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ABSTRACT

Designing antiviral therapeutics is of great concern per current pandemics caused by novel coronavirus or
SARS-CoV-2. The core polymerase enzyme in the viral replication/transcription machinery is generally
conserved and serves well for drug target. In this work we briefly review structural biology and compu-
tational clues on representative single-subunit viral polymerases that are more or less connected with
SARS-CoV-2 RNA dependent RNA polymerase (RdRp), in particular, to elucidate how nucleotide sub-
strates and potential drug analogs are selected in the viral genome synthesis. To do that, we first survey
two well studied RdRps from Polio virus and hepatitis C virus in regard to structural motifs and key resi-
dues that have been identified for the nucleotide selectivity. Then we focus on related structural and bio-
chemical characteristics discovered for the SARS-CoV-2 RdRp. To further compare, we summarize what
we have learned computationally from phage T7 RNA polymerase (RNAP) on its stepwise nucleotide
selectivity, and extend discussion to a structurally similar human mitochondria RNAP, which deserves
special attention as it cannot be adversely affected by antiviral treatments. We also include viral phi29
DNA polymerase for comparison, which has both helicase and proofreading activities on top of nucleotide
selectivity for replication fidelity control. The helicase and proofreading functions are achieved by protein
components in addition to RdRp in the coronavirus replication-transcription machine, with the proof-

reading strategy important for the fidelity control in synthesizing a comparatively large viral genome.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

Contents

1. RdRp from Polio virus with a cluster of residues for nucleotide selectiVity. . .. ........ it et e e et e i 3340
2. RdRp from hepatitis C virus with additional nucleotide selectiVity . . ... ... ...ttt i e et et ettt e e 3340
3. Probing SARS-CoV2 nucleotide selectivity via nucleotide analogue . . .. ... ... .ttt ettt e et ettt e 3342
4. Computation analyses of nucleotide selection from pre-insertion to insertion in T7 RNAP . ........ ..ottt 3344
5. Human mitochondrial RNAP to be resistant to antiviral nucleotide analogues . . ... ... .ttt it i e 3344
6. Phi29 DNA polymerase with exonuclease subdomain for intrinsic proofreading . ........... ...ttt ittt 3345
/28 o s Tl £ (o o P 3346

Declaration of COmMPEting INEEIESE . . . . ..ottt ettt e ettt e e e e e e ettt et e e e e e et et et ettt et e e 3346

ACKNOWIEA@EMENLS . . . o\ ottt ittt ettt et ettt et e e e e e e e e e e e e e e e e e 3346

|02 (0 £ 011 AP 3346

* Corresponding author.
E-mail address: jin.yu@uci.edu (J. Yu).

https://doi.org/10.1016/j.csbj.2021.06.005

2001-0370/© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2021.06.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.csbj.2021.06.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jin.yu@uci.edu
https://doi.org/10.1016/j.csbj.2021.06.005
http://www.elsevier.com/locate/csbj

C. Long, Moises Ernesto Romero, D. La Rocco et al.

In template-based polymerization or elongation conducted by
polymerase enzymes to synthesize RNA or DNA chains of hundreds
to thousands of nucleotides, selection of the right (or cognate)
nucleotides by the enzyme is highly essential to maintain elongation
fidelity over that at equilibrium with Watson-Crick base pairing
[1-3]. To do that, an incoming nucleotide binds to the polymerase
into the active site, subjecting to nucleotide selection at multiple
stages, and is then added to the 3’-end of the synthesizing chain
via phosphoryl-transfer reaction. The nucleotide addition cycle
(NAC) indeed proceeds in multiple kinetic steps to allow stepwise
nucleotide selectivity [3,4]. The chemical free energy supports the
NAC ensures that the polymerase elongates at non-equilibrium
steady state to achieve sufficient speed and accuracy. Although the
operation principle appears clear, corresponding structural-
function mechanisms of various polymerase systems require elabo-
rated studies for specific understanding, in particular, on i) how an
incoming nucleotide is screened upon initial binding to the active
site or nearby region, ii) how the nucleotide is subject to selection
asitis gradually inserted into the active site to be ready for chemical
reaction, and iii) how the nucleotide discrimination is further
achieved during chemical reaction, under a two-metal ion (e.g.
Mg?* or Mn?* ions) catalysis [5], or the incorporated nucleotide
can incur additional selectivity even after the chemical addition.

In this work, we briefly review nucleotide selectivity revealed
for replication or transcription fidelity control of representative
viral RNA dependent RNA polymerases (RdRps) and a couple of
structurally similar RNA polymerases (RNAPs), which all have a
single-subunit handlike core structure (~500 amino acids, with
palm, fingers, and thumb subdomains), with conserved structure
motifs on the palm subdomain or additionally on the fingers sub-
domain to assist NAC and selectivity (see Fig. 1). Two primary con-
formations (open and closed) of the active site of the polymerases
are expected to be involved in the nucleotide binding, insertion,
and catalysis reaction [2,6]. By first reviewing two well-studied
RdRps from polio virus (PV) and hepatitis C virus (HCV), we intend
to provide structural dynamics clues to support ongoing work on
the RdRp from SASR-CoV-2 (or Cov2-RdRp). The RdRps come from
positive-strand RNA viruses which represent a large class of human
and animal pathogens to cause diseases and pandemics [7,8]. For
further comparison, we summarize our recent findings on nucleo-
tide selectivity in another hand-like viral RNAP from bacteriophage
T7 [9,10], along with a structurally similar RNAP from human
mitochondria, which is of constant consideration for antiviral drug
side effect investigation [11]. Last, we include a viral phi29 DNAP
also bearing a hand-shape structure, which cannot only function
as a polymerase and a helicase, but also is furnished with an
exonuclease subdomain to support its intrinsic proofreading activ-
ity for viral replication fidelity improvements [ 12,13]. Note that the
fidelity control in virus replication/transcription can generally lead
to error rates about 103 to 107 to balance survival and variations
[14,15], which are primarily achieved by nucleotide selection in
polymerase, though proofreading also exists but only for few spe-
cies such as the coronaviruses (CoVs) [16].

