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The 2�-C-methyl ribonucleosides are nucleoside analogs rep-
resenting an important class of antiviral agents, especially
against positive-strand RNA viruses. Their value is highlighted
by the highly successful anti-hepatitis C drug sofosbuvir. When
appropriately phosphorylated, these nucleotides are success-
fully incorporated into RNA by the virally encoded RNA-depen-
dent RNA polymerase (RdRp). This activity prevents further
RNA extension, but the mechanism is poorly characterized. Pre-
viously, we had identified NMR signatures characteristic of for-
mation of RdRp–RNA binary and RdRp–RNA–NTP ternary
complexes for the poliovirus RdRp, including an open-to-closed
conformational change necessary to prepare the active site for
catalysis of phosphoryl transfer. Here we used these observa-
tions as a framework for interpreting the effects of 2�-C-methyl
adenosine analogs on RNA chain extension in solution-state
NMR spectroscopy experiments, enabling us to gain additional
mechanistic insights into 2�-C-methyl ribonucleoside-mediated
RNA chain termination. Contrary to what has been proposed
previously, poliovirus RdRp that was bound to RNA with an
incorporated 2�-C-methyl nucleotide could still bind to the next
incoming NTP. Our results also indicated that incorporation of
the 2�-C-methyl nucleotide does not disrupt RdRp–RNA inter-
actions and does not prevent translocation. Instead, incorpora-
tion of the 2�-C-methyl nucleotide blocked closure of the RdRp
active site upon binding of the next correct incoming NTP,
which prevented further nucleotide addition. We propose that
other nucleotide analogs that act as nonobligate chain termina-
tors may operate through a similar mechanism.

RNA viruses represent some of the greatest threats to global
health systems, including positive-strand RNA viruses like those
belonging to the Flaviviridae (1) and Picornaviridae (2, 3) families.
Although vaccines have been or are currently being developed
against many of these viruses (4, 5), there has also been a recog-
nized need for small-molecule therapeutic agents to complement
or even overtake these approaches (6, 7). One important drug tar-

get is the viral RNA-dependent RNA polymerase (RdRp)2 (8, 9),
responsible for virus RNA replication. Replication inhibitors that
target the conserved core of the RdRp may have broad antiviral
activity. For example, 2�-C-methyl nucleotide analogs have wide
antiviral activity against many flaviviruses, picornaviruses, and
other positive-strand RNA viruses (10–12), although they may
have limited utility against negative-strand RNA or DNA viruses
(13). This class includes the highly successful anti-hepatitis C drug
sofosbuvir (14). The RdRp incorporates the triphosphorylated
2�-C-methyl nucleotide analogs into RNA, but further RNA exten-
sion is prevented, despite these molecules containing a 3�-hy-
droxyl necessary for further nucleotide incorporation (10, 15, 16);
such molecules are known as nonobligate chain terminators. The
antiviral activity of these compounds is likely due to RNA chain
termination (10, 13, 16), but the molecular mechanisms behind
RNA chain termination are poorly understood. A better appreci-
ation of these molecular mechanisms may provide insights into
further development of this important class of antiviral agents.

The RdRp three-dimensional structure has been described as
a cupped right hand with fingers, thumb, and palm sub-
domains, similar to the overall architecture of other single-sub-
unit nucleic acid polymerases (17). Viral RdRps are unique
compared with other nucleic acid polymerases in that there are
extensive interactions between the fingers and thumb sub-
domains, providing completely encircled active sites (18) (Fig.
1). The enclosure of the RdRp active site means that mecha-
nisms of nucleotide selection, addition, and translocation may
differ from other nucleic acid polymerases. There are available
X-ray crystal structures for a number of RdRps, including those
for flaviviruses and picornaviruses (18). Unfortunately, the only
X-ray crystal structures with RdRp (in this case, from hepatitis
C virus (HCV)) in complex with 2�-C-methyl nucleotides rep-
resent a step before nucleotide incorporation, with the triphos-
phorylated 2�-C-methyl nucleotide acting as the next incoming
NTP (19). Although these structures have revealed molecular
determinants important for nucleotide analog recognition, they
provide little insight into the mechanism of RNA termination.

A series of X-ray crystal structures of poliovirus (PV) and
related RdRps provides insights into the steps of nucleotide
incorporation and subsequent translocation (20 –22), including
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proposed that the next incoming NTP is prevented from bind-
ing because of a steric clash with the 2�-C-methyl group (13).
Excision of the incorporated 2�-C-methyl nucleotide through
pyrophosphorolysis (i.e. the reverse of the nucleotide addition
reaction) was not sensitive to the next NTP, which, the authors
suggested, was also evidence that NTP binding was impeded
(31). Incorporation of the 2�-C-methyl nucleotide might also
disrupt interactions between the RdRp and RNA to promote
RNA release, diminish the ability of the RdRp to form the cat-
alytically competent closed conformation, and/or inhibit trans-
location after nucleotide analog incorporation.

In the absence of X-ray crystal structure data, we used solu-
tion-state NMR studies of PV RdRp, along with steady-state
kinetics, to provide insight into the mechanism of RNA chain
termination by 2�-C-methyl ribonucleotides. These studies
suggest that incorporation of 2�-C-methyl nucleotide prevents
subsequent active-site closure, a prerequisite step for incorpo-
ration of the next incoming nucleotide.

