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Abstract

The appearance and spread of mutations that cause drug resistance in rapidly evolving diseases,
including infections by SARS-CoV-2 virus, are major concerns for human health. Many drugs
target enzymes, and resistant mutations impact inhibitor binding and/or enzyme activity. The
most widely used inhibitors currently used to treat SARS-CoV-2 infections, including nirmatrelvir,
target the main protease (Mpro) preventing it from processing viral polyproteins into active
subunits. Previous work has systematically analyzed resistance mutations in Mpro that reduce
binding to inhibitors, and here we investigate mutations that affect enzyme function.
Hyperactive mutations that increase Mpro activity can contribute to drug resistance both
directly by requiring elevated inhibitor concentrations to reduce function to critical levels and
indirectly by increasing tolerance to mutations that reduce both substrate turnover and
inhibitor binding. We comprehensively assessed how all possible individual mutations in Mpro
affect enzyme function using a mutational scanning approach with a FRET-based yeast readout.
We identified hundreds of mutations that significantly increased Mpro activity. Hyperactive
mutations occurred both proximal and distal to the active site, consistent with protein stability
and/or dynamics impacting activity. Hyperactive mutations were observed three times more
than mutations that reduced apparent binding to nirmatrelvir in laboratory grown viruses
selected for drug resistance and were also about three times more prevalent than nirmatrelvir
binding mutations in sequenced isolates from circulating SARS-CoV-2. Our findings indicate that
hyperactive mutations are likely to contribute to the natural evolution of drug resistance in
Mpro and provide a comprehensive list for future surveillance efforts.
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Introduction

The emergence of drug resistance in rapidly evolving diseases including cancers and infections
leads to poor health outcomes with large costs to human communities. The development of
improved treatments has been outpaced by the rate of resistance evolution and if current
trends continue drug resistant infectious diseases will cause 10 million deaths worldwide by
2050%3. Improved strategies to understand and reduce the impacts of drug resistance are
urgently needed.

Enzymes are one of the most common targets of drugs used to treat rapidly evolving diseases®.
In the evolution of drug resistance, enzyme targets frequently accumulate mutations that
impact the binding of drug and/or the turnover of substrate®. The impact of mutations on
inhibitor binding are relatively straightforward to interpret and we have reported a
comprehensive assessment of how all possible point mutations in Mpro from SARS-CoV-2
impact binding to drugs®. In addition to drug binding, the effects of mutations on enzyme
activity are also critical to understanding drug resistance.

The impacts of mutations on enzyme activity are important for at least two reasons (Figure 1).
First, enzyme activity must be high enough to enable virus propagation such that only mutations
or combinations of mutations that maintain sufficient activity are accessible for resistance
evolution in viral populations. Hyperactive mutations that increase activity beyond that of the
ancestral enzyme can provide an activity buffer that either rescues or enables the evolution of
additional mutations (Figure 1A&B). In response to inhibitors of HIV protease, primary
mutations that strongly disrupt drug binding tend to also reduce substrate processing and
require mutations that rescue activity for the evolution of high-level resistance’™®.

The second reason that hyperactive mutations are important is that they can provide a direct
growth advantage to viruses propagated in the presence of drug (Figure 1C). Based on modeling
of a simple enzyme mechanism, the increased resistance for the virus should be directly related
to the increase in hyperactivity. For example, a mutation that increased the catalytic rate two-
fold would require twice the concentration of inhibitor to stall growth. However, the impact on
viral tolerance to drugs can be amplified for targets like Mpro that impact their own production.
Mpro is only fully active once it cuts itself out of polyprotein precursors. Hyperactive mutations
that increase Mpro activity can increase the pool of processed enzyme available for viral
maturation. Consistent with this potential role of hyperactive mutations in Mpro resistance,
selection for nirmatrelvir resistance in cell culture passaging of SARS-CoV-2 virus resulted in
multiple lineages with ~10-fold increases in tolerance to drug driven by mutations that increase
enzyme activity without measurable impacts on drug binding®1°. However, experiments with
reverse engineered viruses harboring the most commonly observed hyperactive mutations
(either T21I or L50F) showed smaller increases in IC50 in the range of 1.1-4.6 fold%-12,

