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binding site in the RdRp of SARS-CoV-2:
implications for potential resistance

Aditya K. Padhi,’ Rohit Shukla,? Prakash Saudagar,®* and Timir Tripathi*>*

SUMMARY

The use of remdesivir to treat COVID-19 will likely continue before clinical trials
are completed. Due to the lengthening pandemic and evolving nature of the vi-
rus, predicting potential residues prone to mutation is crucial for the manage-
ment of remdesivir resistance. Using a rational ligand-based interface design
complemented with mutational mapping, we generated a total of 100,000 muta-
tions and provided insight into the functional outcomes of mutations in the re-
mdesivir-binding site in nsp12 subunit of RdRp. After designing 46 residues in
the remdesivir-binding site of nsp12, the designs retained 97%-98% sequence
identity, suggesting that very few mutations in nsp12 are required for SARS-
CoV-2 to attain remdesivir resistance. Several mutants displayed decreased bind-
ing affinity to remdesivir, suggesting drug resistance. These hotspot residues had
a higher probability of undergoing selective mutation and thus conferring remde-
sivir resistance. Identifying the potential residues prone to mutation improves
our understanding of SARS-CoV-2 drug resistance and COVID-19 pathogenesis.

INTRODUCTION

The novel coronavirus disease (COVID-19) is a highly infectious acute respiratory disease that is caused by
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). SARS-CoV-2 is closely related to other co-
ronaviruses (CoVs), such as SARS-CoV and bat and pangolin CoVs. However, evolutionary genomics
indicates that the affinity of the Spike protein (S-protein) of SARS-CoV-2 for its human receptor angio-
tensin-converting enzyme 2 (ACE2) is much higher than that in other CoVs, which results in a higher infec-
tivity rate of SARS-CoV-2 (Andersen et al., 2020; Guo et al., 2020). The genome of SARS-CoV-2 encodes four
structural proteins [spike glycoprotein (S), an envelope protein (E), membrane glycoprotein (M), and nucle-
ocapsid phosphoprotein (N)] and six nonstructural proteins [open reading frame Tab (ORF1a and ORF1ab),
ORF3a, ORFé, ORF7a, ORF8, and ORF10] (Lu et al., 2020). The cleavage of ORF1a and ORF1ab polyproteins
produces various nonstructural proteins (nsps) that are involved in viral transcription and replication (Zie-
buhr, 2005). Nsp12 is the catalytic subunit and core component of the RNA-dependent RNA polymerase
(RdRp) of CoVs. Nsp12 forms a complex with two additional proteins, nsp7 and nsp8, and participates in
the RNA template-dependent synthesis of viral RNA in the presence of divalent metal ions (Figure 1A)
(Ahn et al., 2012; Subissi et al., 2014; te Velthuis et al., 2010). The binding of nsp12 to nsp7 and nsp8 en-
hances the template binding and processivity of nsp12 (Kirchdoerfer and Ward, 2019; Subissi et al.,
2014). The structure of SARS-CoV-2 nsp12 shares high level of homology with the nsp12 of SARS-CoV
(sequence identity: 96.4%; sequence similarity: 99.4%), which indicates that they have similar functions
and mechanisms of action (Wu et al., 2020).

The structures of the RdRp (nsp12-nsp7-nsp8) in the apo-form (Gao et al., 2020; Kirchdoerfer and Ward,
2019) and in complex with the template primer RNA, remdesivir, and Mg?* ions have been determined (Fig-
ure TA) (Yin et al., 2020). The N-terminus of the nsp12 polymerase has a B-hairpin structure (residues 31-50)
and an extended nidovirus RdRp-associated nucleotidyltransferase domain (NiRAN, residues 115-250) that
consists of seven a-helices and three B-strands (Figure 1A) (Gao et al., 2020; Kirchdoerfer and Ward, 2019,
Lehmann et al., 2015). The NiRAN domain binds at the backside of the cupped right-handed C-terminal
RdRp via an interface domain (residues 251-365) that links the NIRAN domain to the finger
subdomain of the C-terminal RdRp. The C-terminal RdRp (residues 366-920) is divided into three subdo-
mains—finger (residues 398-581 and 621-679), palm (residues 582-627 and 688-815), and thumb (residues
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Figure 1. Structure of the nsp12-nsp7-nsp8 complex bound to the template-primer RNA and triphosphate form of
remdesivir (RTP) and the RTP-interacting residues

(A) The cryo-electron microscopy structure of the RNA-dependent RNA polymerase from SARS-CoV-2 (PDB ID: 7BV2)
consisting of nsp12-nsp7-nsp8 complex bound to template-primer RNA, the triphosphate form of remdesivir (RTP), and
the catalytic Mg®* ion is shown. Here nsp7 and nps8 are shown in magenta and cyan colors, respectively. The nsp12
subunit is comprised of several subdomains, where the NiRAN domain from residues 115-250 is shown in red color and
the interface domain from residues 251-365 is shown in orange color. The C-terminal comprising residues 366-920 is
divided into three subdomains, where finger domain (residues 398-581 and 621-679), palm domain (residues 582-627
and 688-815), and thumb domain (residues 816-919) are shown in blue, yellow, and blue-white colors, respectively. The
triphosphate form of remdesivir (RTP) is shown as a stick model.

(B) Ligand interaction diagram of remdesivir within a 6-A distance of the nsp12-nsp7-nsp8 complex bound to the
template-primer RNA is shown, and the types of intermolecular interactions are labeled.

(C) Interacting residues of corresponding nsp12 subdomains (green, blue, and yellow) and RNA bases (violet) of
remdesivir (yellow) are labeled and shown as stick models. The Mg?* (gray sphere) coordinating the RTP is shown.
Hydrogen bond and salt bridge interactions are shown as black and orange dashes, respectively.

816-919)—which is a conserved architecture in all viral RdRps. The long finger extension of CoV RdRp in-
tersects with the thumb subdomain to form a closed ring structure. This conformation is in contrast to the
smaller loop in the RdRp of other RNA viruses, such as influenza virus, that have a relatively open confor-
mation. Two zinc ions also bind in the conserved metal-binding motif in all CoV RdRps and play a crucial
role in maintaining RdRp stability and structural integrity (Kirchdoerfer and Ward, 2019). The overall struc-
tural architecture of the apo-RdRp (without remdesivir) and complex-RdRp (with remdesivir) is similar,
except that nsp12 is in the closed conformation in apo-RdRp. The binding of nsp7 and nsp8 stabilizes
the closed conformation. Remdesivir, in its monophosphate form (RMP), forms a covalent bond with the
3" end of the RNA primer strand at the +1 position (via base-stacking interactions) and with the uridine
base from the template strand (via two hydrogen bonds). RMP also interacts with side chains from
Lys545 and Arg555. Two Mg?* ions and one pyrophosphate are present near the bound RMP (Figure 1B).
The Mg?* ions interact with the phosphodiester backbone and form part of the active site (Figure 1B). The
residues constituting the catalytic site and the residues involved in RNA binding are highly conserved in
CoVs. Most RdRp inhibitors interact with the residues of these conserved motifs. Remdesivir is an antiviral
nucleotide analog prodrug. Upon diffusion into a cell, it is converted to GS-441524 monophosphate, which
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is phosphorylated to the active nucleotide triphosphate form of remdesivir (RTP). Binding of RTP leads to
the inhibition of RdRp activity via nonobligate RNA chain termination (Gordon et al., 2020; Tchesnokov et
al., 2019). RTP covalently binds to the +1 position and delays chain termination between positions +3
and +5. RTP inhibits the RdRp of SARS-CoV and SARS-CoV-2 with similar efficiencies and mechanisms of
action (Gordon et al., 2020). Another study utilizing a cell-based assay showed that a nucleoside analog in-
hibitor Molnupiravir (EIDD-2801) was effective against remdesivir-resistant SARS-CoV-2. Molnupiravir
reduced the replication and pathogenesis of CoVs in a manner similar to remdesivir (Sheahan et al.,
2020). A recent study showed that Molnupiravir can block virus transmission in ferrets within 24 h of oral
administration (Cox et al., 2020).