Results

Incorporation of 2�-C-Me-AMP by PV RdRp terminates RNA
synthesis and inhibits virus replication

We first tested the ability of PV RdRp to incorporate 2�-C-
methyl nucleotide. Here we used 2�-C-methyladenosine (2�-C-
Me-A) as a representative member of the 2�-C-methyl nucleo-
tide analogs (Fig. 2), and the ssAU RNA, which contains a 6-bp
duplex flanked by four nucleotide 5� overhangs (i.e. 5�-GCAU-

Figure 1. Structural changes in PV RdRp necessary for nucleotide selection and incorporation. A and B, the X-ray crystal structure of PV RdRp (PDB code
3OL7) (21) with the conserved structural motifs colored (A, red; B, green; C, yellow; D, blue; E, purple; F, pink) and the locations of Met probes indicated (cyan). C,
close-up of motifs A, C, and D, showing structural changes before NTP binding (white, PDB code 3OL6) (21) and after NTP binding and incorporation (colored,
PDB code 3OL7). The white and colored structures represent the open and closed conformations according to X-ray crystallography. These and other structural
changes may be monitored by solution-state NMR analysis of [methyl-13C]Met probes.

insights into the functional roles of the seven conserved struc-
tural motifs in RdRps (i.e. motifs A–G). After base-pairing with 
the template nucleotide, the 2�- and 3�-hydroxyls of the incom-
ing NTP make key hydrogen bonding interactions with Ser-288 
and Asn-297 in motif B (PV numbering), triggering structural 
rearrangements to “close” the active site and prepare for the 
phosphoryl transfer reaction (21, 22). Critically, structural 
motif A is realigned to form a complete three-stranded �-sheet 
with motif C, which causes motif A residue Asp-233 to swing 
toward the RNA, allowing it to coordinate the magnesium ions 
necessary for catalysis (21) (Fig. 1). The triphosphate of the 
incoming NTP is also realigned to promote inline nucleophilic 
attack from the primer 3�-hydroxyl, aided in part by conserved 
residues in motifs D and F (21–23). The phosphoryl transfer 
reaction then takes place, according to the two metal ion mech-
anism shared by other nucleic acid polymerases (24), with Asp-
233 and motif C residue Asp-328 coordinating the metals (21). 
We have also proposed that there is a repositioning of motif D 
residue Lys-359 so that it can act as a general acid to protonate 
the pyrophosphate leaving the group (25–27). Following nucle-
otide addition, the active site reopens to release the pyrophos-
phate, but this conformational change is not tightly coupled to 
translocation as it is in other nucleic acid polymerases (22, 28). 
It has been proposed that additional structural changes in motif 
B then mechanically aid translocation (29, 30) to eventually 
reset the protein to accept the next incoming NTP.

The 2�-C-methyl ribonucleotides may act at any of these 
steps to terminate RNA synthesis. Initial modeling studies have



GGGCCC-3�) (32) (Fig. 2). For the ssAU RNA, the next correct
incoming nucleotides would be ATP followed by UTP. PV
RdRp was able to incorporate 2�-C-Me-AMP, but this resulted
in RNA chain termination, preventing the second nucleotide
from being incorporated (Fig. 2). Previous kinetics studies had
indicated that incorporation of 2�-C-Me-AMP occurs with
reduced catalytic efficiency (33), as evidenced by a decreased
second-order rate constant kpol/Kd,app, where kpol is the maxi-
mum polymerase rate constant and Kd,app is the apparent dis-
sociation constant for the incoming NTP (Fig. 2). Interestingly,
the second-order rate constants for 2�-C-Me-AMP and
2�-dAMP incorporation were very similar, but 2�-C-Me-AMP
was more efficiently incorporated than GMP (33) (Fig. 2). As
shown previously (13), our studies also indicated that 2�-C-
Me-A has anti-PV activity (Fig. 2).

13C-Met probes report on ligand binding and conformational
changes throughout the RdRp structure

PV RdRp is 52 kDa in size, which has made analysis of back-
bone NMR spectra challenging. Nonetheless, it is now well-
established that larger proteins (�50 kDa) can be studied by
solution-state NMR using 13C isotopically labeled methyl
groups, in part because of their favorable relaxation properties,
which can result in higher signal to noise (34). Indeed, we have

previously used [methyl-13C]Met groups in PV RdRp to gain
insight into structural and dynamic changes important for
nucleotide selection and catalysis (27, 35). The [methyl-
13C]Met probes are conveniently located in or near regions that
have been shown by X-ray crystallography structures and/or
molecular dynamics simulations to undergo structural and/or
dynamic changes upon binding RNA and/or NTP (20 –22, 36,
37) (Fig. 1). In this study, we were especially interested in the
Met-6, Met-74, Met-187, Met-225, Met-354, and Met-394
probes, as their associated resonances have been shown to
undergo chemical shift and/or peak intensity changes upon
binding RNA and/or NTP (27, 35) (Fig. 3). Other Met probes
are more solvent-exposed and so do not respond to ligand bind-
ing and/or associated structural changes (35).

Met-6, Met-74, and Met-187 are located in the fingers sub-
domain and likely respond to structural rearrangements in
motifs A, B, and F. Met-6 is part of the N-terminal �-strand that
makes hydrogen bond interactions with palm structural motifs
A and B. Met-6 is also part of the three-strand �-sheet that
makes contact with residues in structural motif F (Fig. 4). Motif
F is important for RNA template and incoming NTP binding
(20, 21). Arg-174 in motif F is likely responsible for properly
aligning the �-phosphate with the primer 3�-hydroxyl (38); the
R174K-substituted variant provides the highest nucleotide
selection incorporation fidelity for any PV variant character-
ized so far (32), and Coxsackievirus encoding the R174K sub-
stitution is not viable (39). His-273 is also part of this interac-
tion network, and it has been shown that the H273R
substitution results in a lower nucleotide selection fidelity; PV
encoding the H273R substitution has reduced virulence in a
mouse model (36, 40). Met-74 makes van der Waals contact
with the motif B �-helix (Fig. 4) and with residues on the �1-�2
loop that also interact with motifs A and B. Met-187 makes
contact with the motif B loop important for recognition of the
ribose of the incoming NTP (Fig. 4), and residues in this loop
may be important for inducing translocation along the RNA
(29).

