytidine and uri-
dine, respectively (Figs. 24 and 3A), oxo moieties disfavor anti
conformations of nucleobases by clashing with 5 phosphates
and nucleo-sugars (22, 23, 25, 57). Presumably, right-hand
RNAPs can cope with such distortions in case of anti-80G
that forms three hydrogen bonds with the acceptor cytidine
(Fig. 3A), but not in case of anti-80A that forms only two
hydrogen bonds with the acceptor uridine or thymidine
(Fig. 24).

Utilization of nucleoside analogs in processive transcription
experiments

We next tested whether codings of nucleoside analogs
identified in single-nucleotide addition experiments can be
efficiently utilized in a broader sequence context by
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performing processive transcription experiments. In the case
of DdRPs, we assembled EC as in the single-nucleotide addi-
tion experiments but using 70-nt-long DNA oligonucleotides.
The resulting ECs contained 12 base pairs of upstream DNA,
nine base pairs of RNA:DNA hybrid, and 49 base pairs of the
DNA downstream of the primer-template junction. We used
four different templates to test the utilization of A-, C-, G-, and
U-codings of nucleoside analogs by DdRPs. The templates
were designed not to contain the tested coding within the first
several positions downstream of the primer-template junction.
In the case of RARP, we prepared a 71-nt-long RNA template
by in vitro transcription with T7 RNAP and used a 24-nt-long
RNA primer that formed 21 base pairs RNA:RNA duplex with
the 3’ end of the RNA template. The resulting scaffold con-
tained 50 nucleotides of the ssRNA template downstream of
the primer-template junction. Given that RNA templates are
more difficult to design and manufacture than DNA oligonu-
cleotides, we used the same RNA template to test all four
codings of nucleoside analogs utilized by Cv-RdRP.

When supplied with four canonical NTPs, all RNAPs in
our set transcribed efficiently to the end of the employed
templates synthesizing ~50-nt-long segments of RNA
(Figs. 4B, 5B, and 6A). When supplied with three canonical
NTPs, RNAPs transcribed until the position coding for the
missing NTP and paused or arrested strongly (Figs. 4B, 5B,
and 6A4). A fraction of RNAP was able to read through by
misincorporation and paused strongly before the second
position coding for the missing NTP. In some cases, a
fraction of RNAP was able to reach the third position coding
for the missing NTP. In all cases the readthrough beyond the
third position coding for the missing NTP was extremely
small. When supplied with three canonical NTPs and tri-
phosphorylated nucleoside analogs, RNAPs transcribed
further than with three canonical NTPs in several cases. In
other cases, triphosphorylated nucleoside analogs did not
improve transcription through positions coding for the
missing NTP.

FOR in place of ATP allowed DdRPs to reach the end of the
template almost as efficiently as in the presence of four ca-
nonical NTPs (Figs. 4B and 5B lane 3). Cv-RdRP was also able
to reach the end of the template with FOR in place of ATP but
paused or arrested strongly at several sites (Fig. 64 lane 3).
When used in place of CTP, FOR only marginally improved
transcription by Ec-DdRP; the bulk of RNAP was arrested
within the first four positions coding for cytidine (Fig. 4B lane
9). In contrast, Cv-RdRP transcribed to the end of the template
with FOR in place of CTP with approximately the same effi-
ciency as when utilizing FOR in place of ATP (Fig. 6A lane 5).

PYR in place of ATP failed to improve transcription by Ec-
DdRP (Fig. 4B lane 4). PYR was also a poor UTP substitute, the
bulk of Ec-DdRP was arrested within the first five positions
coding for uridine (Fig. 4B lane g). In contrast, right-hand
RNAPs were able to reach the end of the template with PYR
in place of UTP, albeit much less efficiently than when using
four canonical NTPs (Figs. 5B and 6A lane 9). RIB failed to
improve transcription by Ec-DdRP both as ATP and GTP
substitute (Fig. 4B lanes 5, c).

SASBMB

Dual-coding substrates of RNA polymerases

80G was a relatively efficient GTP substitute and a very
poor UTP substitute for Ec-DdRP (Fig. 4B lanes d, i). In
contrast, Mt-DdRP utilized 80G in place of UTP very effi-
ciently (Fig. 5B lane b) and transcribed to the end of the
template with 80G as GTP substitute, albeit rather ineffi-
ciently (Fig. 5B lane 6). 80G in place of GTP allowed a
fraction of Cv-RdRP to transcribe through three additional
guanine coding positions compared to the GTP-less control
experiment but was overall a poor GTP substitute for this
enzyme (Fig. 6A lane 7).

80A was a poor ATP substitute when utilized by Ec-DdRP;
the transcription failed to proceed beyond three adenine
coding positions (Fig. 4B lane 6). 80A in place of UTP allowed
Ec-DdRP and Cv-RdRP to transcribe through several addi-
tional uridine coding positions compared to the UTP-less
control experiment but was overall a poor UTP substitute
for these enzymes (Fig. 4B lane h; Fig. 6A lane a). While Mt-
DdRP utilized 80A as a UTP substitute more efficiently than
Ec-DdRP and Cv-RdRP, it stopped short of reaching the end of
the template within the 5-min timeframe of the experiment
(Fig. 5B lane a).

Interestingly, while 80A in place of ATP helped Ec-DdRP to
transcribe through the first adenine coding position, it caused
multiple arrests within five positions downstream (Fig. 4B lane
6). 80A thus possibly interferes with the transcription elon-
gation as a part of the nascent RNA:DNA hybrid within the
EC. This effect may be related to the moderate inhibition of
Cv-RdRP transcription by 80A in a competitive mode, where
80A is present at a 20-fold excess over the canonical NTPs
(Fig. S5).

FOR in the template RNA codes for uridine and guanine

The ability of FOR to dual code as a viral RARP substrate is
principally sufficient for a mutagenic effect on viral replication.
However, we were interested in whether FOR can also dually
code as an acceptor base in the template RNA, because such an
ability is expected to double the mutagenic effect. FOR is
incorporated very efficiently into RNA in place of adenine by
T7-DdRP, which enabled us to use in vitro transcription to
synthesize a template RNA-containing FOR in place of
adenine. In the presence of four canonical NTPs, Cv-RdRP
efficiently transcribed to the end of both the FOR-containing
RNA template (Fig. 6B lane 3) and the control RNA tem-
plate synthesized using canonical NTPs (Fig. 6B lane 1). When
provided with ATP, CTP, and GTP but not UTP, Cv-RdRP
stopped at the position coding for the first uridine when
transcribing the control template (Fig. 6B lane 2). However,
Cv-RdRP transcribed to the end of the FOR-containing tem-
plate in the absence of UTP, albeit with a lower efficiency than
when using all four canonical NTPs (Fig. 6B lane 4). These
results indicate that Cv-RdRP can incorporate both uridine
and guanine against the FOR acceptor base (Fig. 6C). If Cv-
RdARP could not incorporate guanine against FOR, it would
not be able to transcribe to the end of the FOR-containing
template in the absence of UTP. If Cv-RdRP could not
incorporate uridine in place of FOR, the omission of UTP
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A +1 +49
S365-R002-S366: 5'-CAGTGTAAGGTTTAAGAGGAGCTCAGTACTCATTAGACTCGCATGCGTACACTAGTATCAGTAACAGTAC-3"'
S385-R002-S386: 5 —CAGTGTAAGGTTTAAGAGGAGAGTAGAATAGACTAGACTAGCATGCGTATAGCTGTATCAGTATCAGTA&—3 !
$389-R002-S390: 5'-CAGTGTAAGGTTTAAGAGGAGATCATAACATAGTAGACTTGACTGCTAGCACATGTATACGTAACAGTAC-3"
S321-R002-S322: 5'-CAGTGTAAGGTTTAAGAGGAGAGCAGAACAGATTAGACTCGCATGCGTACACTAGTATCAGTAACAGTAC-3"