RNA viruses exploit all known mechanisms of genetic variation to ensure their survival. They have a remark-
able ability to adapt to new hosts, environments, and drugs via the development of genetic variations in a
short period of time (Domingo and Holland, 1997; Duffy, 2018). Recent data have revealed that several res-
idues in nsp12 are mutated in SARS-CoV-2 (http://cov-glue.cvr.gla.ac.uk/#/replacement), indicating that
the virus has high potential to mutate (Callaway, 2020; Padhi and Tripathi, 2020). Mutations in the
remdesivir-binding site in nsp12 may induce resistance against the drug. In contrast to the investigation
of mutations after drug exposure, it is useful to predict resistance mutations to guide the drug discovery
and development processes and to overcome the effects of possible resistance mutations. In recent years,
several sophisticated algorithms to computationally engineer proteins have been developed and used for
protein design to predict potential resistance mutations (Cao et al., 2005; Frey et al., 2010; Reeve et al.,
2015). Here, we used Rosetta-based high-throughput computational approaches (Alford et al., 2017,
Fleishman et al., 2011; Kaufmann and Meiler, 2012; Moretti et al., 2016) to design remdesivir-binding sites
in nsp12 and identify affinity-attenuating mutations. The data provide crucial insights into the residues that
showed a very high tendency to undergo positive selection leading to remdesivir resistance. This work is
important to understand and manage remdesivir resistance and may guide scientists in rational struc-
ture-based drug discovery.

RESULTS

Interacting residues between nsp12 and remdesivir

The interacting residues between nsp12 and remdesivir were obtained from the cryo-EM structure of the
SARS-CoV-2 RdRp. A total of 56 residues from nsp12 interacted with remdesivir (Figure 1A). Notably,
certain nsp12 residues, such as Ala558, Gly559, Ser682, Glyé683, Aspb84, Ser759, Asp760, Asp761,
Cys813, and Ser814, interacted with remdesivir and template-primer RNA and were essential for maintain-
ing the catalytic activity of RdRp. A ligand-interaction diagram further revealed that the crucial residues of
nsp12 were located within a 6-A distance of remdesivir; this highlighted the metal coordination with Mg?*,
hydrogen bonds with Asné691 and U10 of RNA, and a pi-pi stacking interaction with U20 of the template-
primer RNA (Figures 1B and 1C).

Ligand-based interface design of the remdesivir-bound nsp12-nsp7-nsp8-RNA complex and
associated physicochemical features of the complex

We performed a ligand-based interface design of the remdesivir-binding site residues of the nsp12-nsp7-
nsp8-RNA complex. Remdesivir formed key contacts and interactions with 56 residues of nsp12. Notably,
10 of these 56 residues also interacted with template-primer RNA and were involved in catalytic activity.
Therefore, the remaining 46 interface residues of remdesivir that bound nsp12 were designed to allow
for backbone flexibility of nsp12, and the residues of nsp12 other than the interface residues were re-
packed. A total of 50,000 designs from the interface design were computed and analyzed for Rosetta’s total
scores, root-mean-square deviation (RMSD), interface delta, and percentage sequence identity. The Ro-
setta total score is the weighted sum of various energy terms, including physical forces such as
electrostatics and van der Waals' interactions, and several other statistical terms. Rosetta interface delta
represents the binding affinity between the designed nsp12 with remdesivir. The percentage sequence
identity denotes the identity of the designed sequences to that of the native sequence.

First, the 50,000 designs of remdesivir-bound nsp12 were sampled by computing the total scores versus the
RMSD, and all of the designs exhibited RMSD <1.5 A (Figure 2A). Notably, more than half of the top-scoring
designs showed deviations in their RMSDs below 0.5 A, which suggests that the designs did not deviate
significantly from the starting complex structure during repacking, backbone movements, and packing
and maintained their structural integrity even after the introduction of mutations in the 46 interface residues
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Figure 2. Structural and physicochemical parameters from the ligand-based Rosetta interface design experiment
(A) Rosetta total score versus RMSD of the 50,000 designs of remdesivir-bound nsp12-nsp7-nsp8 complex bound to the
template-primer RNA complex obtained from ligand-based interface design.

(B) Rosetta total score versus interface delta representing the binding affinities of the designs between remdesivir and the
nsp12-nsp7-nsp8-RNA complex.

(C) Interface delta versus RMSD of the designs, where only the remdesivir-interacting 46 residues were designed and

remaining residues were repacked.
(D) Interface delta versus percentage sequence identity of the remdesivir-interacting residues of nsp12-nsp7-nsp8-RNA
complex showing the distribution of designs. In panels (A-C), the dotted boxes denote the control values in which the

remdesivir-interacting residues were only repacked and not designed.

of nsp12 (Figure 2A). To filter the affinity-attenuating designs from the affinity-enhancing designs, we per-
formed a control experiment in which we only repacked (without designing) the same 46 residues of nsp12.
We noted that there were designs that had poorer total scores than the control and relatively higher RMSDs
even compared with the affinity-enhancing designs, which suggests that the affinity-attenuating designs
exhibited slight deviation in their overall structure from the starting structure and reached unfavorable en-

ergetic states upon mutation.

Second, the binding affinity of the designs, represented as the interface delta, was computed and plotted
against the total scores (Figure 2B). The affinity-attenuating designs had a significantly lower binding affin-
ity than the affinity-enhancing designs and the control in the design calculations (Figure 2B).

Third, our computation of the RMSD versus the interface delta of the 50,000 designs revealed that the de-
signs with lower binding affinities exhibited relatively higher RMSDs (Figure 2C). Although a considerable
number of the designed structures had improved binding affinities, several designed structures had
reduced binding affinities with RMSDs above 0.8 A compared with the control group structures without
design, suggesting that the mutations destabilized the intermolecular interactions with remdesivir
(Figure 2C).

Finally, we evaluated the interface delta of the designs to compare the binding affinities with the sequence
identities from the native sequence. Although remdesivir had contacts with many nsp12 residues, only a
few of the nsp12 residues were more prone to mutations (Figure 2D). The designs exhibited an
overall sequence identity of 97% and 98%, indicating several of the lower-affinity binders with 1 and 2 mu-
tations. This result suggests that although nsp12 may acquire fewer mutations at the remdesivir-binding
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site, certain residues are highly prone to mutations and develop resistance against remdesivir. However,
these residues can mutate whenever the virus experiences evolutionary and immune pressure during
evolution.

