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Model Open vs Post-Translocation (PDB: 6YYT)
Total: 10 A of 3' RNA-Primer: Palm-Fingers-Thumb:
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Total: 10 A of 3' RNA-Primer: Palm-Fingers-Thumb:

RMSD 0.69 A RMSD 0.65 A

Figure S1. Alignment with RMSD variation of the following comparisons of SARS-CoV-2 RdRp modelled
structures used in simulation: modelled open conformation (transparent, PDB:7BV2)! versus the more
recent post-translocation structure (PDB:6YYT)?2 modelled open conformation (transparent) versus
modelled closed conformation (PDB:7BTF)3, modelled closed conformation (transparent) versus the more
recent pre-catalytic structure (PDB:7UQ7)* Key subdomain colors have been correlated to main text
Figure 1: pink-palm, green-thumb, blue-fingers. Left: RMSD of alignment of total protein and total protein
structures aligned. Center: RMSD of alignment of all protein residues within 10 A of the 3> RNA-primer.
Right: RMSD of alignment of palm-fingers-thumb subdomain alignment with palm-fingers-thumb
subdomain structure (right) and active site structure (center).
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Figure S2. The root-mean-square deviations (RMSDs) of SARS-CoV-2 RdRp structural subdomains
(backbone atoms), RNA (phosphate backbone), and NTP (heavy atoms) measured from equilibrium
ensemble MD simulations (10x100 ns each system). The RMSDs are shown from top to bottom for cognate
ATP, drug analog RDV-TP, non-cognate dATP and GTP upon initial binding (active site open; left) and
insertion (active site closed; right) states. The subdomains are shown in different colors: fingers (blue).

Palm (pink), thumb (green), RNA (red), and NTP (black).
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Figure S3. The root-mean-square deviations (RMSDs) of RdRp structural motifs (backbone atoms)
measured from equilibrium ensemble MD simulations (10x100 ns each system). The motif RMSDs are
shown from top to bottom for ATP, RDV-TP, dATP, and GTP upon initial binding (active site open; left)
and insertion (active site closed; right) states. The key motif RMSD are displayed in different colors: motif
A (gray), Motif B (orange), Motif C (green), Motif D (Pink), and motif F (purple). Structural representations
of those motifs along with NTP, uracil template nucleotide, and two catalytic MG ions are shown for each
simulation system. The dotted black line indicates the reference group of motifs (B & C) for systems of
inserted ATP/RDV-TP.



Table S1. Average Motif RMSD from the initial binding equilibrium ensemble simulations using the
closed state energy-minimized structure as reference. Units are in Angstrom.

Open State ATP RDV-TP dATP GTP
Motif A 1.6+03 1.7¢05 1.7+04  1.8+0.3

Motif B 1.3+04 1.2+03 1.3+03 1.2+0.2
Motif C 1.4+05 1.3+04 1.4+05 0.9%++0.2
Motif D 1.6+04 1.6+04 18406 1.6+0.3
Motif E 1.4+05 1.3#03 1.6+05 1.3#0.3
Motif F 1.6+0.3 15+03 14+0.2 1.6+0.3
Motif G 14+0.3  1.3%0.3 14+0.3  1.3+0.2

Table S2. Average Motif RMSD from the insertion equilibrium ensemble simulations using the closed
state energy-minimized structure as reference. Units are in Angstrom.

Closed State ATP RDV-TP dATP GTP

Motif A 1.4+03 1.1+0.2 1.3+03 1.1+0.2
Motif B 1.0+0.2 0.8+0.2 1.0+0.3 1.1+0.2
Motif C 0.9+0.2 0.8+0.2 1.0+0.3 0.8+0.2
Motif D 1.5+0.3 1.3+0.3 14+04  1.4+03
Motif E 1.2+04 1.1+03 1.2+04 1.0+0.3
Motif F 1.3+0.2 1.1+0.2 1.3+03 1.3%0.2
Motif G 14+0.3 15+0.3 1.6+05 2.1+04



Table S3. Umbrella Sampling Parameters: force constant k for each NTP insertion path and total number
of windows used. T specifies the system with forcing on the template +1 nucleotide.

Forward k Backward k

kcal kcal # of

NTP (mol AZ) (W) windows
GTP 501 501.9 24
GTP} 250 501.9 24
dATP 501 250.95 21
dATPY 501 250.95 35
ATPY 501 501 26
RDV-