To further investigate the potential roles of hyperactive mutations in drug resistance, we used a
mutational scanning approach to comprehensively identify mutations in Mpro with increased
enzyme activity. We identified 175 mutations that cause significant increases in Mpro activity
and are distributed throughout the Mpro structure. These identified mutations are enriched in
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in vitro SARS-CoV-2 passaging experiments in the presence of nirmatrelvir'®!? and many have
also been observed in sequenced clinical SARS-CoV-2 isolates. Therefore, hyperactive mutations
appear likely to play a key role in the natural evolution of drug resistance.

Results and Discussion:

To systematically identify all hyperactive Mpro mutations we used an in vivo fluorescent yeast
reporter assay developed in our previous work'3. For this assay, we placed the Nsp4/5 Mpro cut
site between a CFP and YFP FRET pair such that upon expression of Mpro we observed a large
change in fluorescence (Figure 2A&B). In our initial study'3, we expressed Mpro to a level where
wild type (WT) cleavage was essentially complete in order to focus on mutations that strongly
decreased enzyme activity. To identify hyperactive mutations in this work, we decreased the
duration of expression of Mpro so that WT partially cleaved the substrate. We monitored bulk
fluorescence in reporter yeast as a function of induction time for WT Mpro (Figure 2B). After 40
minutes of induction we observed a clear and partial decrease in reporter signal.

For experiments with mutant libraries, we selected an Mpro induction time of 45 minutes so
that we could observe partial cleavage by WT Mpro with the potential to identify hyperactive
variants (Figure 2C). When we analyzed the resulting mutant library by flow cytometry we
observed populations with varied ratios of CFP to YFP fluorescence (Figure 2D) indicating
distinct levels of substrate cleavage. Because the fluorescent separation by flow cytometry was
modest, we chose to sort library cells into two windows corresponding to mostly uncleaved
with low CFP to YFP ratio and mostly cleaved with high CFP to YFP ratio. As in our previous
work?'3, we calculated a functional score as the fraction of variant sequence reads in the cut
window divided by the sum of the fraction of variant reads in the cut and uncut windows. To
assess the reproducibility of our functional measurements, we performed three experimental
replicates of the FACS and sequencing. Across all variants analyzed we observed a strong
correlation between replicate experiments (Figure 2D and Table S1).

WT Mpro had a functional score of 0.83 indicating that most yeast cells harboring WT Mpro
were in the cleaved sort window. This is consistent with partial cleavage observed in bulk
fluorescence under similar conditions (Figure 2B), and small cell to cell variation such that the
flow cytometry profile of WT moves mostly clear of the uncleaved window. These observations
suggest that additional and narrower sort windows may result in improved resolution of
functional scores. However, the strong reproducibility of our functional measurements indicated
that we were able to clearly identify many variants with increased activity in our assay
compared to WT (Figure 2D). We used experimental replicates to identify variants that were
significantly hyperactive based on a student T-test. Using this approach, we identified 175
hyperactive variants (Table S2).

We assessed the biochemical properties of three variants identified as hyperactive in our screen
(Figure S1). Each of these variants (T211, L50F and L141R) as well as WT Mpro were expressed
and purified and assayed for enzyme activity using a fluorescent Nsp4/5 peptide substrate. We
chose to analyze T21l and L50F both because of their elevated functional score in our screen
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and because these mutations have both been selected in SARS-CoV-2 virus cultured in the
presence of Mpro inhibitors'®. In purified form, T211, L50F and L141R Mpro all showed elevated
activity (1.6, 1.7, and 1.9 fold increased enzyme proficiency compared to WT). The enzyme
activity of L50F and T21I have been reported by others, and also found to be increased by a
small amount (1.6 fold and 1.3 fold respectively) compared to WT41>, The activity of L50F is
somewhat controversial as two studies reported null activity!'2 and one report was unable to
purify this variant®. In our hands, expression and purification of this variant were
straightforward when cold temperatures were avoided. Corroboration of the elevated activity of
T21l, L50F, and L141R in purified form demonstrate that our screen can successfully identify
hyperactive variants. Of note, T21l and L50F were both selected in multiple lineages in response
to Mpro inhibition in culture®?!2, T21I and L50F were at high frequency (>75%) in some lineages
without any other mutations at greater than 50% levels, suggesting that they can contribute to
initial resistance evolution. Both T211 and L50F also evolved to high frequency in combination
with other mutations including E166V that can disrupt Mpro binding to inhibitors. Together
these observations indicate that hyperactive mutations can both contribute to initial adaptation
to Mpro inhibitors and can combine with other mutations to lead to higher level resistance.

