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Abstract

The main protease (MP™) of SARS-CoV-2 is essential for viral replication and has been the
focus of many drug discovery efforts since the start of the COVID-19 pandemic. Nirmatrelvir
(NTV) is an inhibitor of SARS-CoV-2 MP™ that is used in the combination drug Paxlovid for
the treatment of mild to moderate COVID-19. However, with increased use of NTV across the
globe, there is a possibility that future SARS-CoV-2 lineages will evolve resistance to NTV.
Early prediction and monitoring of resistance mutations could allow for measures to slow the
spread of resistance and for the development of new compounds with activity against resistant
strains. In this work, we have used in silico mutational scanning and inhibitor docking of MP™
to identify potential resistance mutations. Subsequent in vitro experiments revealed five
mutations (N142L, E166M, Q189E, Q1891, and Q192T) that reduce the potency of NTV and
of a previously identified non-covalent cyclic peptide inhibitor of MP™. The E166M mutation
reduced the half-maximal inhibitory concentration (ICso) of NTV 24-fold, and 118-fold for the
non-covalent peptide inhibitor. Our findings inform the ongoing genomic surveillance of

emerging SARS-CoV-2 lineages.

Introduction

COVID-19, the disease resulting from infection by the coronavirus SARS-CoV-2, was
declared a global pandemic by the World Health Organization (WHO) in March 2020.! Since
then, over 595 million infections have been recorded,? with affected individuals experiencing
symptoms ranging from fever and dry cough to life-threatening illness.? Several lineages of
SARS-CoV-2 have arisen, and five (Alpha, Beta, Gamma, Delta, Omicron) have been
classified as variants of concern (VOC) by the WHO.* Vaccines,” monoclonal antibodies,® and
small molecule drugs,” have all been rapidly developed and deployed clinically to aid in

combating the COVID-19 pandemic.

The main protease (MP™, nsp5, 3CLP™; NCBI: YP_09742612) plays a critical role in the SARS-
CoV-2 replication cycle by proteolytically liberating the majority of the non-structural proteins
from the viral polyproteins (UniProt: PODTCI1, PODTDI1),® some of which are involved in the
replicase-transcription complex (RTC).? MP® assembles as a homodimer, whereby each of the
protomers consists of three domains. Domain I (8—101) and domain IT (102—184) form an anti-
parallel B-barrel structure and domain III (201-306) consists of a-helices arranged in an anti-

parallel globular cluster.® !% ! The active site is located between domains I and II and includes
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the loop region (185-200) that connects the two domains.® MP™ is a cysteine protease and
employs a catalytic dyad (H41, C145) to catalyze hydrolysis of its substrates.® The enzyme has
a pronounced substrate specificity from P4to P1’,® using Schechter-Berger notation,'? whereby
hydrolysis exclusively occurs after Q residues in Pi.!* There is a preference for L in P, and
small residues such as A and S in P;".% 13 As no human protease possesses comparable peptide

substrate specificity, MP™ is an ideal target for antiviral drug development.® 4

Since the identification of SARS-CoV-2, a number of inhibitors of MP™ have been reported.'
While several non-covalent inhibitors are described,'®!® the field is dominated by covalent
peptide-based inhibitors derived from the substrate sequence.!” As of August 2022, the
covalent inhibitor nirmatrelvir (NTV)? is the only approved MP™ inhibitor.?! NTV is a short,
substrate-derived, peptidomimetic that binds to the catalytic cysteine through an electrophilic
C-terminal nitrile warhead.?® In vitro, NTV possesses low nanomolar inhibition constants (K)
against the SARS-CoV-2 MP™ of the ancestral strain (in this study referred to as wild-type) and

the Omicron variant.??

The anti-coronaviral drug Paxlovid contains both NTV and low-dose ritonavir (RTV), whereby
the latter acts as pharmacokinetic booster of NTV.?! More than 12 million doses of Paxlovid
have been manufactured and distributed to over 37 countries.”> With Paxlovid treatment now
accessible to millions around the world, there is a high risk for current circulating SARS-CoV-
2 variants to evolve for resistance to NTV. Drug resistance to protease inhibitors has previously

been reported for several other infectious viral species,>*26

making it prudent to monitor the
circulating SARS-CoV-2 variants for early identification of NTV resistance. Indeed, several
recent preprints disclose experimentally found MP™ variants which reduce the potency of
NTV.?7-33 These studies encompassed a variety of methodologies, including data mining of
SARS-CoV-2 sequences and passage experiments. Especially substitutions of substrate
binding pocket residues such as S144, E166, L167, and Q192 resulted in loss of NTV inhibition

(Supporting Information Table 3).