1. RdRp from Polio virus with a cluster of residues for
nucleotide selectivity

Poliovirus (PV) belongs to the family of Picornaviridae, with a
comparatively short genome of size about 7500 nucleotides, and a
comparatively high mutation rate [17]. In the core structure of the
PV RdRp (or 3DP°!), the finger subdomain has its tip touching the
top of thumb subdomain to encircle the active site (see Fig. 1A), as
generally for other RdRps. Correspondingly, upon an incoming
nucleotide binding and insertion into the active site, the core RdRp
structure cannot accommodate large conformational changes on
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the fingers subdomain. Indeed, only subtle conformational changes
have been identified inside the palm domain to allow the active site
to transit from open to closed, with the closed conformation fea-
tured by extensive interaction with 2’ and 3’ ribose hydroxyl of the
nucleotide, prior to the chemical reaction for addition [18,24]. The
nucleotide selection in accompany can be achieved by initial NTP-
template base pairing and then the ribose recognition. A cluster of
residues (Lys61, Glu177, Ser288, Gly289, Asn297, Asp238; see
Fig. 2A) responsible for the ribose hydroxyl recognition is suggested,
along with some supporting residues from N-term (Gly64, Ala239),
while another cluster (Asp233, Asp328, Asp358) is essentially for
two divalent metal ion binding. In particular, motif A and D in the
palm subdomain of the RARp move toward the active site upon its
closure; Asp233 on the motif A beta-strand interacts with the two
ions for catalysis, and two nearby residues F230 and F232 are in close
control of fidelity [18,25]. For cognate rCTP and non-cognate 2’-
dCTP, in vitro biochemical studies show ~117 discrimination factor
(ie. ’I‘g—’gof CTP over that of dCTP) for the wild-type PV RdRp, with

mutation G64S, F230I, or F232I slightly improves the fidelity (to
~310, 152 or 200) and lowers the incorporation rate (from ~88 s~
to ~46, 75 or 56 s—'); mutation K359R on the palm/motif D (see
Fig. 2A) significantly improves the fidelity (to ~1300) but further
decreases the elongation rate (to ~3 s~!) [25]. Repositioning of
Lys359 by the motif-D loop is thus critical for nucleotide selection
and incorporation (i.e. via protonating the leaving pyrophosphate
group). The involved conformational changes of the motif-D are
coordinated by Glu364 that swivels between associating with
Lys228 and Asn370 to stabilize the open and closed motif-D loop
conformations, respectively [26]. The corresponding mutation
K228A slightly increases the polymerization rate and decreases
the nucleotide selectivity, while N370A decreases the incorporation
rate and increases the selectivity. The above analyses also indicate
that the motif A/D induced active site closure can be rate-limiting
prior to catalysis (in the presence of Mg?* but not Mn?* for PV
[27,28]). In comparison, mutations in the fingers subdomain impact
on the elongation rate but little on the fidelity, as the fingers subdo-
main is likely linked to post-catalytic RNA translocation. All-atom
molecular dynamics (MD) had been conducted to reveal correlated
motions (within tens of nanoseconds) of a network of residues of
the PV RdRp and three others from the picornavirus family [29].
The residues motions are contributed mainly by the structural
motifs in regard to the RNA/nucleotide binding and catalysis, as
being analyzed via the principal component analyses, which also
suggest coevolutionary dynamics in these RdRps. The G64S mutant
that improves the fidelity was also examined, which shows notable
dynamical impacts to the entire structure in the simulation, enhanc-
ing flexibility in the motif D and exterior region of the RdRp but not
the active site region [29].

From the studies on the PV RdRp, one can see that the pre-
chemistry open — closed transition of the active site plays a crucial
role in balancing the rate of nucleotide incorporation and the selec-
tion or fidelity control. The mutations inhibiting the open-closed
transition likely improve the fidelity control [14,15], or vice versa,
as the mutations impact on the cluster of residues in the palm sub-
domain that either facilitate or hinder the active site closure tran-
sition. Such a transition is rate limiting before the chemical
reaction, which highlights a crucial role of the rate-limiting kinetic
step in control of the nucleotide selection, as suggested via our the-
oretical analyses [30].

2. RdRp from hepatitis C virus with additional nucleotide
selectivity

Hepatitis C virus (HCV) belongs to Flaviviridae family of the
single-stranded positive-sense RNA virus. NS5B, the C-terminal
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Fig. 1. The representative single-subunit viral polymerase structures and conserved motifs. (A) The RdRp structure (or 3DP?') from Polio virus (PV; left; PDB:30LB) [18], with
fingers, palm, thumb subdomains shown in pink, blue, and green, respectively; and with motifs A-F shown (right), colored red for A, green for B, light green for C, blue for D,
magenta for E, and purple for F (motif G not shown); (B) The RdRp structure (or NS5B) from hepatitis C virus (HCV; left; PDB:4WTA) [19], and motifs A-F (right); (C) The core
structure of SARS-CoV2 RdRp (left; PDB:7BTF; shown for residues S367-F920, no N-terminal part) [20], and motifs A to F (right); (D) The structure of T7 RNAP (left; PDB:1S0V)
[21], and the motifs A-D (right). (E) The structure of human mitochondrial RNAP (or POLRMT) (left; PDB:4BOC; similar to T7 RNAP) [22], and the motifs A-D (right); (F) The
structure of phi29 DNAP (left; PDB:2PYL) [23], and the motifs A-C (right). (G) The molecular schematics of the triphosphate-form nucleotide analogs from remdesivir (RDV)
and sofosbuvir (SBV) along with corresponding natural nucleotide substrates ATP and UTP, respectively. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