B Ec-DdRP Ec-DdRP Ec-DdRP Ec-DdRP

S365-R002-S366 S385-R002-S386 S389-R002-S390 S$321-R002-S322
Base chase: uGC | [ AuG | ] AUC | | AGC |
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Figure 4. Utilization of nucleoside analogs during processive transcription by Ec-DdRP. A, schematics of nucleic acid scaffolds used to assemble ECs
(only nontemplate DNAs are shown). The sequences corresponding to the annealing region of the RNA primer are underlined. Sequence positions encoding
the nucleotide that is replaced by the nucleoside analog in utilization experiments are highlighted. B, assembled ECs were chased with four canonical NTPs
(lanes 1, 7a, and 7e), or three canonical NTPs (lanes 2, 8b, and 8f), or three canonical NTPs and a triphosphorylated nucleoside analog (lanes 3,4, 5,6, 9, ¢, d, g,
h, and i) for 5 min at 25 °C. NTPs and nucleoside analogs were added at 100 [tM. 16 bit grayscale scans were normalized using max pixel counts within each
gel panel and pseudocolored using RGB palette. The first three or four positions corresponding to the omitted canonical NTP are marked along the left edge
of gel panels. Note that incorporation of 80G results in a larger change of RNA mobility than incorporation of canonical NMPs, leading to misalignment of
bands in neighboring lanes. All experiments were repeated in triplicate with similar results. 80G, 8-oxoguanine; DdRP, DNA-dependent RNAP; EC, elongation

complex.

should not have affected the overall efficiency of transcription
of the FOR-containing template.

Time-resolved measurements of FOR utilization by Cv-RdRP
and Ec-DdRP

Noting that Cv-RdRP incorporated FOR in place of adenine
and cytidine with similar efficiency in processive transcription
assays (Fig. 64 lanes 3, 5), we decided to investigate how FOR
triphosphate compares with ATP and CTP in terms of the

8 J Biol. Chem. (2024) 300(10) 107755

affinity for Cv-RdRP and the maximal incorporation rate
(Fig. 7). We assembled ECs from chemically synthesized oli-
gonucleotides and measured time courses of substrate incor-
poration using a rapid chemical quench-flow instrument for
short time points (0.004—10 s) and manual mixing for longer
durations (5-1000 s). Our data revealed that Cv-RdRP incor-
porated syn-FOR in place of CMP (0.5 s') and anti-FOR in
place of AMP (0.04 s™) 400 to 500 times slower than the
corresponding canonical substrates (200 s~ for CTP and
20 s™" for ATP). The relatively slow rate of syn-FOR utilization
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S365-R002-S366: 5'-CAGTGTAAGGTTTAAGAGGAGCTCAGTACTCATTAGACTCGCATGCGTACACTAGTATCAGTAACAGTAC-3"
$389-R002-S390: 5'-CAGTGTAAGGTTTAAGAGGAGATCATAACATAGTAGACTTGACTECTAGCACATGTATACGTAACAGTAC-3"

S321-R002-S322: 5 —CAGTGTAAGGTTTAAGAGGAGAGCAGAACAGATTAGZ—\CTCGCATGCGTACACTAGTATCAGTAACAGTA(.I—3 !

B Mt-DdRP Mt-DdRP Mt-DdRP
S365-R002-S366 S389-R002-S390 S321-R002-S322
Base chase: UGC AUC AGC
Additive: A FOR G 80G U PYR | 80A |80G
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Figure 5. Utilization of nucleoside analog during processive transcription by Mt-DdRP. A, schematics of nucleic acid scaffolds used to assemble ECs
(only nontemplate DNAs are shown). The sequences corresponding to the annealing region of the RNA primer are underlined. Sequence positions encoding
the nucleotide that is replaced by the nucleoside analog in utilization experiments are highlighted. B, assembled ECs were chased with four canonical NTPs
(lanes 1, 4, and 7), or three canonical NTPs (lanes 2, 5, and 8), or three canonical NTPs and a triphosphorylated nucleoside analog (lanes 3, 6, 9a and, 9b) for
5 min at 25 °C. NTPs and nucleoside analogs were added at 100 [LIM. 16 bit grayscale scans were normalized using max pixel counts within each gel panel
and pseudocolored using RGB palette. The first three or four positions corresponding to the omitted canonical NTP are marked along the /left edge of gel
panels. Note that incorporation of 80G results in a larger change of RNA mobility than incorporation of canonical NMPs leading to misalignment of bands in
neighboring lanes. All experiments were repeated in triplicate with similar results. 80G, 8-oxoguanine; EC, elongation complex; Mt-DdRP, mitochondrial

RNAP; NMP, nucleoside monophosphate.

was unsurprising considering that syn-FOR pair with anti-
guanine has similar but not identical geometry to the canonical
CG base pair. In contrast, the slow rate of anti-FOR utilization
as A-substitute was an unexpected observation, considering
that the geometries of adenine and anti-FOR base pairs with
uridine acceptor base are nearly identical. Intrigued by these
observations, we extended our investigation to Ec-DdRP. The
kinetics of FOR incorporation by Ec-DdRP (Figs. 8 and S6)
unveiled a contrasting picture, while FOR utilization as a C-
substitute mirrored the slow rates observed with Cv-RdRP
(0.8 s7'), the incorporation rate of FOR as an A-substitute

SASBMB

(27 s71) was on par with ATP utilization (44 s™). This disparity
suggests that the pyrazole moiety of FOR selectively impedes
nucleotide incorporation by Cv-RdRP but not by Ec-DdRP,
hinting at differences in the geometry of the reaction in-
termediates along the nucleotide incorporation pathway by
these RNAPs.

Discussion

In this study, we explored the utilization of nucleoside
analogues featuring noncanonical nucleobases by three

J. Biol. Chem. (2024) 300(10) 107755 9
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3'-UGCGUGUGUGUUGGUCUCCUCCGCGCAAGUCUAGUCUGACCAUGCACAUGCGAUCAUAGUCAUUGUCAUGG-5"
Atto680-CACACGCACACACAACCAGAGGAGGCGCGUUCAGAUCAGACUGGUACGUGUACGCUAGUAUCAGUAACAGUACC
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3'-UGCGUGUGUGUUGGUCUCCUCCGCGCAAGUCUAGUCUACUCAUGCACAUGCGAUCAUAGUCAUUGUCAUGG=5"
Atto680-CACACGCACACACAACCAGAGGAGGCGCGUUCAGAUCAGAUGAGUACGUGUACGCUAGUAUCAGUARCAGUACC  lane 1
rimer - »
RS393-R098 P transcript, all-NTPs chase =
Adenine template
3'-UGCGUGUGUGUUGGUCUCCUCCGCGCAAGUCUAGUCUACUCAUGCACAUGCGAUCAUAGUCAUUGUCAUGG=5" p 2
Atto680-CACACGCACACACAACCAGAGGAGGCGCG ane
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3'-UGCGUGUGUGUUGGUCUCCUCCGCGCFEGUCUFGUCUFCUCFUGCFCFUGCGFUCFUFGUCFUUGUCFUGG-5 'Iane 3
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Atto680 Csr?rﬁgSCACACACAACCAGAGGAGGCGCGggCAGAgCAGAgGAGgACGgGgACGCgAGgAgCAGgAACAGgACC
A -
RS393F-R098 transcript, all-NTPs chase -
FOR template
3'-UGCGUGUGUGUUGGUCUCCUCCGCGCFFGUCUFGUCUFCUCFUGCECFUGCGFUCFUFGUCFUUGUCFUGG-5 'Iane 4