In this study we have used an in silico and experimental in vitro workflow for the identification
of potential SARS-CoV-2 MP™ mutants that lose affinity for NTV, while maintaining substrate
processing capability, i.e., mutations that could result in a viable resistant strain. Firstly,
mutational scanning was performed on a selected number of residues in and around the
enzyme’s active site to generate all possible single amino acid variant models. Covalent
docking was then used to screen a substrate analogue and the inhibitor (NTV) against these

mutants; mutations that significantly affected NTV binding and retained the ability to bind the
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substrate analogue were taken forward for experimental in vitro validation against NTV and an
unrelated non-covalent cyclic peptide inhibitor. The resistant mutations identified in our study
could be identified as mutations of interest before they evolve naturally, thereby informing the

scientific and medical community ahead of time.

Methods

In silico protein and ligand preparation. The X-ray crystal structure of SARS-CoV-2 MP™
(PDB: 7VH8)* was imported into Maestro (Schrodinger Release 2021-3: Maestro;
Schrédinger, LLC: New York, NY, USA, 2021) and refined using the protein preparation
wizard module with the addition of missing hydrogens and sidechains, converting
selenomethionine to methionine, deleting water molecules, assigning bond orders, and
generating heteroatom states at a pH of 7.4. The structure was further optimized using
PROPKA at pH of 7.4 and minimized using OPLS4 forcefield,> with the heavy atoms
converged to RMSD of 0.3 A. The structures of NTV and the substrate peptide were drawn in
ChemDraw 20.0 (Perkin Elmer, USA) and optimized to generate 3D conformations using the

LigPrep module in Maestro.

MP mutant model generation. The MP© X-ray crystal structure (PDB: 7VH8)** was taken
as a template to build models for Set 1-3 mutants using Residue Scanning Calculations
(Schrodinger Release 2021-3: BioLuminate; Schrodinger, LLC: New York, NY, USA, 2021).
All generated structures were refined with backbone minimisation using Prime at a cut-off
distance of 5.0 A around the mutated residue along with the prediction of stabilities parameters,

namely: A stability (solvated, hydropathy, vdW, Hbond, Prime energy, etc.).

Covalent docking. CovDock (Schrodinger Release 2021-3: Glide; Schrodinger, LLC: New
York, NY, USA, 2021) was utilized for performing covalent docking of both the inhibitor and
substrate against prepared mutants. For protomer A, the docking grid coordinates x =—19.2,
y =17.4, and z = —25.3 were utilized while for protomer B grid coordinates x = 19.2, y = 46.1,
and z =—25.3 were found to be optimal for binding pose and docking score reproducibility.
CovDock was performed using virtual screening mode and the number of output structures to
be generated was set to 10. For the inhibitor docking, the reaction type was set to “Nucleophilic
Addition to a Triple Bond” with the default SMARTS “[C]#[N]” selected, while for the
substrate docking “Nucleophilic Addition to a Double Bond” was selected from the reaction

type menu and the SMARTS “O=CC(N)CCC(=0O)N” was manually added.
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Recombinant protein expression. Codon optimized genes encoding for the various SARS-
CoV-2 MP™ variants were cloned into pET-29b(+) plasmid vectors between Ndel and Xhol
restriction sites by Twist Bioscience (USA). The plasmids were transformed into Escherichia
coli BL21 (DE3) and were plated onto a petri dish containing lysogeny broth (LB) media
treated with 100 mg/L. kanamycin (Sigma-Aldrich, USA). The seed culture was prepared by
picking a single colony from the petri dish, which was inoculated with 10 mL LB media
containing 100 mg/L. kanamycin. The seed culture was incubated at 37 °C with shaking at
200 rpm for 18 h and was then diluted 1:100 into 1 L using the autoinduction media, terrific
broth (TB) supplemented with lactose and 100 mg/L kanamycin. This was kept in a shaker
(200 rpm) for 24 h at 20 °C, after which the cells were harvested (5000 g for 15 min at 4 °C)
and stored at —20 °C.