domain of the HCV polyprotein, functions as the viral RdRp, i.e., the
catalytic core of the viral replication complex [31]. With a handlike
structure, NS5B also has an extension from the fingers subdomain
that encloses the active site and a B-loop originating from the
thumb to prevent the binding of duplex RNA (see Fig. 1B). In addi-
tion to motif A and D for nucleotide recruitment and selection as
being suggested in PV 3DP°, motif B in NS5B with a loop followed
by alpha-helix is also considered for positioning ribose of incoming
NTP, using Ser282 and Gly283 [19,32] (see Fig. 2B). NS5B thus con-
ducts ribonucleotide selectivity using an extensive hydrogen bond-
ing network (motif B-Ser282 and motif A-Asp225 etc) to recognize
2'-hydroxyl of the incoming nucleotide [19]. Mutation S282T pro-
vides moderate resistance to 2’-modified nucleotides [33], includ-
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ing sofosbuvir (SBV). The nucleotide prodrug SBV had been
successfully designed to target on NS5B for combination treatment
of chronic HCV [34]. Indeed, SBV analog can still be allowed to
insert by Asn291 and the Watson-Crick paring to form the in-line
conformation. In addition, NS5B has been suggested to contain a
nucleotide mediated excision mechanism in order to excise the
mismatched nucleotide at the 3’-end of the nascent RNA in vitro
[32,35]. Interestingly, motif B can be involved in translocation of
the RdRp, which is also linked to fidelity control as mutations in
motif B could not only slow down translocation, but also increase
the time of residency of a mismatch in the active site to allow it
to be excised. Hence, motif B appears to be quite essential in the
HCV RdRp function [32]. Motif G, though it mainly interacts with
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Fig. 2. The key residues involved in NTP entry, NTP binding or selection, and catalysis in the individual viral polymerases. For clarity, the catalysis/NTP entry related residues
are shown (left) separately from those involved in the NTP binding/selection (right). (A) The key residues shown for Polio virus (PV) RdRp (or 3DP°'; PDB:30LB; the NTP
binding/selection residues identified are shaded and detailed in text). (B) The key residues shown for HCV RdRp (NS5B; PDB:4WTA; the NTP entry residues identified are
shaded and addressed in text). (C) The key residues shown for SARS-CoV-2 RdRp (PDB:7BTF; the conserved catalytic residues and the residues potentially involved in the
delayed chain termination are shaded and addressed in text, along with the key residues to be involved in the NTP-entry, binding/selection). (D) The key residues shown for
T7 RNAP, with the O-helix and Y-helix on the fingers subdomain highlighted (PDB:1S0V; the NTP binding/selection residues are addressed in the related work [10]). (E) The
key residues shown for human mitochondrial (hmt) RNAP (or POLRMT), with the O-helix and Y-helix highlighted (PDB:4BOC; the residues are shown similarly as in T7 RNAP).
(F) The key residues shown for phi29 DNAP, with a comparable helix from the fingers subdomain highlighted [residue 375-390 overlap with the motif B; PDB:2PYL; the
proofreading/cleavage involved residues are shaded (with Asp to Ala mutations); other residues are addressed in text].

the RNA template, may affect the NTP recognition and selection as
it influences the orientation of the template strand/nucleotide or nt
[32]. Motif F can also be linked to fidelity control since it guides the
nucleotide into the tunnel to be paired with the template nucleo-
tide, as well as to direct the pyrophosphate out of the tunnel after
catalysis. Notably, very recent pre-steady state kinetic analyses
show that the pyrophosphate release can be rate limiting in
NS5B to improve the fidelity [36], which leads to a wide range of
error rate from 10~ to 10~° for the NS5B elongation complex.
Previous MD simulations had shown apo structure of NS5B
under impacts of inhibitors or magnesium ions and a hydrophobic
C-terminal regions [37,38]. Based on a crystal structure of ternary
complex of HCV NS5B [19], more recent MD simulations with tar-
geted or steered force and acceleration have been conducted to
address the nucleotide entry in the viral RARp [39]. Two successive
checkpoints via motif F to regulate nucleotide traffic into the active
site of NS5B have been identified, following a magnesium-bound
(MgB) NTP into the entry channel (F1: 144-141; F3: 155-161
[40]) via an entry loop (F2:151-154). In particular, Lys151 forms
salt-bridge with motif D-Asp352 to allow the entry loop to open
or close (see Fig. 2B); then the salt-bridge between F1-Glu143
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and F3-Argl158 coordinates with the NTP passage, which is also
affected by arriving of the other magnesium ion (MgA). Corre-
spondingly, the nucleotide seems to be interrogated already prior
to insertion into the active site, and such interrogations seem to
be comparable to NTP pre-insertion screening or even fingers-
closing motions for nucleotide selectivity in some other handlike
polymerase (e.g. T7 RNAP addressed below).