TP 125 125 21
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Figure S4. The potentials of mean force (PMFs) calculated for various NTPs from initial binding (active
site open) to the insertion (closed) state via umbrella sampling simulations. The difference of RMSDs with
respect to open and closed reference structures, i.e., DRMSD © RMSD (X, Xopen)- RMSD(X, Xclosed)®, Was
used as the reaction coordinate in the PMF construction. The upper left panel shows the PMFs for GTP,
with (dark green) and without (light green) force on the template +1 nucleotide. In both cases, PMFs are
shown in comparison with the PMFs obtained for cognate ATP (blue) and drug RDV-TP (pink)®. The upper
right panel shows the PMFs for dATP, with (dark purple) and without (magenta) force on the template +1
nucleotide. The lower left and lower right panels display convergence plots of PMFs for GTP and dATP,
respectively, in current umbrella sampling simulations, without force implemented to the template +1

nucleotide.
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Figure S5. A-B: Open and closed conformation equilibration results for subdomain RSMD (mean of 10
trials) for JATP (A) and GTP (B) after fingers subdomain alignment, mean of 10 trials. ATP and RDV-TP
RMSD are available in our previous work figure S12 and S14.° C: Open and closed conformation key dATP
H-bond donor-acceptor distances as identified in umbrella sampling initial binding (see main text Figure 7
and SI Figure S2), mean of 10 trials. D: Open and closed conformation key GTP H-bond donor-acceptor
distances as identified in umbrella sampling initial binding (see main text Figure 7 and Sl Figure S2),
mean of 10 trials.
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Figure S6. Distance coordination of Mg?* ions: MgA-3> RNA Primer P and MgB-NTP BP; for cognate
ATP, non-cognate dATP, and non-cognate GTP, with MgA and MgB the two-metal ions essential for
catalysis.® Left: mean of 10 trials for open initial binding conformation model. Center: example equilibrium
structures of labelled Mg?* with NTP-template and 3° RNA primer-RNA primer template shown. A third
MgC ion is also shown, which was captured from an early version PDB structure (7BV2)!. Right: mean of
10 trials for closed insertion conformation model. See Romero et al, 2021° for a discussion of RDV-TP
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Figure S7. NTP and 3’-end primer association geometries sampled from equilibrium ensemble simulations.
The geometric measures (see Methods) are shown between the 3’-end primer and individual incoming NTP
from top to bottom: ATP, RDV-TP, dATP, and GTP are demonstrated, upon initial binding (left) and
insertion (right) for each NTP species. Licorice representations of the NTP and 3’-end primer show the
dominant geometries for each simulation system. Distance is measured by the center of mass between the
bases. Base plane angle is measured using the C1’-C2-C5 (3’ end primer) and C1°-C7-C5 (NTP).
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Figure S8. The hydrogen bonding (HB) occupancy from the equilibrium ensemble simulations for each
NTP, shown from top to bottom: ATP, RDV-TP, dATP, and GTP, upon initial binding (open, left) to
insertion (closed, right). Each unique HB interaction >10% population is considered. Two color-code sets
are used: protein-NTP interactions are shown brown (polyphosphate), red (sugar), and blue (base);

template-nt / 3” end primer-NTP interactions are shown light brown (polyphosphate), light red (sugar), and
light blue (base).
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Figure S9. The hydrogen bonding (HB) occupancy from the equilibrium ensemble simulations for protein-
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generate converged PMFs. For dATP, 21 windows of 60 ns are used with 501 (mol AZ) force constant on
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Figure S11. Results from steered MD (SMD) pulling GTP from the insertion (active-site closed) state well

towards the initial binding (open) state at a rate of 1 A/ns (force constant 2.4 k:lagz). The reaction coordinate

(RC) in pulling simulations, defined as the distance between the GTP and the active center (the center of
mass of all «C within 10 A of the 3° RNA primer), is shown on the left panels. Instantaneous force applied
in the SMD simulations is shown on the right panels. Raw data values, 100 window smoothed curves, and
10 window smoothed curves are drawn. +1 standard deviation of the RCs in the open and closed wells from

umbrella sampling are included (as the gray and pink bars on the left panels). Trial simulation 01 was run
to a total of 550 ns. The other two trials 02 and 03 were run to a total of 300 ns.
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Figure S12. Results from steered MD (SMD) pulling dATP from the insertion (active-site closed) state

well towards the initial binding (open) state at a rate of 1 A/ns (force constant 2.4 ;:lagz). The reaction

coordinate (RC) in pulling simulations, defined as the distance between the dATP and the active center (the
center of mass of all aC within 10 A of the 3> RNA primer), is shown on the left panels. Instantaneous force
applied in the SMD simulations is shown on the right panels. Raw data values, 100 window smoothed
curves, and 10 window smoothed curves are drawn. +1 standard deviation of the RCs in the open and closed

wells from umbrella sampling are included (as the gray and pink bars on the left panels). All trial
simulations were run to a total of 300 ns.
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Figure S13. The NTP-template association geometry distributions obtained from the umbrella sampling
simulations (for PMF calculations) in comparison with that from ensemble equilibrium simulations for
various NTP species. A kernel density estimate has been used to visualize the data. Each simulation system
(open to closed, for ATP, RDV-TP, dATP and GTP as in main Figure 2 and Figure 4), the equilibrium
ensemble distribution is shown (blue) along with that obtained from the umbrella sampling (w/ force on
template in orange; w/out force on template in green). The black dot indicates the reference state used to
generate the initial paths for the umbrella sampling, and grey dot the reference state used in the alchemical
calculations from previous study ’.
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Figure S14. The hydrogen bond (HB) occupancy in umbrella sampling trajectories representing the initial
binding (open) state minima for each NTP simulation system. The upper panel shows the HBs for each
NTP from protein/template +1 nt/3’-end primer. The lower panel shows the protein HBs on the template
+1 nt/3’-end primer. For each NTP (ATP, RDV-TP, dATP, and GTP), only unique HB interactions with a
population greater than 10% are considered.
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Table S4. Hydrogen bond interactions stabilizing/trapping cognate ATP, cognate RDV-TP, non-cognate
dATP, and non-cognate GTP upon initial binding.

