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Supplementary Figures
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Figure S1. Validation of the convergence of the simulations. (A) A cartoon showing
the distance between P, atom of NTP and the O3’ atom of the 3’-terminal nucleotide in
the nascent strand. (B) The P,-O3’ distance calculated using 5x50ns (in green),
5%100ns, 5x150ns and 5%200ns (in light purple) simulations for RdRp with wildtype
RNA system (“wildtype RNA”). (C) Similar to (B) but for the RdRp with Remdesivir
(RDV) embedded at +/ site of the template strand (“RDV at +/ site”). (D) A cartoon
showing the hydrogen bonds for base pair at the active site. (E) Hydrogen bonding
probability for the UTP:A pair at the active site in the “wildtype RNA” system
calculated using 5x50ns (in green), 5x100ns, 5%150ns and 5%200ns (in light purple)
simulations. (F) Similar to (E) but for the UTP:RDV pair at the active site in the “RDV
at +/ site” system. (G) A cartoon showing the base stacking between UTP and the 3°-
terminal nucleotide in the nascent strand. (H) The base stacking angle computed using
5%50ns (in green), 5x100ns, 5x150ns and 5x200ns (in light purple) simulations for the
“wildtype RNA” system. (I) Similar to (H) but for the “RDV at +/ site” system.
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Figure S2. The RMSD of C, atoms of nsp12 versus time in the five 200ns MD

simulations. All the 926 C, atoms in nsp12 were used for the structural alignment and
RMSD calculations.
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Figure S3. (A) The distance between the oxygen atom in the backbone of A558 and
C1’ atom of RDV/Adenosine (RA) for RdRp systems with wildtype-RNA (cyan) and
RDV at +1 site (orange). (B) Typical conformation exhibiting A558 with RA in the
wildtype RNA system. (C) Typical conformation showing A558 moving away from
RDV at +1 site of the template strand.
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Figure S4. The conformations of AS58 along the MD simulations. The red line with
circles denotes the distance between A558 and the C1” atom of Remdesivir at +/ site of
template strand along the MD trajectories. Each symbol labels the mean distance
averaged by five trajectories using 5ns as a window. The transparent red background
represents the standard deviations. The energy minimized conformation as well as the
MD snapshots at 20ns, 40ns, 60ns, 80ns and 100ns from one random trajectory of the
“RDV at +/ site” system are shown as inset, where the energy minimized conformation
of the “wildtype RNA” system is shown in white for comparison.
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Figure S5. Examination over the stability of active site using MD simulations
initiated from different models. (A) The distance between P, atom of NTP and the
03’ atom of the 3’-terminal nucleotide of the nascent strand. (B) The hydrogen bonding
probability for the base pair at the active site. (C) The base stacking angle between NTP
and the 3’-terminal nucleotide. (D) The distance between A558 and adenosine(RA)
/Remdesivir(RDV) at the +/ site of template strand. In (A)-(D), the first column is the
cartoon showing the structural feature under investigation, and the second and third
columns demonstrate the results for the “6YYT-4WTD” model and the “7BZF-4WTD”

