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Background. The main protease (Mpro) is one of the most attractive targets for antiviral drug discovery against severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2). Mutations in Mpro have been linked to resistance against nirmatrelvir- 
ritonavir (NIR-RIT), an important therapy for SARS-CoV-2 infection. This study aimed to identify low-frequency antiviral 
resistance mutations in Mpro from NIR-RIT–treated patients and to analyze the enzymatic properties, inhibitor susceptibility, 
and structural features of new Mpro clinical variants.

Methods. We screened 1528 SARS-CoV-2–positive patients from 2 hospitals and identified 17 who remained positive after 
treatment. Whole-genome sequencing of nasopharyngeal specimens was conducted to identify Mpro clinical variants. The 
impact of these mutations on Mpro activity and inhibitor susceptibility was investigated using a fluorescent enzymatic biosensor 
in human cells, along with in vitro thermal stability and structure-based analyses of the Mpro mutants and Mpro-NIR complexes.

Results. The analysis identified 2 novel Mpro clinical variants: D48D/L58F/P132H (variant 1) and D48D/L67V/K90R/P132H 
(variant 2). Our data show that the selected clinical mutations are localized in the Mpro N-terminal domain, are far from the 
catalytic site, and strongly impact NIR resistance without affecting Mpro activity. Structural analysis and thermal denaturation 
analyses revealed that these mutations may disrupt the substrate binding site’s structure and dynamics, reducing protein 
stability and potentially impacting substrate binding or dimerization without compromising catalytic activity.

Conclusions. Our new Mpro clinical mutations that confer complete resistance to NIR were not identified during previous cell- 
culture-based studies. More research is needed to explore resistance mechanisms, providing insights into strategies that mitigate 
resistance and protect therapeutic efficacy.
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Nirmatrelvir-ritonavir (NIR-RIT) has reduced disease severity 
and improved clinical outcomes for individuals infected with se
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
[1, 2], including significantly reducing hospitalizations in elderly 
and immunocompromised individuals [3, 4]. This antiviral in
hibits the SARS-CoV-2 chymotrypsin-like protease (3CLpro or 
Mpro) [2]. Mpro is essential for cleaving viral polyproteins into 
functional proteins required for replication [5]. By binding the 
active site, NIR blocks this cleavage, disrupting viral protein pro
duction and replication [2, 6].

The Mpro protein consists of 3 domains: domain I (residues 
8–101), domain II (residues 102–184), and domain III (residues 
201–303) [7, 8]. The substrate binding site is located at the cleft 
between domains I and II. Though not directly catalytic, 
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domain III is crucial for dimerization, as Mpro is catalytically in
active as a monomer [9]. Several studies have identified 
NIR-RIT resistance mutations through in vitro experimenta
tion. Among these, mutations such as L50F and E166A/V 
have been associated with high-level resistance, as they directly 
impact the enzyme’s active site, reducing susceptibility to 
NIR-RIT [10–14]. Other common mutations, such as P132H 
and K90R, lie outside the active site, but still impact Mpro struc
ture and dynamics, reducing inhibitor efficacy [13].

Research on these mutations in clinical samples from treated 
patients remains limited and while in vitro studies provide in
sights, viral behavior may differ in vivo [15]. Large-scale surveil
lance has found that resistance mutations are infrequent [16, 17]. 
Nevertheless, cases of resistance to antiviral therapies have been 
documented, particularly among immunocompromised indi
viduals [18, 19]. Although resistance in clinical isolates is rare 
[20], low-frequency variants may not be captured in consensus 
sequences. Resistance may arise from suboptimal therapy or in
complete treatment, as seen in human immunodeficiency virus 1 
(HIV-1) [21, 22] and hepatitis C virus [23, 24]. This can lead to 
the selection of low-frequency antiviral resistance variants, 
which may become dominant. Therefore, assessing the preva
lence of these mutations in clinical samples is crucial.