Atto680-CACACGCACACACAACCAGAGGAGGCGCGYYCAGAGCAGAGGAGYACGYGGACGCGAGYAGCAGAACAGYACC

primer »
transcript, no-UTP chase

Figure 6. Utilization of nucleoside analogs during processive transcription by Cv-RdRP. A, ECs were chased with four canonical NTPs (lane 1), or three
canonical NTPs (lanes 2, 4, 6, and8), or three canonical NTPs and a triphosphorylated nucleoside analog (lanes 3, 5, 7, and 9a) for 5 min at 25 °C. Substrates
were added at 100 pM. The first three positions corresponding to the omitted NTP are marked along the /eft edge of gel panels. Template RNA, RNA primer
(underlined), and the RNA transcript are shown above the gel panels. B, experiments were performed as in (A) but using RNA templates synthesized using
four canonical NTPs (lanes 1, 2) or CTP, GTP, UTP, and FOR (lanes 3, 4). C, schematics of experiments in (B). Positions of FOR in the template RNA are marked
as “F". Uridine or guanine may be incorporated against FOR in the all-NTPs chase, only guanine may be incorporated in the no-UTP chase. All experiments
were repeated in triplicate with similar results. Cv-RdRP, RNAP from coxsackievirus; EC, elongation complex; FOR, formycin A.

distinct RNAP families. Initially, we focused on the tri- the synthetic nucleoside analog RIB, we broadened our

phosphorylated forms of natural nucleoside analogues: FOR analysis to include the latter. As our findings suggested that
and PYR. Given the structural similarity between PYR and the incorporation of FOR and PYR into RNA likely involves
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A 3'-ACAAUUCUCCUCUGCAAUCAGCAC-5" B
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Figure 7. Time-resolved measurements of FOR, ATP, and CTP utilization by Cv-RdRP. A, concentration series of adenine and FOR incorporation against
uridine acceptor base. B, concentration series of cytidine and FOR incorporation against guanine acceptor base. C, FOR and CTP data were fit globally to a
single exponential function, where the exponent follows the hyperbolic dependence on substrate concentration. ATP data were fit globally to a stretched
exponential function (Equation 1), where the exponent follows the hyperbolic dependence on substrate concentration. The best-fit value of the stretching
parameter § was 0.7. Errors are SDs of the best-fit estimates calculated by nonlinear regression of RNA17 fraction versus time using the Equation 1 and
Origin 2015 software. Cv-RdRP, RNAP from coxsackievirus; DARP, DNA-dependent RNAP; FOR, formycin A.

the syn conformers of these nucleotides, we further extended
our set of compounds to include oxidized purine nucleo-
tides, 80A and 80G, which prior research indicated adopt
syn conformations within the active sites of DNA
polymerases.
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Substrate selection by three major families of RNAPs: a
structural perspective

Ec-DdRP is a large multisubunit complex resembling a crab
claw. The active site is formed at the interface of two double-
psi-B-barrel structural elements, which lends the polymerase
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Figure 8. Time-resolved measurements of ATP and FOR utilization by Ec-DdRP. A, schematics of the nucleic acid scaffold. The fluorescence of a guanine
analog 6-MI (cyan) was quenched by neighboring base pairs in the initial EC (state 1) and the pretranslocated EC that formed following the nucleotide
incorporation (state 2) but increased when the 6-Ml relocated to the edge of the downstream DNA duplex upon translocation (state 3). B, ATP concentration
series. C, FOR concentration series. D, kinetic model used for global analyses of FOR and AMP incorporation data. Compared to the schematics in (A), the
model contained an additional species P (paused EC) to account for a small fraction (10-15%) of slowly reacting EC. The best-fit values of the reaction rates
are indicated for each transition. 6-MI, 6-methyl-isoxanthopterin; DdRP, DNA-dependent RNAP; EC, elongation complex; FOR, formycin A.

family its name (32—35). Two-barrel DdRPs feature a largely closure of the active site by a mobile domain called the Trigger

preorganized active site with a tightly bound catalytic Mg**

ion Loop (59, 60) activates the bound NTP by repositioning the

(Fig. 9). Upon recruitment, the substrate NTP in complex with  triphosphate moiety for the inline attack by 3'OH of the RNA
a second Mg”* ion assumes an inactive conformation. The primer. Notably, base pairing interactions and nucleo-sugar
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Q}(pq—‘ ¢ NTP-Mg? binding
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Trigger Loop (TL) folding
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Dual-coding substrates of RNA polymerases
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Figure 9. The mechanism of NTP substrate loading and selection by diverse RNAPs. A, two-barrel DdRPs (left) feature largely preformed NTP-binding
site (yellow shapes). Active site closure by mobile elements (violet) sterically inhibits NTP dissociation and activates catalysis by aligning the triphosphate
moiety. Right-hand DdRPs (middle) and RdRPs (right) feature a composite NTP-binding site (yellow shapes) made of static and mobile (violet) structural
elements. DARP, DNA-dependent RNAP; RdRP, RNA-dependent representative; RNAP, RNA polymerase.

recognition are established already upon the initial binding of
the NTP substrate.

Both Mt-DdRP and Cv-RdRP are members of the right-
hand family of nucleic acid polymerases. Their catalytic
modules resemble the right hand: semiopen for DdRP, as if
grasping a tennis ball (38, 61, 62), and semiclosed for RdRPs,
akin to making an “OK” gesture (43, 44). Unlike the preor-
ganized active site of two-barrel DdRPs, the active site of
right-hand RNAPs assembles around the bound NTP and only
recruits Mg>* ions into their final catalytic positions during
and after NTP binding (63-66). Consequently, catalysis by
right-hand RNAPs is likely more sensitive to proper posi-
tioning of nonbridging oxygens of the o.-phosphate group of
incoming NTP than in two-barrel enzymes (63). The extensive
rearrangements of the active site residues upon NTP binding
are referred to as the active site closure in both DNA- and
RNA-dependent right-hand polymerases, but the details of the
process are markedly different. In DdRPs, the active site
closure involves a large-scale rotation of the fingers domain,
which includes the structural element called O-helix (63, 66,
67) (Fig. 9, middle). In contrast, RARPs undergo several smaller
scale rearrangements, specifically in motifs A and D within the
palm domain and motif F within the fingers domain (45, 46,
68) (Fig. 9, right).

RNAPs select the appropriate nucleobase with a preference
ratio ranging from several hundred to several 1000-fold (52,
64, 69, 70). The selection of nucleobases by RNAPs involves at
least two major determinants: (i) hydrogen bonding with the
acceptor nucleobase, adhering to the Watson—Crick geometry,
all while preserving the nucleo-sugar distances close to those
found in canonical AU, AT, and CG base pairs and (ii) stacking
interactions with the terminal nucleotide of the RNA primer. It
is worth highlighting that potent stacking can facilitate the
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incorporation of substrates even in the absence of hydrogen
bonding (71, 72). Moreover, it is plausible that the RNAP
active site has evolved to stabilize specific unproductive
pairings, like wobble base pairs, to diminish the chances of
certain misincorporations, as has been shown for DNA poly-
merases (73).

