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Vaccines and drugs have helped reduce disease severity and blunt the spread of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). However, ongoing virus transmission, continuous evolution, and increasing
selective pressures have the potential to yield viral variants capable of resisting these interventions. Here, we
investigate the susceptibility of natural variants of the main protease [MP"; 3C-like protease (3CLP")] of SARS-
CoV-2 to protease inhibitors. Multiple single amino acid changes in MP™ confer resistance to nirmatrelvir (the
active component of Paxlovid). An additional clinical-stage inhibitor, ensitrelvir (Xocova), shows a different re-
sistance mutation profile. Importantly, phylogenetic analyses indicate that several of these resistant variants
have pre-existed the introduction of these drugs into the human population and are capable of spreading.
These results encourage the monitoring of resistance variants and the development of additional protease in-
hibitors and other antiviral drugs with different mechanisms of action and resistance profiles for combinatori-

al therapy.

INTRODUCTION

The main protease (MP"; 3C-like protease) of coronaviruses (CoVs)
is an attractive target for drug development, initially pursued in re-
sponse to the first severe acute respiratory syndrome (SARS) pan-
demic in 2002 and swiftly revisited in response to the more recent
SARS-CoV-2 (SARS2)/coronavirus disease 2019 (COVID-19) pan-
demic (1-4). MP™ activity is essential for virus replication, and com-
bined with precedents set by the successful development of human
immunodeficiency virus type 1 (HIV-1) and hepatitis C virus
(HCV) protease inhibitors, drugs targeting this enzyme are likely
to help treat SARS2 infections (5, 6). Many groups have embarked
on campaigns to target MP"™ with multiple chemical series being ad-
vanced into potent inhibitors at unprecedented speeds, mainly
owing to the wealth of biochemical and structural information
that has accumulated on CoV proteases over the past 2 decades
(7-11). For instance, prior knowledge accelerated the development
of PF-00835231 into PF-07321332 (nirmatrelvir), the active ingre-
dient in Paxlovid and the first MP™ inhibitor to be used clinically
(12). Another MP™ inhibitor that recently received emergency use
authorization in Japan is S-217622 (ensitrelvir, Xocova), a noncova-
lent, nonpeptidic inhibitor developed through computational and
medicinal chemistry (13, 14). Ensitrelvir and other molecules in
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various stages of development may soon provide alternatives to Pax-
lovid and present opportunities for combinatorial therapy.

While Paxlovid is already proving useful in blunting SARS2
disease pathogenesis, the long-term consequences of widespread
use are unknown. Resistance is a major concern given the relatively
rapid rates at which SARS2 is changing (Alpha, Beta, Delta,
Omicron, etc.) and the fact that the potency of nirmatrelvir and en-
sitrelvir varies widely against other CoV species (15). For instance,
the main proteases of the human a-CoV NL63 and 229E are less
susceptible to these drugs, suggesting that natural mechanisms of
resistance may already exist in nature (12, 16). In addition, during
the clinical development of Paxlovid, murine CoV MHV-A59 was
used to study nirmatrelvir resistance (17). One of the selected amino
acid changes, corresponding to S144A in SARS2, causes a >90-fold
reduction in the binding efficacy (K;) of nirmatrelvir to recombi-
nant MP™ in vitro.

We recently reported a cell-based gain-of-signal assay for SARS2
MP™ function in which wild-type (WT) protease activity suppresses
luminescent signal by cleaving cellular substrates to prevent accu-
mulation of reporter mRNA, and this suppressive effect can be over-
come by genetic or chemical inhibition of MP™ to yield signal
increases proportional to mutant severity or inhibitor efficacy, re-
spectively (16). This system enabled us to show that single amino
acid changes (P168S and P168G) in an active site-adjacent {
hairpin of MP™ improve susceptibility to the HCV protease inhib-
itor boceprevir, yet have no effect on the inhibitory capacity of the
tool compound GC376 [(16); repeated below]. P168S is a naturally
occurring variant that accounts for 76% of amino acid changes at
this position in SARS2 clinical isolates based on sequences depos-
ited in the GISAID database [1 July 2022; (18)]. This example of
differential drug responsiveness inspired us to use evolution- and
structure-guided approaches here to ask whether this natural vari-
ation at position 168, other natural changes at position 168, and
other naturally occurring variants in the vicinity of the MP™

10f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

active site cavity may confer resistance to nirmatrelvir and/or ensi-
trelvir. Our results combine to demonstrate that multiple drug re-
sistance mutations already exist in transmissible isolates of SARS2
in the global population. However, some MP™ variants that show
resistance to nirmatrelvir still retain full susceptibility to ensitrelvir
and vice versa, consistent with distinct mechanisms of action and
the possibility that the latter drug can be used if the former fails
and vice versa.

RESULTS

A natural MP" variation AP168 confers resistance to
nirmatrelvir and ensitrelvir

As introduced above, P168S is the most frequent amino acid change
observed at this position in SARS2 MP™. The next most frequent
change at this position in the GISAID database is a single residue
deletion, AP168 (21% of changes at this position on 1 July 2022;
Fig. 1A and Table 1). High-resolution structures show that P168
is located close to the binding sites of boceprevir and nirmatrelvir
(4.0 and 3.3 A, respectively), and it is approximately twice as far
from that of ensitrelvir [8.8 A; (14, 19)] (Fig. 1B). On the basis of

our prior work with the P168S variant (16), we predicted that
changes at this amino acid position in MP" would more strongly
affect the efficacy of boceprevir and nirmatrelvir and have little
effect on ensitrelvir. Using our cell-based gain-of-signal assay (fig.
S1A), P168S causes a 5.5-fold increase in susceptibility to bocepre-
vir in confirmation of our prior studies (Fig. 1C, left). We were
therefore surprised to find that AP168 has no detectable effect
with boceprevir, as its dose-response curve is indistinguishable
from that of WT MP™. In contrast, the AP168 variant shows 5.1-
and 6.8-fold increased resistance to nirmatrelvir and ensitrelvir, re-
spectively, whereas the P168S variant maintains WT-like respon-
siveness to these two drugs (Fig. 1C, middle and right, and
Table 1). As a positive control, the S144A mutant described in In-
troduction also shows a strong resistance phenotype for both nir-
matrelvir and ensitrelvir with 12.2- and 16.9-fold increases in
median inhibitory concentration (ICsy) compared to WT MP™, re-
spectively (fig. S1B and Table 1).

An additional metric of our cell-based assay for MP™ function is
background luminescent signal in the absence of a protease inhib-
itor (16). The WT construct yields very low luminescence, and any
diminution in MP™ catalytic activity results in increased signal with
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Fig. 1. AP168 confers resistance to nirmatrelvir and ensitrelvir. (A) Relative frequency of amino acid changes at P168, excluding proline (open circle), in SARS2
genomes (1 July 2022, GISAID database). (B) Cocrystal structures of SARS2 MP™ in complex with boceprevir (PDB: 6WNP), nirmatrelvir (PDB: 7519), and ensitrelvir
(PDB: 7VU6). (C) Dose-response curves of WT, P168S, and AP168 MP™ variants using the live-cell Src-MP"-Tat-fLuc assay with fourfold serial dilution of inhibitor beginning
at 10 uM for nirmatrelvir and ensitrelvir or 100 uM for boceprevir (data are means + SD of biologically independent triplicate experiments). (D) Relative luminescence of
cells expressing Src-MP™-Tat-fLuc variants in the absence of inhibitor. (E) Dose-response curves of nirmatrelvir and ensitrelvir against WT and AP168 MP™ in an orthol-
ogous VSV-based MP™ cis-cleavage assay (data are means + SD of biologically independent triplicate experiments).
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Table 1. Summary of nirmatrelvir and ensitrelvir resistance phenotypes of SARS2 MP"™ variants tested in the live-cell gain-of-signal assay. Fold resistance
for each mutant tested was calculated on the basis of relative ICs in the live-cell gain-of-signal assay versus WT in assays ran in parallel to limit potential variability
due to transfection efficiency. Frequency of variants based on sequences deposited in the GISAID database as of 10 December 2022 (7,391,988 “pre-Omicron”
sequences and 6,830,473 "Omicron-present” sequences). Cl, confidence interval.