Our study investigated the emergence of low-frequency an
tiviral resistance variants in patients with SARS-CoV-2 after re
ceiving NIR-RIT. We used whole-genome sequencing to 
identify these variants in patients who had completed a partial 
or full 5-day course of NIR-RIT before requiring emergency 
care for coronavirus disease 2019 (COVID-19). The newly dis
covered variants underwent enzymatic, thermostability, and 
structural analyses to assess their impact on the endoproteolytic 
activity of Mpro variants and their sensitivity to NIR [25]. To 
our knowledge, this is the first multi-institutional study to re
port on clinical, biochemical, and structural aspects of low- 
frequency antiviral resistance mutations in SARS-CoV-2 after 
NIR-RIT exposure. Our findings reveal a unique evolutionary 
pathway for viral resistance, including mutations outside the 
Mpro active site and cross-resistance to different Mpro inhibi
tors, NIR and C5a [25].

METHODS

Study Design and Samples

Medical records from 2 hospital systems were screened to iden
tify patients with SARS-CoV-2 infections, confirmed by reverse 
transcription polymerase chain reaction (RT-PCR) between 
February 2022 and July 2023. A total of 1528 patients tested 
positive for SARS-CoV-2 via RT-PCR. Among these patients, 
17 had previously received a course of NIR-RIT and returned 
to the hospital still testing positive for SARS-CoV-2. The study 
was approved by the research ethics boards of the 2 hospitals 
(REB No. 05-0116-C and 04-0083).

Whole-Genome Sequencing

Nasopharyngeal swabs from patients with SARS-CoV-2 under
went whole-genome sequencing as has been previously 
described. Briefly, sequencing libraries were created from over
lapping amplicons using 2 primer pools. NIR-RIT–treated 
samples used ARTIC version 4.1 primers, while untreated con
trols were sequenced with varying primer schemes based on 
collection dates: (1) ARTIC version 4 for February to March 
2022, (2) ARTIC version 4.1 for March to October 2022 [26], 
and (3) Midnight version 3 for October 2022 to July 2023 
[27]. Libraries were prepared with unique barcodes and pooled 
for sequencing. Samples from treated patients were sequenced 
along with a PhiX control on a MiniSeq platform (Illumina) 
while samples from untreated patients were sequenced on 
GridION instruments (Oxford Nanopore Technologies). 
Analyses of samples from treated patients were performed 
using a validated analytical workflow (SIGNAL) [28], while 
the untreated samples were analyzed using the ARTIC field bi
oinformatics pipeline [29]. Output from these pipelines was 
processed using a nationally standardized quality control work
flow (ncov-tools) [30]. Low-frequency variants were called us
ing freebayes (version 1.3.8) from the primer-trimmed reads 
aligned to accession MN908947.3, requiring a minimum cover
age of 10, a minimum variant fraction of 0.10, and a minimum 
variant quality of 50 [31].

Mpro in Cellulo Endoproteolytic Activity

Caco-2 cells were seeded at 10 000 cells/well in 96-well plates 
the day before transduction. Cells were transduced with 2 
BacMam baculovirus vectors (Molecular Montana), 1 expressing 
the recombinant SARS-CoV-2 Mpro enzyme and the other ex
pressing a green fluorescent biosensor for Mpro enzyme activity. 
After 3 hours, the cells were treated with the compounds and in
cubated for 25 hours, followed by fixation of the cells with 3.7% 
formalin for 30 minutes. The cells were washed with phosphate- 
buffered saline (PBS), and the nuclei were stained with Hoechst 
33342 at 1.5 µg/mL for 30 minutes at room temperature. After 
washing with PBS, the plates were kept in the dark at 4°C until 
imaging was performed on a high-content screening (HCS) plat
form (CellInsight CX7 HCS, Thermo Fisher Scientific) with a 
10 × objective. The change in the fluorescence biosensor mea
sured the enzyme activity. The endoproteolytic activity with 
single-compound concentration experiments were repeated 6 
times with 2 technical replicates in each experiment. The effect 
of compounds for each mutation was normalized against the 
positive control (0.1% dimethyl sulfoxide [DMSO]).