We searched for hot-spots for hyperactivity by counting the number of hyperactive mutations
from our screen at each position in Mpro (Figure 3). There were about 100 positions with a
single hyperactive mutation, but there were also a few positions with many hyperactive
mutations. To assess the significance of these potential hot-spots, we used a boot-strap
approach based on random sampling simulations. Positions with five or greater hyperactive
mutations rarely occurred by random sampling and were therefore considered significant in our
experimental results. There were three positions (1, 141, 151) where most amino acid changes
led to hyperactivity, suggesting that the WT amino acid at these positions is poorly suited to
cleavage of the substrate in our screen. In the crystal structure of catalytically inactive Mpro
with Nsp4/5 substratel®, L141 and N151 are in local environments that are poorly suited to their
biophysical properties (Figure 3B&C). The hydrophobic side-chain of L141 packs against the
hydrophilic carbonyl atoms at the end of an alpha-helix. The hydrogen bonding along alpha-
helices leads to a dipole where charge accumulates at the ends favoring interaction with water
or other polar atoms compared to hydrophobic atoms!”1, In a similar biophysical mismatch,
the side chain of N151 is oriented towards a core region of Mpro that is largely hydrophobic. In
contrast to L141 and N151, S1 is not making any obviously unfavorable physical interactions in
the substrate-bound structure of Mpro. However, S1 is located in a spacious cavity where larger
side-chains would have opportunities for additional favorable contacts. In addition to its role in
Mpro activity, position 1 is the site where Mpro cuts itself out of viral polyprotein.
Autoproteolysis is a critical step for the virus and serine at the P1 position makes key contacts as
a substrate that are important for cleavage. Consistent with its important role in substrate
recognition, serine is located at the P1 position in 6 of the 11 sites that are cleaved by Mpro.

While selection for Ser at position 1 in Mpro can be explained by autoproteolysis, the poor
biophysical fits of L141 and N151 in the structure are likely related to their roles in enzyme
activity. Hyperactive mutations at L141 and N151 are present at low frequency (<0.1%) in

sequenced isolates of SARS-CoV-2 (Figure S2). Of note, phylogenetic analyses of sequenced
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isolates suggest that mutations at positions 141 and 151 of Mpro cause fitness defects®. We
considered the possibility that hyperactive mutations are deleterious when drug is not present
(as has been observed for L50F*?), but did not observe any meaningful differences in the
frequency in sequenced isolates of mutations with WT-like from those with increased enzyme
activity. Of note, the relationship between enzyme activity and fitness are frequently non-
linear?®-22 and can be complex, particularly for viral enzymes including proteases that act on
more than one substrate?3. Future studies of the impacts of Mpro mutations on additional cut-
sites may help to clarify the relationship between enzyme activity and viral fitness.

We also identified a handful of hot spot-positions where 6 or 7 mutations were hyperactive in
our yeast screen (Fig 3A). Two of these positions (50 and 252) have been observed in multiple
lineages selected for nirmatrelvir resistance in cell culture!®. All of the hyperactive mutations at
252 (Pto C, F, L, M, V, or Y) were hydrophobic, suggesting that this is a key feature mediating
activity at this position. For the other hot-spots, there did not appear to be a single biophysical
feature shared by all the hyperactive variants. For example, at L50, mutations to aromatic amino
acids (F, H, Y) or a subset of polar amino acids (Q, S, T) were hyperactive in our yeast screen.