Frequency in GISAID Nirmatrelvir Ensitrelvir
MP'® variant Pre- Omicron- 1C50 nM Fold resistance (relative 1C50 NM Fold resistance (relative
micron resent o to o to
Omi p (95% Cl) WT) (95% CI) WT)
- 31.6
(26.1-37.7)
64.2
T45]| 35x 1074 A O e— ) 41
(46.2-85.7)
34.5
S46F 41%x10°% TR ORI — <2 <2
(28.3-41.5)
27.3
E47K 12%x10°% o R OB —— <2 <2
(10.0-44.3)
62.7
D48Y 14%10° T ORI —— ) 5.0
(44.0-88.9)
335
M49l 25x%x107* R OB — <2 124
(20.6-46.7)
21.2
M49L 6x 10> IR R ORI —— <2 25.4
(17.1-25.9)
11.1
M49T 1%10°° P SPPPON <2 4.0
(10.2-12.1)
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M49V 47 x 10°° AR ORI — <2 26
(7.0-8.9)
267
S144A 13%x10°° R A — 122 16.9
(215-334)
29.9
M165I 12%10° 2 R O ——— <2 -2
(22.4-39.5)
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P168S 51%x10°° A O i e— <2 <
(15.5-25.0)
180
AP168 95x%x 107°® T ORI — 5.1 6.8
(154-219)
34.0
T169I 51x%x10°° O ORI nhim— <2 <2
(23.7-45.0)
21.1
V1711 53x%x10~° R OB r— <2 <2
(13.6-28.3)
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1510 90.5
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20.8 1030
T45|/M49L — e <2 ................................ 54 5
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T451/A173V = = 414 206 79.2 42

continued on next page
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Frequency in GISAID

Nirmatrelvir

Ensitrelvir

MP" variant

Pre- Omicron- 1C5o NnM Fold resistance (relative ICso nM Fold resistance (relative
Omicron present (95% ClI) to WT) (95% ClI) to WT)
(351-494) (66.4-94.7)
921 754
D48Y/AP’I 68 — e e 45.9 ................................ 39.9
(732-1220) (676-857)
151 990
M49|/AP168 —_ e 7.5 ................................ 52.5
(11.9-210) (772-1310)
144 2400
M49L/AP‘|68 —_ e 72 ................................ 127
(129-162) (1890-3110)

a maximum of approximately 40-fold, as defined by a catalytic in-
activating mutation (C145A; Fig. 1D). Consistent with our previous
biochemical work (16), P168S shows no change in background lu-
minescence relative to WT, whereas the genetically selected mutant
S144A causes a 3.5-fold increase (Fig. 1D), in line with a reported
decrease in biochemical activity (20). In comparison, AP168 elicits
an intermediate, twofold increase in background luminescence
(Fig. 1D). These results suggest that AP168 MP™ has near-WT cat-
alytic activity and may be capable of supporting virus replication
(addressed directly below). In support of both inhibitor resistance
and protease activity results, the increased resistance of the MP"™
AP168 variant to both nirmatrelvir and ensitrelvir is also apparent
using an orthogonal vesicular stomatitis virus (VSV)-based MP™
cis-cleavage assay in which inhibition of catalytic activity enables
VSV replication (Fig. 1E and Table 2) (21).

Drug resistance profiles of additional naturally occurring
single amino acid MP™ variants

Encouraged by the resistance phenotypes caused by amino acid
changes at a single position, we extended our analyses to include
nine additional naturally variable residues that localize to two sep-
arate regions in proximity to the MP™ active site (Fig. 2, A and B,
and Table 1). First, given the strong phenotypes observed with P168
variants, we hypothesized that mutations at additional residues
within this B-hairpin might also confer drug resistance. Specifically,
residues 165, 169, 171, and 173 show variability across CoV species
(Fig. 2A) and also within circulating SARS2 variants (Fig. 2C).
M165, T169, and V171 were each substituted with isoleucine
because this is a recurrent change at these positions, and A173
was substituted to valine as the most observed change at this posi-
tion in SARS2 and also the residue found naturally in the human a-
CoV HCoV-229E and HCoV-NL63, both of which exhibit de-
creased susceptibility to nirmatrelvir (12, 16). The second region
of interest encompasses MP™ residues 45 to 49, a small helix that
forms the lid of the hydrophobic S2 subsite through the side
chain of M49. Notably, this is the most variable region across differ-
ent CoV species in both amino acid identity and overall length
(Fig. 2A). For instance, M49I is a frequent change in circulating
viruses (>1000 occurrences) and a substitution we have previously
shown to have little effect in GC376 or boceprevir susceptibility
(16), but its impact on nirmatrelvir and ensitrelvir efficacy has yet
to be analyzed. Furthermore, we were intrigued by the hydrogen
bonding pattern formed by T45 and D48 and curious whether

Moghadasi et al., Sci. Adv. 9, eade8778 (2023) 29 March 2023

naturally occurring changes that disrupt these interactions (T451
and D48Y) might destabilize the helical structure and affect inhib-
itor binding (Fig. 2B). Similarly, S46F and E47K were selected as
nonconservative changes that may also disrupt the secondary struc-
ture of this region and affect inhibitor responsiveness.

Of the nine amino acid substitution mutants described above,
five (S46F, E47K, M1651, T1691, and V1711I) have little effect (less
than twofold) on MP™ susceptibility to either nirmatrelvir or ensi-
trelvir and cause no substantial increases in background lumines-
cence, consistent with near-W'T catalytic activity (Fig. 2, D and E,
and Table 1). In contrast, A173V immediately stands out as a sep-
aration-of-function variant by causing an 11.6-fold increase in re-
sistance to nirmatrelvir and no change in susceptibility to ensitrelvir
(Fig. 2E and Table 1). A173V does not appear to markedly affect
protease activity given the modest, twofold increase in background
luminescence in the absence of inhibitor compared to WT MP™
(Fig. 2D). Additional contrast is seen with mutations surrounding
the S2 subsite. T45I and D48Y cause 4.1- and 5-fold increases in
resistance to ensitrelvir relative to the WT, and both have more
modest effects on nirmatrelvir susceptibility (approximately
twofold; Fig. 2E and Table 1). M49I causes no shift in the nirmatrel-
vir dose response in comparison to a 12.4-fold increase in resistance
to ensitrelvir (Fig. 2E and Table 1).

Given the contrasting effects on inhibitor resistance caused by
A173V and M49I, additional amino acid substitutions were gener-
ated for these two positions to gain additional insights into resis-
tance mechanisms. A173T and A173S are variants observed in
GISAID at frequencies similar to A173V; however, A173S causes
no resistance to nirmatrelvir, whereas A173T causes an intermedi-
ate 4.1-fold resistance phenotype, suggesting that the bulkiness of
the side chain of residue 173 correlates with the magnitude of nir-
matrelvir resistance (Fig. 2F and Table 1). Similar to A173V, A173T
and A173S do not affect susceptibility to ensitrelvir (Fig. 2F). M49V,
M49T, and M49L are also found in circulating isolates but at lower
frequencies than M491 (Table 1). M49V and M49T cause milder
phenotypes with 2.6- and 4-fold resistance to ensitrelvir, respective-
ly (Fig. 2F and Table 1). In contrast, M49L causes 25.4-fold resis-
tance to ensitrelvir and no change in nirmatrelvir susceptibility
(Fig. 2F and Table 1). Notably, Middle East respiratory syndrome
(MERS) has a leucine at the equivalent position in MP™ (Fig. 2A),
and it exhibits higher ensitrelvir antiviral median effective concen-
tration (ECs() values compared to SARS and SARS2 (14). All these
additional variants at M49 and A173 tested exhibit less than twofold
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Table 2. Resistance phenotypes of MP™ variants using the VSV-based cis-cleavage system. Fold resistance is calculated by relative ICs, versus WT in assays ran

in parallel.

Nirmatrelvir

Ensitrelvir

MP' variant
ICso tM (95% CI)

Fold resistance (relative to WT)

1C50 M (95% ClI) Fold resistance (relative to WT)

WT 11.2 (10.8-11.7) =

M S s S
B e Do
i S— e Do
i — e Do
s P
R T o
e o
P e M
i — e — g
i i o
e e g
MAO/API68  331(320-342 30

129 (12.2-14.4) -

48.1 (45.9-50.7) 3.7
275(260_287) .......................................... 2 1 .........................
..................................... >100*>10
..................................... >100*>10
.............................. 191(169_201)35
.............................. 188(183_193)<2 [RURT
............................... 1 03(38_273)<2
374(332_430) .......................................... 3 1 .........................
..................................... >100*>10
274(242_296) .......................................... 2 2 ........................
..................................... >100*>10
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, >100* >10

*Estimated value due to highest drug concentration failing to restore 50% activity.

changes in background luminescence compared to WT MFP™, sug-
gesting negligible changes in catalytic activity (fig. S2). All single
amino acid changes that exhibit resistance phenotypes using the
gain-of-signal assay show similar results with nirmatrelvir and en-
sitrelvir in an orthogonal VSV-based MP™ assay (fig. S3 and
Table 2) (21).