model, respectively.
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Figure S6. Evaluation of the hydrogen bonding probability between the template
and nascent strand at both the pre- (pre-T) and post-translocation (post-T) states.
(A) The hydrogen bonding probability when RdRp is in the pre-T state with wildtype
RNA (grey) and RDV at +2 site of the template strand (green). (B) The hydrogen
bonding probability when RdRp is in the post-T state with the wildtype RNA (grey) and
RDV at +1 site of the template strand (green).
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Figure S7. The conformations along the preliminary translocation pathway
generated by Climber algorithm. The adenosine (RA) translocating from +2 to +/
site is shown in blue. For each conformation, the RMSD relative to the conformation
of the post-translocation state is shown below, and all the heavy atoms of nucleotides
were included for the RMSD calculations.
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Figure S8. Estimation the capability of maintaining the pre-catalytic conformation
for wildtype-RdRp and RdRp with V557L single-point mutation. (A) Cartoon
model showing the distance between P, atom of the NTP and O3’ atom of the 3’-
terminal nucleotide of product strand. (B) The histogram of P,-O3’ distance. (C)
Cartoon model showing the hydrogen bonds for base pairing at the active site. (D) The
mean values and standard deviations of hydrogen bonding probability. (E) Cartoon
model showing the dihedral angle between the base of NTP and the base of 3’-terminal
nucleotide of product strand. (F) The histogram of the base stacking dihedral angles. In
(B), (D) and (F), the results of wildtype-RdRp (grey) are in comparison with that of
V557L mutant RdRp (violet).
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Figure S9. Investigation into the orientation of V557/VS557L in the system
containing RDV in the template strand. (A) Density plot of dpp. versus ds.. for
wildtype RdRp with RDV at +2 site. (B) Similar to (A) but for RdRp upon V557L
mutation. The simulations of RdRp with RDV at +2 site of template strand in the pre-
translocation state were adopted for the computation.
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Figure S10. The dsRNA conformation at the active site in our model and two cryo-
EM structures of SARS-CoV-2 RdRp. (A) Our model with NTP (in green) bound at
the active site (+/ site) and not covalently bonded with the 3’-terminal of nascent strand
at -/ site (in red). (B) The 7BZF structure with an unoccupied active site and the 3’-
terminal nucleotide of the nascent strand is at -/ site. (C) The 7BV2 structure with the
3’-terminal of nascent strand (in red) occupying the active site (+/ site) and the
pyrophosphate ion (PPi, in dark yellow) is also located at the active site. In (A)-(C), the
nascent strand and the template strand are shown in red and cyan, respectively.
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Figure S11. Comparison of the conformation before (in steelblue) and after (in
green) energy minimization.
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Figure S12. Comparison of the initial positions of NTP (shown in sticks) and Mg2+
ions (shown in spheres) in our model with that in the two new models.
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Figure S13. Identifying the translocating intermediates based on the distance
between RA and V557/VS57L versus the RMSD of dsRNA to the pre-T state
during translocation. The distance was measured as the minimum distance between
the heavy atoms of the sidechain of V557(black)/V557L(red) and all heavy atoms of
RA. The RMSD of the heavy atoms of dsSRNA was computed against the pre-T state.
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Figure S14. K-center clustering based on the conformational similarity of the MD
conformations initiated from the translocation pathway of Remdesivir from +2 to
+1 site in wildtype RdRp. The representative conformation from each cluster is shown.
The representative conformation is defined as the conformation with the base stacking
angle close to the mean value of the cluster. Below each representative conformation,
the population of the respective cluster is labelled. The mean values and standard
deviations of the base stacking angles for the conformations within each cluster were
also computed and displayed.
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Supplementary methods

1. MD simulations of SARS-CoV-2 RdRp with UTP occupying at the active site
1.1. SARS-CoV-2 RdRp with wildtype double-stranded(ds) RNA
1.1.1. Construction of the structural model