Met-225 and Met-354 are both located in the palm sub-
domain. Met-225 makes contact with residues in motifs A and
C (Fig. 4) and likely responds to structural changes in these
regions, including realignment of the �-strand in motif A as
part of active-site closure (21) (Fig. 1). Met-354 is in motif D
(Fig. 4), and we have proposed that this probe is responsive to
structural changes that reposition the general acid Lys-359 for
catalysis (27). This probe might also be responsive to accompa-
nying structural changes in motifs A and B. Met-394 is on the
thumb subdomain, near the nascent RNA channel (Fig. 4), and
likely reports on structural changes important for binding and
positioning the RNA primer/template.

Our previous NMR studies of RdRp–RNA binary and RdRp–
RNA–NTP ternary complexes provide a framework for com-
paring this study with the 2�-C-Me-A analogs. The 1H and 13C
chemical shifts for all complexes analyzed in this manuscript
can be found in Table S1. Upon addition of ssAU RNA to
ligand-free PV RdRp, there were chemical shift changes to the
Met-6, Met-187, Met-225, Met-354, and Met-394 resonances
and a peak intensity change in the Met-74 resonance (35), sug-
gesting structural and/or dynamics changes in all of the associ-

Figure 2. Incorporation of 2�-C-Me-AMP by PV RdRp terminates RNA syn-
thesis and inhibits virus replication. A, chemical structure of 2�-C-Me-aden-
osine. B, sequence and base-pairing within the ssAU RNA used in many of the
described studies. C, incorporation of 2�-C-Me-AMP terminates RNA synthe-
sis. In brief, PV RdRp (1 �M) was incubated with 20 �M ssAU RNA (i.e. 10 �M

duplex RNA) and appropriate NTPs (500 �M). RNA reaction products were
resolved by denaturing PAGE and visualized by phosphorimaging. When
2�-C-Me-ATP and UTP were incubated with ssAU RNA, there was no band
corresponding to two nucleotide addition events (i.e. �2 position) for over
5 h (i.e. under the time necessary for the NMR experiments). D, the second-
order rate constants for single-nucleotide incorporation based on the ssAU
RNA as determined previously (33, 51). The kinetic parameters kpol and Kd are
the maximum polymerase rate constant and the apparent dissociation con-
stant for the incoming NTP, respectively. For the kinetics studies with mis-
paired termini, studies were conducted using the RNA sequence 5�-GCAUG-
GGCCCG-3� so that the RNA terminus contained a G:U mismatch and the next
correct incoming NTP was UTP (27). E, 2�-C-Me-adenosine has antiviral activ-
ity. HeLa S3 cells were incubated with 2�-C-methyladenosine for 1 h at the
concentrations shown and subsequently infected with 106 pfu of PV. Fifteen
minutes after the infection, fresh medium containing 2�-C-methyladenosine
at the appropriate concentration was added, and the infection progressed for
6 h. Cell-associated virus was titered with plaque assays.
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the incoming NTP, and/or the general acid Lys-359 are not
properly positioned for the nucleotide addition reaction.

The RdRp–RNA ternary complex with 2�-C-methyl-ATP does
not achieve the closed conformation

To better understand how 2�-C-methyl-ATP interacts with
PV RdRp, binary and ternary complexes were evaluated using
the ssUU RNA (5�-GCUUGGGCCC-3�), which was 3�-H–
terminated according to previous procedures. There were some
differences in the NMR spectra between the RdRp–ssAU(3�dA)
and RdRp–ssUU(3�dA) binary complexes (Fig. 5). In particular,
there were minor chemical shift differences for the Met-225
and Met-354 resonances. Perhaps more interestingly, there was
evidence of conformational exchange in regions associated
with Met-187 and Met-394. Met-394 was associated with two
resonances, and the Met-187 resonance was at very low inten-
sity, suggestive of conformational exchange on the intermedi-
ate NMR timescale. These findings suggested that the RdRp
complexes with ssUU(3�dA) were more structurally dynamic,
which complicated spectral analysis.

The ternary complex with correct incoming NTP (i.e. RdRp–
ssUU(3�dA)–ATP) also exhibited signs of conformational
exchange (Fig. 5). In this case, there were (at least) two reso-
nances associated with Met-225, Met-354, and Met-394. The
two resonances for Met-354 in the RdRp–ssUU(3�dA)–ATP
complex had similar chemical shift positions as those observed