To explore the mechanism of hyperactive mutations, we determined the structure of three
variants at hyperactive hot-spots (L50F, L141R, and N142P). We chose to investigate L50F
because it was observed in multiple nirmaltrevir-selected lineages in cell culturel®. L141R and
N142P were selected because they are both close to the active site and are dramatic amino acid
changes that we thought might lead to clear structural changes. We were able to readily grow
diffraction quality crystals of all three variants in complex with inhibitors (nirmaltrevir for L50F
and PF-00835231 for L141R and N142P). The structures of each mutant variant were aligned
closely to WT with some noticeable changes around the active site (Figure 4). The most notable
change in the structure of L50F was a shift of the main-chain atoms near the N-terminus so that
the amide of M6 formed a closer H-bond contact with the carbonyl oxygen of R4. Of note, R4
and M6 are more than 10 angstroms from the L50F mutation, indicating that physical changes
can be transmitted widely across the Mpro structure. Differences between WT and L141R were
more concentrated local to the mutation. The mutated arginine at position 141 forms multiple
hydrogen bonds with shifts in the position of residues that form the new hydrogen bonds. The
main chain of N142P aligns very closely with WT suggesting that this mutation does not
dramatically alter the ground state structure bound to inhibitor. All together, the structural
results suggest that subtle structural changes can lead to the modest hyperactive mutations
that we identified.

We examined the structural location of all the hyperactive mutations that we identified in our
screen (Figure 5). Of note, most of these mutations did not occur at hot-spots (positions with
five or more hyperactive mutations). The hyperactive mutations we identified were located
broadly throughout the structure of Mpro (Figure 5A). Given this broad distribution, we
searched for properties of positions in the structure where hyperactive mutations might occur
preferentially (Figure 5B). We used a bootstrap approach to randomly sample positions in Mpro
to estimate expected variation and significance. Almost all properties showed hyperactive
mutations at similar frequencies compared to all positions in Mpro, indicating that these
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properties (solvent accessibility, distance to substrate, location at interfaces) do not correlate
with or predict hyperactivity. The only property that was significantly different than random
expectations was location in a helix where hyperactive mutations were less prevalent than
random. The lack of properties from the crystal structure that can predict hyperactive mutations
may indicate that a property such as dynamics that cannot be easily captured by a single
structure may be important for hyperactivity. The impacts of protein motions on enzyme
function are notoriously difficult to analyze?* and remain one of the most important and
understudied areas of biochemistry. However, where they have been analyzed, protein
dynamics have been shown to have critical impacts on enzyme activity. Interestingly, the one
feature of Mpro that we found significantly depleted for hyperactive mutations was location in a
helix. Of all secondary structure elements, helices are known to be the least perturbed by
mutation?. The contribution of dynamics to hyperactive mutations in Mpro will require future
efforts to resolve with clarity.

Motivated by the potential role of both hyperactive mutations and drug binding mutations in
the evolution of drug resistance in SARS-CoV-2, we surveyed their prevalence (Figure 6). In
Figure 6A, we examined the prevalence in viruses selected for nirmatrelvir resistance in
culture®12, Most mutations that evolved in cell culture showed either hyperactivity or reduced
drug binding, consistent with these two features as the main drivers of resistance. Interestingly,
mutations that we identified as hyperactive were about three times as prevalent in drug
selected lineages compared to mutations we previously identified as drug binding in similar
mutational scans®. The fraction of all point mutations that were either hyperactive or reduced
drug binding was far smaller than the mutations in these categories in drug selected viral
lineages (Figure 6B). These findings strongly indicate that selection rather than random chance
caused enrichment of these categories of mutations in the drug-selected lineages.