Dissecting the contributions of individual amino acid resi-
dues to nucleobase selection proves challenging. This is due to
the profound influence the active site closure has on selectivity
across all RNAPs (64, 69, 71, 74, 75). Both two-barrel and
right-hand RNAPs have evolved active sites that close stably
only when the NTP correctly pairs with the template acceptor
base. Alterations in the amino acid residues that influence the
active site closure can yield enzymes with either enhanced
catalytic activity at the expense of fidelity or vice versa (64,
76-—78). Given these effects, it is no surprise that numerous
residues are implicated in determining nucleobase selectivity.

Differential utilization of nucleoside analogs by two-barrel
and right-hand RNAPs

Our findings indicate that two-barrel RNAPs more readily
utilize noncanonical base pairings in single-nucleotide addi-
tion experiments than right-hand RNAPs. Specifically, Ec-
DdRP utilized up to 11 codings, while both Mt-DdRP and
Cv-RdRP accepted only five codings each (Table 1). These
observations are well in line with the fact that the active site is
preorganized in two-barrel RNAPs but assembles around the
bound NTP in right-hand enzymes (Fig. 9). Consequently,
initial substrate binding in right-hand enzymes relies more
heavily on nucleobase pairing with the acceptor nucleobase
and its stacking interaction with the primer-terminal
nucleotide.
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Table 1

Utilization of nucleoside analogues in single-nucleotide addition experiments

RNAP FOR in place of PYR in place of 80A in place of 80G in place of RIB in place of
Ec-DdRP ACG U A U A G U A G
Mt-DdRP A U U G U
Cv-RdRP A C U U G

Contrastingly, right-hand RNAPs exhibited a superior
capability to utilize noncanonical pairings in processive tran-
scription experiments compared to Ec-DdRP. Ec-DdRP only
managed to reach the end of the 49-nt transcript when uti-
lizing codings mediated by canonical anti-anti pairings, spe-
cifically FOR as an A-substitute and 80G as a G-substitute
(Fig. 4B lanes 3,d). In comparison, Mt-DdRP utilized two
codings mediated by noncanonical pairings of syn conformers:
80G and PYR as U-substitutes (Fig. 5B lanes 9,b). Similarly,
Cv-RdRP utilized FOR as a C-substitute and PYR as a U-
substitute, both likely mediated by noncanonical pairings of
syn conformers (Fig. 6A lanes 5, 9).

The limited ability of two-barrel RNAPs to utilize nonca-
nonical codings during processive elongation can be attributed
to at least two factors. First, two-barrel RNAPs possess a
proofreading activity. Upon sensing a mismatch post-
incorporation, they can backtrack along the DNA (79, 80),
leading to the extrusion of nascent RNA into the substrate
loading channel (81-84). This extruded RNA can be cleaved
either by the intrinsic endonuclease activity of the RNAP
active site (85-87) or more efficiently with auxiliary factors
(88-91) and specialized subunits (92). For instance, incorpo-
rating FOR instead of cytidine by Ec-DdRP triggers efficient
cleavage of the RNA dinucleotide in a complex with extended
RNA:DNA complementarity to allow backtracking (Fig. S7).
Second, two-barrel RNAPs have evolved to respond to DNA-
encoded signals such as regulatory pauses (93, 94). The
introduction of noncanonical nucleotides into the nascent
transcript might prompt Ec-DdRP to pause and, on occasion,
backtrack, attempting to proofread the transcript. Unlike two-
barrel RNAPs, most right-hand RNAPs lack both proofreading
and intricate regulation by the transcribed sequence.

Cv-RdRP uniquely rejects syn-80G

Cv-RdRP was the only RNAP in our set that did not utilize
syn-80G as a U-substitute. A simple replacement of the sub-
strate nucleobase with syn-80G reveals that the exocyclic
amino group is highly likely to clash with o-phosphate at some
stage during the loading into the active site or in the transition
state of the nucleotide addition reaction (Fig. S8A4). We suggest
this potential clash is the reason why Cv-RdRP fails to utilize
80G as a U-substitute, whereas the clash may not occur or is
tolerated during syn-80G loading and incorporation by Mt-
DdRP and Ec-DdRP.

A close inspection of our results also suggests that Cv-RdRP
is in general highly sensitive to the crosstalk between the
nucleobase and the o-phosphate of the substrate (Fig. S8A).
For example, Cv-RdRP was less efficient than Mt-DdRP in
utilizing anti-80G as a G-substitute during processive

14 J Biol. Chem. (2024) 300(10) 107755

transcription and the effect can be ascribed to clashes between
the 8-oxo moiety of anti-80G and its o-phosphate. Similarly,
Cv-RdRP utilized anti-FOR ~400 times slower than ATP
(Fig. 7) and the effect can possibly be attributed to some form
of interaction between the pyrazole moiety of anti-FOR and its
o-phosphate. The latter interaction may involve hydrogen
bonding or chelating of an additional Mg>* ion.

In support of the latter hypothesis, the detailed quantitative
dissection of ATP and FOR utilization kinetics by Ec-DdRP
also revealed differences between the two substrates (Fig. 8).
While Ec-DdRP incorporated AMP and FOR with similar
turnovers and apparent affinities, our analysis suggests faster
binding and dissociation rates for FOR (3.1-6.6 pM~'s™" and
74-220 s7') than ATP (1.2-1.5 pM's™' and 5.6-19 s™).
These observations are consistent with the hypothesis that
FOR is better preorganized for binding due to some form of
interaction between the pyrazole moiety and the a-phosphate,
yet the same interaction possibly interferes with subsequent
accommodation and sequestration of FOR in the RNAP active
site.

Mt-DdRP uniquely rejects syn-FOR

Mt-DdRP was the only RNAP in our set that did not utilize
syn-FOR as a C-substitute. We explored potential explana-
tions for this selectivity. Syn-FOR shares the major groove
edge (top edge in figures) with syn-80A, a utilizable U-sub-
stitute for Mt-DdRP. In contrast, the minor groove edge
(bottom edge in figures) of syn-FOR uniquely features pyr-
azole moiety that may interact with His1125 residue in Mt-
DdRP (Fig. S8B). However, substitution of His1125 with
alanine did not enable Mt-DdRP to incorporate syn-FOR
against guanine (Fig. S8C), suggesting this residue is not
crucial for discrimination. We then considered that Mt-DdRP
could sense a minor clash between the exocyclic amino group
of guanine and the pyrazole hydrogen of FOR (95). However,
Mt-DdRP failed to incorporate syn-FOR against both guanine
and inosine (the amino group-devoid counterpart of gua-
nine), suggesting that the reason for rejection of syn-FOR lies
elsewhere (Fig. S3). Our inability to pinpoint the exact reason
for rejection of syn-FOR underscores the complexity of Mt-
DdRP fidelity mechanism. For example, Mt-DdRP differs
from Ec-DdRP and Cv-RdRP in that the acceptor nucleobase
is not fully loaded into the active site when the active site is
open (Fig. 9). It is uncertain how substrates are loaded in a
sequence-specific manner. One possibility is that substrates
are preloaded in the sequence independent manner and then
are probed by the acceptor nucleobase that swings in and out
of the active site (96). Another possibility is that the substrate
is loaded in the “ajar” conformation where the acceptor
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nucleobase occupies an intermediate position between the
catalytic and swing-out conformations (97, 98). Irrespective
of the exact mechanism, we suggest that the intricate
sequence of events accompanying substrate loading by Mt-
DdRP in some way interferes with syn-FOR incorporation
against guanine.