3. Probing SARS-CoV2 nucleotide selectivity via nucleotide
analogue

SARS-CoV-2 is a newly emerged member of the family Coron-
aviridae (CoV), which includes SARS (severe acute respiratory syn-
drome) and MERS (middle east respiratory syndrome) viruses
discovered from large-scale epidemics [41,42]. CoVs are with large
genome sizes (~30,000 nucleotides), enveloped, and often employ
unusual gene expression strategies. The CoV virus enters the cell
via endocytosis, with its ORFla and OFR1b single-stranded RNA
genome translated into proteases and then non-structural proteins
(nsp) such the nsp12 (RdRp), nsp13 (helicase), and nsp14 (exonu-
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clease or ExoN) [43]. The CoVs replication/transcription machinery
assembles with multiple components. The SARS-CoV-2 RdRp (or
nsp12) is the core engine of such a machinery, and its structure
in complex with cofactors nsp7 and nsp8 (assisting RNA template
binding and the RdRp processivity) has been recently resolved at
2.9-A resolution from cryo-Electron Microscopy or cryo-EM [44].
A ternary complex structure of nsp12 (at 2.5-2.8 A resolution; still
with nsp7 and nsp8) together with RNA and a prodrug remdesivir
(RDV) analog has been obtained soon after also via cryo-EM [20]
(see Fig. 1G for schematics of RDV and SBV). The CoV-2 RdRp struc-
ture has an N-terminal beta-hairpin (residue 31-50), an extended
domain (115-250), adopting a nidovirus RdRp-associated nucleo-
tidyltransferase (NiRAN) architecture [45], and an interface region
(251-366). The RdRp core structure (S367-F920; shown in Fig. 1C)
still has a fingers subdomain (residues L366-A581 and K621-
G679), a palm subdomain (residues T582-P620 and T680-Q815),
and a thumb subdomain (residues H816-E920). Motifs A-E also
locate in the palm subdomain while F and G are in the fingers sub-
domain. The highly conserved cation-binding Asp618 in motif A
(611-626) is comparable to Asp233 in PV 3DP® and Asp220 in
HCV NS5B; the catalytic Asp760-Asp761 in motif C is comparable
to Asp328-Asp329 in 3DP°! and Asp318-Asp319 in NS5B; Arg555
in the motif corresponds to 3DP°' Arg174 and NS5B Arg158 (see
these residues in Fig. 2C left). The NTP entry channel is formed
by hydrophilic residues such as Lys545, Arg555, and Arg553 from
motif F (comparable to those in HCV NS5B). Modeling the RDV ana-
log onto Cov2-RdRp following the SBV analog in HCV-NS5B indi-
cates that RDV with an intact ribose can maintain hydrogen
bonding network (with Asn691, Thr680 etc) as the native sub-
strate, while the SBV analog interacts with Asn291 in NS5B (corre-
sponding to Asn691 in CoV2-RdRp and Asn297 in 3DP°') but cannot
join the hydrogen bonding network with Ser282 and Asp225 (cor-
responding to Asp623 in CoV2-RdRp or Asp238 in 3DP°!) due to a
fluorine substitution on its sugar moiety. Moreover, the hydropho-
bic side chain of Val557 in motif F is likely to stack with and stabi-
lize the +1 template RNA uridine base to base pair with the
incoming triphosphate form of the nucleotide analog (RDV-TP or
RTP). In the ternary complex with the nucleotide analog in its
monophosphate form (RDV-MP or RMP) incorporated to the 3'-
end of the RNA primer, RMP interacts with side chains form
Lys545 and Arg555 (motif F), with magnesium ions nearby and a
pyrophosphate at the gate of the NTP entry channel. The motif F
and G interact directly with the template RNA strand, with motif
F also interacting with Lys545 and Arg555 contacting the +1 base.
Hence, it is possible that the motif F can also be involved in the
nucleotide binding/selection. The orientation of the RNA
template-primer in the active site is indeed similar to that in the
PV and HCV RdRp complexes. The RdRp with RMP incorporated
in the ternary complex is quite similar overall to the apo RdRp
structure (RMSD ~0.7 A for all Ca atoms). Besides RDV, it has been
found via modeling that other nucleotide analogs, e.g., favipiravir,
ribavirin, galidesivir, and EIDD-2801 (molnupiravir) can also
inhibit SARS-CoV-2 RdRp replication function [46,47], likely via
non-obligate RNA chain termination. For highly potent EIDD-
2801 modeled onto the RdRp structure, the N4 hydroxyl group
off the cytidine ring forms an extra hydrogen bond with the side
chain of Lys545 and cytidine base also forms an extra hydrogen
bond with the guanine base from the template strand, as assumed
in the model [20]. In additional cryoEM structures obtained for
CoV-2 RdRp, a pre-translocation complex with RMV was captured
[48], in which Tyr689 (motif B) of the fingers subdomain interacts
with the ribose 2’-OH groups of nucleotides at the —2 position
from the +1 template nt. A loop region (682-686) in motif B shows
interaction with RNA in both pre- and post-translocation; Gly683
on this loop is conserved and likely participates in NTP ribose
recognition, active site closure, and mediating translocation. Motif
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G also interacts with +1 template nt via Ser501 and then Val557;
Ser682 and Lys545 jointly stabilize the base of the paired RMP with
the +1 template nt (see Fig. 2C right), while motif A-Asp623 stabi-
lizes the ribose group. Another high-resolution cryo-EM structure
captures long helical extensions in nsp8 forming positively charged
‘sliding poles’ along exiting RNA to contribute to the RdRp proces-
sivity [49]. The above structural studies thus indicate that motif A,
B, D along with F and G together can contribute collectively to NTP
binding, selection and translocation.