To explore the potential mechanistic roles of hyperactive mutations in the response to drug
selection (Figure 1), we examined their occurrence with and without mutations identified as
reducing drug binding® in cell culture selected lineages?. In the drug selection experiments,
most mutations that were reported had arisen close to fixation (110 mutations at a frequency
>75%, 7 at 50-75%, 15 at 25-50%, and 11 at 5-25%), indicating a prevalence of selective sweeps
of individual variants and relatively low levels of clonal interference. For this reason, we focused
our analyses on mutations reported to have become the major species with frequencies over
50% in a lineage. Out of 53 selected lineages, there were 7 that only accumulated a single
hyperactive mutation, 0 that had only accumulated a single reduced drug binding mutation, and
25 that had accumulated a hyperactive and binding mutation. The observation of multiple drug
selected lineages only harboring hyperactive mutations indicates that they can increase
resistance on their own. The observation of many drug selected lineages with both hyperactive
and reduced drug binding mutations indicates that these categories of mutation can synergize
to generate viruses that are fit and strongly drug resistant.

Next we examined the prevalence of hyperactive and drug binding mutations in sequenced
isolates. While mutations we identified in these categories were observed in circulating variants,
they were at very low levels (Figure 6C). In addition, they remain at low levels in viruses that
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have been sequenced in recent months (Figure S3). These findings indicate that the clinical use
of Mpro inhibitors has not yet resulted in a high frequency of mutations that can contribute to
drug resistance. The similar level of hyperactive and drug binding mutations in recent viral
isolates compared to isolates from throughout the pandemic suggests that they predominantly
represent standing variation — mutations whose frequency is not yet driven by positive
selection. The low prevalence of mutations that can contribute to resistance indicates that the
efficacy of Mpro inhibitors is largely uncompromised by resistance mutations. However, the low-
level presence of these mutations also means that the viral population could readily respond to
widespread use of Mpro inhibitors by increasing the frequency of resistant mutations.
Interestingly, hyperactive mutations are roughly three times as prevalent in sequenced isolates
as reduced drug binding mutations. This may indicate that hyperactive mutations have a fitness
advantage compared to mutations that reduce drug binding, consistent with the tendency of
drug binding mutations to also reduce enzyme activity?®.

Conclusions

We have systematically analyzed hyperactive mutations in Mpro. Our results indicate that
hyperactive mutations are roughly as common as mutations that reduce drug binding®.
However, hyperactive mutations are disproportionately observed in cell culture lineages
selected for resistance and in the standing variation of sequenced isolates, indicating that
hyperactive mutations are likely to play a key role in the evolution of resistance in circulating
variants. The observation of hyperactive mutations as the only high frequency change in some
resistant lineages selected in cell culture indicates that they can directly contribute to
resistance, consistent with biochemical principles (Figure 1). Hyperactive mutations can also
contribute to resistance by either enabling or rescuing mutations that disrupt drug binding that
commonly also reduce enzyme activity (Figure 1). Our systematic analysis of hyperactive
mutations enables future efforts to efficiently survey and detect early stages of drug resistance
in circulating variants.

There are many important issues that this work raises that will be the focus of future efforts.
These include generating a publicly available surveillance record of mutations that can cause
resistance in sequenced SARS-CoV-2 isolates, and detailed evolutionary models to investigate
how different levels of Mpro inhibitors can impact resistance evolution.

Materials and Methods

Generation of Mutant Libraries

The SARS-CoV-2 single site library was synthesized by Twist Biosciences (www.twist.com) with
each amino acid position modified to all 19 amino acid positions plus a stop codon. The
libraries were cloned and barcoded as described previously®3. In short, the library was fused to
a Ubiquitin gene and assembled into a destination vector. The Ubiquitin-MP™ fusion protein is
cleaved in vivo by Ub-specific proteases directly C-terminal to the Ub, allowing expression of
MP™ with its authentic N-terminal serine residue?®. To precisely control the expression level of
MP™ while limiting its toxic side effects, the Ub-MP™ library was placed under control of the B-
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estradiol-activated LexA-ER-AD transcription factor?’. The cloned library was barcoded with a
randomized 18 bp nucleotide sequence and the barcodes were associated with the MP™
variants using PacBio sequencing. The barcoded plasmid mutant library was combined with a
plasmid containing wild-type MP™ associated with approximately 150 unique barcodes.