Implications for the general principles of the nucleobase
selectivity in RNAPs

Our findings illuminate the strategies that various RNAPs
employ for selecting nucleobase analogs and canonical
nucleobases. As illustrated in Figure 3B, the capability of a
nucleobase to donate hydrogen to N1 of adenine within the
Watson—Crick geometry primarily qualifies it to be identified
as uridine. The lone exception was syn-FOR, which we
perceive as indicative that the pyrazole hydrogen in syn-FOR
predominantly localizes to a distinct nitrogen (Fig. S9). The
hydrogen bond between N1H of guanine and a recipient atom
in the substrate nucleobase is likely also pivotal in cytidine
analog selection. We propose that syn-FOR is recognized as
cytidine due to its dominant tautomer’s ability to accept
hydrogen from N1 of guanine (Fig. 2B). In contrast, syn-PYR is
not identified as cytidine, because the pyrazole hydrogen lo-
calizes differently (Fig. S9).

Our study offers limited understanding of the selection of
purine nucleotides. The purine analogs with incomplete rings,
PYR and RIB, were not identified as purines by both Mt-DdRP
and Cv-RdRP, emphasizing the vital role of stacking in purine
recognition by right-hand RNAPs. In contrast, only Ec-RNAP,
which has an intrinsically organized active site even before
NTP binding (Fig. 9), incorporated PYR (Fig. 2A lanes 7-8)
and RIB (Figs. 24 and 3A lanes 9-a) as substitutes for purines.
Notably, Ec-RNAP did not recognize PYR as a G-substitute
(Fig. 34, lanes 7-8), suggesting that the carboxamide moiety of
anti-PYR is preferentially oriented in an adenine-mimicking
conformation (Fig. S10).

Implications for the development of the nucleoside analog
inhibitors of viral RARPs

Viral RdRPs are targets for antiviral drugs, many of which
are nucleoside analogs (99, 100). This is because viral RARPs
are often very compact so that their active site is the only
druggable cavity. Two types of nucleoside analogs are inves-
tigated as antiviral drugs. Chain terminating nucleoside ana-
logs with the modified nucleo-sugar utilize the differences in
the nucleo-sugar selection mechanism between DdRPs (101,
102) and RdARP (45, 64, 103) to selectively incorporate and
inhibit the latter (46, 104, 105). The second category is
mutagenic nucleobases that rely on the differential effect of
dual coding on DdRPs and RdRPs (20, 26, 27, 31). When
incorporated by DdRPs, mutagenic nucleobases can cause
translational errors and interfere with the functions of struc-
tural RNAs, whereas in the case of RdRPs they additionally
cause inherited mutations in the viral genome. As a result,
mutagenic nucleobases are more deleterious for the virus than
for the host cell.
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Nucleoside analogs hold the potential to serve as potent
antivirals, particularly when they selectively disrupt RNA
synthesis by viral RdRPs, while exhibiting minimal influence
on transcription by nuclear and mitochondrial RNAPs. Ac-
cording to our findings, FOR is a competent dual coder for
viral RdARP, supporting processive elongation through A- and
C-codings in the NTP form and through U- and G-codings as
an acceptor nucleobase in template RNA. This leads us to
postulate that FOR may specifically target viral RdRP as a
mutagenic base. However, we have observed that FOR is effi-
ciently incorporated in lieu of adenine by both two-barrel and
mitochondrial RNAPs. While it was not the focus of our
current study, it is plausible that dual coding potential of FOR
may interfere with the folding of structural RNAs and also
disrupt the fidelity of translation (14, 106). Collectively, our
findings suggest that the known toxicity of FOR (107-109)
could be partially attributed to its postincorporation effects on
the functioning of cellular RNAs.

A key revelation from our study is that C-coding of FOR is
efficiently utilized by viral RdRP, less efficiently by two-barrel
RNAPs and not at all by the mitochondrial RNAP. This sug-
gests a possible strategy for enhancing the specificity of FOR
by eliminating A-coding through nucleobase modifications at
the nitrogen corresponding to N1 of adenine, thereby steering
FOR predominantly toward viral RdRPs. If such a strategy is
pursued, supplementary modifications to the nucleo-sugar
would be necessary to render the compound inhibitory for
viral RNA synthesis. For instance, the addition of a methyl
group to the 2'C of the nucleo-sugar could convert the com-
pound into a nonobligate chain terminator (46, 104, 105). An
alternative approach might be to retain the mutagenic capacity
of FOR’s nucleobase but guide it toward viral RdRPs through
nucleo-sugar modifications. Specifically, modifications like 1’-
cyano have been shown to enhance the selectivity of nucleo-
side analogs for viral RdRPs (48, 110, 111). In summary, our
findings suggest that FOR is a promising scaffold for the
development of nucleoside analogs targeting viral RdRPs,
potentially providing a novel route to effective antiviral
treatments.

PYR is closely related to FOR in terms of biosynthetic logic
but exhibits distinct transcriptional effects. Our experiments
reveal that viral RARP incorporates PYR solely as a U-substi-
tute during processive elongation, albeit with modest effi-
ciency. However, PYR also served as a moderately efficient
U-substitute for the mitochondrial RNAP. While PYR
demonstrated dual coding capabilities with the two-barrel
RNAP, neither U- nor A-codings supported processive elon-
gation. The limited incorporation and extension of PYR by all
RNAPs tested likely arise from the suboptimal stacking in-
teractions of its small, five-membered ring with adjacent
nucleobases. While the stacking could potentially be improved
by completing the second ring, such modifications could result
in a FOR-like nucleobase. Our findings suggest that PYR may
not serve as an ideal foundation for the development of
nucleoside analogs targeting viral RARP. This conclusion ex-
tends to RIB, which was incorporated by viral RARP only after
extended incubation with a high concentration of RIB

J. Biol. Chem. (2024) 300(10) 107755 15



Dual-coding substrates of RNA polymerases

triphosphate (Fig. S4). We also observed that PYR and RIB do
not inhibit RNA synthesis by viral RARP when present at 20-
fold excess over the canonical NTPs and therefore do not
function as competitive inhibitors (Fig. S5). In conclusion, we
posit that a five-membered ring may be insufficient to create
an effective RARP substrate or a competitive inhibitor, even
when adorned with substituents capable of mediating
Watson—Crick base pairing. Nevertheless, it is plausible that
compounds like PYR and RIB may serve as potent inhibitors of
other enzymes involved in nucleic acid metabolism.

Experimental procedures
Reagents and oligonucleotides

DNA and RNA oligonucleotides were purchased from
Eurofins Genomics GmbH and Fidelity Systems. DNA oligo-
nucleotides and RNA primers are listed in Tables S1 and S2.
NTPs were purchased from Thermo Fisher Scientific. 80A,
80G, and RIB triphosphates were purchased from Jena
Bioscience. FOR and PYR nucleosides were purchased from
Merck and triphosphorylated in-house (see below).