Validation of ligand-based interface design protocol

To validate the predictive quality and accuracy of our ligand-based interface design methodology, a pre-
viously reported remdesivir-resistant mutant of SARS-CoV, V557L, was examined (Sheahan et al., 2020).
Val557 of nsp12 is conserved in SARS-CoV-2, and it may mutate to Leu557 or any other remdesivir-
resistant mutation. To examine whether our methodology would recognize and rank order Leu557 as
one of the low-affinity designs, we scored and scanned residues in the 557" position and found that
V557L was ranked as a low-affinity design in the design calculations (Figure S1). This result demonstrated
that our methodology was capable of scoring, rank-ordering, and filtering the resistance-enhancing muta-
tions from that of the possible resistance-attenuating mutations. However, as V557L is a remdesivir-resis-
tant mutation of SARS-CoV and not of SARS-CoV-2, it is possible that SARS-CoV-2 may not mutate the
Val557 to acquire resistance; rather, any of the other 10 hotspot residues may be mutated to possibly confer
resistance.

Sequence diversity of remdesivir-nsp12 binding designs

The 50,000 designs that were generated surrounding the remdesivir-binding site of nsp12 were classified
as either affinity-attenuating or affinity-enhancing designs. The 46 interacting amino acid residues of the
100 top-scoring affinity-attenuating designs were analyzed and compared with the 100 top-scoring affin-
ity-enhancing designs with a higher total score and binding affinities. A mutational landscape analysis re-
vealed that residues Tyrd56, Asn543-Ser549, Lys551, Ala553-Thr556, Val560, Trp617-Cys622, Alaé25,
Val662, Gly679, Ser681, Alab85, Thré86, Tyr689, Alab90, Pheb94, Asné95, Ala762, Asn790, GluB11, and
Phe812 were sampled to almost identical residues in both groups, and they varied most at the remaining
residues (Figure 3). Notably, although some residues, such as Asp623, Asn691, and Ser692, exhibited
diverse mutations between the two groups but with a smaller number of amino acids sampled in these po-
sitions, other residues, including Val557, 11e589, Meté26, Arg631, Thré680, Thré87, Alaé88, and Leu758,
experienced more diverse sequence variations between the two groups with a relatively higher number
of amino acids sampled (Figure 3). Notably, certain sites of the finger and palm residues were more prone
and highly susceptible to mutations, and the catalytic and primer RNA interacting residues were
completely conserved (Figure 3). Eleven residue positions of nsp12 varied between the affinity-attenuating
and affinity-enhancing designs. This mutational landscape data between the affinity-attenuating and affin-
ity-enhancing designs showed that certain amino acids and positions in the nsp12 were highly prone to mu-
tations and even accommodated a higher number of variations. For example, the 11e589, Thré680, Thré87,
Alab88, Asn691, and Leu758 sites that were sampled in the affinity-attenuating designs were already found
to be mutated in the SARS-CoV-2 genomes, as reported in the CoV-GLUE database (Figure 3), which con-
tains replacements, insertions, and deletions, and were observed in the GISAID hCoV-19 sequences
sampled from patients infected with the virus (http://cov-glue.cvr.gla.ac.uk/#/replacement) (Hadfield
et al.,, 2018). There is a high probability that once the virus comes under evolutionary and remdesivir-
induced pressure, these hotspot residues will undergo the missense mutations that are observed in the af-
finity-attenuating designs (Figure 3). This sequence-specific conservation and diversity of the remdesivir-
bound nsp12 designs show the design accuracy and predictive capability of our design methodology,
which suggests that these hotspot residues will likely undergo selective mutation in the near future to
develop resistance to remdesivir and related drugs, facilitating the propagation of infection and survival
of SARS-CoV-2.

Binding affinity of remdesivir-bound nsp12 designs using PRODIGY-LIG

After the Rosetta ligand-based interface design calculations, we computed the binding affinities between
remdesivir and all of the Rosetta-generated designs using PRODIGY-LIG. We found that the binding affin-
ities of remdesivir-bound designs ranged from —5.01 kcal/mol to —6.35 kcal/mol (Figure S2). Several affin-
ity-attenuating designs generated from Rosetta also had lower binding affinities in PRODIGY-LIG scoring,
thus indicating good correlation and prediction accuracy across different methods. For the wild-type re-
mdesivir-bound nsp12-nsp7-nsp8-RNA complex, the binding affinity between nsp12 and remdesivir was
—6.02 kcal/mol, with a total of 2,862 atomic contacts. Interestingly, although many of the top designs
had a substantial increase in binding affinity, there were several affinity-attenuating designs with reduced
binding affinity with remdesivir (Figure S2).
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Lys551, (10) Arg553, (11) Ala554, (12) Arg555, (13) Thr556, (14) Val557, (15) Val560, (16) lle589,
(17) Trp617, (18) Asp618, (19) Tyr619, (20) Pro620, (21) Lys621, (22) Cys622, (23) Asp623, (24)
Arg624, (25) Ala625, (26) Met626, (27) Arg631, (28) Val662, (29) Gly679, (30) Thr680, (31)
Ser681, (32) Ala685, (33) Thr686, (34) Thr687, (35) Ala688, (36) Tyr689, (37) Ala690, (38)
Asn691, (39) Ser692, (40) Phe694, (41) Asn695, (42) Leu758, (43) Ala762, (44) Asn790, (45)
Glu811, (46) Phe812

Figure 3. Sequence logos showing the frequency of designed remdesivir-interacting residues

Sequence logos of the 100 top-scored affinity-attenuating versus affinity-enhancing designs generated from the ligand-based interface design of the
remdesivir-bound nsp12-nsp7-nsp8-RNA complex are shown. The integers on the X axis represent corresponding native residues, and their identities are
shown in the bottom panel. The "bits” represent the overall height of the stack in the Y axis with the sequence conservation at that position. The blue arrow
shows residues that exhibited diverse mutations between the two groups but with fewer amino acids sampled, and the red arrow shows residues that
experienced more diverse sequence variations between the two groups with a relatively higher number of sampled amino acids.