In order to investigate if the NTP incorporation is directly perturbed at the active
site when Remdesivir is present at +/ site of the template strand, we need to construct
a model of pre-catalytic state with NTP binding at the closed active site (Fig. SI0A).
The cryo-EM structure of SARS-CoV-2 nsp12-nsp7-nsp8 RdRp complex in the post-
translocation state (PDBID:7BZF") was used as the structural basis for constructing our
atomic model. We chose 7BZF cryo-EM structure as the structural basis because the
RdRp is in the post-translocation state with an unoccupied active site (+/ site), i.e. the
3’-terminal of the nascent strand is at -/ site (Fig. S10B). This structure provides similar
dsRNA conformations (shown in red and cyan in Fig. S10) as in the pre-catalytic state
(Fig. S10A), which allows us to directly obtain the NTP and Mg”" ions by structural
alignment to the norovirus RdRp (PDBID: 3H5Y?) in the pre-catalytic state. Missing
atoms and residues were modelled using Modeller 9.21°. To achieve a structural model
of SARS-CoV-2 RdRp with a closed active site, the side chains of surrounding residues
D760, D761, D618, Y619 and D623 were modified by aligning to the norovirus RdRp
by C, atoms in proteins™. Harmonic constraints were added between Zn>" ions and
their coordinated protein residues including C301, C306, C310, H295, C487, C645,
H642 and C646. Two extra nucleotides in the downstream region of the template strand
(+2 site and +3 site) were modelled based on the cryo-EM structure of SARS-CoV-2
RdRp in the pre-translocation state (PDBID:7C2K"). The Remdesivir incorporated at -
I site of nascent strand in the cryo-EM structure (PDBID:7BZF') was modified using
Co0t0.8.7° to ensure the nascent strand contains natural nucleotides. The base pair at
the active site (+/ site) was modified to UTP:A using Coot0.8.7° to allow for the
subsequent substitution of A with Remdesivir to investigate the inhibitory effect. The
protonation states of amino acids were predicted using propka3.0 module’ in the
pdbpqr2.2.19 package®. The whole complex was solvated with 70,041 TIP3P water
molecules’ in a dodecahedral box with the box edge at least 12 A away from the surface
of the complex. Sufficient counter ions (31 sodium ions) were inserted to neutralize the
system.

1.1.2. MD simulations

We used ff14SB amber force field '*"? and amber chiOL3 force field to simulate
the protein and RNA, respectively. The parameters of Remdesivir obtained in the
previous study’ were used and modified to be compatible with amber OL15 force
field'"". For UTP or Remdesivir in the triphosphate form, parameters for the
triphosphate moiety were taken from those developed by Meagher et al'.

The whole system was energy minimized by two steps. First, a 10,000-steps
energy minimization was performed by position restraining the heavy atoms with a
force constant of 10 kJxmol'xA™ ~Afterward, another 10,000-steps energy
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minimization was performed without restrains. No obvious conformational change has
been observed with a RMSD as low as ~ 0.6A (Fig. S11) when all the C,, atoms, the
heavy atoms of nucleotides, NTP and the two Mg”" ions were included for the RMSD
calculation. After energy minimization, one 200 ps position restraint simulation was
performed under NVT ensemble (T=300K) by restraining the heavy atom with a force
constant of 10 kJxmol'xA™, followed by another 500 ps position restraint simulation
under NPT ensemble (T=300 K, P=1 bar). The last conformation of the position
restraint simulation was used to conduct one 50 ns simulations under NPT ensemble
(T=300 K, P=1 bar). The last conformation of the 50 ns equilibrated simulation was
adopted to seed five 50 ns MD simulations under NVT ensemble (T=300 K) with
different initial velocities. Temperature annealing was performed from 50 K to 300 K
in the first 2 ns. The V-rescale thermostat'® was applied with a coupling constant of 0.1
ps. The Lennard-Jones interactions were smoothly switched off from 10 A to 12 A. The
short-range electrostatic interactions were cut off at 12 A and the long-range
electrostatic interactions were treated with the Particle-Mesh Ewald (PME) summation
method'®. The neighbor list was updated every 10 steps. The MD snapshot was saved
with an interval of 20 ps. The first 10 ns was removed before performing the analysis.

To evaluate the convergence of sampling, we have further extended the
simulations to 200 ns to achieve the conformational ensemble of 5%x200ns for
examining the stability of NTP and its capability to maintain the catalytically active
conformation at the active site (Fig. S1).

All the simulations in the current work were performed by Gromacs 5.0"”.

1.2. Other SARS-CoV-2 RdRp models with UTP occupying at the active site
1.2.1. Model construction
(1) RdRp with Remdesivir embedded at template strand

The last conformation of the 50 ns equilibrated simulation of RdRp with wildtype
dsRNA (Section 1.1.2) was used as the structural basis, and we manually modified the
adenosine at +/ site of template strand to RDV, in order to achieve the structural model
of RdRp with RDV embedded at +/ site of the template strand.