Synthesis of for and PYR triphosphates

Freshly distilled phosphoryl chloride (18.8 i, 0.202 mmol)
and dry 2,4,6-trimethylpyridine (17.8 pl, 0.135 mmol) were
added to a solution of FOR (36 mg, 0.135 mmol) in dry triethyl
phosphate (0.8 ml) at —10 °C under nitrogen. The reaction was
stirred at =10 °C for 3 h and at +4 °C overnight. A dry solution
of tetrabutylammonium pyrophosphate (244 mg, 0.269 mmol)
in MeCN (2 ml) and dry tributylamine (64 p, 0.269 mmol)
were added to the reaction mixture under nitrogen at 0 °C and
the stirring was continued overnight at room temperature. The
reaction was quenched by addition of 50 mM triethylammo-
nium acetate buffer (4 ml) and chloroform (4 ml), and the
stirring was continued for further 30 min. The aqueous phase
was separated and washed with chloroform (3 ml). Nal (60 mg,
0.40 mmol) was added, and the solution was diluted with
acetone (40 ml). The mixture was vortexed for 5 min and
cooled at -20 °C for 30 min and the precipitated crude ma-
terial was collected by centrifugation. The triphosphate prod-
uct was purified by HPLC (Phenomemex Kinetex column,
C18, 250 x 10 mm, 5 pm, flow rate 3 ml min’l) using a gradient
of 50 mM triethylammonium acetate buffered water and
acetonitrile (from 5% to 70% in 25 min). Lyophilization of the
product containing fractions afforded the triethylammonium
salt of the product. The FOR 5'-triphosphate was finally
precipitated as the sodium salt (41 pmol, 30%) from cold,
agitated solution of water (0.5 ml), Nal (40 mg) and acetone
(13 ml). 'H NMR 8H (500 MHz, D,O): 8.10 (s, H1, H-2), 5.29
(d, ] = 6.9 Hz, 1H, H-1'), 4.66 (dd, / = 5.6 and 6.8 Hz, 1H, H-2'),
4.46 (dd, J = 4.2 and 5.6 Hz, 1H, H-3'), 4.32 (appq, J = 4.1 Hz,
1H, H4'), 4.28 — 4.18 (m, 2H, H5' and H5"). *C NMR 3C
(125 MHz, D,O): 152.8 (C-6), 151.7 (C-2), 138.0 (C-9), 137.1
(C-4), 125.1 (C-5) 83.4 (d, Jc,, = 8.5 Hz, C-4'), 75.8 (C-1'), 74.1
(C-2)), 71.0 (C-3'), 65.6 (d, Jc,, = 5.5 Hz, C-5'). >'P NMR &P
(202 MHz, D20): -6.00 (d, /] = 19.6 Hz, P-y), -10.44 (d,
J = 19.6 Hz, P-a), and — 21.27 (appt, / = 19.6 Hz, P-B). High
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resolution mass spectrometry (ESI') m/z: [M-H] calcd for
Ci0H15N50;3P5” 505.9885, found 505.9890. The chemical
structure validation data are presented in Figs. S11-S13. PYR
(23 mg, 89 mmol) was converted to the 5'-triphosphate in an
analogous manner as FOR. The product was purified by HPLC
(Phenomemex Kinetex column, C18, 250 x 10 mm, 5 pum, flow
rate 3 ml min-1) with 50 mM triethylammonium acetate
buffered eluents and a gradient increasing from 3% MeCN to
70% in 25 min. The PYR 5'-triphosphate was finally precipi-
tated as the sodium salt (8.1 pmol, 9%). PYR 5'-triphosphate is
susceptible to spontaneous anomerization, which was evident
during NMR measurements in D,O, affording a 10:1 mixture
of /& anomers overnight (see Fig. S13). The ratio of products
was taken into consideration when calculating the concen-
tration of the active anomer during polymerase assays. 'H
NMR 3H (500 MHz, D,0): 5.00 (d, J = 7.8 Hz, 1H, H-1'), 4.53
(dd, J = 5.4 and 7.7 Hz, 1H, H-2'), 4.45 (dd, J = 3.3 and 5.4 Hz,
1H, H-3), 4.27 — 4.23 (m, 1H, H4'), and 4.23 — 4.15 (m, 2H,
H5' and H5"). "*C NMR 3C (125 MHz, D20): 165.2 (C-6),
143.4 (C-4), 131.7 (C-5) 131.6 (C-3), 835 (d, Jc,, = 8.3 Hz, C-
4, 745 (C-1), 737 (C-2), 711 (C-3), and 656 (d,
Je,p = 5.5 Hz, C-5). *'P NMR 3P (202 MHz, D,0): -6.45 (d,
J = 19.6 Hz, P-y), -10.71 (d, ] = 20.0 Hz, P-a), and — 21.95
(appt, J = 20.0 Hz, P-B). High resolution mass spectrometry
(EST") m/z: [IM-H]  calcd for CoH 5N30,5P3 497.9721, found
497.9723. The chemical structure validation data are presented
in Figs. S11-S13.

The molar amounts of nucleoside triphosphates were
measured by quantitative NMR. 'H-NMR spectra were ac-
quired with relaxation delay (d1) of 30 s and using acetonitrile
as an internal standard.

Protein expression and purification

Plasmids used for protein expression are listed in Table S3.
Ec-DdRP was expressed in E. coli T7 Express lysY/I? (New
England Biolabs) bearing the pVS10 plasmid and purified by
Ni-, heparin, and Q-sepharose chromatography as described
previously (112). Mt-DdRP lacking the mitochondrial locali-
zation signal was expressed in E. coli T7 Express lysY/I?
bearing the pRP009 plasmid and purified by Ni-, Hepari,n and
S-sepharose chromatography as described previously (21, 49).
E. coli GreA was expressed in E. coli T7 Express lysY/I? cells
bearing the pIA578 plasmid and purified by Ni-sepharose,
followed by gel filtration as described previously (113). The
protein was dialyzed against 50% glycerol, 20 mM Tris—HCI
pH 7.9, 1 M NaCl, 0.1 mM EDTA, 0.1 mM DTT and stored
at -20 °C.