Protein purification. Cell pellets were resuspended in buffer A (50 mM Tris-HCI, 300 mM
NaCl, 5 mM imidazole, pH 7.5) with the addition of 1 pL turbonuclease (Sigma-Aldrich,
USA), followed by a two-cycle sonication (Omni International Mixer Homogenizer; Thermo
Fisher, USA) for cell lysis. The suspension was centrifuged (13000 rpm for 30 min at 4 °C),
and the resultant supernatant was first passed through a 0.45 pm filter followed by loading onto
a His-Trap Ni?* column (HisTrap FF; Cytiva, USA). The column was washed with buffer A
and the protein was eluted using buffer B (50 mM Tris-HCI, 300 mM NaCl, 300 mM
imidazole, pH 7.5). The protein fractions were analyzed using SDS-PAGE and the pure
fractions were combined and concentrated, with a molecular weight cut-off at 10 kDa, using
the exchange buffer, buffer C (20 mM HEPES-KOH, 150 mM NaCl, 1| mM DTT, 1 mM
EDTA, pH?7.0). The protein concentrations were determined using a UV/vis-
spectrophotometer (NanoDrop One®, Thermo Fisher, USA) by measuring the absorbance at
280 nm using the extinction coefficients (M~'cm™ at 280 nm) as calculated with ExXPASy

ProtParam.3¢

Enzyme inhibition assays. The SARS-CoV-2 MP™ FRET assay was carried out as previously
described.!® 37 Triplicate enzymatic reactions (100 uL) were prepared in black polypropylene
96-well plates with U-bottom (Greiner Bio-One, Austria) and monitored by the microplate
reader Infinite 200 PRO M Plex (Tecan, Switzerland). 20 mM Tris-HCI pH 7.3, 100 mM NaCl,
I mM EDTA, 1 mM DTT was used as the aqueous buffer. Nirmatrelvir (MedChemExpress,
USA; Batch HY-138687-116180) was incubated with recombinant SARS-CoV-2 MP™ (final
enzyme concentration: 25 nM) for 10 min at 37 °C, before the fluorogenic substrate

(DABCYL)-KTSAVLQ|SGFRKME(EDANS)-NH> (Mimotopes, Australia) was added to a
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concentration of 25 pM to initiate the reaction (whereby DABCYL and EDANS act as the FRET
pair and | denotes the proteolytic cleavage site). The enzymatic activity was monitored at 37 °C
for 5 min at 490 nm using an excitation wavelength of 340 nm. For ICso determination from
dose-response curves, the initial velocities of the control reactions were defined as 100 %
activity to calculate inhibition percentages accordingly. The data were analyzed and visualized
with Prism 9.4 (GraphPad Software, USA), using the sigmoidal four-parameter logistic curve
model with plateaus at 0 and 100 %.

Results

Computational screening of potential resistance mutations. A total of 711 mutant models
of SARS-CoV-2 MP® were generated in silico for the study in three sets (Supporting
Information Table 1). Set 1 consisted of residues lining the substrate/inhibitor binding site.
To select these residues, we first analyzed the substrate and inhibitor bound SARS-CoV-2 MP™
structures (PDB: 7TE0 and 7N89, respectively).*34? Set 1 includes the sub-pockets S4+—S; and
S1’—-S3’ at the active site, which contribute to both substrate and inhibitor non-covalent
interactions with the residues P4-P1 and P1’-P3’ respectively, in addition to other residues within
van der Waals, salt bridge or hydrogen bonding distance to substrate or inhibitor. The specific
interactions between enzyme and its various peptide recognition sites have recently been
mapped, and are consistent with this initial set (T25, T26, L27, H41, S46, M49, Y54, F140,
L141, N142, G143, S144, H163, H164, M165, E166, L167, P168, F185, D187, Q189, T190,
A191, and Q192) (Figure 1, Supporting Information Figure 1).>® Because NTV is
significantly smaller than the substrate, several of these residues are beyond non-covalent
interaction distance to it (e.g., Thr25-Leu27), but were retained in Set 1 regardless, given the
possibility that structural disruption could still affect inhibitor binding. These were mutated to
all possible single point mutations in silico, yielding 456 mutant structures. For the second set,
residues situated proximal to the binding site, namely M130, R131, G146, S147, C160, T169,
G170, V171, H172, P184, V186, A193 and A194 were selected and mutated to all possible
amino acids to generate an additional 247 mutant structures (Figure 1, Supporting
Information Figure 1). Residues M130, R131, G146 and S147 form part of the active site
loop 129-148, while C160, T169, G170 and H172 belong to the anti-parallel B-sheet 156-175
lining the binding site. Residues P184, V186, A193 and A194 were chosen because they form
a part of the loop 176-200, which connects domain II to domain III and is located close to the

active site of MP™. The third set of mutations consisted of eight currently circulating SARS-
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CoV-2 MP* mutants GI5S, T21I, Q83K, L89F, K90R, P132H, L205V, and V2I12F
(Supporting Information Figure 1),>”*! which were selected to assess whether mutations at

these positions could affect substrate or NTV binding.

d

Figure 1. Locations of in silico mutated sites in MP™. /n silico mutagenesis was used to
generate 711 mutants in three sets: (i) Set 1 residues lining the substrate (a; SAVLQSGF) or
NTV (b) (grey sticks) binding site (cyan sticks; T25, T26, L27, H41, S46, M49, Y54, F140,
L141, N142, G143, S144, H163, H164, M165, E166, L167, P168, F185, D187, Q189, T190,
A191 and Q192); (ii) Set 2 residues in the second shell of the binding site and in functionally
important loops (magenta sticks; M130, R131, G146, S147, C160, T169, G170, V171, H172,
P184, V186, A193 and A194).