(2) V557L mutant RdRp with wildtype dsRNA

Based on the last conformation of the 50 ns equilibrated simulation of wildtype
RdRp with wildtype dsRNA (Section 1.1.2), we made the Val-to-Leu mutation by
pymol'® to achieve the model of V557L mutant RdRp with wildtype dsRNA.

1.2.2. MD simulations

For each of the above models, we performed the MD simulations as below:

(a) 10,000-steps energy minimization by position restraining the heavy atoms
with a force constant of 10 kJxmol'xA™;

(b) 10,000-steps energy minimization without restrains;

(c) 200 ps position restraint simulation under NVT ensemble (T=300 K) by
restraining the heavy atom with a force constant of 10 kJxmol'xA™;

(d) 500 ps position restraint simulation under NPT ensemble (T=300 K, P=1 bar);
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(e) the last conformation of the position restraint NPT simulation was used to
randomly seed five 50 ns MD simulations under NVT (T=300 K) ensemble
with temperature annealing from 50 K to 300 K in the first 2 ns.

In the simulations, the same parameters as used in Section 1.1.2 were utilized. For

the model constructed in Section 1.2.1(1), we have extended the simulations to 200 ns
for convergence validation (Fig. S1).

2. MD simulations of SARS-CoV-2 RdRp in the pre-translocation state
2.1. SARS-CoV-2 RdRp with wildtype dsRNA
2.1.1. Model construction

The cryo-EM structure of SARS-CoV-2 RdRp (PDBID:7C2K") was used to
construct the model of RdRp in the pre-translocation (pre-T) state. The missing side
chains of protein residues were modelled by aligning the structure to the cryo-EM
structure of SARS-CoV-2 RdRp (PDBID:6YYT') based on C, using Modeller 9.21°.
Based pair at +/ site was mutated to U:A and the nucleotide at +2 site of the template
strand was mutated to A using Co0t0.8.7°, to be compatible with the sequence of the

post-translocation state. The whole complex was solvated with TIP3P water molecules’
in a dodecahedral box (148.1Ax148.1Ax148.1A) and neutralized by counter ions.

2.1.2. MD simulations

We performed multiple steps of energy minimization and position restraint

simulations to gradually relax and fully equilibrate the simulation complex as follows:

(a) 10,000-steps energy minimization by position restraining the heavy atoms
with a force constant of 10 kJxmol'xA™;

(b) 10,000-steps energy minimization without restrains;

(c) 200 ps position restraint simulation under NVT ensemble (T=300K) by
restraining the heavy atom with a force constant of 10 kJxmol'xA;

(d) 500 ps position restraint simulation under NPT ensemble (T=300 K, P=1 bar);

(e) the last conformation of position restraint simulation was used to conduct one
50 ns simulations under NPT ensemble (T=300 K, P=1 bar);

(f) the last conformation of the 50ns equilibrated simulation was adopted to seed
five 50 ns MD simulations under NVT (T=300 K) ensemble with different
initial velocities and the temperature was gradually increased from 50 K to
300 K in the first 2 ns.

In the simulations, the same parameters as used in Section 1.1.2 were utilized.

2.2. Other SARS-CoV-2 RdRp models in the pre-translocation state
2.2.1. Model construction
(1) Wildtype RdRp with Remdesivir embedded at template strand

The last conformation of the 50 ns equilibrated simulation of RdRp with wildtype
dsRNA (Section 2.1.2) was used as the structural basis. RDV was modelled to the +2
site in the template strand to achieve the structural model of RdRp in the pre-T state
with RDV embedded at +2 site of the template strand.
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(2) V557L mutant RdRp with wildtype dsRNA

We used the last conformation of the 50 ns equilibrated simulation of RdRp in the
pre-T state (Section 2.1.2) and made the Val-to-Leu mutation by pymol'® to achieve the
model of V557L mutant RdRp in the pre-T state with wildtype dsRNA.

(3) V557L mutant RARp with Remdesivir embedded at template strand

Base on the structure of RdRp in the pre-T state with V557L mutant constructed
in Section 2.2.1(2), we modified the adenosine at +2 site of template strand to achieve
the structural model of V557L mutant RdRp with Remdesivir at +2 site.