Previous studies showed that RDV inhibits Ebola virus and
MERS coronavirus (MERS-CoV) via a delayed chain termination
mechanism [50,51]. The RDV analog thus can evade proofreading
from the CoV-ExoN nsp14 [52]. Importantly, recent work on CoV-
2 RdRp also clearly indicated that the RDV analog can be readily
incorporated (at position i) and then cause the delayed chain ter-
mination of the synthesizing RNA, i.e., slightly downstream (at
position i +3) [53], highly similar to that being found for SARS-
CoV and MERS-CoV. It appears that the incorporated RDV analog,
by evading from the nsp14 cleavage, then impacts on the subse-
quent NTP addition, e.g., by possibly interfering with the RdRp
translocation along RNA downstream. In addition, the studies mea-
sured RDV-TP with a similar V4« as ATP and dATP, while its Ky, is ~
v4 of that of ATP (Kj, for dATP is ~10° larger) [53]. It is thus notable
that RDV-TP shows even slightly preferred binding/incorporation
properties over of its natural nucleotide counterpart ATP, and in
this regards it is superior to other broad-spectrum antiviral com-
pounds such as sofosbuvir, favipiravir, and ribavirin, measured
together in vitro [53]. Further in vivo studies also demonstrate
effectiveness of RDV into human lung cells [54]|. Homology model-
ing based on structure of SARS-CoV RdRp [55] and aligning the
modeled CoV-2 RdRp (residues Ser501, Gly590, Gly683, Ser814)
with HCV NS5B structure (residues Ala97, Phe193, Gly283, and
Ser367) further suggest that steric clash between the incorporated
RDV analog and Ser861 would prevent enzyme translocation at i
+3 (see Fig. 2C right) [53]. Interestingly, a very recent modeling
and all-atom MD simulation study, which was also based on the
homology model (i.e. using the SARS-CoV RdRp structure), suggests
that the polar 1’-cyano group of RDV at i +3 position can destabilize
salt-bridge between Asp865 and Lys593 to hinder the RdRp
translocation [56]. In the same study, simulation of RDV interact-
ing with a homology model of ExoN nsp14 shows a steric clash
between the RDV 1’-cyano group with Asn104 so that to avoid
the nsp14 cleavage. Such a cleavage in general serves as the proof-
reading mechanism to improve the fidelity in the coronavirus RNA
synthesis [52,57]. Note that a high-resolution crystal structure of
the ExoN nsp14 in complex nsp10 from SARS-CoV-2 is then
reported very recently [58].

Meanwhile, to illustrate the RDV-TP binding to CoV-2 RdRp,
molecular docking and all-atom MD simulations have also been
conducted, though these studies were initiated a bit early and still
based on homology modeling [59,60]. In the molecular docking,
RTP shows slightly more stabilized binding to RdRp than ATP
(binding score —7.5 kcal/mol for RTP vs —7 kcal/mol for ATP)
[59]. In comparatively sophisticated MD simulation and alchemical
free energy calculation, it is found that RTP is more stabilized
(~-2.8 kcal/mol) than ATP at the active site of the modeled RdRp
[60]. Note that in that work, ATP/RTP was modeled to the RdRp
active site based on structural alignments with the PV RdRp sub-
strate complex, and the modeled complexes were constructed
and simulated in the absence of RNA chains [60]. Hence, improved
molecular modeling and simulations are expected to illustrate the
nucleotide (or analog) binding and selection in the CoV-2 RdRp, in
particular, utilizing the newly solved high-solution structures of
the CoV-2 RdRp [20,44,48,49]. Our preliminary MD simulation
studies using the newly solved CoV-2 RdRp structures confirm that
both RTP and ATP can bind much more stably into the closed form
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of RdRp (PDB:7BV2 [20]) than the open form (modeled from
PDB:7BTF [44]); in the open active site of RdRp, RTP seems to be
particularly stabilized via base stacking with the template +1 nt,
which further facilitates the insertion of RTP into the active site
(ms in preparation).

4. Computation analyses of nucleotide selection from
pre-insertion to insertion in T7 RNAP

Bacteriophage T7 RNAP and some other single-subunit RNAPs
also adopt a hand-shape core structure with palm, fingers, and
thumb subdomains [9,21,61] (see Fig. 1D). Comparing to the viral
RdRps, there is no fingertip counterpart in the RNAPs, so that con-
formational changes of the fingers subdomain relative to the palm
can become significant. In our previous computational work on the
T7 RNAP elongation complex (e.g. post-translocation), it is con-
firmed that the palm-I subdomain (412-553) is most stable while
the fingers subdomain (554-784) is highly flexible [62]. In the fin-
gers subdomain, there is a five-helix bundle including the O-helix
(627-640; see Fig. 2D); a highly conserved residue Tyr639 located
at the C-terminal of the O-helix plays a highly critical role in gating
and selecting nucleotides, e.g., by competing with the template +1
nt to interact with the incoming NTP [62]. We later showed via the
MD simulation that the O-helix starts opening after the pyrophos-
phate release [63], e.g. by oscillating to open at pre-translocation
(to possibly prevent backtracking), and substantially opens upon
the RNAP translocation [64]. Accordingly, Tyr639 also plays a role
in the translocation (e.g. assisting the 3’-end of the synthesizing
RNA chain to translocate). By aligning the ternary RNAP complex
structure with that of the viral RdRP (via the RNA strands near
the active site), one cannot however find exact structural corre-
spondence of the O-helix in the viral RdRp. Indeed, only four con-
served motifs (A to D) can be found inside the fingers subdomain of
T7 RNAP, which are the counterparts of those from the viral RdRps.
The O-helix in T7 RNAP, however, is not included in any of these
motifs, but locates around the region corresponding to the motif
B and F in the viral RdRps. Nevertheless, one can still find that
Tyr639 superimposes closely with SARS-CoV-2 R555 (or PV-3DP°!
R174 and HCV-NS5B R158).