Having generated an in silico library of 711 SARS-CoV-2 MP™ mutants, we then sought to
assess whether the mutations would affect binding of either the native substrate or the inhibitor
NTV (or both). Using CovDock,* we performed an initial screen against the substrate; this is
important if a mutation is to be viable as a resistance mutation, i.e., it must not affect the native
activity to such a degree that it has a substantial fitness cost. This is especially true in this case
because the SARS-CoV-2 MP™ enzyme is essential and there is little redundancy; if the
mutation abolishes SARS-CoV-2 MP™ function, the virus will not be viable. SARS-CoV-2 MP™
can hydrolyze a variety of related polypeptide sequences and is somewhat promiscuous.
Given that this was an initial step, and that it is more likely the docking screen will
underestimate the number of deleterious mutations (i.e., be more likely to yield false
positives),* ** and thus will be relatively permissive and unlikely to erroneously screen out
mutations that would retain activity versus the native substrate(s), we used only one sequence,
SAVLQSGEF. The purpose of this step was to reduce the library size by eliminating mutations
that would clearly abolish native activity (and result in a fitness loss). The results of this initial

screen reveal that a significant number of these mutations result in reduced binding of a
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representative native substrate (Figure 2). Interestingly, the number of deleterious mutations
from Set 2 was comparable to that from Set 1, most likely because of indirect structural
disruptions rather than direct effects on the substrate. From this first screen, the number of
mutations of interest was narrowed down from 711 to 513. As expected, the circulating mutants

all retained wild-type like substrate binding (Supporting Information Figure 1).
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Figure 2. Computational screening of MP® mutant structures. (a) Docking scores for the
substrate (SAVLQSGF) against the modelled MP™ mutants from Set 1. (b) Substrate docking
scores plotted for the Set 2 mutant library. (c) RMSD plot of the docked inhibitor (NTV), from
the selected Set 1 mutants, with respect to the co-crystallized NTV pose in WT M. (d) RMSD
of the docked inhibitor (NTV), from the selected Set 2 mutants, with respect to the co-
crystallized NTV pose in WT MP™, All the mutants have been sorted into groups of 19 for each
residue position and a docking score of 0 is used to represent mutants producing no binding
scores against the substrate.
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Mutants that potentially retain native activity from the substrate screen were then screened with
the inhibitor, NTV, again using CovDock. The docking scores themselves were not particularly
informative and likely include many false positives (Supporting Information Table 1). Thus,
instead of relying on the docking score, we calculated the inhibitor root mean square deviation
(RMSD) relative to the crystal structure of bound NTV to better estimate the disruption to NTV
binding (Figure 2). This was more informative, providing a greater difference between mutants
where binding was not affected and those where it potentially was. This indicated that, while
many of the mutants are predicted to retain sensitivity to NTV, a subset of these mutations
(111) is predicted to significantly disrupt NTV binding. As expected, none of the currently
circulating variants (Set 3) resulted in significant disruption to NTV binding (Supporting

Information Figure 1).

Medium throughput expression and native activity screening. Of the 111 potential
resistance mutations identified through the computational screen, we decided to experimentally
verify 32, to test for the effects of the mutations on expression, native activity, and inhibition
by NTV. These were selected by choosing all candidate resistance variants identified from the
NTV CovDock screen from 9 positions: N142(L), E166(A/C/L/M/P/T), L167(A/E/F/M/W/Y),
P168(M), D187(F/H/N/S/T/W), Q189(D/E/I/P/T), T190(P), A191(V), and Q192(C/H/P/T/Y).
These 9 positions were chosen on the basis of a combination of proximity to NTV (Figure 1),
high RMSD (e.g., D187, T190, etc.; Figure 2), and to ensure the mutations were distributed
across all key binding sub-sites of the inhibitor-protein complex (Figure 1). This reduced
dataset allowed us to test the hypothesis that resistance mutations can arise at the substrate
binding site and allow for the identification of a limited (non-comprehensive) number of
potential resistance mutations. Accordingly, genes for the N142L, E166A/C/L/M/P/T,
L167A/E/F/M/W/Y, P168M, DI187F/H/N/S/T/W, QI189D/E/I/P/T, T190P, A191V, and
Q192C/H/P/T/Y variants were synthesized and cloned into an expression vector (pET-29b(+))

for heterologous expression and purification from Escherichia coli.