Half-Maximal Inhibitory Concentration Curves

Half-maximal inhibitory concentration (IC50) experiments 
were repeated 3 times for each compound, with 2 technical rep
licates in each experiment. Intracellular fluorescence was deter
mined by treating the Caco-2 cells transduced with 2 BacMam 
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baculovirus vectors for 25 hours with serially diluted compounds. 
Fluorescence levels were interpolated to negative control (0.1% 
DMSO, no protease) = 0, and positive control (0.1% DMSO, pro
tease) = 100. The GraphPad Prism 10 nonlinear regression fit mod
elling variable slope was used to generate a dose-response curve 
(Y = Bottom + [Top-Bottom]/[1 + 10^(LogIC50-X)*HillSlope]), 
constrained to top = 100, bottom = 0.

Expression and Purification of Mpro Mutants

The full-length SARS-CoV2- Mpro (UniProt P0DTD1) was cloned 
into a modified pet28a plasmid with an N-terminal dual 
His-SUMO tag [32]. The P132H, P132H/L58F, and P132H/ 
L67V/K90R mutants of Mpro were generated using QuickChange 
Site-Directed Mutagenesis kit (Agilent Technologies) and verified 
by sequencing. Protein expression occurred as per literature stan
dards [7, 32] in Escherichia coli BL21 (DE3) at 37°C in 
Luria-Bertani media with kanamycin, induced at an optical density 
at 600 nm of approximately 1.0 by adding isopropyl B-D-1-thioga
lactopyranoside (IPTG) to 1 mM, then cooled to 16°C. Cells were 
harvested 5 hours postinduction.

Cell pellets were resuspended in lysis buffer (Sigma Aldrich) 
and lysed via sonication. This was centrifuged, and the superna
tant was loaded onto a gravity flow column with HisPur nickel- 
Nitrilotriacetic acid (Ni-NTA) resin (Thermo Fisher) equilibrat
ed with a purification buffer. The column was washed with 
50 mM imidazole and eluted with 300 mM imidazole. 
Fractions with Mpro were pooled, concentrated, and buffer- 
exchanged using an Amicon Ultra filter. The sample was concen
trated to approximately 10 mL and incubated with SUMO prote
ase at 4°C overnight to cleave the His-SUMO tag. Unwanted 
proteins were removed using Ni-NTA resin, collecting the 
cleaved Mpro flow through. This sample was concentrated to 
1 mL and purified by gel-filtration chromatography with a 
Superdex 200 Increase column. Fractions containing Mpro were 
pooled, concentrated to > 10 mg/mL, and flash-frozen in liquid 
nitrogen for storage at −80°C.

Crystallization, Data Processing, and Analysis of Mpro P132H Alone  
and in Complex With Mpro Inhibitor C5a

Crystals of the P132H mutant were obtained via sitting drop va
por diffusion, using 0.8 μL of Mpro P132H and 0.8 μL of a res
ervoir solution (40 μL) containing 0.1 M Tris pH 8, 15% PEG 
8000, and 10% ethylene glycol. Apoenzyme crystals were 
crushed with a Seed Bead kit to create seed stock for generating 
inhibitor cocrystals. For these, C5a [21] was added to a final 
concentration of 0.7 mM and 1% DMSO. Sitting drops were 
streak-seeded with apoenzyme, and crystals were soaked in 
cryoprotectant before freezing.

Diffraction data were collected at the CMCF-BM beamline at 
the Canadian Light Source using a Pilatus3 S 6M detector. Data 
processing involved xia2 and XDS, with reduction via Aimless 
[33] and correction for anisotropic diffraction using the 

STARANISO server. Phasing was performed by molecular re
placement using Phaser with Protein Data Bank (PDB) 7JOY 
chain B as the model, followed by model building and refinement 
using Coot and Phenix refine [34]. Model validation was con
ducted with MolProbity. Analyses of C5a- Mpro interaction 
were carried out using PyMOL (PyMOL Molecular Graphics 
System, version 2.1, Schrödinger, LLC) and ChimeraX [35]. 
AlphaFold3 [36] was used to assess the structural mutant combi
nations P132H, L58F/P132H, and L67V/K90R/P132H in the 
context of the Mpro dimer.