The structural study of PV RdRp had indicated that the template
RNA nt at +1 is fully stacked to the upstream RNA, while other pro-
cessive polymerases such as T7 RNAP have the template nt at +1
unstacked from the upstream nucleic duplex [ 18]. Accordingly, such
an unstacked template nucleotide provides a pre-insertion site for
the incoming NTP. Notably, our simulation studies revealed that a
cognate ATP can form hydrogen bonds or base pairing with the tem-
plate +1 nt in the pre-insertion T7 RNAP complex (though the base
pairing was not captured in the crystal structure) [21 62]. In con-
trast, a non-cognate NTP (modeled by directly replacing the cognate
ATP in the crystal structure by the non-cgonate GTP), would be
dragged by Tyr639 closely to be unable to interact with the template
nt in the simulation [62]. We then named such a non-cognate NTP
positioning (dragged by Tyr639) as a pre-insertion off-path configu-
ration [65]. In comparison, we also modeled non-cognate NTP by
performing an alchemical simulation to convert the pre-
equilibrated and pre-inserted ATP to the non-cognate GTP, then
obtained a pre-insertion configuration of the non-cognate NTP very
similar to that of the cognate one, for which we named a pre-
insertion on-path configuration [65]. By free energy calculation,
we obtained the relative binding free energy of the non-cognate
GTP vs the cognate ATP as ~1.8 + 0.2 kcal/mol at the pre-insertion
on-path configuration [65]. Essentially, the structural feature that
distinguishes the on-path and off-path of the non-cognate GTP is
that the template +1 nt or TTP deviates significantly away from
the active site (toward downstream direction) in the off-path config-
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uration; in the on-path GTP/ATP pre-insertion configuration, how-
ever, the template TTP stays closely base pairing with GTP or ATP,
near the active site. Hence, it appears that via the pre-insertion site
of T7 RNAP, nucleotide selection or screening already takes place,
leading to two distinct configurations on-path and off-path, for the
cognate and non-cognate NTP specie, respectively. Note that the
selection is always stochastic, so there is always slight chance that
the non-cognate NTP is loaded to the on-path pre-insertion or pro-
ceed further to insertion. For the non-cognate NTP at off-path pre-
insertion, it would be easy to dissociate from the active site (i.e.
almost no dissociation barrier, while the cognate ATP dissociation
barrier from the on-path pre-insertion is ~4 kgT [66]).

Our consequent MD simulation studies then focused on reveal-
ing nucleotide insertion dynamics and energetics for both cognate
and non-cognate NTP species into the active site of T7 RNAP. The
nucleotide insertion is a rate-limiting step (~220 s~!) accompanied
by the fingers subdomain closing with respect to the palm in T7
RNAP [67]. Our umbrella sampling calculations show that for the
cognate ATP, the insertion barrier is ~3 + 0.6 kgT; for the non-
cognate GTP from the on-path pre-insertion, the insertion barrier
is similar (~4.0 + 0.2 kgT); while for the non-cognate GTP from the
off-path pre-insertion, the insertion barrier is much larger
(~ 7.6 £ 0.6 kgT) [68]. By conducting additional kinetic modeling
and chemical master equation approach to quantify non-
equilibrium steady state RNAP elongation rates for both the cognate
and non-cognate NTP species, we show that with the nucleotide
binding and selection energetics from MD simulations, the error
rate (for GTP or dATP replacing ATP) right after the initial screening
at pre-insertion becomes ~10~2; the error rate is further reduced to
~10~3 (for GTP replacing ATP) upon the nucleotide insertion and
selection. After that, the GTP replacing ATP error rate can be further
reduced to ~10~* upon the nucleotide selection during catalysis (i.e.
phosphoryl transfer reaction), to be consistent with experimental
measurements [69]. It is noted that the error rates related to most
non-cognate NTP replacements range around 10> ~ 107% in T7
RNAP [69]. In comparison, the RNAP selection against dATP over
ATP proceeds partially at the initial screening or first checkpoint,
via the pre-insertion off-path dissociation, and then partially during
the nucleotide insertion. Since dATP replacing ATP error rate was
measured ~1072 [70], our calculation then suggests that catalytic
selection does not necessarily happen for the non-cognate dATP
over the cognate ATP [68]. Hence, one can see that using both the
pre-insertion and insertion as checkpoints for the nucleotide selec-
tion in T7 RNAP, the fidelity can be well controlled.

In the theoretical analyses for template-based polymerization
or elongation fidelity control in general, we have emphasized
two essential properties: (i) The initial screening or the first selec-
tion (e.g at pre-insertion) is energetically efficient to possibly sup-
port both high speed (or elongation rate) and high fidelity (low
error rate) [3]; (ii) The rate-limiting transition (e.g. the nucleotide
insertion) is substantial for the nucleotide selection, and modulat-
ing the rate of such transition impacts significantly on the fidelity
or accuracy (i.e. the error rate) [30]. Indeed, too slow the rate-
liming transition would suppress the non-equilibrium driving
force, and too fast such transition cannot allow well differentiation
for the nucleotide species, and both of which would lead to non-
optimal error rates or fidelity control. Hence, a tradeoff to a med-
ium rate of the rate-limiting transition is needed to balance the
elongation speed and accuracy [30].

5. Human mitochondrial RNAP to be resistant to antiviral
nucleotide analogues

Human mitochondrial transcription also uses a single-subunit
RNAP (or POLRMT) as the core engine, which is distantly linked
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and structurally similar to phage T7 RNAP and family A DNAPs
[11]. A similar fingers subdomain and the O-helix on the POLRMT
can be well aligned with that in T7 RNAP (see Fig. 1E). Accordingly,
the NTP substrate binding and selection mechanisms can be simi-
lar in the mitochondrial or mt-RNAP and T7 RNAP. Tyr639 from T7
RNAP has its counterpart as Tyr999 in POLRMT. It was captured
that the O-helix (986-1000) binds a sulphate ion with Arg987,
Lys991 and Lys853 [71] (corresponding to Arg627, Lys631, and
Lys472 in T7 RNAP; see Fig. 2E and D). Asp922 and Asp1151 are
the two highly conserved catalytic residues (from motif A and C)
for coordinating two magnesium ion activities for catalysis. A
clenched conformation (~25° rotation) of the fingers subdomain
around the O-helix axis was identified in the initiation complex
structure [71]. In the crystal structure of the elongation (e.g. pre-
translocation) complex of POLRMT, the active site is widened by
rotations of both the palm and fingers subdomains (10° and 15°)
[22]. Based on further modeling, it is suggested that NTP 2’-OH
may be contacted by Y999 to allow nucleotide selection.