The effect of a mutation on organismal fitness depends on the expression of the function of the
gene, e.g., through enzyme activity. However, this first requires that the gene that is expressed
is properly translated and the resulting protein folded into its stable and active native tertiary
structure. Thus, the first step in this medium throughput experimental screen tested for soluble
protein expression. From this, it was observed that seven of these variants did not express in
soluble form: E166P, L167E, L167M, L167W, D187H, D187N, and Q192Y. This is somewhat

consistent with the predicted effects of these mutations on protein stability, as all of these were
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predicted to be destabilizing (Supporting Information Table 2). Given that the protein
expression was performed in a recombinant organism, we cannot be certain that these
mutations will also result in impaired protein expression in the host cell during viral replication.
However, from the combination of the predicted destabilizing effects and the lack of
expression, which generally correlates with low stability of the folded protein or of a folding
intermediate,*> 6 we can conclude they have a lower likelihood of folding to the mature, active

form.

The remaining expressed and soluble mutants were then screened against a substrate analogue
(DABCYL)-KTSAVLQSGFRKME(EDANS)-NH>) in which the peptide recognition sequence
is sandwiched between 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid (EDANS) and 4-
((4-(dimethylamino)phenyl)azo)benzoic acid (DABCYL), for which cleavage results in a loss
of Forster resonance energy transfer (FRET) that can be detected spectroscopically (Figure 3).
This revealed that several of the mutants (E166A/C/L/T, L167A/F/Y, D187F/S/T/W/D,
QI189P/T, T190P, A191V, Q192H) had no detectable activity with this substrate analogue at
the measured concentration. While this initially appears to be a larger than expected number of
inactive variants, it is consistent with the generally high rate of false positive “hits” from
docking, i.e., docking experiments tend to overestimate the binding of ligands. It could well be
that the mutations sample conformations that block binding in solution that were not captured
in the computational docking. Interestingly, two of these mutations have previously been
reported to have WT-like activity in vitro (Q189P)* or in a vesicular stomatitis virus-based
cellular assay (L167F),*° although the functional assays used in those studies differed from that
used here. We also cannot discount the possibility that the enzymes lost activity during
purification or storage. Of the 8 active variants, four (E166M, P168M, Q192C, Q192T)
exhibited a modest reduction in activity of no more than ~5-fold, whilst three variants (N142L,
Q189E, Q189]) exhibited greater than wild-type activity. The Q192P variant exhibited a more
pronounced reduction in activity (~10 fold) as compared to the wild-type. Thus, from the
medium throughput screen, we identified seven assumed neutral and one near-neutral (Q192P)
mutations to SARS-CoV-2 MP™ that could be sufficiently neutral in terms of expression,
stability, and activity that could accumulate in SARS-CoV-2 without major impairment of

fitness.


https://doi.org/10.1101/2022.08.24.505060
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.24.505060; this version posted August 24, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

a 100 == No nirmatrelvir b
30 nM nirmatrelvir
Q
S 10+
&
> 100+
s
2z 44 —_
3 ' =
L
S §
£ 0.1 £ 504
o | 2
=
£
0=
0.1 1 10 100 1000 10000
Nirmatrelvir [nM]
roF o “ WT  (ICs= 9nM)
NH N142L (ICgo = 85nM
PN (ICso )
Lo - E166M (ICgo =218 nM)
ﬁ N *:g N -+ QI89E (IC5 =173 nM)
N\ C + Q1891 (ICgs= 38nM)
T26
= Q92T (IC5 =151 nM)

Figure 3. (a) Experimental analysis of the activity of 25 SARS-CoV-2 MP™ mutants with
fluorogenic substrate alone and in the presence of NTV (30 nM). Several of the mutants were
not active with this substrate analog, suggesting they are likely to have significant effects on
fitness. Two mutants remained sensitive to NTV inhibition (P168M, Q192C and Q192P). Five
mutants (N142L, E166M, Q189E, Q189I, Q192T) displayed reduced inhibition by NTV. (b)
Dose-response curves of NTV against SARS-CoV-2 MP™ mutants. (c—g) Structural effects of
the mutations (N142L, E166M, Q189E, Q189I1, Q192T in that order) showing disruption to the
binding of NTV compared with binding of NTV to WT MP (grey).