Figure 3. [Methyl-13C]Met chemical shift perturbations provide insight into structure and dynamic changes in PV RdRp upon binding RNA and
nucleotide. A, 1H-13C HSQC of PV RdRp in the absence of RNA and nucleotide. Important Met resonances are labeled. Other Met resonances do not show
chemical shift changes upon RNA and/or nucleotide addition and so were not considered further. B–D, 1H-13C HSQC comparisons between PV RdRp in the
absence of RNA and nucleotide (black), PV RdRp bound to ssAU(3�dA) RNA (blue), PV RdRp bound to ssAU(3�dA) RNA and UTP (red), and PV RdRp bound to
ssAU(3�dA) RNA and CTP (green). The resonances for Met-187 are indicated in the insets. For these experiments, PV RdRp (250 �M) is first incubated with 500 �M

duplex RNA (ssAU (Fig. 2)) and 4 mM 3�-dATP so that 3�-dAMP is incorporated but lack of the 3�-hydroxyl prevents further nucleotide addition. Excess 3�-dATP
is removed through a desalting column before addition of the second NTP (4 –12 mM) to generate the ternary RdRp–RNA–NTP complexes. The D2O-based
buffer consisted of 10 mM HEPES (pH 8.0), 200 mM NaCl, 0.02% NaN3, 5 mM MgCl2, and 10 �M ZnCl2. NMR spectra were collected at 293 K using a Bruker Avance
III 600 MHz spectrometer. Aspects of these NMR experiments have been reported previously (27, 35, 36).

ated regions (Fig. 3 and Fig. S1). To gain insight into ternary 
RdRp–RNA–NTP complexes, we first added 3�-dATP, which 
the RdRp incorporates into the ssAU RNA to produce the 
ssAU(3�dA) RNA, and then the RdRp–RNA complex was 
passed through a desalting column to remove excess 3�-dATP. 
Previous studies indicated minor chemical shift differences 
for Met-187 and Met-354 between the RdRp–ssAU and RdRp–
ssAU(3�dA) binary complexes (35) (Fig. S1). The RdRp–
ssAU(3�dA) RNA complex can bind but not incorporate the 
next incoming NTP. Addition of the next correct NTP to form 
the RdRp–ssAU(3�dA)–UTP ternary complex resulted in addi-
tional chemical shift changes in the Met-6, Met-74, Met-187, 
Met-225, and Met-354 resonances (Fig. 3 and Fig. S1). Addition 
of incorrect NTP (2�-dUTP or CTP) resulted in chemical shift 
changes to the Met-6, Met-187, Met-354, and Met-394 reso-
nances compared with what was observed for the RdRp–
RNA(3�dA) binary complex, indicating that the incorrect NTP 
still binds but does not induce the same conformational 
changes as the correct NTP (Fig. 3). Notably, the chemical shift 
patterns were different between the RdRp–ssAU(3�dA)–UTP 
ternary complex and the RdRp–ssAU(3�dA)–2�-dUTP and 
RdRp–ssAU(3�dA)–CTP ternary complexes (Figs. 3 and 5). 
These studies established NMR “fingerprints” for when the 
enzyme is in an “open” (e.g. RdRp–ssAU(3�dA)–CTP) or a 
closed (e.g. RdRp–ssAU(3�dA)–UTP) conformation. In the 
open conformation, it is likely that Asp-233, the triphosphate of
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for Met-354 in the RdRp–ssAU(3�dA)–UTP and RdRp–
ssAU(3�dA)–CTP complexes. This result suggested that the
RdRp–ssUU(3�dA)–ATP complex fluctuated between the
closed and open states, although, in this case, it appeared that
the open state was more favored. Although this result was not
expected, it should be noted that previous single-nucleotide
incorporation studies indicated that AMP incorporation tem-
plated against U had the lowest kpol/Kd,app value for all “correct”
nucleotide incorporations (41). This result may be due to a
more limited ability of PV RdRp to fluctuate into the more
active closed conformation, consistent with the results
observed here. NMR studies with other RNA templates may
provide more insight. Nonetheless, the Met-187 resonance for
the RdRp–ssUU(3�dA)–ATP complex was at a similar chemical
shift as that observed for the RdRp–ssAU(3�dA)–UTP com-
plex, suggesting that motif B and the surrounding region still
recognized ATP as the correct incoming nucleotide.

The RdRp–ssUU(3�dA)–2�-C-Me-ATP ternary complex
had substantial spectral differences compared with the RdRp–
ssUU(3�dA)–ATP complex (Fig. 5). The Met-187 resonance for
the RdRp–ssUU(3�dA)–2�-C-Me-ATP complex had a very low
intensity, again suggestive of conformational exchange,
although the chemical shift position was different from that for
the RdRp–ssUU(3�dA) complex (Fig. 5). The Met-225 probe
did not show evidence of conformational exchange. In contrast,
both Met-354 and Met-394 were associated with two (or more)

resonances, but neither of the Met-354 resonances corre-
sponded to chemical shift positions characteristic of the closed
conformation, as observed for the RdRp–ssAU(3�dA)–UTP
and RdRp–ssUU(3�dA)–ATP complexes.

A mispaired RNA terminus prevents active-site closure

Because we have established that PV RdRp can successfully
incorporate 2�-C-Me-AMP but then cannot extend RNA syn-
thesis (Fig. 2), we wanted to better understand the downstream
consequences of 2-C-Me-AMP incorporation. We had previ-
ously analyzed the consequences of GMP misincorporation
(templated against U) (27). For the NMR studies, we incubated
ssAU RNA with 3�-dGTP and then removed excess 3�-dGTP by
passage across a desalting column to generate the RdRp–
ssAU(3�dG) binary complex. We did not note substantial
differences between the RdRp–ssAU(3�dA) and RdRp–
ssAU(3�dG) complexes (Fig. 6), except for the Met-187 reso-
nance. This resonance had a very low peak intensity for the
RdRp–ssAU(3�dG) complex, suggesting conformational ex-
change on the intermediate NMR timescale for the associated
region. The small differences between the RdRp–ssAU(3�dA)
and RdRp–ssAU(3�dG) complexes suggested that these com-
plexes reached similar conformations, except perhaps in or
near motif B.