Biochemical studies indicated that the non-cognate GTP replac-
ing ATP error rate for POLRMT is also ~10~* (dATP replacing ATP
~1073), similar or slightly better than T7 RNAP, though the kinetics
of two systems are quite different (similar Ky, but k,,; much larger
in T7 RNAP) [69]. For the NAC, both the pre-chemistry (i.e., the
open to close transition; ~80 s~!) and chemistry (~150 s~!) steps
of the PLORMT are partially rate-limiting; a post-chemistry step
(closed to open) is essentially rate-limiting (157 '); a fast reverse
of the pyrophosphate release or rebinding seems to allow
pyrophosphorolysis to serve for fidelity control even after the
chemistry step [11]. Single molecule experiments had also sug-
gested pausing or backtracking in a mt-RNAP (Rpo41 from yeast)
comparable to that of multi-subunit RNAP II [72], with the
backtracking usually a link to proofreading activity in the multi-
subunit RNAPs. Interestingly, our previous modeling and simula-
tion suggested that mutation of six residues on the O-helix of T7
RNAP to those in the mt-RNAP can lead to less O-helix opening
at pre-translocation to possibly allow RNAP backtracking [64]. The
mechanism is related to a hypothesis that the O-helix oscillation
to opening at pre-translocation would prevent backtracking.

For antiviral drug developments targeting on viral RdRp, it is of
high concern about potential drug toxicity or side effects to the
human polymerases [73,74], especially, to the single-subunit
hand-shape POLRMT, as it is structurally similar to the viral RdRps,
i.e,, the antiviral drug target. In particular, the nucleotide analogues
as non-obligate chain terminators to viral RdRps may also termi-
nate POLRMT, if being incorporated to the synthesizing RNA. The
proved drug RDV and SBV (remdesivir and sofosbuvir) are the
exemplary nucleotide analogues, however, causing no obvious side
effects to POLRMT. It is therefore important to understand if it is
due to the improved fidelity control or particular nucleotide selec-
tivity of POLRMT that prevents the RDV-TP or SBV-TP inhibition.
Computational work starts to shed light by predicting drug impacts
on the POLRMT via calculating the relative binding free energy
upon the nucleotide analog entry to the polymerase [75]. However,
as the full nucleotide selectivity comes from multiple checkpoints
in the NAC, further investigations seem necessary to reveal system-
atical fidelity control mechanisms of POLRMT.

6. Phi29 DNA polymerase with exonuclease subdomain for
intrinsic proofreading

Many double-stranded DNA viruses that infect either prokary-
otes or eukaryotes have the B family polymerase as in eukaryotes
[76]. Bacteriophage phi29 DNAP is a hand-shape B-family poly-
merase with very high processivity along DNA [77,78]. Phi29 DNAP
has an unusual thumb subdomain (small, with 45 residues, 530 to
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575; see Fig. 1F), which works as a clamp in concert with other part
of the protein to encircle the upstream duplex DNA, i.e., to enhance
the processivity. Different from other DNAPs, phi29 DNAP has
capability to unwind downstream DNA with intrinsic helicase
function, which also assists its high processivity [79]. Essentially,
Asp249 and Asp458 are identified as the catalytic carboxylates,
Tyr254 as the steric gate to distinguish dNTP and NTP, along with
Try390 occupying the NTP insertion site in an apo protein (see
Fig. 2F). Starting from a fully open conformation of the polymerase,
~19° rotation of the fingers subdomain of the DNAP leads to the
closed conformation, in which Lys371 (pre-B motif), Lys379, and
Lys383 (motif B) contact the triphosphate moiety of the incoming
dNTP, and Tyr500 (from motif KxY) contacts the priming nucleo-
tide. In contrast with the A-family polymerases with a pre-
insertion site (e.g. in T7 RNAP) for initial NTP binding, which is
occupied by a conserved tyrosine (e.g Tyr639) to unstack the tem-
plate nucleotide, the B-family DNAP has been suggested to bind
NTP directly into the insertion site, as there is no such tyrosine
counterpart to assist the template nucleotide unstacking [23]. In
the NTP insertion or substrate state, the NTP together with its tem-
plate pairing nucleotide stack on the Tyr254, along with Tyr390
nearby [23]. An incoming NTP indeed brings ~14° rotation of the
fingers subdomain from the post-translocated state (open or
semi-open) to the substrate state (closed) [23]. Re-opening of the
fingers subdomain would let Tyr390 to occupy the insertion site
again, where Tyr390 and Tyr254 form stable stacking. In addition,
rotation of Tyr390 can also break hydrogen bonding with Tyr226
(from motif I/JYXGG/A) that is involved in template and primer
DNA binding.