Screening of neutral variants against NTV. The inhibition of this final set of eight
neutral/near-neutral mutants by NTV was then tested using single-point assays (30 nM;
approximately 3-fold higher than the wild-type 1Cso measured in this study) (Figure 3,
Supporting Information Table 4). This revealed that, at this concentration, where wild-type
was inhibited to ~15% original activity, the P168M, Q192P and Q192C were all at least as well
inhibited as the wild-type. In these variants, the activity with NTV present fell below the limit
of detection (consistent with their uninhibited activity starting from a lower baseline than wild-

type). However, NTV appeared to be substantially less effective against five MP™ variants
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(N142L, E166M, QI189E, Q189I, Q192T). To quantify the effect of these mutations on the
inhibitory activity of NTV, we determined the half-maximal inhibitory concentrations (ICso)
of NTV against these mutants (Figure 3). All five ICso values were higher than those of NTV
against the WT protease in our assay conditions (ICso =9 nM), with the largest difference
between WT and E166M (24-fold, ICso = 218 nM). Mutations Q189E (ICso =173 nM) and
Q192T (ICso = 151 nM) were the next most impactful mutations, reducing the ICso 19-fold and
17-fold, respectively. Substitutions N142L (ICso = 85 nM) and Q1891 (ICso = 38 nM) caused
9-fold and 4-fold ICso reductions. All five mutations are predicted to significantly disrupt NTV
binding (Figure 3c—g). Thus, at least five mutations to residues near to the binding site of NTV
have the potential to retain stable folding, native activity (and thus likely have minimal fitness

cost) and to also reduce the effectiveness of NTV.

Testing the effects of resistance mutations on a non-covalent macrocyclic peptide
inhibitor. To evaluate the effects of these mutations on an alternative inhibitor, we tested an
unrelated macrocyclic peptide inhibitor (“Peptide 1”°), which was discovered from a Random
non-standard Peptides Integrated Discovery (RaPID)*’ mRNA display selection (Figure 4).'
In contrast to most peptide-based inhibitors of MP™,!> including NTV, Peptide 1 displays
nanomolar affinity without a covalent warhead. The inhibition of wild-type SARS-CoV-2 MP™
with Peptide 1 (ICso =60 nM) in this study was in line with the literature value.!® We then
tested the inhibition of the potential resistance mutants N142L, E166M, Q189E, Q189I, and
Q192T by Peptide 1 to assess the effects of these mutations on a non-covalent inhibitor that
also has affinity in the nanomolar range (Figure 4, Supporting Information Table 4). These
results reveal interesting and heterogeneous trends in terms of the inhibition relative to NTV.
E166M was substantially more effective at reducing inhibition by peptide 1, increasing the ICso
118-fold (vs. 24-fold for NTV); Q1891 also had a greater effect at reducing inhibition (19-fold
vs. 4-fold for NTV). In contrast, N142L, Q189E and Q192T all exhibited only minor changes
in inhibition (1.5-5.5 fold) in comparison to their effects on NTV inhibition (9-19-fold).
Structural analysis is consistent with these results (Figure 4): E166 interacts with the critical
P glutamine (Q3 in Peptide 1), Q189 likewise forms a hydrogen bond with the main chain NH
of the L2 and would be more affected by a Q-1 mutation than Q-E, while N142 hydrogen is in
a pocket where hydrophobic interactions with the thioether resulting from the N-L mutation
could compensate for lost hydrogen bonds, and Q192 is comparatively remote from the

inhibitor. These results suggest that potential resistance mutations are likely to have relatively
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specific effects with different compounds, raising the possibility that combination therapy

could reduce the chances of resistance developing.*®
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X
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Figure 4. Effects of potential resistance mutations on the inhibition of SARS-CoV-2 MP™
by a non-covalent peptide inhibitor. (a) Structure of Peptide 1. (b) Dose-response curves of
peptide 1 against SARS-CoV-2 MP™ mutants. (¢) Structure of the Peptide 1: MP™ complex
(modelled from PDB: 7RNW)!® showing the positions of the potential resistance mutations
(N142, E166, Q189, Q192) relative to Peptide 1. Note that the thioether in Peptide 1 is a
selenoether in the co-crystal structure. P> leucine is shown in multiple side chain