Initial binding ATP dATP RDV-TP GTP
hydrogen
bonding (HB)
interactions
Template uracil | With ATP base two | With dATP base Stacking with Motif F
HBs; with motif-F | one single HB; RDV-TP base; K545&A558 on
K545 and motif-G motif F K545 and motif F K545 template base;
S501 motif G S501 and motif G Motif G K511 on
S501 template
backbone
NTP-base With template two | One HB with Motif B S682;
HBs each ~50% template nt+1,; stacking with
occupancy motif F T556 & template nt+1
K545
NTP-sugar With motif-C D760 | 3’-OH with motif With motif-A
C D760; with 3°- D623
end primer
3’-end primer Transient HB with | With dATP-sugar;
motif C S759 motif C S759;
motif F K545/R555
NTP-phosphate | motif F motif F K551 Motif F
(K551/R553/R555) K551/R553 salt-
bridge;
Motif A D623,
K621
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Figure S15. Stereoscopic views of main Figure 6A (top) and Figure 6B (bottom). GTP, 3’ RNA primer,
template, motifs A, B, C, F and G are shown. The color scheme is the same as Figure 6.
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Figure S16. Stereoscopic views of main Figure 7A (top) and Figure 7B (bottom). dATP, 3> RNA
primer, template, motifs B, C, F and G are shown. The color scheme is the same as Figure 7.
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Figure S17. A summary of previous work on the insertion PMFs of ATP and RDV-TP®. A: The PMFs of
insertion demonstrate that the free energy barrier (h™™) can vary depending on whether there is force
implemented on the template +1 nt: w/force, insertion of ATP/RDV-TP results in a lowered/increased
barrier comparing with the case w/o force. Labelled energy values are reported in (kcal/mol). B: It is shown
that starting from the base stacking configuration between RDV-TP and template +1 nt w/o force (left), the
interactions between the motif F residues (K551, R553, R555) and the polyphosphate are destabilized (i.e.,
to lower the RDV-TP insertion barrier) comparing to w/force (right). C: It is shown that implementing the
force on the template stabilizes the Watson-Crick base pairing between ATP and the template and enhances
the interactions between the motif F residues (K551 and R555) and the polyphosphate, facilitating the
insertion (lower the ATP insertion barrier).
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Table S5. Sequence alignment of total RdRp and key motifs for SARS-CoV-2 compared to corresponding
RdRps from Poliovirus (PV), Enterovirus-71 (EV), and Hepatitis C (HCV). Percent sequence alignment is
reported for total as calculated with UniProt.2 Motif sequences with bold overlap are also reported from
literature®1%1! (PV and HCV) or from UniProt sequence alignment of motif +10 residues of PV (EV).

SARS-CoV-2 PV EV HCV

7BV2! 30LB® BKWQ?!? AWTA?

Total Sequence

Alignment 15.30% 16.30% 20.30%

Motif A -
PHLMGWDYPKCDR | EEKLFAFDYTGYDAS | PGSLFAFDYSGYDA | PMGFSYDTRHFDST
AM L SL \Y

Motif B

GGTSSGDATTAYA RCRASGVLTTSCG
NSV GGMPSGCSGTSIFNS | GGMPSGCSGTSIFN | NTL
FNICQAVTANVNAL | M SM TCYLKASAACRAA
LS INNLIIRTLLLKTYKG | INNHIRALLIKTFKG | KLQ

Motif C

FSMMILSDDAVVCF | LKMIAYGDDVIASYP | LNMVAYGDDVLAS | CTMLVNGDDLVVI
N H YPF CE

Motif D

ASQGLVASIKNFSV IDCLELAKTGKEYG

L VDASLLAQSGKDYGL | L TQEDAASLRVFTEA
YYQNNVFMSE TMTPA TMTPA MTRYSAPPGDPP
Motif E

HEFCQHTMLV VTFLKRFFRAD ATFLKRGFLPD ITSCSSNVSVA
Motif F

LKYAIS----- AKN- VKDELRKTKVEQGKS AKNEVPEKGGR-
RAR RLI LPYSTUVKDELRSI | KPARLI

Motif G

DKSAGFPFNKWGK

ARL ALDLSTSAGY ALDLHTSAGY LTPPHSAKSK
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