2.2.2. MD simulations

For each of the above models, we performed the multiple steps as described in
Section 1.2.2 for the MD simulations.

3. Generating the preliminary pathways connecting the pre- and post-
translocation states

3.1. Constructing the structural models of pre- and post-translocation states

The structural model of pre-translocation state constructed in Section 2.1.1 was
used as the structural basis and one base pair located at the upstream terminal of the
template-nascent duplex was removed to achieve a pre-T model containing nucleotides
from +4 to -9 site. To investigate the translocation by one base pair, we would require
a post-translocation (post-T) model with nucleotides from +3 to -0 site. To achieve
such a RdRp model, the cryo-EM structure (PDBID:7BZF") was used as the structural
basis. Missing atoms and residues were modelled using Modeller 9.21°. As the cryo-
EM structure contains the nucleotides from +/ to -9 site, we added one extra pair in the
upstream region of the template-nascent duplex and two extra nucleotides in the
downstream region of the template strand by aligning to the cryo-EM structure of
SARS-CoV-2 RdRp (PDBID:7C2K"). The sequence of the nucleotide in the post-T
state was also mutated by Coot0.8.7° to ensure the sequence is shifted by one base-pair
position compared to the pre-T state.

To generate preliminary pathway for RdARp V5571 mutation, we collected the MD
conformations based on the model constructed in Section 2.2.1(2) and performed K-
center clustering® based on the root mean squared deviation of the heavy atoms of
V557L. We generated 5 states in total with the most populated state containing 80.2%
MD conformations. The central conformation of this dominant state of V557L mutant
RdRp was then chosen as the basis for constructing the pre-T and post-T states with
V557L mutation. In particular, for the V557L mutant RdRp in the pre-T state, the base
pair at the most upstream region of the RNA duplex was removed. Such a pre-T model
also lays the foundation for constructing the V557L mutant RdRp in the post-T state,
where the 3’-terminal nucleotide at the product strand and the downstream terminal
nucleotide of template strand were removed from the pre-T model. The sequence of the
nucleotide in the post-T state was also mutated by Coot0.8.7° to ensure the sequence is
consistent with the pre-T state.
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3.2. Generating the preliminary pathways

We first performed energy minimization for both the pre- and post-T models using
Energy Calculation and Dynamics (ENCAD)*' algorithm. Afterwards, we applied
Climber algorithm®* to generate the preliminary pathways to connect the energy
minimized pre- and post-T conformations of the SARS-CoV-2 RdRp with dsRNA (Fig.
S7). A 500-steps Climber simulation was performed to gradually drive the dSRNA from
the pre-T state to the post-T state with an external energy applied on dsRNA while the
protein is frozen. These procedures were used to generate each of the following
pathways:

(a) from +2 site to +/ site for the SARS-CoV-2 RdRp.

(b) from +2 site to +1/ site for the SARS-CoV-2 RdRp with V557L mutation.

For each pathway, the translocating conformations showing short distances
between V557/V557L and translocating RA in the template strand were chosen as the
translocating intermediates (Fig. S13). To investigate the translocation of Remdesivir,
the translocating adenosine was substituted by Remdesivir in each of the intermediate
conformations.

3.3. Simulation of the translocating intermediates

For each of the translocating intermediates, the RARp complex was solvated with
TIP3P water molecules’ in a dodecahedral box with box edge at least 12 A away from
the complex surface and sufficient counter ions were inserted to ensure the whole
system neutral. Multiple steps of energy minimization and position restraint simulations
were performed for full equilibration as follows:

(a) 10,000-steps energy minimization by position restraining the heavy atoms

with a force constant of 10 kJxmol'xA;
(b) 10,000-steps energy minimization was performed without restrains;
(c) 200 ps position restraint simulation was performed under NVT ensemble
(T=300 K) by restraining the heavy atom with a force constant of 10 kJxmol
A2

(d) 500 ps position restraint simulation under NPT ensemble (T=300 K, P=1 bar);

(e) the last conformation of the NPT equilibration was used to conduct one 10 ns
simulation under NPT ensemble (T=300 K, P=1 bar) with position restrains
were applied on two nucleotides at the downstream terminal of the template
strand. The V-rescale thermostat'® was applied with a coupling constant of 0.1
ps. The Parrinello-Rahman®**’ barostat was applied with a coupling constant
of 2 ps. Other simulation parameters were the same as those described in
section 1.1.2.