conformations.
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Screening of sequence databases for potential resistance mutations. To understand whether
any of the five MP™ mutations identified here (N142L, E166M, Q189E, Q1891, Q192T) were
already in circulation, we consulted the EpiCov database by GISAID.*® As of 8" August 2022,
professional contributors had uploaded over 12 million SARS-CoV-2 sequences on the
platform. We detected 177 complete SARS-CoV-2 sequences with the previously discussed
MP™ amino acid substitutions (Figure S, Supporting Information Table 5; N142L: 20,
E166M: 1, Q189E: 11, Q1891: 6, Q192T: 139). Of these 177 sequences, 72 were collected after
22" December 2021, the emergency approval date of Paxlovid by the FDA (N142L: 1, Q189E:
10, Q189I: 6, Q192T: 55). To put these numbers into perspective, we also calculated the
number of sequences containing the Omicron signature MP® mutation P132H,?% 37 of which
more than 5 million sequences are accessible. Given the low number of deposited sequences
with our five identified mutations, we conclude that SARS-CoV-2 viruses containing these
MP mutations do not circulate in relevant numbers at the time of writing. Finally, we compared
the number of mutations (with >75% prevalence) in SARS-CoV-2 MP™ with the number of
mutations in the spike protein (NCBI: YP_009724390). This shows that considerably more
mutations have been fixed in the evolution of spike (31) vs. MP™ (1), suggesting that while
spike has been under selective pressure to adapt and evolve, MP™ is evolving comparatively
slowly, without significant accumulation of neutral mutations, which is discussed in more

detail later.

A final consideration regarding the risk of evolution of resistance is whether these mutations
are accessible via single nucleotide changes. The MP™ amino acids N142, E166, Q189 and
Q192 are encoded in the viral RNA as AAU (N), GAA (E), and CAA (Q), respectively (WIV04
reference sequence).*’ The E166M mutation (GAA — AUG) requires three mutations from the
WIV04 reference sequence, while the N142L substitution requires two point mutations
(AUU — UUA/UUG). The QI189E mutation only requires one (CAA — GAA) or two
(CAA — GAG) point mutations. Both the Q1891 mutations require two (CAA — AUA) or
three (CAA — AUU/AUC) point mutations, as does the Q192T mutation (CAA — ACA or
CAA — ACU/ACC/ACQG). It has been discussed that such mutations in the SARS-CoV-2
genome may have implications for the secondary structure of the viral RNA,>% 3! which raises
the question of whether additional selective pressures might be involved in the evolution of

resistance against NTV.
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Figure 5. (a) Spike and MP™ mutations (> 75 % prevalence) in different SARS-CoV-2 variants
of concern lineages (according to WHO). The data were accessed via the Outbreak.info lineage
comparison report.”? (b) SARS-CoV-2 sequences accessed via the GISAID EpiCoV database
containing MP™ mutations N142L, E166M, QI189E, Q1891 or Q192T by date of sample

collection.

Discussion

During our study, multiple preprints have appeared, discussing certain SARS-CoV-2 MP™©
mutations and their effect on NTV.?7-33 The methodologies used in these studies to discover
the mutations with resistance potential are diverse, which is reflected in their results. As is
observed in our study, previously reported mutational hotspots include the active site of MP™,
with special emphasis on the residues S144, E166, L167, and Q192. While N142L did not
decrease the potency of NTV in one study,? it was found to be ~9-fold less susceptible to NTV
than the WT enzyme here. The same study reported that Q192T decreases the ICso of NTV ~7-
fold, which correlates well with our results (~17-fold decrease).?’ Other mutations of E166
reduced the potency of NTV in other studies,?’"** consistent with our observation that E166M
(not studied prior to this work) potentially has dramatic effects on NTV binding. The
importance of E166 is likely related to a major hydrogen bond between MP® and NTV in P;.2°
Mutant Q189E was reported to increase the ICso value of NTV by up to ~2-fold,> while we

found a ~19-fold increase. While Q189 is a prominent residue to trigger NTV resistance,?® our
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study is the first to report that the mutation Q1891 affects NTV inhibition. In summary, our
study independently confirms findings reported by other groups and adds new data to the pool
of mutations that reduce the inhibition of NTV (e.g., E166M, Q189I). Interestingly, we found
stronger effects for certain mutants than previously reported (e.g., Q192T, QI189E),
highlighting the importance of verification of results across multiple laboratories and

methodologies.