Assessing Thermal Stability of Mpro Variants by Differential Static Light 
Scattering

The thermal stability of Mpro variants was studied by differen
tial static light scattering using the StarGazer-2 system 
(Harbinger Biotechnology). Samples were prepared to a final 
concentration of 1 mg/mL in the presence or absence of 
60 µM NIR for each Mpro variant, and 10 µL of each protein 
was loaded in triplicate into a clear-bottom plate (Corning) 
at 1 mg/mL and wells were covered with 10 µL of mineral 
oil. The plate was heated from 25°C to 85°C at 1°C/min and 
images were taken every 0.5°C. Pixel intensities in each well 
were integrated using the Stargazer AIR software and intensi
ties were plotted against temperature to yield Tagg values for 
each sample [37].

RESULTS

Cohort Description

Among the 1528 patients screened with emergency department 
visits or hospitalizations for COVID-19, 17 (1.1%) had received 

Table 1. Characteristics of the Patients With Detectable SARS-CoV-2 
After Therapy With NIR-RIT

Patient Characteristics Value

Median age, y, n (range) 82 (69–96)

Female sex, n (%) 10 (59)

Comorbidities, n

At least 1 16

Lung disease 7

Dementia 4

Cerebrovascular or other neurologic disease 7

Active cancer 4

Cardiac disease 4

Diabetes mellitus 2

Other immunocompromising condition 1

Receipt of NIR-RIT before ED visit/hospitalization, n 17

Patients still receiving NIR-RIT at admission, n (%) 6 (35)

Days of NIR-RIT received before NP swab, median (range) 3 (3–14)

Patients not receiving NIR-RIT at admission, n (%)a 11 (65)

Days from end NIR-RIT to admission, median (range) 6 (1–37)

Abbreviations: ED, emergency department; NIR-RIT, nirmatrelvir-ritonavir; NP, nasopharyngeal.
aOf these, 9 had completed a 5-day course of therapy before their NP swab, and 2 had 
discontinued NIR-RIT after 1 and 4 days.
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NIR-RIT treatment before presentation, and all were hospital
ized. The median age of patients was 82 years (range, 69–96 
years), with 59% (n = 10) being female (Table 1). Of these, 
6 (35%) patients required hospitalization before completing 
their 5-day course of NIR-RIT, and 11 (65%) had completed 
a 5-day course before admission (Table 1 and Table 2). 
Patients had a median of 2 comorbidities (range, 0–5), with 1 
patient having no underlying comorbidities. Lung and neuro
logic conditions were the most common (Table 1; specific co
morbidities found in Supplementary Table 1).

Identification of Novel Low-Frequency Mutations

A total of 91 samples were sequenced, including 74 from pa
tients who did not receive NIR-RIT before admission 
(Figure 1). Sequencing revealed that mutations D48D (C > T) 
and P132H were present in 88% of patients, including those 
in the control group. These mutations are prevalent (> 95%) 
in the Omicron variant B.1.617.2, which was the predominant 
strain during the sample collection period [38]. In the control 
group, 53% of the detected variants were synonymous.

Four mutations—D48D, L67V, K90R, and P132H—were 
observed individually in both groups. However, the L67V 
and K90R mutations were exclusively observed together in 
the NIR-RIT–treated group, a pattern not seen in the control 
group (Supplementary Figure 1). Notably, the 2 patients who 
exhibited L67V and K90R, along with D48D and P132H, were 
from Hospital B and linked to an outbreak. Additionally, 2 
novel variants were identified at position L58: L58F and a 
nonsynonymous mutation, L58L (C > U). Sequencing did 

not reveal any previously described resistance mutations in 
the consensus sequence of the viral protease, and none of 
the patients exhibited low-frequency variants typically associ
ated with NIR-RIT resistance, such as L50F and E166A/V 
(Figure 1 and Table 2).