There were additional chemical shift changes for the Met-
187, Met-354, and Met-394 resonances upon addition of the

Figure 4. Methionine probes report on ligand binding and conformational changes throughout the RdRp structure. The template and primer RNA
strands are colored red and blue, respectively. A, Met-6 is part of the three-stranded �-sheet that makes interactions with residues in motif F (pink). B, Met-74 is
in the fingers subdomain and makes van der Waals contact with residues on the motif B helix (green). Met-354 is in motif D (blue). Other important residues
include the proposed general acid Lys-359 and Asn-297, which makes hydrogen-bonding interactions with the 2�-hydroxyl of the incoming NTP. C, Met-187 is
near motif B, including Ser-288 and Asn-297, and so likely reports on RNA and NTP binding. D, Met-225 is near motifs A and C (red and yellow, respectively) and
likely reports on the realignment of motif A to form the three-stranded �-sheet important in active-site closure. E, Met-394 is near residues important for RNA
binding.



D and associated regions. There were also two resonances asso-
ciated with Met-394, although similar behavior was observed
for the RdRp–ssUU(3�dA) complex. Perhaps most interesting,
the Met-187 resonance for the RdRp–ssAU(2�CA) complex
was more intense than that observed in either the RdRp–
ssAU(3�dG) and RdRp–ssAU(2�3�ddA) complexes, although at
a slightly different chemical shift position than that observed
for the RdRp–ssAU(3�dA) complex. This finding suggests that
motif B and surrounding regions are less conformationally
dynamic when the RdRp is bound to ssAU(2�CA) compared
with when bound to either ssAU(3�dG) or ssAU(2�3�ddA). The
incorporated 2�-C-Me-AMP may still make appropriate inter-
actions with the RdRp, including a hydrogen bond between its
2�-hydroxyl and the backbone carbonyl Tyr-326, to limit con-
formational exchange in this region.

Incorporation of 2�-C-Me-AMP prevents active-site closure

The NMR spectra for the RdRp–RNA–NTP ternary com-
plexes with mismatched RNA termini provided insight into
2�-C-Me-AMP–induced chain termination (Fig. 7). The NMR
spectrum for the RdRp–ssAU(2�CA)–UTP complex was very
similar to that of the RdRp–ssAU(3�dG)–UTP and RdRp–
ssAU(3�dA)–CTP complexes. The RdRp–ssUU(2�CA)–UTP
complex also had similar resonances, although analysis of this
spectrum was complicated by conformational exchange events
observed in the ssUU-bound complexes that appeared to be
absent in the ssAU-bound complexes. These results imply that
UTP was capable of binding to the RdRp–ssAU(2�CA) and
RdRp–ssUU(2�CA) complexes but that the ternary complex

Figure 5. The RdRp–RNA ternary complex with 2�-C-Me-ATP does not achieve the closed conformation. A, experimental design. PV RdRp (250 �M) is first
incubated with 500 �M duplex RNA (ssAU or ssUU) and 4 mM 3�-dATP so that 3�-dAMP is incorporated, but lack of the 3�-hydroxyl prevents further nucleotide
addition. Excess 3�-dATP is removed through a desalting column before addition of the second NTP (4 –12 mM) to generate the ternary RdRp–RNA–NTP
complexes. The D2O-based buffer consisted of 10 mM HEPES (pH 8.0), 200 mM NaCl, 0.02% NaN3, 5 mM MgCl2, and 10 �M ZnCl2. B–H, [13C-methyl]Met 1H-13C
HSQC NMR spectra of different RdRp–RNA binary and RdRp–RNA–NTP ternary complexes, including the RdRp–ssAU(3�dA) (i.e. ssAU RNA with incorporated
3�-dAMP) (B), RdRp–ssAU(3�dA)–UTP (C), RdRp–ssAU(3�dA)–2�-dUTP (D), RdRp:ssAU(3�dA)–CTP (E), RdRp–ssUU(3�dA) (i.e. ssUU RNA with incorporated
3�-dAMP) (F), RdRp–ssUU(3�dA)–ATP (G), and RdRp–ssUU(3�dA)–2�-C-Me-ATP (H) complexes. Resonances belonging to the �-13CH3 groups of Met-187, Met-
225, Met-354, and Met-394 are highlighted. NMR spectra were collected at 293 K using a Bruker Avance III 600 MHz spectrometer.

next correct nucleotide to form the RdRp–ssAU(3�dG)–UTP 
ternary complex (Fig. 7 and Fig. S1). The chemical shift posi-
tions for the Met-6, Met-74, Met-225, Met-354, and Met-394 
resonances were very similar between RdRp–ssAU(3�dA)–
CTP (i.e. matched RNA terminus, incorrect incoming NTP) 
and RdRp–ssAU(3�dG)–UTP (i.e. mismatched RNA terminus, 
correct incoming NTP), suggesting that the RdRp–ssAU(3�dG)–
UTP complex also did not form the closed conformation (Fig. 
S1). Consistent with this result was the finding that nucleotide 
incorporation onto RNA with a terminal mispair was slowed to a 
similar extent as incorrect nucleotide incorporation onto RNA 
with a properly paired terminus (Fig. 2).