Intermolecular interactions and visualization of remdesivir-bound top-ranked affinity-
enhancing and affinity-attenuating nsp12 designs

To compare how the top-scoring affinity-attenuating remdesivir-bound designs differ from the top-scoring
affinity-enhancing designs, we visualized the various types of intermolecular interactions between them.
The numbers of intermolecular interactions that determine these variations were also computed. The affin-
ity-enhancing design formed 312 interactions, and the affinity-attenuating design formed only 291 interac-
tions in total (Table 1). Proximal interactions, polar contacts, and aromatic contacts were the major inter-
actions that governed the increased or decreased affinity between remdesivir and nsp12 (Figures 4A
and 4B). A ligand interaction diagram between remdesivir and nsp12 for the affinity-enhancing and affin-
ity-attenuating designs shows that the lack of a metal-ion bond and hydrogen bonds between remdesivir
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Table 1. Detailed intermolecular interactions formed between remdesivir and nsp12 binding residues and
between Molnupiravir and nsp12 binding residues in the top-scoring affinity-enhancing and affinity-attenuating

designs

Remdesivir-nsp12 Molnupiravir-nsp12
Types of Affinity-Enhancing Affinity-Attenuating Affinity-Enhancing Affinity-Attenuating
Interactions Design1 Design1 Design1 Design1
Van der waals 2 4 5 2
interactions
Proximal interactions 264 251 239 225
Polar contacts 14 11 10 9
Hydrogen bonds 5 5 6 2
Aromatic contacts 25 18 15 13
Hydrophobic 2 2 4 3
contacts
Carbonyl interactions 0 0 2 0
Total number of 312 291 281 254

interactions

and Ser687, Ser688, and Ser622 residues of nsp12 were the major contributors to lower binding affinity in
the affinity-attenuating design (Figures 4C and 4D).

Comparative analysis between Molnupiravir-bound nsp12 designs and remdesivir-bound
nsp12 designs

The antiviral drug Molnupiravir was docked into the remdesivir binding site of SARS-CoV-2 RdRp, and Mol-
nupiravir and remdesivir shared several common interactions with nsp12, including hydrogen bonds with
Asné91 and the U10 and U20 of the primer RNA. Molnupiravir also established a unique hydrogen bond
with Ser759 (Figure 5A and 5B). Because Molnupiravir shared a significant number of similar interactions
with remdesivir (Figure 5C), we performed a ligand-based interface design of Molnupiravir-binding site res-
idues of nsp12 and found 53 contacts and interactions with nsp12 (excluding 12 RNA-interacting and cata-
lytically important nsp12 residues). The identical design condition and methodology to those used in the
remdesivir-based nsp12 design were employed, and 50,000 designs from the interface designs were
computed for Rosetta total score, RMSD, interface delta, and sequence identity.

Similar to the remdesivir-bound nsp12 designs, we first sampled the 50,000 designs of Molnupiravir-bound
nsp12 by computing the total scores versus the RMSD (Figure S3A). We also performed a control experi-
ment in which we only repacked the same 53 residues of nsp12 and considered the designs that were
poorer in total score and binding affinity. We found that the designs with higher energy also exhibited
RMSDs far from the native (>0.75 A). Our subsequent calculations of total score versus interface delta,
which showed the binding affinity, demonstrated that the lower binding affinity designs retained relatively
higher energies, and a substantial number of designs had lower binding affinity compared with the control
group structures (Figure S3B). We analyzed and plotted the RMSD versus the interface delta of the designs
and observed that the designs with significantly lower binding affinities for Molnupiravir were somewhat
structurally disparate from the native structures (Figure S3C). More than half of the designs scored lower
than the control group, which showed the effect of mutations in the Molnupiravir-binding site of nsp12.
The final evaluation of the binding affinities compared with the sequence identity of the designs revealed
similar characteristics to the remdesivir-binding nsp12 designs, in which only four residues were more
prone to mutations (Figure S3D). This result suggests that a few residues of nsp12 from SARS-CoV-2 are
more susceptible to mutations at the Molnupiravir-binding site and may develop resistance via beneficial
mutations to avoid evolutionary and external pressure.

The 50,000 designs that were generated surrounding the Molnupiravir-binding site of nsp12 were classified
as either affinity-enhancing or affinity-attenuating designs, similar to those designed surrounding the re-
mdesivir-binding site of nsp12. The 53 interacting amino acid residues of the 100 top-scoring affinity-
enhancing and affinity-attenuating designs from each group were analyzed. A mutational landscape
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Figure 4. Key interactions and ligand interaction diagrams between remdesivir and the nsp12-nsp7-nsp8-RNA
complex for the top-scoring affinity-enhancing and affinity-attenuating designs

Key intermolecular interactions between remdesivir and the nsp12-nsp7-nsp8-RNA complex for the top-scored (A)
affinity-enhancing design and (B) affinity-attenuating design are shown. Interacting residues of corresponding nsp12
subdomains (green, blue, and yellow) and RNA bases (light pink) of remdesivir (yellow) are labeled and shown as stick
models. The Mg?* (gray sphere) coordinating the RTP is shown. Hydrogen bond interactions are shown as black dashes.
2D ligand interaction diagrams between remdesivir and the nsp12-nsp7-nsp8-RNA complex for the top-scored (C)
affinity-enhancing design and (D) affinity-attenuating design are shown within a 6-A distance. Various types of
intermolecular interactions are labeled in the legend.

analysis revealed that residues Val560, Met626, and Pheé94 exhibited diverse mutations between the two
groups but with fewer amino acids sampled in these positions (Figure S4). Notably, some other residues,
including Lys545, [1e589, Cys622, and Asné91, exhibited more diverse sequence variations between the two
groups and with a relatively higher number of amino acids sampled (Figure S4). Only seven residue posi-
tions of nsp12 varied between the affinity-enhancing and affinity-attenuating designs compared with 11
residues in the remdesivir-bound nsp12 designs. This mutational landscape data between the affinity-
attenuating and affinity-enhancing designs shows that remdesivir-binding sites of nsp12 had a higher num-
ber of mutations, and the Molnupiravir-binding site residues of nsp12 were relatively immune to mutation.

Our binding affinity calculations using PRODIGY-LIG for the Molnupiravir-bound designs showed that the
designs exhibited binding affinities that ranged from —6.26 kcal/mol to —7.27 kcal/mol (Figure S5). With the
decrease in the number of total contacts, the binding affinities were decreased. However, the difference in
the binding affinity of the remdesivir-bound designs was higher (—1.34 kcal/mol) than that of the Molnupir-
avir-bound designs (—1.01 kcal/mol).

We visualized the various types of intermolecular interactions between the top-scoring affinity-enhancing
designs of Molnupiravir and the top-scored affinity-attenuating designs of Molnupiravir. We found that the
affinity-enhancing design formed 281 interactions, but the affinity-attenuating design formed only 254 in-
teractions in total (Table 1). van der Waals interactions, proximal interactions, and hydrogen bonds were
the major interactions that governed the increased or decreased affinity between Molnupiravir and
nsp12. A ligand interaction diagram between Molnupiravir and nsp12 for the affinity-enhancing and affin-
ity-attenuating designs clearly shows that the absence of a higher number of hydrogen bonds with Lys545
formed between nsp12 and Molnupiravir contributed to the lower binding affinity (Figure Sé).

A comparison of nsp12 remdesivir-bound designs to the Molnupiravir-bound nsp12 designs suggested
that Molnupiravir would be more effective in preventing the emergence of resistant mutations and against
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Figure 5. Interactions between Molnupiravir and the nsp12-nsp7-nsp8-RNA complex and its docked pose inside
nsp12-nsp7-nsp8-RNA

(A) Ligand interaction diagram of Molnupiravir within a 6-A distance of the nsp12-nsp7-nsp8 complex bound to the
template-primer RNA is shown. The types of intermolecular interactions are labeled.