3.4. K-center clustering on the MD conformations

To further validate if the conformation in Fig. 3G is a representative rather than a
high-energy and low populated conformation, we have collected the MD conformations
with Remdesivir from +2 to +/ site in wildtype RdRp (as shown in Section 3.3) and
performed K-center clustering based on the conformational similarity. In specific, the
heavy atoms of V557, Remdesivir and its upstream nucleotide were included in the
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measurement of conformational similarity. The results of clustering have demonstrated
one cluster with dominant population (67.6%) while each of the remaining two clusters
possesses ~15% of MD conformations (Fig. S14). Interestingly, the highest populated
cluster shows the largest base stacking angle (Fig. S14A), i.e., the base of Remdesivir
is significantly tilted relative to the base of the upstream nucleotide with the mean angle
of 65.2°£16.1°. The other two clusters are showing the mean angles of 56.5°+13.1° and
14.7°£10.4°, respectively (Fig. S14B and S14C). This analysis has suggested that the
conformation as shown in Fig. 3G with an obviously tilted base relative to its upstream
nucleotide is a highly populated and representative conformation rather than a high-
energy conformation along the translocation pathway for wildtype RdRp with V557.

4. MD simulations of other models with UTP occupying at the active site

We have noticed that there exist other cryo-EM structures of SARS-CoV-2
RARp*"****| which could also serve as the basis for the construction of structural
model. For example, the 7BV2 structure demonstrates RdRp in the post-catalytic state
with the byproduct pyrophosphate ion bound at the active site (Fig. S10C). In this
structure, the 3’-terminal of the nascent strand occupies the active site (+/ site).
However, the target model of the pre-catalytic state requires that the 3’-terminal of
nascent strand locates at -/ site and the NTP is at the +/ site while not covalently bound
with the nascent strand (Fig. S10A). Therefore, the dsSRNA in 7BV2 structure adopts
the conformation different from that in the pre-catalytic state (shown in red and cyan in
Fig. S10A and S10C). Although 7BV2 structure could also serve as an alternative basis
for model construction upon multiple-step modifications, the different dsRNA
conformational states in 7BV2 structure (Fig. S10C) and the target model (Fig. S10A)
render it more challenging to use 7BV2 as the basis to construct our initial model for
MD simulations. We have noted that there is an alternative cryo-EM structure of SARS-
CoV-2 RdRp in the post-translocation state (PDBID: 6YYT'), the same state as that
(PDBID: 7BZF") used in our modelling. Moreover, this structure has been used in a
previous work®™*' for modelling the pre-catalytic state. In this section, we have
followed the previous work to construct two extra models and performed MD
simulations to validate if our conclusions are robust when different experimental
structures were used for the initial modelling.

4.1. Constructing the structural models based on other experimental structures

We have constructed two new models based on different experimental structures
and re-examined the stability of the active site by MD simulations. In our current model,
the initial positions of NTP and Mg”" ions in the active site were obtained by aligning
the 7BZF' structure of SARS-CoV-2 RdRp to the norovirus RdRp in the pre-catalytic
state (PDBID: 3H5Y?) based on the C, atoms using Pymol programme'®, as the active
site configuration is conserved across the viral RdRps. This model is named as “7BZF-
3H5Y”. To achieve a new model, we have followed the previous work’' to construct
the model (named as “6YYT-4WTD”) based on another cryo-EM structure of SARS-
CoV-2 RdRp in the post-translocation state (PDBID: 6YYT'?), and used the HCV RdRp
(PDBID: 4WTD??) in the pre-catalytic state as the reference for structural alignment to
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obtain the initial positions of NTP and Mg”*" ions. Besides, we have also built an
alternative model (named as “7BZF-4WTD”) by using the same SARS-CoV-2 RdRp
(PDBID: 7BZF") as used in our study but obtaining the NTP and Mg”" ions from HCV
RdRp (PDBID: 4WTD™). In the two new models, the positions of NTP and Mg ions
are a bit different from that in our current model (Fig. S12), which can thus well serve
the purpose to examine if our approaches and results are sensitive to the initial model.