2�-C-Me-AMP incorporation has minor effects on the RdRp–
RNA binary complex

We collected NMR spectra for additional RdRp–RNA 
binary and RdRp–RNA–NTP ternary complexes with mis-
matched RNA termini by incorporating 2�,3�-ddATP (i.e. 
ssAU(2�3�ddA)) and 2�-C-methyl-ATP (i.e. ssAU(2�CA) 
and ssUU(2�CA)) (Figs. 6 and 7 and Fig. S2). The RdRp–
ssAU(2�3�ddA), RdRp–ssAU(2�CA), and RdRp–ssUU(2�CA) 
binary complexes had similar NMR spectra and only minor 
differences compared with the NMR spectra of the RdRp–
ssAU(3�dA) and RdRp–ssUU(3�dA) complexes (Fig. 6). Along 
with the Met-354 resonance observed for the RdRp–
ssAU(3�dA) and RdRp–ssUU(3�dA) complexes, there was 
another lower-intensity resonance observed for the RdRp–
ssAU(2�3�ddA), RdRp–ssAU(2�CA), and RdRp–ssUU(2�CA) 
complexes, suggesting some conformational exchange in motif

http://www.jbc.org/cgi/content/full/RA119.010214/DC1
http://www.jbc.org/cgi/content/full/RA119.010214/DC1
http://www.jbc.org/cgi/content/full/RA119.010214/DC1
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was not able to fluctuate into the closed conformation neces-
sary for nucleotide incorporation.

The next incoming NTP can still bind after 2�-C-Me-AMP
incorporation

Our NMR studies suggested that the next incoming NTP
could still bind after 2�-C-Me-AMP incorporation, although
the ternary complex is not able to fluctuate into the closed con-
formation necessary for the phosphoryl transfer reaction. This
proposal is in contrast to the previous suggestion that 2�-C-Me-
AMP incorporation sterically prevents the next NTP from
binding (13). To verify our proposal, we conducted steady-state
nucleotide incorporation assays (32) to monitor the effects of
the next incoming NTP on RdRp–RNA complex dissociation
(Fig. 8). Under steady-state conditions, the rate-determining
step for nucleotide incorporation is dissociation of the RdRp–
RNAn�1 complex so that the RdRp can bind to another RNAn
for another nucleotide incorporation reaction (32, 42) (Fig. 8A).
Addition of the next incoming NTP may have an effect on the
rate of RdRp–RNA complex dissociation (Fig. 8). For example,
the steady-state incorporation of 3�-dAMP was reduced in the
presence of UTP, likely because the RdRp becomes trapped in a
tight closed conformation (i.e. RdRp–ssAU(3�dA)–UTP) that
prevents complex dissociation. Formation of the closed confor-
mation would also block the entrance of pyrophosphate and
protect the 3�-dAMP from pyrophosphorolysis, as observed
with the HCV RdRp (31). With 2�-C-Me-AMP misincorpora-

tion, the presence of UTP increased the steady-state rate,
implying that UTP reduced the stability of the RdRp–RNA
complex (Fig. 8). However, this result also indicates that UTP is
still able to bind and form the RdRp–ssAU(2�CA)–UTP com-
plex to exert such an effect. In contrast, addition of the noncog-
nate nucleotide CTP had no effect on the steady-state rate (Fig.
8), likely because CTP would not bind sufficiently to form a
ternary complex. RNA incorporated with 2�-C-Me nucleotide
prevents the RdRp from forming the closed conformation and
likely compromises the ability of the next incoming NTP to
protect the 2�-C-Me nucleotide from pyrophosphorolytic exci-
sion, as observed with HCV RdRp (31).

Discussion

2�-C-Me ribonucleotides have become a very successful class
of antiviral agents in the clinic, exemplified by the anti-HCV
drug sofosbuvir (14). However, the molecular mechanism by
which they terminate RNA synthesis has remained poorly
understood. We chose PV RdRp (Fig. 1) as a model system,
considering the vast amount of kinetic and structural data avail-
able, including our previous solution-state NMR studies (27,
35). PV RdRp can incorporate 2�-C-Me-AMP into RNA, which
then leads to RNA chain termination (Fig. 2). We had previ-
ously established [methyl-13C]Met probes that report on RNA
and NTP binding, including structural/dynamic changes repre-
sentative of the less active open and more active closed confor-
mations (Figs. 3 and 4). The NMR studies indicated that bind-

Figure 6. Incorporation of 2�-C-Me-AMP does not substantially affect the structure and/or dynamics of the RdRp–RNA binary complex. A, experimental
design. PV RdRp (250 �M) is first incubated with 500 �M duplex RNA (ssAU or ssUU) and 4 mM nucleotide analogs, which, when incorporated, terminate RNA
synthesis. The nucleotide analogs include the obligate chain terminators 3�-dATP, 3�-dGTP, and 2�,3�-ddATP and the nonobligate chain terminator 2�-C-Me-
ATP (2�-CATP). Excess nucleotide analog was later removed through a desalting column to generate the RdRp–RNA binary complexes. The D2O-based buffer
consisted of 10 mM HEPES (pH 8.0), 200 mM NaCl, 0.02% NaN3, 5 mM MgCl2, and 10 �M ZnCl2. B–G, [13C-methyl]Met 1H-13C HSQC NMR spectra of different
RdRp–RNA binary complexes, including RdRp–ssAU(3�dA) (i.e. ssAU RNA with incorporated 3�-dAMP) (B), RdRp–ssAU(3�dG) (i.e. ssAU RNA with incorporated
3�-dGMP) (C), RdRp–ssAU(2�3�ddA) (i.e. ssAU RNA with incorporated 2�,3�-ddAMP) (D), RdRp–ssAU(2�CA) (i.e. ssAU RNA with incorporated 2�-C-Me-AMP) (E),
RdRp–ssUU(3�dA) (i.e. ssUU RNA with incorporated 3�-dAMP) (F), and RdRp–ssUU(2�CA) (i.e. ssUU RNA with incorporated 2�-C-Me-AMP) (G). Resonances
belonging to the �-13CH3 groups of Met-6, Met-74, Met-187, Met-225, Met-354, and Met-394 are highlighted. NMR spectra were collected at 293 K using a Bruker
Avance III 600 MHz spectrometer.