(B and C) (B) Interacting residues of corresponding nsp12 subdomains (green, blue, and yellow) and RNA bases (light pink)
of Molnupiravir (gray) are labeled and shown as stick models. Hydrogen bond and salt bridge interactions are shown as
black and orange dashes, respectively. (C) Structural superposition of the starting structure of the remdesivir-bound
nsp12-nsp7-nsp8-RNA complex (gray) and the Molnupiravir-docked nsp12-nsp7-nsp8-RNA complex (cyan) is shown,
where remdesivir is shown as a gray stick and Molnupiravir is shown as a cyan stick. The commonly interacting residues
and RNA bases of remdesivir and Molnupiravir are shown as gray and cyan color lines, respectively and labeled. Hydrogen
bond interactions for remdesivir and Molnupiravir are shown as black and orange dashes, respectively, all of which
suggest a highly identical binding pose and conformation for remdesivir and Molnupiravir binding.

remdesivir-resistance strains. However, it is worth noting here that these results are not the sole explana-
tion of why Molnupiravir is an effective inhibitor of the nsp12-V557L mutant, as other factors may play a role
in conferring its efficacy; e.g., in addition to inhibiting viral RdRp, Molnupiravir exerts its antiviral effect
through binding to many off-targets, and it also induces lethal mutagenesis by inducing deleterious muta-
tions in the viral RNA (Sheahan et al., 2020).

Normal mode analysis and local flexibility of nsp12

We computed the normal modes of nsp12 of SARS-CoV-2 RdRp to understand which portions and sites of nsp12
undergo large-amplitude movements. Comparisons of these modes to our remdesivir-binding site designs of
nsp12 are crucial to understanding the dynamics and flexibility of crucial nsp12 sites. First, our analysis of the
displacement of each Ca atom for modes 1 to 6 revealed that although nsp12 exhibits interdomain motions,
residues 400750 were stable in some of the modes (Figure 6C). Second, our calculation of the square of the
fluctuation of each Ca-atom calculated from the 200 lowest nontrivial modes and normalized showed that
nsp12 residues 400-800 exhibited fewer fluctuations compared with other sites (Figure 6A). Third, our residue
correlation analysis, which represented the correlated movement of the Ca atom in the nsp12 protein, showed
that residues 450-780 of nsp12 undergo a highly correlated coupled motion (Figure 6B). Finally, our per-residue
average B-factor analysis revealed the local flexibility and an overall domain motion of nsp12 (Figure 6D). All of
these data suggest that nsp12 residues 450-780 are highly stable. These data correlated well with our design
results, which showed that the remdesivir-bound nsp12 designs exhibited lower RMSDs and did not undergo
large conformational changes even after mutations.

Intrinsic disorder predisposition in the nsp12 structure upon mutations

Next, we analyzed whether the intrinsic disorder predisposition of the nsp12 is changed due to the hotspot
mutations, i.e., whether the mutations cause a transition from an ordered to a disordered region in nsp12. It
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Figure 6. Normal mode analysis of nsp12

(A-D) (A) The normalized squared fluctuations and (B) the correlation matrix of nsp12 obtained from the normal mode
analysis are shown. (C) The root-mean-square atomic displacements of nsp12 for six-modes are shown. (D) The per-
residue average B-factor of nsp12 is shown to reflect the local flexibility. In all the figures, the remdesivir-binding regions
of nsp12 are shown in the green box.

10 iScience 24, 101992, January 22, 2021

iScience



iScience

has been reported that the nsp12 of SARS-CoV-2 is highly structured with negligible levels of disorder
(PPID <1%) (Giri et al., 2020). An overall predicted percentage of intrinsic disorder (PPID) was calculated
for the wild-type nsp12 and the top 20 affinity-attenuating designs using five predictors. The mean PPID
value for SARS-CoV-2 nsp12 was 0.84%. We also determined the mean PPID values of the top 20 affinity-
attenuating designs and found that the values ranged between 0.72% and 1.08% (Table S1). Based on
the overall level of intrinsic disorder content, proteins can be classified into three classes: highly ordered
(PPID <10%), moderately disordered (PPID between 11% and 30%), and highly disordered (PPID >30%)
(Lyngdoh et al., 2019; Uversky, 2013). All these data indicate negligible changes in the structural content
in the affinity-attenuating designs, i.e., mutations did not induce any changes in the structural features
of the affinity-attenuating designs.

DISCUSSION

Directed evolution is a powerful tool to generate and improve protein function via successive generations
of random mutation, artificial selection, or screening (Romero and Arnold, 2009). During this process, the
whole genome is subject to mutational events that can lead to increased fitness. At each instance of selec-
tion, changes in organismal fitness are directly linked to changes in enzyme stability and activity (Bloom
et al., 2006). The population dynamics, therefore, reflect both the fitness and mutational landscape that
can be traversed as selection proceeds (Counago et al., 2006). At the molecular level, the complex interplay
between immunological resistance mutations and the fitness landscape allows the development of anti-
body resistance across populations. SARS-CoV-2 has maintained a low mutation rate, which is attributed
to the 3'-to-5 exoribonuclease activity of the nsp14 protein, which helps maintain its replication fidelity
(Shannon et al., 2020), suggesting that, at present, SARS-CoV-2 is not actively evolving, and there is no ev-
idence of antigenic drift. However, with extended human-to-human transmission, SARS-CoV-2 could also
acquire mutations with fitness advantages and immunological resistance (Callaway, 2020; Padhi and Tripa-
thi, 2020). In addition, the viral load in a patient is very high (~100,000 viral copies per mL of saliva), which
suggests that every possible mutation may develop over the course of infection (To et al., 2020). The evolu-
tionary pressure due to drugs acts upon the existing viral population to favor a subpopulation that has a
relatively better fitness in the new environment. This subpopulation may have a reduced genomic fidelity
that results in the existence of a mutation that becomes favorable upon the addition of a drug. This results
in a population shift such that this lower-fidelity population now becomes dominant.

RdRps catalyze the RNA template-dependent formation of phosphodiester bonds and facilitate virus repli-
cation and transcription. The nsp12 subunit of the RdRp of SARS-CoV-2 and that of SARS-CoV share a
sequence identity of 96.4% and sequence similarity of 99.4%, which suggests that its function and mecha-
nism of action are well conserved (Gao et al., 2020; Wu et al., 2020). RdRps are the primary targets for anti-
viral drug development against SARS-CoV-2, and several RdRp-targeting drugs, such as remdesivir, favipir-
avir, galidesivir, ribavirin, and penciclovir, are in testing stages (Agostini et al., 2018; Furuta et al., 2013;
Morgenstern et al., 2005). Remdesivir is an investigational, broad-spectrum antiviral drug with activity
against CoVs and other RNA viruses. It is being tested as a potential treatment for COVID-19 in multisite
clinical trials, and it recently advanced to a phase 3 stage (Anonymous, 2020). Recent data from a random-
ized, double-blind, placebo-controlled trial of intravenous remdesivir have indicated that remdesivir was
statistically superior to placebo in shortening the time to recovery in adults (Beigel et al., 2020). Remdesivir
is a nucleoside analog that acts as an RdRp inhibitor and targets viral replication. Few naturally occurring
mutations in RdRp that led to drug resistance were observed previously (Agostini et al., 2018; Goldhill et al.,
2018; Young et al., 2003). Since its emergence in November 2019, several mutations in the RdRp of SARS-
CoV-2 were reported. More than 870 unique nsp12 mutations have been reported and are listed in the CoV-
GLUE database, and 41 of them are in the remdesivir-binding site (last accessed: 26 November 2020). A
recent study identified mutation hotspots in SARS-CoV-2 (Pachetti et al., 2020). The results showed that
viral strains with RdRp mutation had a median of 3-point mutations, and viral strains with no RdRp mutation
had a median of 1 mutation. A mutation in position 14,408 of SARS-CoV-2 RdRp was associated with an
increased mutation rate (Pachetti et al., 2020). Two nsp12 mutations (F480L and V557L) conferred an up
to 5.6-fold resistance to SARS-CoV (Agostini et al., 2018), and these residues are conserved across all CoVs.