Cv-RdRP was expressed in E. coli T7 Express lysY/I? bearing
the pGB161 plasmid encoding a fusion of six-histidine tag,
GB1 solubility domain, Tobacco Etch Virus (TEV) protease
site followed by Cv-RdRP. The cells were grown in LB medium
supplemented with 30 pg/ml kanamycin at 30 °C until Aggo
~1, the culture was transferred to 22 °C, and protein expres-
sion was induced for 10 h by the addition of 1 mM IPTG. Cells
were harvested by centrifugation at 7000g for 10 min at 4 °C
and stored at —80 °C. Cell pellet was resuspended in the lysis
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buffer (50 mM Tris—HCI pH 7.9, 500 mM NaCl, 5% glycerol,
and 1 mM B-mercaptoethanol) supplemented with one tablet
of EDTA-free protease inhibitors (Roche Applied Science) per
50 ml of buffer and 1 mg/ml lysozyme. Cells were incubated on
ice for 45 min and disrupted by sonication. The lysate was
cleared by centrifugation at 58,000¢ for 50 min at 5 °C. The
supernatant was supplemented with 10 mM imidazole and
loaded onto a 1 ml Ni-sepharose (GE Healthcare) gravity
column pre-equilibrated with lysis buffer. Protein was eluted
using a step gradient (30, 60, 300 mM) of imidazole in lysis
buffer. The 300 mM imidazole fraction containing Cv-RdRP
was treated with TEV protease for 8 h at 6 °C to remove
six-histidine tag and GBI solubility tag. TEV treated protein
was diluted 3-fold with buffer A (50 mM Tris—HCI pH 7.9, 5%
glycerol, 1 mM B-mercaptoethanol, and 0.1 mM EDTA) and
loaded onto 6 ml Resource Q column (GE Healthcare) equil-
ibrated with buffer A and eluted with a gradient of buffer B
(buffer A supplemented with 1.5 M NaCl). Cv-RdRP eluted
from the Resource Q column at > 20% buffer B. Cv-RdRP was
purified further by gel filtration using 120 ml HiPrep 16/60
Sephacryl S-200 HR column in buffer A supplemented with
0.5 M NaCl. Cv-RdRP eluted from the gel filtration column at
~55 to 60 ml. The fractions containing the purified protein
were pooled together, concentrated using Amicon Ultra-4
centrifugal filter (Merck Milipore), diluted by adding two
volumes of 1.5x storage buffer (75% glycerol, 30 mM Tris—HCI
pH 7.9, 225 mM NacCl, 0.15 mM EDTA, and 0.75 mM DTT) to
one volume of Cv-RdRP preparation and stored at —80 °C.
T7 RNAP with performance enhancing P266L substitution
was expressed in E. coli T7 Express lysY/I? bearing the
pBH161-P266L plasmid (114). The cells were grown in LB
medium supplemented with 100 pg/ml carbenicillin at 30 °C
until Aggg ~1, the culture was transferred to 22 °C, and protein
expression was induced for 10 h with 1 mM IPTG. Cells were
harvested by centrifugation at 7000g for 10 min at 4 °C and
stored at —80 °C. Cell pellet was resuspended in the lysis buffer
supplemented with one tablet of EDTA-free protease in-
hibitors (Roche Applied Science) per 50 ml of buffer and 1 mg/
ml lysozyme. Cells were incubated on ice for 45 min and
disrupted by sonication. The lysate was cleared by centrifu-
gation at 58,000¢ for 50 min at 5 °C. The supernatant was
supplemented with 10 mM imidazole and loaded onto a Ni-
sepharose column pre-equilibrated with the lysis buffer. Pro-
tein was eluted using a step gradient (30, 60, 300 mM) of
imidazole in the lysis buffer. The 300 mM imidazole fraction
containing T7 RNAP was diluted 3-fold with buffer A, loaded
onto a 5 ml Heparin column (GE Healthcare) equilibrated with
buffer A, and eluted with a gradient of buffer B. T7 RNAP
eluted at > 25% buffer B. Fractions containing T7 RNAP were
pooled, diluted 3-fold with buffer A, loaded onto a 6 ml
Resource Q column equilibrated with buffer A, and eluted with
a gradient of buffer B. T7 RNAP eluted from the Resource Q
column at > 12% buffer B. The fractions containing the pu-
rified protein were pooled together, concentrated using Ami-
con Ultra-4 centrifugal filters (Merck Milipore), and diluted by
adding two volumes of 1.5x storage buffer (75% glycerol,
30 mM Tris—HCI pH 7.9, 225 mM NacCl, 0.15 mM EDTA, and
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0.75 mM DTT) to one volume of the T7 RNAP preparation
and stored at -80 °C.

Synthesis and purification of long RNA templates for Cv-RdRP

RNA templates (RS373 and RS393, 70-nt long, Table S2)
were synthesized by in vitro transcription of chemically syn-
thesized dsDNA templates (oligonucleotides S373-S374 and
S$393-S394, Table S1) by in-house purified T7 RNAP con-
taining P266L amino acid substitution. The reaction mixes
(0.1-1 ml) contained 0.2 uM DNA template, 1.0 UM T7
RNAP, 0.2 UM yeast inorganic pyrophosphatase, 2.3 mM
ATP, CTP, GTP, UTP (or FOR triphosphate in place of ATP
where indicated), 40 mM Hepes—-KOH pH 7.5, 10 mM
MgCl,, 80 mM KCl, 5% glycerol, 5 mM DTT, and 0.1 mM
EDTA. Reactions were incubated for 3 h at 37 °C, supple-
mented with 0.02 units/pl of RNase free DNase I (Thermo
Fisher Scientific) and incubated for an additional 20 min at 25
°C. Reactions were loaded onto Capto HiRes Q 5/50 anion
exchange column (Cytiva) equilibrated with buffer NA
(50 mM Tris—HCI pH 7.9, 5% glycerol, 1 mM B-mercaptoe-
thanol, 1 mM EDTA) and eluted with a gradient of buffer NB
(Buffer NA supplemented with 1.5 M NaCl). RNA eluted at >
35% of buffer NB. Fractions with the elevated UV absorbance
were evaluated on 1% agarose gel in 1xTBE buffer. Fractions
containing RNA were pooled and mixed with 0.6-fold volume
of 100% isopropanol and incubated for 20 min at 22 °C. RNA
was precipitated by centrifugation at 21,000g for 10 min at 4
°C. RNA pellets were supplemented with 1 ml of 70% (v:v)
ethanol and centrifuged at 15,000¢ for 5 min at 22 °C. Su-
pernatant was discarded; pellets were dried and dissolved in
10 mM Hepes—KOH pH 7.5, 0.1 mM EDTA. The typical yield
was 100 pl of ~50 LM RNA template per 100 il of the in vitro
transcription mix containing four canonical NTPs. The
typical yield was 50 [l of ~25 uM RNA template per 100 pl of
the in vitro transcription mix containing CTP, GTP, UTP,
and FOR triphosphate.

In vitro transcription reactions and single-nucleotide addition
assays

Four-part ECs containing template DNA, RNA primer,
nontemplate DNA (oligonucleotides are listed in Tables S1
and S2), and DdRPs were assembled by a procedure developed
by Komissarova et al. 2003 (115) in TB10 buffer (40 mM
Hepes—KOH pH 7.5, 10 mM MgCl,, 80 mM KCl, 5% glycerol,
0.1 mM EDTA, and 0.1 mM DTT). RNA primer (1 LtM) was
annealed to the template DNA (1.4 pM), incubated with DdRP
(1.5 uM) for 10 min, and then with the nontemplate DNA
(2 uM) for 20 min at 25 °C. Three-part ECs containing tem-
plate RNA, RNA primer, and Cv-RdRP were assembled in
VTBO buffer (40 mM Hepes—-KOH pH 7.5, 5% glycerol,
0.1 mM EDTA, and 5 mM DTT). RNA primer (1 UM) was
annealed with template RNA (1.4 ptM) and incubated with Cv-
RdARP (2.0 uM) for 20 min at 25 °C.

The transcription reactions were initiated by the addition of
10 pl of NTPs solution to 10 pl of the assembled EC solution.
Both solutions were prepared in a transcription buffer. TB10
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buffer was used for DdRPs and VTB10 buffer (40 mM HEPES—
KOH pH 7.5, 10 mM MgCl,, 5% glycerol, 0.1 mM EDTA, and
5 mM DTT) was used for Cv-RdRP. The final reaction mixes
contained 0.1 puM EC, 10 pM cognate NTPs (where present),
100 pM noncognate NTPs (where present), and 100 pM NTP
analogs (where present). The reactions were incubated for
1 min at 25 °C and quenched with 30 pl of gel loading buffer
(94% formamide, 20 mM Li,-EDTA, and 0.2% Orange Q).
RNAs were separated on 16% denaturing polyacrylamide gels
and visualized with an Odyssey Infrared Imager (Li-Cor Bio-
sciences); band intensities were quantified using the Image]
software (https://imagej.net/ij/) (116).

Noteworthy, at the employed reactant concentrations
(0.1 UM EC, 100 LM NTP substrate), a 0.1% contamination of
a nonincorporating substrate with the cognate substrate is
stoichiometrically sufficient for the complete extension of the
EC with the contaminating substrate. Fig. S14 summarizes our
efforts to rule out the possibility that RNAPs utilized
contaminating cognate NTPs instead of nucleoside analogs to
extend ECs.