binding and recognition of the 2�-hydroxyl group of the incom-
ing ribonucleotide. It has been suggested that this amino acid
substitution may interfere with initial 2�-C-Me-NTP binding
because of the steric clash from the additional Thr side-chain
methyl group (44). However, it is also worth noting that the
resistance variant has some ability to extend RNA synthesis
past the incorporated nucleotide analog (13). Moreover, the
S282T polymerase has lower catalytic efficiency and is associ-
ated with a fitness deficit (44, 45). These findings suggest that
the S282T substitution may also have an effect on the open-to-
closed conformational change necessary to incorporate the
next incoming NTP, which would affect both polymerase effi-
ciency and the ability to extend past the incorporated nucleo-
tide analog. Additional NMR studies of the corresponding PV
RdRp variant may provide further insight.

Other nonobligate chain terminators may likewise prevent
the RdRp from fluctuating into the closed conformation.
Nucleoside analogs may also interfere with other events of
nucleic acid synthesis. For example, it has been shown that
incorporation of the antiviral entecavir by the HIV reverse tran-
scriptase results in “delayed” termination when the polymerase
reaches the third nucleotide position downstream of the incor-
porated analog (46). Incorporation of the Thr-1106 analog
results in backtracking of PV RdRp, which likely interferes with
processivity and RNA yield (47). NMR studies of these analogs
may provide new insights into molecular mechanisms behind
translocation and processivity and provide new NMR signa-

Figure 7. Incorporation of 2�-C-Me-AMP prevents active-site closure upon binding the next incoming nucleotide. A, experimental design. PV RdRp (250
�M) is first incubated with 500 �M duplex RNA (ssAU or ssUU) and 4 mM nucleotide analogs, which, when incorporated, terminate RNA synthesis. The nucleotide
analogs include the obligate chain terminators 3�-dATP, 3�-dGTP, and 2�,3�-ddATP and the nonobligate chain terminator 2�-C-Me-ATP (2�-CATP). Excess
nucleotide analog was later removed through a desalting column, followed by addition of the second NTP (4 –12 mM) to generate the RdRp–RNA–NTP ternary
complexes. The D2O-based buffer consisted of 10 mM HEPES (pH 8.0), 200 mM NaCl, 0.02% NaN3, 5 mM MgCl2, and 10 �M ZnCl2. B–G, [13C-methyl]Met 1H-13C
HSQC NMR spectra of different RdRp–RNA–NTP ternary complexes, including the RdRp–ssAU(3�dA)–UTP (B), RdRp–ssAU(3�dG)–UTP (C), RdRp–ssAU(2�3�ddA)–
UTP (D), RdRp–ssAU(2�CA)–UTP (E), RdRp–ssUU(3�dA)–ATP (F), and RdRp–ssUU(2�CA)–ATP (G) complexes. Designations for the chain-terminated RNA can be
found in the legend for Fig. 6, including the ssAU(2�CA) and ssUU(2�CA) RNA, which are ssAU and ssUU RNA with incorporated 2�-C-Me-AMP. Resonances
belonging to the �-13CH3 groups of Met-6, Met-74, Met-187, Met-225, Met-354, and Met-394 are highlighted. NMR spectra were collected at 293 K using a Bruker
Avance III 600 MHz spectrometer.

ing of 2�-C-Me-ATP as the next incoming NTP did not result in 
achievement of the closed conformation (Fig. 5), which was 
consistent with the reduced second-order rate constant (kpol/
Kd,app) for 2�-C-Me-AMP incorporation compared with AMP 
incorporation. After 2�-C-Me-AMP was incorporated, the 
resulting RdRp–RNA binary complex resembled that of other 
RdRp–RNA complexes (Fig. 6). However, addition of the next 
correct incoming NTP did not result in formation of the closed 
conformation (Fig. 7). Steady-state kinetics studies also indi-
cated that the next correct NTP can still bind following 2�-C-
Me-AMP incorporation (Fig. 8). It has been proposed previ-
ously that incorporation of 2�-C-Me ribonucleotides 
terminates RNA synthesis because the 2�-C-methyl group steri-
cally prevents the next incoming NTP from binding (13). 
Although the 2�-C-methyl group may still interfere with the 
binding of the next NTP and may increase its apparent dissoci-
ation constant, our studies indicate that binding of the next 
NTP is not completely abolished. These results also imply that 
translocation to the next register is not impeded, considering 
that, in PV RdRp, translocation occurs before binding of the 
next incoming NTP (28). Altogether, our results indicate RNA 
synthesis is terminated because incorporation of 2�-C-Me-
AMP prevents the RdRp from fluctuating into the closed con-
formation necessary for incorporation of the next NTP.

It has been shown previously that the S282T mutation in 
HCV confers decreased susceptibility to most 2�-C-Me ribo-
nucleotides, including sofosbuvir (43). This Ser is important in



tures diagnostic of these mechanistic classes of antiviral
nucleotides.