Table 2. Low-Frequency Variants in Mpro Identified in NIR-RIT–Treated Patients

Patient Immunocompromised

NIR-RIT Therapy

MutationDays of Therapy Before NP Swab Days From End of Therapy to Admission

PAX03 Yes 5 8 D48D, L58L, P132H

PAX04 No 5 6 a

PAX06 No 5 1 D48D, P132H

PAX11 Yes 5 37 P132H

PAX14 No 5 2 D48D, L58F, P132H

PAX15 No 5 28 F8F, D48D, P132H

PAX16 No 4 10 P132H

PAX19 No 5 6 a

PAX31 Yes 5 6 D48D, P132H

PAX33 No 5 10 a

PAX35 No 3 … D48D, L67V, K90R, P132H

PAX36 No 3 … D48D, P132H

PAX41 No 4 … D48D, L67V, K90R, P132H

PAX42 Yes 3 … D48D, P132H

PAX43 No 2 1 D48D, P132H

PAX45 No 3 … D48D, P132H

PAX46 No 2 … D48D, P132H

Abbreviations: NIR-RIT, nirmatrelvir-ritonavir; NP, nasopharyngeal.
aUnable to generate sequence data.

Figure 1. Low-frequency variants in the main viral protease. Low-frequency mu
tations were identified by whole-genome sequencing in the Mpro found in all pa
tients. Allele frequency within a patient is indicated by color. Frequency of the 
mutation within the population is shown on the y-axis. Abbreviations: Mpro, main 
protease; NIR-RIT, nirmatrelvir-ritonavir.
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Figure 2. Impact of novel mutations in Mpro endoproteolytic activity of SARS-CoV-2 in cellulo. Cells were transduced with vectors to express the recombinant SARS-CoV-2 
Mpro WT or mutants and 3CLglow biosensor, n = 6 (A), following treatment with single concentration, n = 6 (B) or serial dilution concentrations of nirmatrelvir (grey circles) or 
C5a (blue squares) (C–F ). Nonlinear regression was used for IC50 curve fitting. Data are expressed as mean (n = 3), with significance determined by 1-way ANOVA. *P < .05, 
**P < .01, ***P < .001, ****P < .0001. Error bars are standard deviation. Abbreviations: DMSO, dimethyl sulfoxide; IC50, half-maximal inhibitory concentration; Mpro, main 
protease; WT, wild type.
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Effects of the Newly Identified Mutations on Mpro Endoproteolytic Activity 
and Inhibitory Profile in Human Cells

We used a green fluorescent biosensor to evaluate the effects of spe
cific low-frequency variants [25]. The Mpro variants expressed in 
Caco-2 cells by transduction included D48D/L58F/P132H, 
D48D/L67V/K90R/P132H, L58F, L67V, K90R, and P132H. For 
Mpro activity, the cells were also transduced with a vector encoding 
a green fluorescent biosensor. Our results demonstrated that al
most all Mpro variants show between 20% and 30% reduction in 
their activity compared to the wild-type (WT) Mpro corresponding 
to the ancestral (Wuhan) SARS-CoV-2 sequence (Figure 2A), 
while the activity of mutation P132H, prevalent in the Omicron 
lineage, was unaffected. The only mutant showing a difference in 
their activity against Mpro Omicron was D48D/L58F/P132H 
(Figure 2A). However, when we compared the activity of the mu
tant Mpro variants identified in this study with previously reported 
mutations associated with NIR resistance in vitro, such as L50F/ 
E166A/L167F [11–13] or naturally occurring H172Y, Q189E or 
Q192T [39], we found that the endoproteolytic activity was affect
ed, with a 60%–80% reduction (Supplementary Figure 2A).

We evaluated the effects of the protease inhibitors NIR and 
C5a on the activity of the Mpro variants. C5a is a noncovalent, 
catalytic-site-directed Mpro inhibitor [25]. We repeated the 
Mpro bioassay described above, incorporating the inhibitors 
into the experimental setup. We confirmed that NIR and C5a ef
fectively inhibit the activity of both Mpro WT and P132H 
(Omicron) (Figure 2B–D). Testing the mutants L58F and L67V 
on the WT background showed higher levels of resistance to 
NIR and C5a compared to K90R NIR resistance (Figure 2B). 
However, when combining mutations with P132H, resistance 
to the inhibitors was minimal. This contrasts with the double 
and triple mutants L50F/E166A/L167F, which showed reduced 
resistance with slight differences in inhibition between NIR and 
C5a (Supplementary Figure 3B). D48D/L58F/P132H (variant 1) 
presented > 10-fold increases in IC50 to NIR and C5a, respective
ly (Figure 2E). The D48D/L67V/K90R/P132H (variant 2) mutant 
displayed near-complete resistance (Figure 2F). While minimally 
affecting enzymatic activity, they significantly increased inhibitor 
resistance, warranting further structural analysis of the Mpro 

variants.