Bulk FRET competition experiment

The FRET reporter strain was constructed by fusing together the two fluorescent proteins, YPet
and CyPet, with the Nsp4/5 MP™ cleavage site engineered in the middle with a linker of two
glycines as previously described (YPet-GGTSAVLQ/SGFRKMGG-CyPet). The YPet-CyPet FRET pair
is a YFP-CFP fluorescent pair that has been fluorescently optimized by directed evolution for
intracellular FRET2. The resulting YPet-nsp4/5-CyPet fusion gene was integrated into the ade2
gene locus of W303 cells (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15). The blended
WT and mutant plasmid library was transformed using the LiAc/PEG procedure?® into the FRET
reporter strain. To avoid bottlenecking, sufficient transformation reactions were performed to
achieve approximately 5 million independent yeast transformations representing a 50-fold
sampling of the average barcode. Following 12 hours of recovery in synthetic dextrose media
lacking adenine (SD-A), transformed cells were washed three times in SD lacking adenine and
uracil (SD-A-U) (to select for the presence of the MP™ variant plasmid) and grown in 500 mL SD-
A-U media at 30°C for 48 hr with repeated dilutions to maintain the cells in log phase growth
and expand the library. To avoid population bottlenecks, at least 107 cells were passed for each
dilution. Next, the library was diluted to early log phase in SD-A-U, grown for 3 hours, and 125
nM B-estradiol (from a 10 mM stock in 95% ethanol, Sigma-Aldrich) was added to induce MP™
expression. Cultures were grown with shaking at 180 rpm for 45 min, at which time samples of
~107 cells were collected. The cells were immediately washed three times with ice cold tris-
buffered saline containing 0.1% Tween and 0.1% bovine serum albumin (TBST-BSA), diluted to
108 cells/mL and immediately sorted for YFP and CFP expression on a FACS Aria Il cell sorter.
Cells expressing the cut FRET pair (low FRET) were collected in one population and the uncut
FRET pair (high FRET) in a second population. We collected 5 million cells of each population to
ensure adequate library coverage. Yeast cells were collected by centrifugation and stored at -
80°C. We performed three technical replicates for this experiment in which the library was
transformed into yeast cells in bulk and then separated into three flasks. For each replicate, cell
growth, FACS separation, and sequence analyses were performed independently.

DNA preparation and sequencing

We isolated plasmid DNA from each FACS cell population for each replicate as described?.
Purified plasmid DNA was linearized with Ascl (NEB). Barcodes were amplified with 25 cycles of
PCR using the entire sample of extracted DNA from each cell population to ensure complete
sequencing coverage. PCR was performed using Phusion polymerase (NEB) and primers that
add lllumina adapter sequences and a 6 bp identifier sequence used to distinguish cell
populations. PCR products were purified two times over silica columns (Zymo Research) and
the DNA concentration was measured by gPCR using the KAPA SYBR FAST qPCR Master Mix
(Kapa Biosystems) on a Bio-Rad CFX machine. PCR samples were combined and sequenced on
an Illumina NextSeq instrument using a NextSeq 500/550 High Output Kit v. 2.5 (75 cycles). The
[llumina barcode reads were calculated using custom scripts that have been deposited on
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GitHub (https://github.com/JuliaFlynn/BolonLab). Reads were filtered for Phred scores > 10 and
strict matching to the expected template and identifier sequences. Filtered reads were parsed
based on their identifier sequences. For each identifier sequence, each unique N18 barcode
read was counted. Using the variant-barcode association table that was generated by PacBio
sequencing®?, the frequency of each mutant in each cell population was tabulated. To calculate
the functional score for each mutant, the fraction of each mutant in the cut and uncut windows
was first calculated by dividing the sequencing count of each mutant in a window by the total
counts in that window. The functional score was then calculated as the fraction of the mutant
in the cut window divided by the sum of the fraction of the mutant in the cut and uncut
windows.