A detailed atomic-level understanding of RdRp interaction with remdesivir using robust molecular technol-
ogies could revolutionize the development of new therapies to fight COVID-19 in a highly specific and effi-
cient manner. Thus, we designed 50,000 remdesivir-interacting nsp12 residues using high-throughput
ligand-based interface design. We also docked the oral NHC prodrug (B-D-N*-hydroxycytidine-5'-
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isopropyl ester) Molnupiravir, which is similar to remdesivir because both drugs work by mimicking ribonu-
cleosides, into the remdesivir-binding site of SARS-CoV-2 RdRp and designed 50,000 Molnupiravir-inter-
acting nsp12 residues. Therefore, a total of 100,000 designs were devised and analyzed in detail. The
most striking result was that even after designing 46 residues in the remdesivir-binding site of nsp12
and 53 residues in the Molnupiravir-binding site of nsp12, the designs retained an overall 97%-98%
sequence identity, which suggests that SARS-CoV-2 attained resistance with very few mutations in
nsp12. These highly mutation-prone residues/sites should be critically considered in the development of
future therapeutics and during analyses of pandemic evolution. The affinity-attenuating designs showed
lower remdesivir binding, which indicates that SARS-CoV-2 could develop remdesivir resistance via muta-
tions at these residues. These hotspot residues would likely undergo selective mutations in the future to
establish remdesivir and related drug resistance. Our design methodology mutated and rank-ordered spe-
cific remdesivir-resistance mutations of SARS-CoV, which highlights its accuracy and predictive ability. The
normal mode analysis, residue correlation, and per-residue average B-factor analysis revealed the local
flexibility and overall domain motion of nsp12 and suggested that residues 400-750 are mostly stable
and undergo a highly correlated coupled motion. These results correlate well with our design results, in
which remdesivir-bound nsp12 designs did not undergo large conformational changes and retained
97%-98% sequence identity even after mutations modulated the binding affinities with remdesivir and Mol-
nupiravir. Compared with the 11 nsp12 residues in the remdesivir-bound designs, only 7 nsp12 residues
varied in the Molnupiravir-bound designs. This result suggests that Molnupiravir is more effective in pre-
venting the emergence of resistance mutations due to the restricted mutational landscape and partly ex-
plains why Molnupiravir is effective against remdesivir-resistant mutations. Our cohesive and comprehen-
sive work highlights the hotspot residues of nsp12 that have the potential to undergo mutation to develop
remdesivir resistance. Information on potential mutants could help clinicians adjust drug regimens to
administer treatments earlier and more aggressively in higher-risk conditions.

We conclude that in the absence of detailed information on the evolutionary forces and the role of selection
pressures, predicting how a virus may evolve is a challenging task, particularly during a nascent outbreak.
The rapid availability of more SARS-CoV-2 genomes, most of which differ by one or few mutations, enables
the accurate investigation into spread patterns. Genomic epidemiology-based analysis is being used to
control the rapidly spreading SARS-CoV-2 outbreak (Mishra and Tripathi, 2021). Combined with the avail-
ability of more genomic data, our information on mutation repertoires is critical for predicting structural
features that may guide the design of new drugs to counter resistant strains. Our prediction of the mutation
repertoires complements research aimed at understanding and managing the mechanisms of SARS-CoV-2
drug resistance and COVID-19 pathogenesis and guides development strategies to deter future cross-spe-
cies transmissions.

Limitations of the study

We acknowledge certain limitations in the current study. First, our Rosetta ligand-based interface design
method (and scoring function) is set to design mutants with improved interface delta and therefore with
increased binding affinity to remdesivir. However, typically, the remdesivir-resistant mutations are affin-
ity-attenuating designs. To the best of our knowledge, at present, neither Rosetta nor any other programs
have protocols to accurately score and predict affinity-attenuating designs to correlate with a drug resis-
tance mutation. Nonetheless, Rosetta methodology remains the only useful design-based tool for muta-
tional mapping and prediction of specific residues involved in enhancing or attenuating protein-ligand
interaction. Therefore, to make sure that our Rosetta protocol captures the correct affinity-attenuating de-
signs to correlate with remdesivir-resistant mutations, we carried out control experiments by taking the
wild-type and a previously known remdesivir-resistant SARS-CoV mutation as controls. We argue that
the affinity-attenuating designs representing the potential hotspot residues have a higher probability of
undergoing selective mutations in the future to develop remdesivir and related drug-based resistance.
Second, owing to the lack of structure of the RdRp-Molnupiravir complex, the exact structural information
predicted from the docked complex of RdRp-Molnupiravir might not be precise; however, because remde-
sivir and Molnupiravir bind at the same position, the error might not be significant enough to impact our
design results. Third, a fitness test to evaluate the nsp12 designs and validate it through functional assays
would shed light on whether they are deleterious or not to the replication rate of the virus. Finally, biochem-
ical experiments are necessary to validate the computational results to eventually establish the role of mu-
tations in the gain or loss of interactions and to obtain a holistic view of the emergence of plausible remde-
sivir-resistant mutations.
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Figure S1. Rosetta total scores versus interface deltas of the computed designs in
which only V557 was designed. The V557L design was among the low-affinity designs
shown in red color. Figure S1. Validation of interface design protocol, Related to Figure
2.
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Figure S2. PRODIGY-LIG-derived binding affinities and atomic contacts. The binding
affinities between remdesivir and the nsp12-nsp7-nsp8-RNA complex for the 50,000
generated designs are shown. The contact count represents the summation of
(CC+CN+CO+CX+NN+NO+NX+O0+OX+XX) atomic contacts. Figure S2. PRODIGY-

LIG derived binding affinities between remdesivir and designs, Related to Figure 3.
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Figure S3. Structural and physicochemical parameters from the ligand-based
Rosetta interface design experiment. (A) Rosetta total score versus RMSD of the
50,000 designs of the molnupiravir-bound nsp12-nsp7-nsp8 complex bound to the
template-primer RNA complex obtained from the ligand-based interface design. (B)
Rosetta total score versus interface delta representing the binding affinities of the designs
between molnupiravir and the nsp12-nsp7-nsp8-RNA complex. (C) Interface delta versus
RMSD of the designs, in which only the molnupiravir-interacting 53 residues were
designed and the remaining residues were repacked. (D) Interface delta versus
percentage sequence identity of the molnupiravir interacting residues of the nsp12-nsp7-
nsp8-RNA complex showing the distribution of designs. In panels (A-C), the dotted boxes
denote the control values in which the molnupiravir-interacting residues were only
repacked and not designed. Figure S3. Physicochemical parameters of molnupiravir-
binding designs, Related to Figure 2.
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Top 100 affinity attenuating designs