A double mutant of MP" with synergistic resistance to
nirmatrelvir

Within our panel of naturally occurring single amino acid MP* var-
iants, two of the largest effects on nirmatrelvir resistance are AP168
and A173V (5.1- and 11.6-fold, respectively). This prompted us to
test whether the combination might be additive or multiplicative in
terms of drug resistance. The AP168/A173V double mutant shows a
51-fold increase in resistance to nirmatrelvir (Fig. 3A and Table 1).
In contrast, this double mutant elicits only a 2.8-fold increase in re-
sistance to ensitrelvir, which is less than that of the AP168 mutant
alone (compare response curves in Fig. 3A and Fig. 1C, and numeric
values in Table 1). As above, these single mutations have modest
effects on background luminescence levels relative to WT, and the
double mutant elicits a roughly additive effect with less than three-
fold increase in overall luminescence, indicative of protease func-
tionality (Fig. 3B). The VSV-based system yields similar resistance
phenotypes for the single and double mutants (Table 2). These
results combine to suggest that a strong resistance to nirmatrelvir
can be achieved by combining two naturally occurring amino
acid changes.

To directly characterize the biochemical properties of these
mutants, recombinant MP™ was purified from Escherichia coli
with an N-terminal SUMO tag and a C-terminal His tag, which
are removed during purification to generate enzymes with authentic
N and C termini (22). The WT, A173V, and AP168/A173V enzymes
purify to near homogeneity, but despite multiple attempts, the
AP168 single mutant was not amenable to purification [precise

Moghadasi et al., Sci. Adv. 9, eade8778 (2023) 29 March 2023

reason(s) unclear but potentially due to poor solubility and/or ag-
gregation propensity in bacteria]. Michaelis-Menten kinetics for
WT MP™ hydrolysis of a fluorescence resonance energy transfer
(FRET) peptide Dabcyl-KTSAVLQSGFRKM-E(Edans)-NH,
yield a k., of 0.43 s7! and k. /Michaelis constant (Ky;) of
7.5 x 10> M™"' s7', consistent with prior values (Fig. 3C and fig.
S4A) (23, 24). The A173V substitution causes a threefold increase
in ke, and a less than twofold decrease in k., /Ky (Fig. 3C and fig.
S4A). The AP168/A173V enzyme also displays near-WT kinetic pa-
rameters with a twofold increased k., and a less than twofold de-
crease in k.,/Ky (Fig. 3C and fig. S4A). These results indicate that
neither the A173V nor the AP168/A173V enzyme exhibits a major
decline in MP™ catalytic activity.

The same FRET-based system was then used to quantify inhibi-
tion by nirmatrelvir and ensitrelvir. WT MP™ is inhibited potently
by nirmatrelvir with a K; of 1.1 + 0.95 nM, again consistent with
prior values (Fig. 3D and fig. S4B) (12). In contrast, nirmatrelvir
is 50-fold less potent against A173V MP™ with a K; of 57 + 4.2
nM (Fig. 3D and fig. S4B). Nirmatrelvir is nearly 600-fold less
potent against the AP168/A173V enzyme with a K; value of
590 + 74 nM (Fig. 3D and fig. S4B). In comparison, ensitrelvir in-
hibits WT and A173V enzymes similarly with K; values of
0.2 £ 0.56 nM and 2.3 £+ 0.94 nM (P = 0.19 by unpaired ¢ test).
The K; of ensitrelvir for the double mutant is higher (23 + 4.1
nM), and by deduction, this is likely due to AP168. These biochem-
ical findings agree with results from the two live cell assays de-
scribed above and collectively indicate that the A173V and
AP168/A173V enzymes are active and that these naturally occur-
ring amino acid changes confer a strong and preferential resistance
to nirmatrelvir.

As an additional functional test, we built these resistance
mutants of MP™ into a bacterial artificial chromosome (BAC)-
based reverse genetics system (WA-1 strain), produced viral
stocks using Vero-E6 cells, and performed a series of drug titration
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Fig. 2. Variable active site residues elicit differential resistance to nirmatrelvir and ensitrelvir. (A) Alignment of CoV MP™ amino acid sequences spanning residues
41 to 54 and 163 to 174 (based on SARS2 MP" residue position). (B) Structure of SARS2 MP™ and inhibitors highlighting variable residues that can be mutated (PDB: 7519
and 7VU6 for nirmatrelvir and ensitrelvir, respectively). (C) Relative frequency of amino acid changes at tested variable residues, excluding the respective WT residue (open
circle), in SARS2 genomes (1 July 2022, GISAID database). (D) Relative luminescence of cells expressing Src-MP™-Tat-fLuc variants in the absence of inhibitor. (E and F)
Dose-response curves of variants using the live-cell Src-MP™-Tat-fLuc assay with fourfold serial dilution of inhibitor beginning at 10 uM (data are means + SD of bio-

logically independent triplicate experiments).
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Fig. 3. AP168/A173V double mutant elicits synergistic selective resistance to nirmatrelvir. (A) Dose response of AP168/A173V mutant versus WT using the live-cell
Src-MP™-Tat-fLuc assay with fourfold serial dilution of inhibitor beginning at 10 uM. (B) Relative luminescence of cells expressing respective Src-MP™-Tat-fLuc variants in
the absence of inhibitor. (C) Kinetic parameters of purified MP™ variants in vitro using the Dabcyl-KTSAVLQSGFRKM-E(Edans)-NH, FRET peptide (FP) as a substrate. (D) K; of
nirmatrelvir and ensitrelvir for purified MP™ variants derived using the Morrison equation with kinetic parameters calculated from data in (C). (E and F) Antiviral activity of
nirmatrelvir, ensitrelvir, and remdesivir with the indicated recombinant SARS2 viruses in A549-hACE2 cells (twofold dilution series beginning at 25 uM; data are means +
SD of biologically independent quadruplicate experiments). (G) Representative fluorescence microscopy images of mCherry-expressing WT and AP168/A173V SARS2
infections following dosage with the indicated concentrations of nirmatrelvir.
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experiments, as described (25). This system has an mCherry report-
er linked to the viral N gene and separated at the translation level by
a 2A self-cleavage site, enabling quantification of virus infectivity
and replication by fluorescence microscopy (fig. S5A) (25). To de-
termine drug susceptibility, A549-hACE2 cells were infected with
virus encoding WT, AP168, A173V, or AP168/A173V MP™ at
equal multiplicities of infection (MOIs) and then treated with
varying concentrations of antiviral inhibitors, and virus replication
was quantified 72 hours post-infection (hpi) by analyzing mCherry
fluorescence. Whereas the virus encoding AP168 MP™ does not
exhibit resistance to nirmatrelvir, A173V MP™ causes an 8.1-fold
increase in EC5o and, notably, AP168 synergizes with A173V to
cause a 62.5-fold increase in ECs, (Fig. 3, E to G; fig. S5B; and
Table 3). In contrast, none of these mutants alter virus susceptibility
to ensitrelvir, which suggests that the level of resistance caused by
AP168 alone in cell-based assays MP™ inhibition assays is insuffi-
cient to alter susceptibility in a viral context. These results indicate
that the AP168/A173V double mutant virus is still inhibited effec-
tively by ensitrelvir, despite a strong resistance to nirmatrelvir
(Fig. 3, E and F). As expected, none of the mutants alter suscepti-
bility to remdesivir, which acts by inhibiting the viral RNA-depen-
dent RNA polymerase (Fig. 3, E and F). Unexpectedly, whereas the
AP168 virus shows WT-like replication kinetics, the A173V virus
exhibits a spreading replication defect that remained unaltered
when combined with AP168 (fig. S5C). Although the catalytic effi-
ciency of the A173V mutant is similar to the WT enzyme using a
model substrate in vitro that mimics the Nsp4-5 cleavage site
(above), it is possible that one or more natural cleavage sites in
the viral polyprotein may be disproportionately affected by this
change during authentic virus replication.

Possible structural explanations for key resistance
phenotypes

To determine a structural basis for the differential resistance to nir-
matrelvir and ensitrelvir, we performed molecular dynamics (MD)
simulations and calculated root mean square fluctuations (RMSF)
to estimate per-residue perturbations related to AP168 and
A173V. First, RMSF analyses of WT and variant MP" enzymes tra-
jectories indicate two regions of high flexibility—residues 40 to 65
and 185 to 195. The former region shows increased flexibility attrib-
utable to AP168 and A173V, whereas the latter region—like the rest
of the protein—shows similar mobility regardless of variation
(Fig. 4A and fig. S6). Residues 40 to 65 comprise two o helices
that form a lid-like motif immediately above the S2 subsite of

Table 3. Resistance phenotypes of MP™ variants in replication-
competent SARS-CoV-2.

MPr Nirmatrelvir Ensitrelvir Remdesivir

variant 1C5o nM 1C50 nM 1C50 M
(95% CI) (95% ClI) (95% CI)

WT 4.4 (3.4-5.5) 4.3 (2.9-5.8) 1.2 (0.59-2.5)

AP168/

A173V 275 (161-465)

1.5 (0.78-2.9)
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MPF™ (top left in Fig. 4B). A partially unfolded state in the AP168
variant is observed for the a helix directly adjacent to catalytic his-
tidine (residues 43 to 53; top right in Fig. 4B), and this is exacerbated
for the A173V and AP168/A173V variants where this region is fre-
quently seen fully unfolded (bottom left and right, respectively, in
Fig. 4B). Such open conformations may decrease the capacity of
MP™ for native substrate recognition and account for the higher ob-
served Ky values (fig. S4).