Purification of MP°

Hise-SUMO-SARS-CoV-2 MP™ (WT) was cloned into a pETite vector'®. L50F, L141R and N142P
mutations were created by site-specific mutagenesis. The vectors were transformed into Hi-
Control BL21 (DE3) Escherichia coli cells and the MP™ proteins were expressed and purified as
previously described?®.

Analyses of enzyme properties of purified Mpro

To measure the Ky of MP™ mutants, 1 uM enzyme was added to a series of 0-125 uM FRET
substrate (Dabcyl-KTSAVLQSGFRKME-Edans (LifeTein)) in 50 mM Tris pH 7.5, 50 mM NaCl, 1 mM
EDTA, 1 mM DTT and 4% DMSO. The cleavage reaction was monitored using a PerkinElmer
EnVision plate reader at 30°C (355 nM excitation, 460 nM emission). Three replicates were
performed with each mutant. The absorbance of the FRET substrate at the highest
concentration (125 uM) was less than 0.1, and so the interference due to the inner filter effect
was assumed to be minimal. The initial velocity was plotted against FRET substrate
concentrations and were fit using GraphPad Prism 9 to the Michaelis-Menten equation.

Co-crystallization

Pfizer compounds PF-07321332 and PF-00835231 were purchased from Selleckchem.com.
Protein complexes were made by incubating 6-7 mg/mL of each mutant MP™ with 5-10 molar
excess small molecule in 20 mM HEPES pH 7.5, 300 mM NaCl buffer on the benchtop for one hour.
Co-crystals were obtained with 10-20 % (w/v) PEG 3350, 0.20-0.30 M NaCl, and 0.1 M Bis-Tris-
Methane pH 5.5 using pre-greased, 24-well VDX hanging drop trays (Hampton Research
Corporation). Diffraction quality crystals required 10 days, on average, of growth time at room
temperature. Varying the protein complex to crystallization solution ratios (1 pL:2 pL, 2 pL:2 plL,
and 3 plL:2 ulL) helped obtain large, singular crystals. Microseeding was not required for crystal
growth.

Data Collection and Structure Determination

Prior to data collection, crystals were soaked in their respective mother liquor solutions
supplemented with 25 % glycerol. Diffraction data was collected under cryogenic conditions (100
K) at the University of Massachusetts Chan Medical School X-Ray Crystallography and Drug Design
Core facility (Worcester, MA). Home source data acquisition was performed using a Rigaku
MicroMax-007HF x-ray generator equip with a HyPix-6000HE detector. Data processing (indexing,
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integration, and scaling) was done using CrysAlis"™PX (Rigaku Corporation). Structure solutions,
model building, and refinement were done using the Phenix suite of software packages®°.
Molecular replacement solutions were obtained with PHASER3! using PDB 7LOD as the reference
model. Model building and structure refinement were performed using COOT32. Reference
model bias was minimized by reserving 5 % of the collected data for Rfe calculations®3. Data
collection parameters and refinement statistics are available in Table S3.