(1) Val410, (2) Lys411, (3) Phed40, (4) Asp452, (5) Tyr456, (6) Lys500, (7) Thr540, (8) Asn543, (9) Leu544,
(10) Lys545, (1) Tyr546, (12) Ala547, (13) lle548, (14) Ser549, (15) Ala550, (16) Lys551, (17) Arg553,
(18) Ala554, (19) Arg555, (20) Thr556, (21) Val557, (22) Val560, (23) lle589, (24) Trp617, (25) Asp618,
(26) Tyr619, (27) Pro620, (28) Lys621, (29) Cys622, (30) Asp623, (31) Arg624, (32) Ala625, (33) Met626,
(34) Arg631, (35) Val662, (36) Gly679, (37) Thr680, (38) Ser681, (39) Ala685, (40) Thr686, (41) Thr687,
(42) Ala688, (43) Tyr689, (44) Ala690, (45) Asn691, (46) Ser692, (47) Val693, (48) Phe694, (49) Asn695,
(50) le757, (51) Leu758, (52) Ala762, (53) Asp845

Figure S4. Sequence logos showing the frequency of the designed molnupiravir-
interacting residues. Sequence logos of the 100 top-scoring affinity-enhancing versus
affinity-attenuating designs generated from the ligand-based interface design of the
molnupiravir-bound nsp12-nsp7-nsp8-RNA complex are shown. The integers on the X-
axis represent corresponding native residues, and their identities are shown in the bottom
panel. The ‘bits’ represent the overall height of the stack in the Y-axis with the sequence
conservation at that position. The blue arrow shows residues that exhibited diverse
mutations between the two groups but with fewer amino acids sampled, and the red arrow
shows residues that experienced more diverse sequence variations between the two
groups with a relatively higher number of sampled amino acids. Figure S4. Sequence

diversity of molnupiravir-binding designs, Related to Figure 3.
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Figure S5. PRODIGY-LIG-derived binding affinities and atomic contacts. The binding
affinities between molnupiravir and the nsp12-nsp7-nsp8-RNA complex for the 50,000
generated designs are shown. The contact count represents the summation of
(CC+CN+CO+CX+NN+NO+NX+OO+0OX+XX) atomic contacts. Figure S5. PRODIGY-

LIG derived binding affinities between molnupiravir and designs, Related to Figure 5.
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Figure S6. Ligand interaction diagrams between molnupiravir and the nsp12-nsp7-

nsp8-RNA complex for the top-scoring affinity-enhancing and affinity-attenuating

designs. 2D ligand interaction diagrams between molnupiravir and the nsp12-nsp7-nsp8-

RNA complex for the top-scoring (A) affinity-enhancing design and (B) affinity-attenuating

design are shown within a 6-A distance. Various types of intermolecular interactions are

labeled in legends. Figure S6. Molnupiravir interactions in the affinity-enhancing and

affinity-attenuating designs, Related to Figures 4 and 5.



Supplementary Table S1. Predicted percentage of intrinsic disorder (PPID) of the wild-
type and the top 20 affinity-attenuating designs. Supplementary Table S1. Percentage

intrinsic disorder of the designs, Related to Figures 2 and 3.

Protein Name | PPIDvixr | PPIDys.2 | PPIDwpred | PPIDwpred | PPIDpisopred | PPIDwmean
(%) (%) Long (%) short (%) (%) (%)
Wild-type 4.46 4.22 0.24 0.08 1.08 0.84
>use_000226 4.46 5.79 1.08 1.20 2.41 0.84
>use_000753 7.50 5.90 1.08 1.32 3.37 1.08
>use_002159 4.46 6.03 1.08 1.20 1.32 0.72
>use_003729 5.91 6.39 1.08 1.20 0.48 0.84
>use_013234 6.75 6.03 0.84 1.20 0.96 0.84
>use_017839 7.72 6.27 1.20 1.32 2.41 0.96
>use_018383 5.91 5.79 1.08 1.20 1.32 0.84
>use_020421 5.18 5.91 1.08 0.96 1.80 0.72
>use_024461 5.54 6.39 0.84 1.20 1.20 0.84
>use_026183 7.47 5.66 1.08 1.20 2.65 0.72
>use_028850 7.72 5.54 1.08 0.96 1.80 0.72
>use_032323 7.35 5.54 0.84 1.20 0.96 0.72
>use_033485 5.54 5.79 0.84 1.20 1.80 0.84
>use_036359 6.39 6.15 1.08 1.08 1.80 0.84
>use_040108 7.47 5.79 1.08 1.20 2.29 0.72
>use_048390 7.59 6.63 0.96 0.96 1.80 0.72
>use_049174 6.75 5.79 0.96 1.20 0.96 0.72
>use_051902 7.23 5.79 1.08 1.32 3.61 1.08
>use_056413 7.84 5.66 0.84 0.96 217 0.72
>use_062231 7.96 6.27 1.20 1.20 1.08 0.84




TRANSPARENT METHODS

Identification of interacting residues between nsp12 and the triphosphate form of
remdesivir (RTP)

The cryo-EM structure of the RNA-dependent RNA polymerase from SARS-CoV-2 (PDB
ID: 7BV2) consists of a nsp12-nsp7-nsp8 complex bound to the template-primer RNA and
triphosphate form of RTP (Yin et al., 2020). These data were retrieved from the RCSB
Protein Data Bank and subsequently used to obtain the key interactions and contacts
between nsp12 and remdesivir. A total of 56 residues from nsp12 interacted with

remdesivir.

Molecular docking of molnupiravir to the nsp12-nsp7-nsp8 complex bound to the
template-primer RNA and triphosphate form of remdesivir (RTP)

Molnupiravir is an orally bioavailable NHC prodrug (B-D-N*-hydroxycytidine-5'-isopropyl
ester) that is similar to remdesivir, and both drugs work by mimicking ribonucleosides
(Sheahan et al., 2020). Therefore, molnupiravir was docked into the remdesivir binding
site of the RNA-dependent RNA polymerase of SARS-CoV-2. Molecular docking was
performed using AutoDock Tools to dock the molnupiravir into the nsp12 binding cavity,
in which it exerts its antiviral action via the introduction of copying errors during viral RNA
replication (Huey et al., 2007; Morris et al., 1998). The nsp12-nsp7-nsp8 complex
included the RNA and Mg?* catalytic ions. PDB ID: 7BV2 is co-crystallized with remdesivir.
The same binding grid was selected for the molnupiravir docking studies. The protein and
ligands were prepared using the MGL tools. Hydrogens and Kollman charges were added
to the protein, and hydrogen and Gaisteger charges were added to molnupiravir for
preparation. The grid was set as X=42, Y=46, and Z=52 with 0.375-A grid spacing. The
protein and ligand were docked, and 100 binding poses were generated for the analysis.
The best binding poses that laid well in the binding cavity and showed interactions with
the key catalytic residues were selected for further analysis. The interactions between the
complex and ligands were identified. A total of 65 residues from nsp12 interacted with

molnupiravir.