In contrast, “closed” conformations of the same loop region may
impart nirmatrelvir resistance. With A173V and AP168/A173V, the
43-53 loop encroaches upon the S4 subsite, a hydrophobic sub-
pocket required for binding native substrates and the trifluoroace-
tamide moiety of nirmatrelvir (Fig. 4, B and C, and fig. S7, A to C).
This is evidenced by increased variability in the distance between
M49 and the S4 subsites (Fig. 4C). The closing of this loop region
may also tighten the S2 subsite and clash with the fused cyclopropyl
ring at the P2 position of nirmatrelvir (Fig. 4B). In comparison, en-
sitrelvir does not occupy either the S4 or S2 subsite and instead pro-
jects outward into the S1' subsite, which is consistent with our
finding that A173V has little effect on the efficacy of ensitrelvir
(fig. S7D).

MD simulations also indicate that AP168 may negatively affect
L167-G170 backbone H bonding regardless of the residue (A or V)
at position 173 (Fig. 4, D and E, and fig. S8). The 165-175 B-hairpin
sits above the interdomain loop (IDL; residues 180 to 200) to form
the S3/4 subsite, and loss of this hydrogen bond has the potential to
destabilize the hairpin structure. Notably, inward motion of the IDL
is restricted by positioning of the 165-175 -hairpin, which is con-
sistent with increased flexibility in the AP168 mutant (Fig. 4A).
Whereas the IDL structure modulates inhibitor binding, destabili-
zation of the hairpin allows its encroachment into the S4 subpocket,
thereby decreasing inhibitor potency.

Insights from additional double mutant combinations
Given the synergistic effect of AP168 and A173V on nirmatrelvir
resistance, we next used our gain-of-signal cell-based assay to inves-
tigate double mutant combinations involving residues in the lid
region described above (i.e., residues 40 to 70; fig. S9, A and B,
and Table 1). First, we combined the ensitrelvir-resistant mutant
T45I with single amino acid changes that confer resistance to ensi-
trelvir (M49L), nirmatrelvir (A173V), or both drugs (AP168). The
T451/M49L combination shows a synergistic 54.5-fold increase in
ensitrelvir resistance, little change in susceptibility to nirmatrelvir,
and no increase in background luminescence. The T451/A173V
combination exhibits a 20.6-fold increase in resistance to nirmatrel-
vir (more than additive), a 4.2-fold increase in resistance to ensitrel-
vir (near identical to T45I alone), and a modest 2-fold increase in
background luminescence (similar to A173V alone). The effect of
the T451/AP168 combination could not be assessed accurately for
drug resistance because it likely attenuates inferred MP™ catalytic
activity as indicated by a >10-fold increase in background lumines-
cence. This result is unexpected given that T451 and AP168 alone
only modestly elevate background luminescence and suggests that
this double mutant will not be infectious. Key double mutant results
are recapitulated in the VSV-based MP™ cleavage assay (fig. S9C
and Table 2).

We also examined two double mutant combinations involving
M49I and M49L, which both confer resistance to ensitrelvir and
no change to nirmatrelvir (fig. S9, A and B, and Table 1). M491/
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Fig. 4. Structural interpretation of MP"® AP168/A173V synergistic resistance to nirmatrelvir. (A) RMSFs calculated per residue for each simulated MP™ variant. To
maintain numbering consistency, RMSFs for deleted residues are plotted as the interpolation of values from the prior residue (167) and the following residue (169).
Calculated RMSFs per residue were averaged over all replicas and across chains A and B. Inset plots highlight increased flexibility of regions 40 to 70 and 180 to 200.
(B) Molecular model images demonstrating the flexibility of residues 40 to 70 and 180 to 200 captured in simulations of WT, AP168, A173V, and AP168/A173V. All MD
frames were aligned to the 7SI9 crystal structure (blue ribbons) to highlight the nirmatrelvir (carbon atoms represented in yellow licorice) binding site. MD simulation
frames, in crystal, closed, and open conformations, are represented in chocolate brown, golden brown, and latte brown ribbons, respectively. (C) Histograms demon-
strating the distribution of frames for which M49 penetrates the S4 subpocket and the distribution of frames for which M49 (and thus residues 43 to 53) moves far above
MP™s native binding grove. (D) Molecular model images demonstrating the binding site p-hairpin structure (residues 165 to 175) as seen in WT (blue ribbons), AP168
(golden brown), A173V (chocolate brown), and AP168/A173V (latte brown) MD frames. Hydrogen bonds, or lack thereof, between L167 backbone carbonyl and G170
backbone nitrogen are highlighted. (E) Percentage of frames calculated in which the L167-G170 backbone hydrogen bond is observed. Hydrogen bond requirements
were established as <4 A between L167 backbone carbonyl oxygen and G170 backbone nitrogen, and an angle of >120° between L167 backbone carbonyl oxygen, G170
backbone hydrogen, and G170 backbone nitrogen (see results for complete characterization). Percentages were calculated and averaged per replica and per chain, and
SDs were used as error estimates.
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AP168 and M49L/AP168 combinations confer a synergistic resis-
tance to ensitrelvir of 52- and 127-fold, respectively, whereas resis-
tance to nirmatrelvir is only approximately 7-fold for both double
mutants (similar to AP168 alone). With regard to inferred catalytic
activity, M491/AP168 shows background luminescence indistinguish-
able from WT and M49L/AP168 has a 3.7-fold increase. These results
highlight how even subtle changes in amino acid side chains can have
substantial effects on inhibitor resistance and/or enzyme catalysis.
M49L double mutants were not tested in the VSV-based MP™ cleavage
assay because this substitution alone already confers near-complete
resistance to ensitrelvir (fig. S3 and Table 1).

Global SARS2 variant distributions and evidence for
transmission
The global frequency and distribution of an individual mutant in-
dicates whether a particular amino acid change might be tolerated
in nature. However, the current large sequence volume of SARS2
genomes in the GISAID database coupled with low/no stringency
filtering results in the identification of mutations at every position
of MP™, even at codons encoding conserved catalytic residues (fig.
S10A). This strongly suggests that the database contains a certain
level of sequences that are not viable and therefore not transmitting
through the human population. To address this issue, we used Ul-
trafast Sample placement on Existing tRee (UShER) to determine
phylogenetic relationships between genomes harboring drug resis-
tance mutations in MP™ (26). Analyzing mutational distances to
common ancestors allows us to identify viral genomes that are hy-
permutated, such as a genome deposited recently in GISAID with
>100 mutations relative to its closest ancestor, including MP™
C145A, which is likely a consequence of poor sequence coverage
and annotation across the MP™ encoding region (fig. S10, B and C).

In comparison, viral genomes containing AP168 have arisen
multiple times independently, with most occurring in the Delta
lineage (Fig. 5A). Moreover, a distinct cluster of 49 genomes depos-
ited between September and December of 2021 is derived from a
single founder event followed by multiple regional transmissions
in Germany, in addition to evidence consistent with spread to
England, the United States, Austria, and Romania (Fig. 5B and
fig. S11). Despite many independent occurrences of AP168 in
prior lineages, only a single case has been documented in
Omicron, identified in the Netherlands in November 2022
(Fig. 5A). This bias may result from the fact that all descendants
of Omicron carry a characteristic P132H mutation in MP™, which
might be functionally incompatible with AP168. In contrast, M491
and A173V have both occurred multiple times independently since
the emergence of Omicron, with phylogenetic clusters indicative of
transmission (fig. S11). Overall, there is a higher frequency of M491
than M49L, which may reflect better relative fitness or simply be a
consequence of the fact that three different single base substitutions
can lead to an isoleucine codon and only two to a leucine (Fig. 5C).
Moreover, similar to AP168, there is only a single introduction of
MA49L since the emergence of Omicron, which led to four related
cases in Japan in early 2022 (fig. S11). These cases of M49L are of
the BA 1.1.2 lineage, which originated in Japan and contain an ad-
ditional T169S change in MP", which may provide a genetic back-
ground more tolerant to M49L or may constitute a compensatory
mutation (fig. S11).

Given these apparent differences in the frequency of certain MP™
mutants since the emergence of Omicron, we asked whether the
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resistant phenotypes observed for M49I, M49L, AP168, and A173V
could be recapitulated when combined with the P132H change in
Omicron MP™. Using the live-cell gain-of-signal assay, we observed
that the P132H mutation alone causes a twofold increase in back-
ground luminescence relative to the ancestral WT sequence
(Fig. 5D), which may be related to a decreased stability reported for
this mutant enzyme in vitro (25). In combination with P132H, M491
and M49L do not cause additional increases in background lumines-
cence, whereas AP168 and A173V both have an additional effect, with
the former being the most compromised (Fig. 5D). These results are
consistent with phylogenetic observations above that P132H and
AP168 may be functionally incompatible. However, all mutants
show similar drug resistance phenotypes when combined with
P132H in our gain-of-signal assay, suggesting that these mutations
are capable of conferring resistance to protease inhibitors in the
context of currently circulating Omicron variants (Fig. 5E).