In vitro transcription reactions and processive transcription

Four-part ECs containing template DNA, RNA primer,
nontemplate DNA (oligonucleotides are listed in Tables S1
and S2) and DdRPs were assembled in TBO buffer (40 mM
Hepes—KOH pH 7.5, 80 mM KCl, 5% glycerol, 0.1 mM EDTA,
and 0.1 mM DTT). RNA primer (1 pM) was annealed to the
template DNA (1.4 uM), incubated with DdRP (1.5 pM) for
10 min, and then with the nontemplate DNA (2 puM) for
20 min at 25 °C. Three-part ECs containing template RNA,
RNA primer, and Cv-RdRP were assembled in VIBO buffer.
RNA primer (1 puM) was annealed with template RNA
(1.4 pM) and incubated with Cv-RdRP (2.0 M) for 20 min at
25 °C.

The transcription reactions were initiated by the addition of
5 ul of assembled EC to 5 pl of NTPs mixture. In case of
DdRPs, EC solutions were prepared in TBO buffer and NTP
mixes were prepared in TB20 buffer (40 mM Hepes—KOH pH
7.5, 20 mM MgCl,, 80 mM KCI, 5% glycerol, 0.1 mM EDTA,
and 0.1 mM DTT). In case of Cv-RdRP, EC solutions were
prepared in VIBO buffer and NTP mixes were prepared in
VTB20 buffer (40 mM Hepes—KOH pH 7.5, 20 mM MgCl,, 5%
glycerol, 0.1 mM EDTA, and 5 mM DTT). The final reaction
mixes contained 0.1 UM ECs. The concentrations of NTPs and
NTP analogs were 0 UM for a zero-control reaction and
100 uM each for 3-NTPs or 4-NTPs reactions. In a competi-
tive setup, the concentration of NTP analogs was 2 mM. The
reactions were incubated for 5 min at 25 °C and quenched
with 20 pl of gel loading buffer. RNAs were separated on 16%
denaturing polyacrylamide gels, visualized, and quantified as
described above.

In the case of DdRPs, the run-offs consisted of multiple
bands. One likely reason is the heterogeneity of 5’ ends of the
HPLC purified oligonucleotides utilized as template DNAs.
Appearance of RNA products longer than DNA templates was
likely due to DdRPs switching to a new template when
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reaching the end of DNA (117-119). Nevertheless, the
multiband nature of run-offs did not affect the interpretations
of the processive transcription data.

GreA facilitated RNA cleavage

Four-part ECs containing template DNA, RNA primer,
nontemplate DNA (oligonucleotides are listed in Tables S1
and S2) and Ec-DdRP were assembled in TB1 buffer (40 mM
Hepes—KOH pH 7.5, 1 mM MgCl,, 80 mM KCl, 5% glycerol,
0.1 mM EDTA, and 0.1 mM DTT). RNA primer (1 LM) was
annealed to the template DNA (1.4 uM), incubated with Ec-
DdRP (1.5 uM) for 10 min, and then with the nontemplate
DNA (2 pM) for 20 min at 25 °C. Extended ECs were prepared
by incubating the assembled EC (1 uM) with 50 uM UTP and
GTP or 100 uM PYR triphosphate and 50 pM GTP in TB1
buffer for 3 min at 25 °C and passed through Zeba Spin
desalting columns 40K MWCO (Pierce Biotechnology) pre-
equilibrated with TBO buffer. RNA cleavage was initiated by
mixing 80 [l of the 0.2 pM EC in TBO buffer with 80 pl of
20 UM GreA in TB20 buffer (40 mM Hepes—KOH pH 7.5,
20 mM MgCl,, 80 mM KClI, 5% glycerol, 0.1 mM EDTA, and
0.1 mM DTT) at 25 °C. The final reaction mixture contained
0.1 UM EC, 10 pM GreA, and 10 mM Mg**. Twenty micro-
liters aliquots were withdrawn at the indicated time points and
quenched with 40 pl of gel loading buffer. RNAs were sepa-
rated on 16% denaturing polyacrylamide gels, visualized, and
quantified as described above.

Time-resolved nucleotide addition measurements

Time-resolved measurements of nucleotide addition were
performed in an RQF-3 quench-flow instrument (KinTek
Corporation) or by manual mixing for longer durations. When
RQF-3 was used, the reaction was initiated by the rapid mixing
of 14 pl of 0.2 uM EC with 14 pl of 2x substrate solution. Ec-
DdRP ECs were prepared in TBO and 2x substrate solutions
were prepared in TB20 buffer. Cv-DdRP ECs were prepared in
VTBO buffer and 2x substrate solutions were prepared in
VTB20 buffer. The reaction was allowed to proceed for 0.004
to 10 s at 25 °C and quenched by the addition of 86 [l of
0.45 M EDTA or 0.5 M HCL EDTA quenched reactions were
mixed with 171 pl of gel loading buffer. HCl quenched re-
actions were immediately neutralized by adding 171 pl of
Neutralizing-Loading Buffer (94% formamide, 290 mM Tris
base, 13 mM Liy-EDTA, 0.2% Orange G). When manual
mixing was used, 75 pl of 0.2 UM EC was mixed with 75 pl of
2x substrate solutions, then 14 pl aliquots were withdrawn at
the indicated time points and quenched with 43 pl for 0.5 M
HCI. Reactions were immediately neutralized by adding 86 il
of neutralizing-loading buffer. RNAs were separated on 16%
denaturing polyacrylamide gels, visualized, and quantified as
described above.

Time-resolved fluorescence measurements

Measurements were performed in SFM-3000 stopped-flow
instruments (Biologic, Seyssinet-Pariset) equipped with PLFC-
08 cuvette at 25 °C. Ec-DdRP ECs were assembled on nucleic
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acids scaffold composed of chemically synthesized oligonu-
cleotides. The fluorescent guanine analog 6-methyl-iso-
xanthopterin  (6-MI) was initially positioned in the
downstream DNA two nucleotides downstream of the active
site (21). The 6-MI fluorescence was quenched by the neigh-
boring base pairs in the initial EC and the pretranslocated EC
that formed following the nucleotide incorporation but
increases when the 6-MI relocates to the edge of the down-
stream DNA upon translocation. The 6-MI fluorophore was
excited at 340 nm, and the emitted light was collected through
a 400 nm longpass filter. The nucleotide addition reactions
were initiated by mixing 75 pul of 0.2 uM EC with 75 pl of 2x
substrate solution. Both solutions were prepared in TB10
buffer. At least three individual traces were averaged for each
concentration of the substrate.

Data analyses

Time-resolved nucleotide incorporation concentration se-
ries of Cv-RdRP (RNA17 time points) were globally fitted to a
single exponential (CTP and FOR in place of ATP datasets) or
stretched exponential (ATP and FOR in place of CTP datasets)
function using Origin 2015 software (https://www.originlab.
com/) (OriginLab): the exponent followed a hyperbolic
dependence on the substrate concentration; Michaelis con-
stant Km, rate constant k. and the stretching parameter f
were shared by all curves in the dataset.

Time-resolved AMP and CMP incorporation data by Ec-
DdRP (HCl and EDTA quenched reactions) and the trans-
location timetraces were simultaneously fitted to a four-step
model using the numerical integration capabilities of the
Kin-Tek Explorer software (https://www.kintekexplorer.com/)
(KinTek Corporation) (120). The model postulated that the
initial EC16 equilibrates with a small fraction of reversibly
inactivated EC (designated P for paused EC). Upon mixing
with NTP solution, EC16 reversibly binds the substrate, un-
dergoes the irreversible transition to EC17 upon incorporation
of the nucleotide into RNA, followed by the irreversible
translocation. The EDTA quenched reactions were modeled
using the pulse-chase routine of the Kin-Tek Explorer soft-
ware. A detailed description of the data analysis routines is
presented in (102).
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