Structural refinement of remdesivir- and molnupiravir-bound nsp12-nsp7-nsp8 in
complex with template-primer RNA for Rosetta ligand-based interface design

The crystal structure of remdesivir-bound nsp12-nsp7-nsp8 and the molnupiravir-bound
nsp12-nsp7-nsp8 in complex with template-primer RNA were first optimized using
Schrédinger Maestro (Schrédinger Release 2016—4: Maestro, Schrodinger, New York).
The parameters for remdesivir and molnupiravir were not available a priori for Rosetta-
compatible forcefield. Therefore, the appropriate charges were added, and parameters
for remdesivir and molnupiravir were generated. The resulting complexes with remdesivir
and molnupiravir were used for structural refinement by Rosetta relax, which is the main
protocol for all-atom refinement of structures in the Rosetta forcefield (Alford et al., 2017).
Ten models were generated for each design group in this step, namely, the remdesivir-
bound nsp12-nsp7-nsp8-template-primer RNA and molnupiravir-bound nsp12-nsp7-
nsp8-template-primer RNA. The full atom-relaxed structures from each group with the
lowest energy were used for subsequent ligand-based interface design experiments. The
catalytically critical Mg?* ions were retained in all of the refinement and subsequent design

steps.

Ligand-based interface design and binding affinity calculation

Rosetta macromolecular modeling suite was used to perform the ligand-based interface
design experiments (Moretti et al., 2016). The nsp12 was redesigned with allowed
backbone flexibility using Rosetta's full-atom scoring function in the remdesivir- and
molnupiravir-bound nsp12-nsp7-nsp8-template-primer RNA-bound structures. For the
remdesivir-wrapped nsp12-nsp7-nsp8-template-primer RNA-bound structure, 46
residues of nsp12 that are known to interact with remdesivir were designed with 19 other
amino acids, and 53 residues of nsp12 were designed to have intermolecular contacts
with molnupiravir for the molnupiravir-bound nsp12-nsp7-nsp8-template-primer RNA-
bound structure. During these design experiments, all of the other residues of nsp12,
nsp7, and nsp8 were allowed to repack without design. A total of 100,000 designs
composed of remdesivir- and molnupiravir-bound complexes were generated. A modified
RosettaScripts was used to design the interface residues of nsp12 in complex with

remdesivir and molnupiravir that considered a small movement of the backbone of nsp12
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to avoid steric clashes with ligands upon the introduction of mutations (Fleishman et al.,
2011). The designs were sampled using Monte-Carlo-simulated annealing in the Rosetta
all-atom forcefield. For a comprehensive understanding of the structural and residue-
specific changes of nsp12 upon interaction with remdesivir and molnupiravir, the Rosetta
total score, root mean square deviation (RMSD) from the starting structure, Rosetta
interface delta (representing the binding affinity between the designed nsp12 with
remdesivir and molnupiravir), and the percentage sequence identity from the starting

sequence were obtained.

Validating the design protocol on remdesivir-resistant nsp12 mutants of SARS-CoV
To test the accuracy and reliability of our ligand-based Rosetta interface design protocol,
we considered a previously reported remdesivir-resistant mutant of SARS-CoV, V557L,,
in which Val557 is a remdesivir-interacting residue of nsp12 (Sheahan et al., 2020).
During this step, the Val557 residue was designed with the 19 other amino acids, but the
remaining nsp12 residues were allowed to repack without further design. A total of 5000
designs were generated at the 557" position and analyzed to monitor the highly prevalent

designed residues with their corresponding scores and rankings.

Occurrence of mutations in top-ranked affinity-enhanced and affinity-attenuated
designs

The type and frequency of designed amino acids in the 46 and 53 nsp12-interacting
residues of remdesivir and molnupiravir, respectively, from the top-ranked affinity-
enhanced and affinity-attenuated designs were obtained and plotted using WebLogo,
which graphically represents the multiple sequence alignment of an amino acid profile
(Crooks et al., 2004). The residue index is shown in the X-axis of these plots, and the
sequence conservation of an amino acid at that position is shown on the Y-axis. The
height of symbols within the stack in each plot indicates the relative frequency of a specific

amino acid at that position.

Binding affinity calculation of remdesivir- and molnupiravir-bound nsp12 designs
using PRODIGY-LIG
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The 100,000 remdesivir- and molnupiravir-bound nsp12 structures generated using
Rosetta ligand-based interface designs were subjected to the calculation of the binding
affinities using PRODIGY-LI (PROtein binDIng enerGY prediction - LIGands), which is a
structure-based method for the prediction of binding affinity in protein-ligand complexes
(Kurkcuoglu et al., 2018; Vangone et al., 2019). A 3D model of the design with the bound
ligand was supplied, and the binding affinity was computed. From the Rosetta-designed
structures, the binding affinity (AG) and the contact counts were obtained for analysis. A
detailed decomposition of intermolecular contacts was obtained for the top five affinity-
enhancing and affinity-attenuating designs for the remdesivir- and molnupiravir-bound

nsp12 structures.

Calculation of intermolecular interactions between remdesivir- and molnupiravir-
bound nsp12 designs in the affinity-enhancing and affinity-attenuating mutants

The intermolecular interactions between top-ranked affinity-enhancing and affinity-
attenuating remdesivir-nsp12 and molnupiravir-nsp12 designs were obtained using the
Arpeggio web-server (Jubb et al., 2017). The total number of interactions obtained
represents the sum of the number of van der Waals, proximal, polar contacts, hydrogen

bonds, aromatic contacts, hydrophobic contacts, and carbonyl interactions.

Interaction diagrams between remdesivir-nsp12 and molnupiravir-nsp12 designs

The 2D-ligand interaction diagrams showing the various types of intermolecular
interactions between remdesivir-nsp12 and molnupiravir-nsp12 top-ranked affinity-
enhancing and affinity-attenuating designs were obtained using Schrodinger Maestro
(Schrédinger Release 2016—4: Maestro, Schrédinger, New York). A distance up to 6 A

from the ligand molecule was considered when constructing the interaction diagrams.

Normal mode analysis of the RdRp subunit nsp12

The normal mode analysis, deformation energies of each mode, calculation of normalized
squared atomic displacements, normalized squared fluctuations, and the correlation
matrix of nsp12 were calculated using WEBnm@ server (Hollup et al., 2005; Tiwari et al.,
2014).
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Prediction of the intrinsic disorder propensity

To determine the intrinsic disorder propensity of the wild-type and the top 20 affinity-
attenuating designs, five predictors were used, namely, PONDR VL-XT, PONDR VSL2,
IUPred (Long and Short), and DISOPRED (Deng et al., 2012; Dosztanyi et al., 2010). The
predicted percent of intrinsic disorder (PPID) in a query protein was calculated from the

outputs of all five predictors.
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