Experimental procedures

Materials

[�-32P]ATP (�7000 Ci/mmol) was from VWR-MP Biomed-
ical. Nucleoside 5�-triphosphates and 2�-deoxynucleoside
5�-triphosphates (all nucleotides were ultrapure solutions)
were from GE Healthcare. 2�3�-Dideoxyadenosine 5�-triphos-
phate, 3�-deoxyadenosine 5�-triphosphate (cordycepin), and
3�-deoxyguanosine 5�-triphosphate were from Trilink Biotech-
nologies. 2�-C-methyl nucleotides were purchased from Carbo-
synth US LLC (San Diego, CA). RNA oligonucleotides were
from Dharmacon Research, Inc. (Boulder, CO) or Integrated
DNA Technologies (San Diego, CA). [Methyl-13C]methionine

Figure 8. Incorporation of 2�-C-Me-AMP does not prevent the next nucle-
otide from binding. A, experimental design. The rate-determining step in
steady-state nucleotide incorporation is dissociation of the RdRp–RNAn�1
complex (42), in which RNAn is the ssAU RNA, and RNAn�1 is the ssAU RNA
following a single-nucleotide incorporation event. Addition of a second NTP
may affect RdRp–RNA complex dissociation to affect the steady-state rate
constant. B, steady-state incorporation of nucleotides. Reactions contained
20 �M ssAU RNA (i.e. 10 �M duplex), 5 mM MgCl2, 1 �M PV RdRp, and 500 �M

NTPs. Reactions were initiated by addition of NTP(s), incubated at 30 °C, and
quenched by addition of EDTA to a final concentration of 50 mM at the indi-
cated times. The steady-state rate constants (k) were determined by dividing
the slope by the y-intercept of the line indicated. Addition of UTP (i.e. the next
correct incoming NTP) increased the rate of dissociation between the RdRp
and RNA with incorporated 2�-C-Me-AMP (2�-CATP, 2�-C-Me-ATP). This result
suggests that UTP is still able to bind to form the RdRp–ssAU(2�CA)–UTP ter-
nary complex.

was from Cambridge Isotope Laboratories. HisPur nickel-nitri-
lotriacetic acid resin was from Thermo Scientific. Q-Sepharose 
Fast Flow was from GE Healthcare. All other reagents were of 
the highest grade, available from Sigma or Fisher.

Production and purification of PV RdRp from heterologous 
expression in Escherichia coli

PV RdRp was expressed in E. coli B834(DE3) pRARE cells 
using autoinduction and then purified as described previously 
(35, 48, 49). Protein samples used in NMR experiments were 
13C-labeled by addition of [methyl-13C]Met to the bacterial 
growth medium.

NMR sample preparation and spectroscopy

NMR samples were prepared as described previously (27, 35) 
with NMR buffer consisting of 10 mM HEPES (pH 8.0), 200 mM 

NaCl, 0.02% NaN3, 5 mM MgCl2, and 10 �M ZnCl2. For gener-
ation of the RdRp–RNA binary complexes, PV RdRp (250 �M) 
was incubated with ssAU or ssUU RNA (500 �M duplex RNA) 
and 4 mM chain-terminating nucleoside triphosphate for 3– 4 h 
before passage across a Zeba desalting column. The second 
NTP (4 –12 mM) was then added to generate the RdRp–RNA 
ternary complexes. NMR experiments were performed on a 
Bruker Avance III 600 MHz spectrometer equipped with a 
5-mm “inverse detection” triple-resonance (1H/13C/15N) sin-
gle-axis gradient TCI cryoprobe. 1H-13C heteronuclear single 
quantum coherence (HSQC) spectra were generally acquired as 
64 (t1) � 512 (t2) complex matrix, with 64 –128 scans/incre-
ment and 1.0-s recovery delay at a temperature of 293 K (35).

PV RdRp assays

Steady-state kinetics assays were performed and analyzed as 
described previously (32). Reactions contained 50 mM HEPES 
(pH 7.5), 10 mM �-mercaptoethanol, 5 mM MgCl2, 60 �M 

ZnCl2, 1 �M PV RdRp, 20 �M ssAU RNA (i.e. 10 �M duplex 
RNA), and 500 �M appropriate NTPs. Reactions were initiated 
with addition of NTP(s), incubated at 30 °C, and then quenched 
at appropriate times by addition of EDTA to a final concentra-
tion of 50 mM. Products were analyzed by denaturing PAGE, 
and gels were visualized through use of a Phosphor Imager and 
quantified by using ImageQuant TL software (GE Healthcare).

Inhibition of PV replication by 2�-C-methyladenosine

The antiviral activity of 2�-C-methyladenosine was mea-
sured using procedures outlined previously (50). Infection with 
PV employed HeLa S3 host cells (1 � 105) plated 1 day prior to 
treatment in 24-well plates. Cells were pretreated by addition of 
2�-C-methyladenosine nucleoside at the specified concentra-
tion in fresh medium adjusted to a final concentration of 1%
DMSO. After a 1-h incubation at 37 °C, the medium was 
removed, and cells were infected with PV (1 � 106 pfu). Plates 
were incubated for 15 min at 23 °C, PBS was removed by aspi-
ration, and fresh prewarmed (37 °C) medium containing the 
specified amount of nucleoside was added. The infection was 
allowed to proceed at 37 °C for 6 h. Cells were washed with PBS 
and collected after treatment with trypsin. Cells were pelleted 
by centrifugation, resuspended in PBS, and subjected to three 
freeze–thaw cycles. Cell debris was removed by centrifugation,
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