Aside from the polymerase region (190-575) with the palm, fin-
gers, and thumb subdomains similar to that of the above RdRps or
RNAPs, phi29 DNAP also has an exonuclease subdomain (5-189) at
N-terminal region to support its intrinsic proofreading activity (see
Fig. 1F). Note that the replicating DNAPs usually have much more
stringent fidelity control (i.e., with error rates ranging 10~ to
107°) than that of RNAPs or RdRps. The fidelity control of the repli-
cating phi29 DNAP had been examined previously, with nucleotide
insertion selectivity, mismatch elongation and proofreading activ-
ities well identified [12,80]. The exonuclease subdomain is struc-
turally conserved across A, B, and C families of polymerases, in
which two metal ions are bound with four catalytic carboxylates
(Asp12, Glu14, Asp66, and Asp169) [78]. Structural and mutation
studies further show that Thr15, Asn62, Phe65, Tyr148, and
Leu567 directly contact ssDNA, mutations of Try59, Phe69,
Ser122, His61 impact on ssDNA binding, and mutations of Lys143
and Try165 away from the active site also lower the exonuclease
activities without changing much the ssDNA affinities.

The proofreading dynamics of Phi29 had also been measured at
single molecule level [81], suggesting the DNA primer transferring
via two intermediate conformations, one with mechanic force sen-
sitivity and one paused for fidelity check. More recent work shows
that Tyr101 and Thr189 particularly coordinate polymerization
and exonuclease activities via modulating processivity and fidelity
check, respectively [82]. The switching dynamics from polymeriza-
tion to editing/exonuclease state in a comparable high-fidelity
DNAP is also approached computationally lately, with above mil-
liseconds of the switching dynamics and transition path explored
[83]. The mechanisms revealed from primer transfer dynamics in
the above DNAP system may not directly suggest how comparable
events happen in the proofreading of the SARS-CoV2 replication
system, as a separate ExoN protein nsp14 is needed to be assem-
bled with nsp12, i.e., the CoV-2 RdRp, to achieve such a function.
Nevertheless, lessons learned from Phi29 DNAP as the minimal
viral replication machine would help to understand comparatively
how fidelity control mechanisms evolve in diverse single-subunit
hand-shaped polymerases, which might be evolutionarily
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connected. Interestingly, a recent work suggests that RNAPs and
replicative DNAPs had evolved from a common ancestor that func-
tioned as an RdRp in the RNA-protein world that predated the
advent of DNA replication [84].

In a broad context, one can also compare multi-subunit RNAPs
from bacteria and eukaryotes with the single-subunit polymerases
addressed above. Despite striking differences in the overall molec-
ular shape, crucial structure elements, and regulatory mechanisms
between the multi-subunit and single-subunit polymerases, one
can still find their essential similarities, e.g., the active sites harbor-
ing the metal ions for catalytic addition of NTP, the entry and exit
tunnels for NTP recruitment and RNA transcript/primer, respec-
tively [85,86]. In addition to fidelity control mechanisms addressed
previously [2,4], comparative studies on the nucleo-sugar selection
of the multi-subunit RNAPs with respect to the single-subunit spe-
cies, for example, have been conducted recently [87]. In particular,
backtracking related proofreading mechanism plays an important
role in the multi-subunit RNAPs for improving fidelity [2,88]. Nota-
bly, comparable backtracking events have also been identified
quite recently in the SARS-CoV-2 replication-transcription com-
plex consisting of the RARp nsp12 and the helicase nsp13
[89,90], using cryo-EM techniques and unbiased MD simulation
methods.

7. Conclusion

The viral polymerases we have discussed here all contain fin-
gers, palm, and thumb subdomains, and these single-subunit
enzymes are more or less connected evolutionarily [91-93].
Among the RdRps, seven conserved motifs have been identified,
with A-E in the palm subdomain, F&G in the fingers subdomain.
The A-D motifs can be also identified in T7 RNAP and human mt-
RNAP or POLRMT, which are similar to A-family polymerases,
while phi29 DNAP belongs to B-family polymerases. In the viral
RdRps, motif A, B, D are mainly responsible for incoming NTP bind-
ing and hence the selection. Additionally, motif F&G can interact
closely with template nucleotide to be paring with the incoming
NTP. Hence, motif F&G may also participate in the nucleotide selec-
tion. Such selectivity is usually conducted upon initial NTP binding,
during NTP insertion, and via the catalytic step. A pre-insertion site
is located in T7 RNAP and some other A-family polymerases
[18,21,23], e.g., as a conserved tyrosine assists unstacking the tem-
plate nucleotide from the upstream DNA. Such a pre-insertion site
allows efficient initial selection or screening of the nucleotide spe-
cies, for example, via on-path (trapped, with dissociation barrier)
and off-path (non-trapped, no dissociation barrier) configurations
for the cognate and non-cognate nucleotides, respectively, as
revealed from our previous modeling and simulations [65,68]. No
such a pre-insertion site exists in the viral RdRps or B-family poly-
merases, so it is to be determined quantitatively how initial
nucleotide screening is possibly conducted in these systems. Fur-
ther nucleotide selection relies substantially on the nucleotide
insertion step, which is accompanied by open to close protein sub-
domain or active-site conformational transition, pre-chemically,
and is often rate-limiting (or partially rate-limiting). In the viral
RdRp, only subtle conformational changes around the active site
or in the palm subdomain are expected, while A-family poly-
merases can have large fingers subdomain rotation to accompany
with the nucleotide insertion and selection. The corresponding
energetics have been revealed computationally for T7 RNAP [68],
and can be explored similarly for viral RARp systems. The catalytic
nucleotide selection can be probed from experimental measure-
ments (i.e., on kpo; OF k;may), yet it is complicated by whether the cat-
alytic step is rate-limiting (or partially rate-limiting); an exact
quantification may require quantum chemical -calculations.
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Besides, from knowledges of the viral RdRp systems, post-
chemical nucleotide selections such as pyro-phosphorolysis and
translocation related chain termination are also feasible, which
add further complications to the nucleotide selectivity of these sys-
tems. Last, proofreading or editing that serves for fidelity improve-
ments turns out to be critical, in particular, for the large-genome
coronavirus replication systems, thus it awaits further investiga-
tions for antiviral developments.
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