DISCUSSION

Major efforts continue for developing antiviral drugs to comple-
ment vaccination-based strategies for treating patients infected by
SARS2 with the ultimate hopes of ending the COVID-19 pandemic
and fortifying against future CoV outbreaks. MP™ inhibitors are at
the forefront of CoV antiviral drug development, with Paxlovid
(nirmatrelvir) already authorized for emergency clinical use in
more than 65 countries and several other compounds, including en-
sitrelvir, in various stages of development (27). However, drug re-
sistance mutations have the potential to rapidly undermine these
therapies. Here, we show that several naturally occurring MP™ var-
iants already exhibit resistance to nirmatrelvir and ensitrelvir
(results summarized in Tables 1 and 2). The highest levels of resis-
tance resulting from a single amino acid substitution identified here
is A173V for nirmatrelvir (11.6-fold) and M49L for ensitrelvir
(25.4-fold). Phylogenetic analyses show that these (and other) var-
iants have arisen multiple times independently in different parts of
the globe, with regional clusters and genetic linkage providing com-
pelling evidence for transmission.

Nirmatrelvir is a substrate-mimicking covalent drug, and ensi-
trelvir is a nonpeptide/noncovalent inhibitor (12, 14). Consistent
with distinct mechanisms of action, our studies indicate that these
inhibitors are subject to at least partly nonoverlapping resistance
profiles. For instance, A173V confers selective resistance to nirma-
trelvir, whereas M49I and M49L confer increased resistance to en-
sitrelvir. In comparison, AP168 appears to have a more broad-
spectrum resistance phenotype. Encouragingly, antiviral assays
with recombinant SARS2 corroborate our findings with two differ-
ent cell-based assays and indicate that the AP168/A173V virus
causes strong resistance to nirmatrelvir with little change in ensitrel-
vir susceptibility. Variation at additional residues may also produce
distinct resistance patterns when present in isolation versus in com-
bination. For instance, T45I and D48Y exhibit a mild preferential
resistance to ensitrelvir as single changes; however, when combined
with AP168, D48Y shows strong resistance to both inhibitors and
T451 cripples enzyme activity. Although our structural modeling
and MD simulations provide plausible explanations for the
A173V (= AP168) resistance phenotype, additional dedicated
studies will be needed to establish other mechanisms of action.

During revision of this manuscript, multiple preprints reported
MP™ mutants with resistance to nirmatrelvir (28-33). A173V was
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selected during serial passage experiments in the presence of boce-
previr and independently in the presence of nirmatrelvir, which
coupled with our results suggest that A173 may be a resistance
hotspot (30, 31). Our biochemical data using the purified A173V
mutant demonstrate a lower affinity for nirmatrelvir as evidenced
by a 50-fold increase in K; with little change in catalytic efficiency
against the canonical Nsp4-5 cleavage site. While these results
support the selection of these mutants in serial passage, there
appears to be some discrepancy in the magnitude of resistance
between changes in in vitro K; compared to changes in antiviral
ECsq. This is observed for other MP™ variants, such as S144A,
which is selected in serial passage and has been determined by
Pfizer as causing a 90-fold increase in niramtrelvir K;, while antiviral
studies show a more modest 2-fold increase in antiviral ECs, (31).
The smaller changes in antiviral ECs, may result from the fact that
MP™ has a wide range of affinities [dissociation constant (K4) mea-
surements ranging from 28 uM to 2.7 mM] for its different polypro-
tein cleavage sites (34). Therefore, while inhibitor affinity may be
reduced by these mutants, it could still be sufficient to bind the
enzyme before cleavage of the lower-affinity viral substrates. There-
fore, resistance mutations may need to confer K; increases of mul-
tiple orders of magnitude to cause large shifts in antiviral EC5. This
interpretation is supported by our results with the AP168 mutant,
which alone does not confer a shift in antiviral EC5y; however,
AP168/A173V has a 7.6-fold increase in ECs, compared to
A173V alone (62.5-fold compared to WT). Our data with these
select mutants are concordant across four orthologous assays (two
live cell assays, in vitro biochemistry, and in cellulo with replication-
competent virus), suggesting that multiple mutations may be nec-
essary to decrease drug binding affinity and cause resistance.

Consistent with our gain-of-signal assay showing only a twofold
increase in background luminescence, our kinetic analyses of the
purified A173V mutant indicate similar catalytic efficiency to WT
(less than twofold change in k.,/Ky). However, the multicycle
growth kinetic assays with recombinant SARS2 show decreased rep-
lication. Independent studies have reported no change in replication
kinetics for A173V, whereas another saw a decrease similar to ours
that could be rescued by an additional L50F mutation (30, 31). The
reason for this discrepancy between replicative fitness of A173V
from different laboratories is currently unclear, but different mea-
surements of quantifying viral replication could be a contributing
factor. Although activity is retained on the canonical Nsp4-5 sub-
strate that is a standard for in vitro experiments, other cleavage sites
along the polyprotein may be disproportionately affected by this
change. For instance, our MD simulations show an increase in the
dynamics of amino acids 40 to 65, which form the top of the S2
subsite that accommodates the hydrophobic P2 position of the
peptide substrate. As most cleavage sites along the viral polyprotein
have a leucine at P2, phenylalanine and valine are also found at
Nsp5-6 and Nsp6-7 junctions, respectively, which may be less effi-
ciently processed by the A173V mutant. However, this variant has
sufficient activity for virus replication and is observed recurrently in
patient sequences and, therefore, it has the potential to contribute to
clinical resistance phenotypes.

Although many groups have focused appropriately on resistance
to nirmatrelvir given its early emergency use authorization by the
U.S. Food and Drug Administration, ensitrelvir resistance is now
equally important to understand given that emergency use authori-
zation was granted in Japan on 22 November 2022. Along with this
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approval, documentation was released on serial passage experi-
ments selecting for D48G, M49L, P52S, and S144A as resistance
mutations (35). These results support our finding of M49L
showing the largest resistance phenotype using the gain-of-signal
assay and the VSV-based assay. Furthermore, the selection of
D48G also substantiates our hypothesis that disrupting hydrogen
bonds between T45 and D48 to destabilize the structure of the
helix above the S2 subsite can contribute to ensitrelvir resistance
(indicated by our data for T45I and D48Y). Another recent report
has also identified M49I as conferring selective resistance to ensi-
trelvir and elegantly demonstrates the structural basis of this pheno-
type being due to the bulky isoleucine reorienting H41 and
disrupting a base stacking interaction with the inhibitor (36). This
is consistent with our finding that M49L causes greater resistance
than M491 due to branching of the leucine side chain at the
gamma carbon, which is closer to H41. Together, these findings in-
dicate that the 45-49 region of MP™ has the potential to become a
hotspot for the development of ensitrelvir resistance mutations.
By using our facile live-cell gain-of-signal assay coupled with se-
quence- and structure-informed mutation identification, we have
been able to identify multiple changes in MP™ that confer varying
degrees of resistance to nirmatrelvir and/or ensitrelvir. The resis-
tance phenotypes described here are consistent between the four
different assays we have implemented, and they are also consistent
with reports by other groups through serial passage of virus or in
vitro biochemical assays. Our cell-based gain-of-signal assay has
the advantage of only requiring the transfection of a single
plasmid, which increases the throughput of variant testing com-
pared to generation of recombinant virus or purification of
mutant enzymes (especially those that are difficult to purify, such
as the AP168 mutant). Using variants found within patient se-
quences at residues that are not strictly conserved across CoV
species has helped identify changes more likely to be compatible
with productive viral infection. However, it is important to take
great care when classifying variants within the GISAID database
as many annotated variants are likely to be sequence artifacts. For
example, we found >4000 sequences with an M165Y change, and
manual inspection revealed that this is due to a single guanosine
deletion in a poly-U stretch, which causes a frameshift after F160
and leads simultaneously to “detection” of H163W, E166Q, and a
downstream stop codon (fig. S12, A and B). Most of these sequences
were produced using long-read nanopore technology, which has a
76-fold higher rate of indel errors compared to short-read technol-
ogy (37). These sequencing and mis-annotation mistakes can lead
to incorrect conclusions regarding the presence of variants in the
population, and therefore, manual inspection of viral genomes is
encouraged for putative changes at strictly conserved residues or
those requiring multiple base changes (28). Determining the phylo-
genetic relationships of different variants using publicly available
tools such as UShER also provides additional validation of the
emergence of these variants by identifying common ancestors
and dynastic relationships within distinct geographic regions (26).
Although our gain-of-signal system provides robust metrics for
evaluating mutants and MP™ inhibitors in live cells, there are also a
few limitations. For instance, although the relative background lu-
minescence can serve as a proxy for catalytic activity, it is currently
unclear which cellular substrates are being cleaved to cause low re-
porter expression, thereby limiting the correlations that may be
made to activity of MP™ against individual viral polyprotein
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cleavage sites. Moreover, our current approach focuses on amino
acid residues that are variable (and not completely conserved) to
avoid changes that would be severely deleterious, which limits the
potential number of resistance pathways tested. For instance, it is
difficult to predict secondary suppressor mutations that could
restore fitness of a resistant but deleterious mutation. An example
of this is the identification of E166V and E166A selected during
serial passage to confer a high level of resistance against nirmatrelvir
and other peptidomimetic inhibitors (30-32). As E166 is a highly
conserved residue, it was not tested here. Severe replication
defects are evident with single substitutions at E166, but secondary
mutations, such as L50F and T211, appear to restore fitness (30-32).
Thus, the gain-of-signal assay should be considered a valuable tool
to study resistance mutations and complement traditional ap-
proaches such as serial passaging and competition studies to
triage variants of interest that may be selected in cell culture or
emerge in vivo during patient treatment before proceeding with
more experimentally demanding approaches such as protein bio-
chemistry and/or BSL3 testing with infectious viruses. Furthermore,
we anticipate that the panel of mutants described here will be able to
serve as an asset during the development of future generation MP™
inhibitors for rapid resistance profiling in parallel with structure ac-
tivity relationship studies.