In a study such as this, it is important to identify the limitations, so that the results are not
interpreted out of context. The first obvious limitation of our study is that neither viral fitness
nor actual drug resistance of the discovered mutants can be demonstrated in in vivo models, as
this would require potentially dangerous gain-of-function experiments with SARS-CoV-2 that
our laboratories lack the capacity to perform. Secondly, our computational screening and
experimental assay were only based on one substrate recognition sequence. While the core
recognition site that MP™ cleaves is well conserved,® there is variation across the terminal
regions of multiple recognition sites that MP™ cleaves.*® Thus, while it is likely that differences
in the edges of the recognition sites will not be as critical to substrate recognition, it is possible
that mutations we expect to be “neutral” with respect to the native function could lose activity
with other untested substrate recognition sites. Unfortunately, the combinatorial complexity of
the number of MP™ cleavage sites prevented us from excluding this possibility. Finally, this
study (like others) is not comprehensive: we show that the computational pre-screen is an
effective and economical method to reduce the library size for screening, yet we cannot exclude
the probability that this initial high throughput screen could have missed additional mutations
that could cause resistance. Indeed, we did not identify mutations that were discovered using
alternative approaches (and vice versa). Thus, this study should be viewed as providing support
for the hypothesis that resistance mutations, which can reduce NTV binding without
significantly affecting the native activity, could occur, and to contribute to the other studies on

the topic thereby increasing the number of mutations that should be monitored.

Our study is also unique in testing the potential evolution of resistance to both covalent and
non-covalent inhibitors. The major benefits of covalent enzyme inhibition are reduced
dependence on substrate competition and increased efficiency.>® It is therefore no surprise that
the majority of high-affinity peptide-based MP™ inhibitors like NTV contain covalent
modifiers, while only very few compounds, e.g. Peptide 1 (Figure 4), can achieve similar
affinity without a covalent warhead.!® Both inhibitors, NTV (e.g., PDB: 7VHS, 7RFW,
7TLL)* 22 3% and peptide 1 (PDB: 7RNW),!® have been co-crystallized with MP®. One
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interesting comparison is the effect of the E166M mutation, which has reduced interactions
(relative to E166) with either glutamine or a glutamine mimetic in Pi. The binding of Peptide
1 is reduced 5-times more than the binding of NTV due to this mutation (a similar reduction of
affinity is apparent for the Q189E mutation). A plausible explanation for this is that the covalent
attachment of NTV to MP™ provides some robustness to the development of resistance.
However, we also see that other mutants have less of an effect, which can be rationalized by
their reduced interactions with Peptide 1, relative to NTV. These results suggest that it could
be possible to adapt inhibitors such as NTV to some degree to avoid or mitigate the loss of
binding caused by some mutations, or to develop combination therapies in which a single

mutation cannot reduce binding of two different inhibitors.

The implication of these results on the evolutionary processes underlying the emergence of
resistance can also be discussed. The lack of genetic diversity in the MP™ gene is initially
surprising, given the mutation rate of SARS-CoV-2 and the comparatively rapid accumulation
of mutations in the spike protein. Likewise, there is relatively little neutral genetic drift
apparent in available sequences, although several of these mutations have been detected
previously at very low frequency (Figure 5). While these results appear to be encouraging, the
explanation for this observation is that SAR-CoV-2 has been evolving in a series of selective
“sweeps”,>* in which strains with enhanced immune evasion and virulence rapidly become
dominant and, in the process, displace other strains and reduce genetic diversity overall (e.g.
neutral genetic variation in other genes such as that which encode MP™). We should not assume
that this will continue forever; the longer a strain is dominant the more we will observe genetic
variation in other genes such as that encoding MP™, raising the chance that a variant with
selective advantage (e.g., resistance to NTV) will emerge and spread. We identify some
mutations here that are easily accessible through single nucleotide changes, which are likely to
emerge rapidly, and others that require two or three mutations. Given the mutation rate of
SARS-CoV-2, and the likelihood that intermediate mutants (e.g., E166Q on the way to
E166M)% could also confer resistance to a lower level, it should not be assumed that the
requirement for multiple mutations will provide a long-term protection once resistance to

Paxlovid is a strong selective pressure.

To summarize, we report five SARS-CoV-2 MP™ variants (N142L, E166M, Q189E, Q189I,
Q192T) that are associated with reduced NTV efficacy in vitro. The most-impactful mutation
in terms of their effect on NTV potency were E166M (ICso = 218 nM, 24-fold change) and
QI89E (ICso = 173 nM, 19-fold change). Both E166 and Q189 were previously found to be
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involved in hydrogen bond formation with NTV.?’ The substitutions had ~5-times greater
effect on the binding of a non-covalent peptide inhibitor. At the time of writing, the five
identified mutations N142L, E166M, Q189E, Q1891, and Q192T are not observed at significant
frequency in circulating SARS-CoV-2 strains, and several of these will require multiple
nucleotide changes to be accessed. However, this highlights the importance of genome
surveillance (especially of “breakthrough” infections), so that newly circulating lineages with
resistance to NTV can be identified as soon as possible. Despite the availability of two small
molecule drugs against COVID-19, potential drug resistance highlights that it continues to be
important to identify and progress more antivirals, to eventually increase the number of

available SARS-CoV-2 therapeutics.
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