Identifying mutations in circulating SARS-CoV-2 sequences

The frequency of Mpro variants was investigated based on high-quality SARS-CoV-2 sequence
data**. We downloaded the latest variable call format file (public-latest.all.masked.vcf.gz) from
http://hgdownload.soe.ucsc.edu/goldenPath/wuhCorl/UShER SARS-CoV-2/ on Sept 7, 2023.
We wrote a custom perl script to tabulate sequence observations of mutations identified as
hyperactive in this work, or with reduced binding to nirmaltrevir or ensitrelvir based on a
previously published yeast screen®. The frequency of these classes of mutations was calculated
by dividing by the total number of sequenced isolates in the time window analyzed.
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Figure 1. Different mechanistic contributions of hyperactive mutations in the evolution of drug resis-
tance. (A) Rescue mutations elevate enzyme activity back towards WT levels after mutations that
disrupt drug binding while at the same time decreasing function. In this case, the initial mutation must
maintain enzyme activity above the threshold required for viral replication or both mutations must
occur simultaneously. (B) Enabling mutations increase enzyme activity providing a buffer that permits
the accumulation of mutations that on their own might lower enzyme activity levels below the level
required for viral replication. (C) Hyperactive mutations can also directly increase the tolerance of a
microbe to drug concentrations that would prevent the replication of WT.
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Figure 2. Experimental stategy to meaure function of hyperactive MP™© mutants A) Fluorescence resonance
energy transfer based reporter screen. MP™ variants were screened based on their ability to cleave at the MP™
cut-site, separating the YFP-CFP FRET pair. B) Cells expressing the CFP-YFP FRET pair were transformed with the
plasmid expressing wild-type MP™ under control of the LexA promoter. Cells were grown to exponential phase
followed by addition of 125 nM b-estradiol. Samples were collected at the indicated time points, cells were
washed, diluted to equal cell nhumber and fluoresence was monitored from 450-600 nm on a Fluoromax
instrument. C) Cells expressing the YFP-CFP FRET pair were transformed with the MP™ plasmid library and split
into triplicate cultures. 125 nM b-estradiol was added to each culture to turn on MP™ expression. Cells were
collected at 45 minutes and separated by FACS into cleaved (low FRET) and uncleaved (high FRET) popuations.
Cell populations were sequenced on an Illumina instrument D) Correlation between functional scores of all MP™
variants of replicate A and B. Stop codons are shown in red and wild-type MP™ in blue. Dashed line indicates
best fit. Functional scores were calculated as the fraction of a mutant in the cleaved population relative to its
fraction in both populations.
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Figure 3. The maijority of substitutions at three positions increase the functional score of Mpro. (A)
Clustering of substitutions identified as hyperactive in the FRET screen at positions in Mpro com-
pared to random sampling. At three positions (1, 141, and 151), most substitutions resulted in
increased functional scores. (B&C) Molecular models of Mpro with bound substrate (7t70.pdb),
illustrating the physical environment of positions 1, 141, and 151.
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Figure 4. Comparison of the structures of individual hyperactive variants to WT Mpro. (A) Overlay of WT Mpro
(7RFS.PDB) with L50F. WT side chains are shown in grey or black and L50F side chains in cyan, pale green or red.

(B&C) WT Mpro overlayed with either L141R (B) or N142P (C). WT side chains are shown in grey or black and mutant
side chains in red and orange (B) or red and green (C).
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Figure 5. Structural and physical characteristics of positions with hyperactive mutations compared to all posi-
tions in Mpro. (A) Structural representation of Mpro based on 7t70.pdb showing the location of all identified
hyperactive mutations (colored in blue) and bound substrate in yellow. Shading was used to distinguish each
subunit in the dimer. (B) Properties of positions with hyperactive mutations. The only property that was statisti-
cally significant (p<0.05 indicated with a *) for hyperactive positions was location in a helix. Error bars were
estimated by bootstrapping and significance was calculated from Z-scores.

solvent accessibility calculated based on Fraczkiewicz and Braun 1998 J. Comp Chem 19:319
interior if %asa side chain < 20, exterior if >50.

Physical similarity calculated based on Rao 1987 Int. J. Pept. Prot Res 29:276
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Figure 6. Hyperactive mutations are more frequently observed than drug binding mutations in
viruses selected for nirmaltrevir resistance and in sequenced isolates. (A) Graph of the fraction
of substitutions identified in viruses selected for nirmaltrevir resistance (Ho et al) that exhibited
Mpro hyperactivity (this work), or reduced nirmaltrevir binding (Flynn et al). (B) Graph illustrating
the relative fraction of all possible mutations that were identified as either hyperactive (this work)
or having reduced nirmaltrevir binding (Flynn et al). (C) The fraction of sequenced SARS-CoV-2
isolates (REF) with mutations in Mpro identified as either hyperactive or with reduced nirmaltre-
vir binding.
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