It is presently unclear what magnitude of resistance will be nec-
essary for treatment failure in a clinical setting. Precedents with
HCV NS3/4A show that single amino acid changes can elicit selec-
tive resistance of multiple orders of magnitude toward different in-
hibitors with minimal impact on viral fitness (38). However,
resistance to HIV protease inhibitors often requires two or more
mutations, with single amino acid changes typically showing
modest changes in inhibitor susceptibility (39, 40). The naturally
occurring SARS2 MP™ variants described here may serve as evolu-
tionary stepping stones for intermediate levels of resistance and
provide a permissive environment enabling selection of secondary
mutations that confer full drug resistance. Genetic surveillance of
several of the variants identified here may be advantageous, and
strategies should be taken to minimize the widespread development
of resistance including the careful design of MP™ inhibitor drugs
with different resistance profiles, which, encouragingly, is likely to
be the case for nirmatrelvir and ensitrelvir.

MATERIALS AND METHODS

Cell culture and MP™ reporter assays

The pcDNAS5/TO-Src-MFP*-Tat-fLuc reporter construct has been
described (16). MP™ variants were generated by site-directed muta-
genesis (primers available upon request), and all mutations were
confirmed by Sanger sequencing. 293T cells were maintained at
37°C and 5% CO, in Dulbecco’s modified Eagle's medium
(DMEM, Gibco, catalog number 11875093) supplemented with
10% fetal bovine serum (FBS; Thermo Fisher Scientific, catalog
number 11965084) and penicillin-streptomycin (Gibco, catalog
number 15140122). For each MP™ variant, 3 x 10° 293T cells
were plated in a 10-cm dish and transfected 24 hours later with 2
pg of the corresponding Src-MP™-Tat-fLuc plasmid using
TransIT-LT1 (Mirus, catalog number MIR 2304) transfection
reagent. Four hours after transfection, cells were washed once
with phosphate-buffered saline (PBS), trypsinized, resuspended in
fresh medium, counted, and subsequently diluted to a final
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concentration of 4 x 10° cells/ml. Dilution series of inhibitors
were prepared in fresh medium at twice the final desired concentra-
tion of the reaction, and 50 pl was pipetted into a 96-well cell culture
plate. Fifty microliters of the cell suspension was added directly to
the 96-well plate with inhibitor-containing medium to yield a final
cell concentration of 20,000 cells per well. Forty-four hours after
plating into 96-well plates, the medium was removed and 50 pl of
Bright-Glo reagent was added to each well and incubated at room
temperature in the dark for 5 min before transferring to white flat
96-well plate for measuring luminescence on a Biotek Synergy H1
plate reader. Percent inhibition at each concentration of inhibitor
was derived with the formula below using the relative luminescence
(RL) of an inhibitor-treated sample to the untreated control

% inhibition = %100 — [100/(RL)]

Results were plotted using GraphPad Prism 9 and fit using a
four-parameter nonlinear regression to calculate ICs,. Resistance
of mutants was calculated by the fold change in ICs, of the
mutant relative to WT MP™,

The cis-cleaving VSV-based MP™ assay was performed as de-
scribed (21). Briefly, 293T cells were transfected with the phospho-
protein (P)-MP" fusion construct for each variant of interest and,
after an overnight incubation, resuspended and plated into 96-well
plates. Transfected cells were then treated with the intended inhib-
itor and infected with VSV-AP-RFP (red fluorescent protein) at an
MOI of 0.1. Forty-eight hours after infection, fluorescence was mea-
sured using a Fluoro/ImmunoSpot counter (CTL Europe GmbH,
Bonn, Germany). Data were plotted as relative fluorescence using
GraphPad Prism 9 and fit using a four-parameter nonlinear regres-
sion to calculate ICs,,.

Protein expression and purification

SARS2 MP™ and mutants were expressed and purified from E. coli
BL21(DE3) using a pSUMO-SARS2-MP™ protein expression
plasmid and purification protocol described previously with
minor variations (22). Briefly, MP™, A173V, and AP168/A173V
mutants were expressed with an N-terminal SUMO tag and a C-ter-
minal His tag. The MP™ open reading frame sequence was flanked
on the N terminus by its endogenous cleavage site
(SAVLQ|SGFRK) and on its C terminus by a PreScission protease
cleavage site (SGVTFQ|GP). The N-terminal SUMO tag was
cleaved by MP™ during protein expression in E. coli. Cells contain-
ing the pSUMO-SARS2-MF" plasmid were grown in Luria broth
(LB) at 37°C to an optical density at 600 nm of 0.8 to 1, and MP™
expression was induced with 0.4 mM isopropyl-p-p-thiogalactopyr-
anoside for 20 hours at 20°C. Cells were harvested by centrifugation
and resuspended in binding buffer [25 mM tris-HCI (pH 8.0), 150
mM NaCl, 5 mM B-mercaptoethanol, 20 mM imidazole, and Xpert
protease inhibitor mixture (GenDEPOT)]. Cells were disrupted by
sonication, and cell debris was removed by centrifugation. The su-
pernatant was loaded onto a Ni** Sepharose 6 Fast Flow column.
After washing, protein was eluted by adding buffer A [25 mM
tris-HCI (pH 8.0), 150 mM NaCl, 5 mM (-mercaptoethanol, and
Xpert protease inhibitor mixture] supplemented with 40, 60, 80,
and 100 mM imidazole, respectively. Fractions containing MP™
based on SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
were pooled and buffer-exchanged with buffer B [20 mM tris-
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HCI (pH 7.3), 150 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol
(DTT)] using an Amicon Ultra-15 centrifugal filter unit (Millipor-
eSigma). The sample was treated with PreScission protease to
remove the His tag and create an authentic MP*® C terminus. The
sample was then applied to a Ni*" Sepharose 6 Fast Flow resin and
was applied to the protein solution to remove the remaining M?"-
His. MP™ was then concentrated and applied to a Superdex 75 In-
crease 10/300GL size-exclusion column (GE Healthcare) preequili-
brated with buffer B. Fractions containing MP™ were assessed by
SDS-PAGE and pooled for further use.

Enzyme kinetics and inhibition assays in vitro

To determine Michaelis-Menten kinetic parameters, we used a fluo-
rescent peptide, Dabcyl-KTSAVLQSGFRKM-E(Edans)-NH2, as a
FRET substrate with an excitation wavelength of 360 nm and an
emission wavelength of 460 nm, as described (22). We first deter-
mined the inner filter effect associated with the peptide and hydro-
lysis. This was done by measuring the fluorescence of the FRET
peptide at 0, 7.5, 15, 30, 60, 90, and 120 pM and also at these
peptide concentrations in the presence of 0.5 uM free EDANS.
The difference in fluorescence with and without EDANS was used
to calculate an inner filter effect correction as described (41). Fluo-
rescence units were converted to hydrolysis product concentration
in uM by running the MP™ hydrolysis reaction to completion for
0.5, 1, 5, 10, and 15 uM of FRET peptide and determining the
change in fluorescence for the reaction, after inner filter effect cor-
rection. The change in fluorescence for the complete reaction was
plotted versus peptide concentration to create a standard curve to
convert fluorescence units to millimolar peptide hydrolyzed.