4.1.1. “TBZF-4WTD” model

We have followed a similar procedure as performed in Section 1.1.1 to construct
this model, excepting that the positions of NTP and Mg>* were obtained by aligning to
the HCV RdRp (PDBID: 4WTD"?) based on all the C, atoms using Pymol'®. In specific,
the adenosine diphosphate (ADP) in HCV RdRp was extracted and placed at the active
site of the cryo-EM structure of SARS-CoV-2 RdRp (PDBID: 7BZF'). The “PG”
phosphate atom as well as the three oxygen atoms connected to “PG” were taken from
our “7BZF-3H5Y” model and chemical bond is manually added between “PG” and the
bridge oxygen atom in ADP to create an ATP molecule at the active site. Mutation was
further made by Coot0.8.7° to modify ATP to UTP, in order to generate UTP:A pair at
the active site. The two Mn®" ions were taken from HCV RdRp and changed to Mg*"
ions. The protein residues (D618, D760, D761, S282, G283, R555 and K545) that
define the closed state of active site in SARS-CoV-2 RdRp were taken from the
counterpart residues (D220, D318, D319, S682, G683, R158 and K141) in HCV RdRp.
Other modifications were performed as that shown in Section 1.1.1.

4.1.2. “6YYT-4WTD” model

In this model, another cryo-EM structure of SARS-CoV-2 RdRp in the post-
translocation state (PDBID: 6YYT'”) was used as the structural basis and the positions
of NTP and Mg”" were obtained by aligning to the HCV RdRp (PDBID: 4WTD*?). In
specific, we have aligned the 6Y YT structure with our model based on all the C, atoms
using Pymol'®, and the missing residues in 6YYT structure (residues with IDs 1-76 and
98-117 in nspl2) were modelled from the corresponding residues in our model.
Residues with IDs 6-79 in nsp8-1 and IDs 6-81 in nsp8-2, the four unpaired nucleotides
in the upstream region of product strand, as well as the nucleotides with chain IDs U
and Q flanked by nsp8 extensions were deleted to ensure the new model possesses the
same lengths of nsp8 and RNA strands as our model. To obtain the positions of NTP
and Mg”" ions, we have followed the previous work®' and aligned cryo-EM structure
of SARS-CoV-2 RdRp (PDBID: 6YYT") with HCV RdRp (PDBID: 4WTD’?) based
on several protein residues (residues S501, G590, G683 and S814 in SARS-CoV-2
RdRp, A97, F193, G283 and S367 in HCV RdRp). After the structural alignment, the
UTP:A base pair was modelled in a similar way as that illustrated in Section 4.1.1. The
conformations of the protein residues that define the closed state of active site were also
taken from the corresponding residues in HCV RdRp as that shown in Section 4.1.1.

4.2. MD simulations

For each of the above models, we performed the MD simulations as below:
(a) 10,000-steps energy minimization by position restraining the heavy atoms
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(b)
(c)

(d)
(e)

with a force constant of 10 kJ Xmol'le'z;

10,000-steps energy minimization without restrains;

200 ps position restraint simulation under NVT ensemble (T=300 K) by
restraining the heavy atom with a force constant of 10 kJxmol'xA;

500 ps position restraint simulation under NPT ensemble (T=300 K, P=1 bar);
the last conformation of the position restraint NPT simulation was used to
randomly seed five 50 ns MD simulations under NVT (T=300 K) ensemble
with temperature annealing from 50 K to 300 K in the first 2 ns. In the
simulations, the same parameters as used in Section 1.1.2 were utilized.
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