The Michaelis-Menten kinetic parameters k., Ky, and ke,/Ky
were determined for MP™ and mutant derivatives by measuring the
initial velocity of peptide hydrolysis as indicated by the change in
fluorescence and converted to uM. An inner filter effect correction
was determined for each peptide concentration used and was
applied to determine the initial velocity. The reactions were per-
formed in 20 mM tris-Cl (pH 7.3), 100 mM NaCl, 1 mM EDTA,
1 mM DTT, and 0.02% Tween 20. The initial velocities were
plotted versus peptide concentration and fit to the Michaelis-
Menten equation

(Vinax * S)/(Kn +S)

with ke = Vinax/Eo, Where Ej is the enzyme concentration used.

The potency of the PF07321332 and S217622 compounds for in-
hibition of MP™ and the A173V and AP168/A173V enzymes was
evaluated using hydrolysis of the Dabcyl- KISAVLQSGFRKM-
E(Edans)-NH2 FRET peptide described above as a reporter. The in-
hibition assays were performed in 20 mM tris-CI (pH 7.3), 100 mM
NaCl, 1 mM EDTA, 1 mM DTT, and 0.02% Tween 20. The reporter
peptide was used at 15 M with increasing concentrations of com-
pound to evaluate inhibition. Initial velocities of peptide hydrolysis
at increasing inhibitor concentrations were performed in triplicate,
and the resulting average and SD were fit to the Morrison equation
for tight binding inhibitors (42) to obtain a K; value. The error on
the K; value is determined from standard error of fitting to the equa-
tion. The Ky value used for the Morrison equation was from the
Michaelis-Menten kinetic analysis with the FRET peptide for
MP™ and each mutant as determined in this study.
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The Morrison equation is as follows:

(s G- f[loe

2+Et

()

HED

where Y is enzyme activity, X is the concentration of inhibitor, Et is
the concentration of enzyme, K,,, is the Michaelis constant, and § is
the substrate concentration.

Production of recombinant SARS2

Recombinant SARS2 containing the MP™ variants of interested
were generated using a previously described BAC-based reverse ge-
netics system based on the USA-WA1/2020 (WA-1) strain (acces-
sion no. MN985325), referred to as rSARS2/mCherry (25, 43). To
introduce the desired mutation into full-length SARS2, first a
plasmid containing ORFla, which encodes Nsp5 (termed pUC57-
F3), was used as a template for site-directed mutagenesis to intro-
duce the AP168, A173V, and AP168/A173V mutations, which were
confirmed by Sanger sequencing. Next, the fragment containing the
mutations of interest was inserted into the full-length rSARS2 BAC
by using the Mlu I and Pac I restriction enzymes. Vero E6 cells ex-
pressing hACE2 and TMPRSS2 (Vero AT) were obtained from BEI
Resources (NR-54970) and maintained in DMEM with 10% FBS,
1% PSG, and puromycin (10 pg/ml). For virus rescue, the full-
length BAC containing the M mutants was transfected into con-
fluent monolayers of Vero AT cells (10° cells per well, six-well plate
format). At 24 hpi, the medium was changed to post-infection
medium (DMEM supplemented with 2% FBS and 1% PSG), and
at 48 hpi, the cells were split into a T75 flask. After an additional
72-hour incubation, cell culture supernatants were harvested,
labeled as PO, and frozen at —80°C. Monolayers of Vero AT cells
(indicate the number of cells and format) were infected at low
MOI (0.0001) with PO for 48 hours to generate P1 stocks. Viral
RNA was extracted from P1 viral stocks and subjected to Illumina
next-generation sequencing to confirm the presence of the desired
mutations within Nsp5. P1 virus stocks were titrated and used for
downstream antiviral and growth kinetic assays.

Antiviral and growth kinetic assays
To avoid the nirmatrelvir efflux seen in Vero E6 cells, human A549-
hACE2 cells (5 x 10* cells per well, 96-well plate format, quadrupli-
cates) were infected with 200 plaque-forming units per well of WT,
AP168, A173V, or AP168/A173V rSARS2/mCherry and incubated
for 1 hour at 37°C in a 5% CO, incubator. After virus adsorption,
cells were washed with PBS and incubated at 37°C in phenol red—
free post-infection medium containing twofold serial dilutions of
the indicated antiviral drug (nirmatrelvir, ensitrelvir, or remdesivir
with a starting concentration of 25 uM). Fluorescence mCherry ex-
pression was determined at 72 hpi using a fluorescence microscope
(EVOS M5000) and a Synergy LX Multimode plate reader (Agilent).
Fluorescence values of mCherry virus—infected cells in the absence
of antiviral were used to calculate 100% viral infection. Cells in the
absence of viral infection were used to calculate the fluorescence
background. ICsys were determined with a sigmoidal dose-response
curve (GraphPad Prism 9).

To determine viral growth kinetics of the WT and mutant
rSARS2, monolayers of Vero E6 cells (4 x 10° cells per well, 12-
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well plate format, triplicates) were infected (MOI 0.01) and incubat-
ed for 1 hour at 37°C in a 5% CO, incubator. After virus adsorption,
cells were washed with PBS and incubated at 37°C in post-infection
medium. At each of the indicated time points (12, 24, 48, and 72
hpi), viral titers were determined in cell culture supernatants by
standard plaque assay.

Structural modeling
Model construction

WT. Washington strain (i.e., “original” 2019 strain; WT) MP™
structure was prepared for simulation from Protein Data Bank
(PDB) deposition 7BB2 (44). In chains A and B of 7BB2, Cys128 is
resolved in two conformations; thus, care was taken to remove the B
conformation of Cys'*® from both chains by manual manipulation
of the .pdb file and then renumbering atoms with pdb-tools (45).
PROPKA3 was then used to calculate protonation states of titratable
residues in the WT structure (46). At pH 7.4, deprotonated proton-
ation states for all aspartate and glutamate were deemed appropri-
ate, as well as protonated states for all lysines, tyrosines, arginines,
and cysteines not involved in disulfide bonding. No cysteines were
resolved in disulfide bonding patterns (44). Using atomic positions
from 7BB2 structure deposited within the PDB, histidine residues
80 and 164 were determined to be protonated at the N§ atom,
whereas histidine residues 64, 163, 172, and 246 were determined
to be protonated at the Ne atom. However, upon manual investiga-
tion of MP™s mechanism as well as residue arrangement in the
binding cleft, we determined the protonation state of histidine-41
needed to be switched from protonation on the Ne atom (as depos-
ited in the PDB) to protonation on the N§ atom. Per-residue pro-
tonation state decisions are listed in table S1. Molefacture, a tool
within visual MD (VMD), was then used to rotate chain A Cys145
and chain A His*' such that His*"'s deprotonated Ne was pointed to
Cys'*'s sulfhydryl group, i.e., a conformation suitable for MP™ cat-
alytic function (47). This molefacture procedure was repeated for
chain B to ensure that both catalytic dyads began simulation in cat-
alytically active conformation. The structure was then parsed with
VMD checking tools to ensure that there were no chirality errors or
cis-peptide bonds. VMD tool psfgen was then used to construct a
protein structure file (psf) from the resultant pdb file. This final
structure was then also used as the base structure for building the
A173V MP™ variant. Because of the fact that chain A of PDB ID
7S19 was resolved with 305 residues (residues 1 to 306) but chain
B was resolved with 299 residues (residues 1 to 300), we constructed
MP™ in this asymmetric way as well. All variants constructed here
were identically asymmetrical, i.e., all chain A's contain 305 residues
and all chain B’s contain 299 residues.

A173V. Starting from the constructed WT pdb file, VMD tool
psfgen was used along with the mutate command to change A173
to V173.

AP168. RoseTTAFold (48, 49) was used to construct a homology
model of MP™ AP168 with nirmatrelvir-bound structure PDB ID
7819 (19) as the template. PROPKA3.0 was again used to calculate
pK.'s of all titratable residues in MP™. The same protonation
scheme was deemed appropriate for all residues (i.e., deprotonation
of all aspartates/glutamates and protonation of all lysines/tyrosines/
cysteines/arginines), and the same histidine protonation scheme
was adopted as resolved from 7BB2 (with exception of His*',
which was set to N§ protonation). Like in the WT model construc-
tion, molefacture was used to rotate Cys'*> and His*' such that
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His*!'s deprotonated Ne was pointed to Cys'**'s sulthydryl group,
i.e., a conformation suitable for MP™ catalytic function (procedure
done for dyads on both chains A and B). The structure was then
parsed with VMD checking tools to ensure that there were no chi-
rality errors or cis-peptide bonds. VMD tool psfgen was then used
to construct a psf from the resultant pdb. The resultant structure
was also used as the base structure for building the AP168/A173V
MP* variant.

AP168/A173V. Starting from the constructed AP168 MP™ variant
structure, VMD tool psfgen was used along with the mutate
command to add A173V.

Solvation and neutralization. VMD was used to solvate all MP™
variant structures in water boxes of 90.7 x 97.2 x 114.3 A” in size
and neutralized with 150 mM NaCl. Total number of atoms and
exact system box sizes per variant can be seen in table S2.

MD simulations

For all MD simulations described here, the following force field pa-
rameters were used. All atoms in all systems were described accord-
ing to the CHARMM36m force field (50, 51). All water molecules
were described according to the TIP3P water model (52). Infinite
bulk conditions were modeled with periodic boundary conditions,
and long-range electrostatic interactions were calculated with parti-
cle mesh Ewald (interpolation order 8, grid spacing 2.0). Nonbond-
ed atom pair lists were generated for all atoms within 15.5 A of one
another. Nonbonded interaction energies were calculated for all
atoms within 10 A of one another. For nonbonded atom pairs
beyond 12 A from one another, nonbonded interactions were as-
signed a zero-energy contribution and not calculated. For atom
pairs between 10 and 12 A from one another, a switching function
was used to gradually switch nonbonded terms from their calculated
value to zero energetic contribution. The SHAKE algorithm was
applied to constrain all bonds between heavy atoms and hydrogens
to their equilibrium distance value as listed in CHARMM?36m pa-
rameter files. The 1-2 and 1-3 nonbonded interactions were exclud-
ed (not calculated), while electrostatic interactions of 1—4 pairs are
scaled (default scaling factor 1.0) and Lennard-Jones potentials
were modified according to CHARMM36m parameter files.
Unless otherwise noted, NAMD?2.14 was used to conduct all follow-
ing MD simulations (53, 54). For a summary of all MD simulation
steps described below, see table S3. All MD simulations were per-
formed with San Diego Supercomputing Network's Hopper
GPU cluster.

Minimization

While holding catalytic dyad residues (Cys'** and His*') in position
with a constraint (i.e., “fixed atoms”), we launched three replicas of
10,000 steps of conjugate gradient and line search algorithm mini-
mization for each MP™ variant. We then followed each of these min-
imization procedures with 500 steps of dynamics at 310 K. All
subsequent MD simulation steps were launched from final coordi-
nates and velocities of these 500 steps of 310 K dynamics, and thus,
all following simulation steps were performed in triplicate.
Heating

Velocities from previous 500 steps at 310 K were used to launch to
heating procedure in which the Langevin temperature and piston
temperature were gradually increased from 10 to 310 K in incre-
ments of 25 K, with 10,080 MD steps performed at each temperature
(at 1 fs per time step, thus 10 ps of sampling per temperature). Once
the system reached 310 K, an additional 10,080 steps (10 ps) of
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simulation were performed (thus 20 ps total performed at 310 K).
During this heating procedure, catalytic dyad residues were again
constrained (i.e., Cys'*® and His*' of chains A and B were held
fixed) to their final position after the previous minimization step.
NpT equilibration

Final coordinates and velocities from heating simulations were used
to launch 25,200 steps (1 fs per time step, thus 252 ps) of NpT equil-
ibration. Pressure was set to 1 atmosphere, and the periodic cell was
allowed to be flexible during simulation (useFlexibleCell set to yes)
to equilibrate the cell volume. During NpT equilibration, constraint
on the catalytic dyad residues was removed, and instead, the catalyt-
ic dyad residues were restrained to their positions following heating
(harmonic restraint with force constant of 1 kcal mol™" A™).
Number of particles, volume, and temperature (NVT)
equilibration

Final coordinates and velocities from NpT equilibration simulations
were used to launch 27,500,000 steps (1 fs per time step, thus 27.5
ns) of NVT equilibration. During NVT equilibration, pressure was
maintained at 1 atmosphere. The box dimensions were fixed to the
dimensions from the final step of NpT equilibration (useFlexible-
Cell set to no). All restraints and constraints were removed, and
no new constraints/restraints were implemented during NVT equil-
ibration; thus, all atoms were allowed full flexibility.

Statistical sampling with NAMD3.0/GPU

Twelve final coordinates and velocities from NVT equilibration
simulations were used to launch 275,000,000 steps (2 fs per time
step, thus 550 ns; note the time step change from previous
methods) of statistically relevant sampling at the NVT ensemble.
Pressure was maintained at 1 atmosphere, and the volume was
fixed at each step (useFlexibleCell set to no). Because of the
switch from 1- to 2-fs time step, and the switch from NAMD?2.14
on CPUs to NAMD?3.0 on GPU, we simulated for 550 ns to allow
for 50 ns of final “equilibration” if need be, before collecting results
from the final 500 ns. However, after performing initial analysis, we
observed that all simulations appeared similarly equilibrated by root
mean square deviation (RMSD) from their starting structure (fig.
S6); thus, we deemed it appropriate to incorporate all 550-ns sam-
pling per replica per MP™ variant. Every 2500th frame was written
to a dcd file for analysis; thus, from 275,000,000 steps, we collected
110,000 frames for analysis.

Computational analyses

MDAnalysis tools were used for all analyses described below (55,
56). All MP"™ trajectories were stripped of water and ion atoms.
Because of periodic boundary effects, chains A and B had to be
split and analyzed separately. Each MP™ trajectory was then
aligned to its first frame by Ca atoms to cancel rotational and trans-
lational degrees of freedom.

Root mean square deviation

RMSD calculations were performed with the MDAnalysis RMSD
calculator. First, each trajectory was realigned (for each variant,
each chain, and each replica) according to the positions of residues
1 to 167 and 169 to 300 to their position in the first frame, to ensure
that no biases were introduced by the addition of the extra residue
168 in the alignment. Then, RMSD was calculated for each of these
same Ca atoms and is plotted in fig. S6. To monitor trends more
clearly in data, we then calculated a rolling average of the RMSD
over the whole dataset. In fig. S6, we have plotted both the full
dataset in transparent blue and brown lines, and the rolling
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average of the dataset in dark blue and brown lines. To calculate
the average RMSD trend, for each time step, we calculated the
average RMSD at that time point across all replicas and across
both chains. For the average RMSDs, we have again plotted the
full dataset in transparent black lines and the rolling average of
average RMSDs in dark black lines.

Root mean square fluctuation

To calculate RMSFs, we first aligned each trajectory (per variant, per
replica, and residues 1 to 300 per chain) according to Ca atomic po-
sitions in the starting frame. We then used the MDAnalysis RMSF
tool to calculate the per-residue fluctuation over the course of each
trajectory. For each residue, we then averaged the RMSF of that
residue and used the SD in RMSFs per residue to estimate error.
To ensure that all residues were aligned when plotting RMSFs per
residue, in variants where residue 168 was deleted, we interpolated
from average RMSFs of residues 167 and 169.

Hydrogen bonding analysis

To calculate percentage of frames with a "hydrogen bond” between
backbone atoms of L167 and G170, for each chain and each replica,
we counted all the frames for which the following two requirements
were satisfied: (i) The distance between L167 backbone oxygen and
G170 backbone nitrogen was within 4 A of one another and (ii) the
angle formed between the L167 backbone oxygen, G170 backbone
hydrogen, and G170 backbone nitrogen was greater than 120°. We
then determined the percentage of frames that exhibited a hydrogen
bond at this position and averaged these percentages over all repli-
cas and across the two chains. We then used the SDs of these aver-
ages to estimate error in our percentage calculations.

54 subsite penetration by M49

To calculate the degree of S4 subsite penetration by residue M49, for
every frame in all simulations (i.e., each variant, each replica, for
both chains), we calculated the distance between the center of
mass of residue M49 and the center of mass of residues 165 to
167 and 188 to 192. We then used the gaussian_kde (kernel
density estimation with Gaussian kernels) module in SciPy to esti-
mate smooth density plots from histograms of these M49-54 subsite
distances.

SARS2 variant analyses

Relative distributions of amino acid changes at the amino acid po-
sitions of interest in MP" were counted using the GISAID EpiCoV
web server and filtered on the basis of viral genome sequences that
are considered “Complete” and "High Coverage.” The frequency of
each amino individual amino acid and in-frame deletions was
divided by the total number of changes found at said position to
calculate the relative frequency and plotted as a heatmap using
GraphPad Prism 9. To generate phylogenetic trees of viral
genomes containing the MP™ variants of interest, full-length viral
genomes were first retrieved from the GISAID database and filtered
to exclude sequences with low coverage, and sequences that con-
tained obvious errors or poor coverage within Nsp5 were manually
removed. Viral genomes were then uploaded to the UShER and
placed within a phylogenetic tree of all available sequences in the
GISAID database with the number of samples per subtree
showing sample placement set to 50. The generated phylogenetic
trees were visualized using Auspice.us from NextStrain (57). Meta-
data for the viral genomes were retrieved from GISAID and overlaid
on the phylogenetic tree using the Auspice.us web application. Viral
genomes were similarly filtered to determine the overall frequency
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of each variant with additional filtering of separating all Omicron
sequences compared to all previous lineages.

Supplementary Materials
This PDF file includes:

Figs. ST to S12

Tables S1 to S3
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