Structure of Mpro P132H in Complex With C5a and Analysis of the 
Structural Impact of Clinical Mutants

To explore the impact of the clinical mutants, we determined 
structures of the P132H mutant alone and in complex with 
C5a (Supplementary Tables 2 and 3). These were then used 
as templates to analyze the identified mutants.

P132 is remote from the substrate binding site, approximate
ly 22 Å to nucleophilic cysteine C145, and the structure of the 
P132H mutant is similar to WT (Wuhan) [40] (Figure 3A). This 
is consistent with the similar enzymatic activity and inhibition 
observed here (Figure 2A) and by others [41]. P132 resides 

within the loop that connects β-strands 10 (residues 121– 
130) and 11 (147–153), proximal to C145. The P132 prolyl 
side chain faces the loop that links the catalytic and dimeriza
tion domains (within 4 Å of residues D197, T198, I200, and 
E240; Supplementary Figure 4A). Other residues within 4 Å 
of P132 reside within the catalytic domain (M130, R131, 
N133, F134, and P108), but are still relatively far from the active 
site (Supplementary Figure 4). The presence of the inhibitor in 
structures P132H + C5a and WT + C5a [25] results in D197 be
ing within 4 Å of residue 132. This brings D197 close to R131, 
allowing it to form an electrostatic interaction. Different ro
tamers of P132H suggest it does not play a critical role in inter
acting with D197. A similar level of contact surface between 
P132H or P132 and D197 suggests polarity differences are 
not significant. Because the added interaction with D197 occurs 
with and without the P132H mutation it is unlikely this reveals 
a mechanism for resistance. The complex of P132H with C5a 
(Figure 3B,C) shows the inhibitor adopts the same pose in 
the active site as we previously observed for WT Mpro [24], con
sistent with the ability of C5a to inhibit P132H to the same level 
as WT (Figure 2B–D). Similarly, P132H does not appreciably 
affect the structure of the substrate binding site extending 
away from the active site.

We mapped the positions of the clinical mutants onto the 
P132H Mpro structure (Figure 3A). Although none are located 
in the active site or substrate binding site, they cluster in the 
N-terminal domain and form second and third shell interactions 
with the substrate binding site. Notably, L58F interacts with I43, a 
key area containing residues critical for catalysis (H41) and sub
strate binding (M49, which shows significant dynamism across 
different substrates or inhibitor complexes [32]). Furthermore, 
L67V contacts T21 on β-strand 1, which forms part of the sub
strate S3′ pocket. To explore this, we generated models of 
L58F/P132H and L67V/K90R/P132H (Figure 3D). Although 
the structures are conserved, in both cases the region covering 
residues 45–54 is perturbed compared to P132H alone (arrow 
in Figure 3D), supporting the potential disruption of this domain. 
When probed with differential static light scattering, we found 
that the thermal stability of the mutants is decreased relative to 
WT. Furthermore, while WT Mpro has ΔTagg of +8°C upon 
NIR binding, this is reduced to 5°C when all sites are mutated 
(Supplementary Figure 3). Thus, like the P132H mutant alone 
[41], the mutants here impair Mpro stability without affecting 
activity (Figure 2). However, unlike P132H, which exhibits 
WT levels of inhibition, the activity of the mutants, especially 
variant 2, is less affected by NIR and C5a (Figure 2) with a cor
responding weakened thermal stabilization on binding 
(Supplementary Figure 3). The exact cause of this decrease 
in inhibitor efficacy is unclear; however, the results suggest 
protein destabilization that indirectly impacts inhibitor bind
ing without affecting activity. Further experiments are re
quired to test this hypothesis.
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Figure 3. Structure-based analysis of SARS-CoV-2 Mpro mutant. A, Localization of mutants mapped onto the Mpro P132H structure shown in ribbon superposed on a surface 
rendering. Mutant positions are colored blue and labeled. Catalytic residues H41 general base and C145 nucleophile are shown in green. On the right is a superposition of the 
Mpro region localized to the P132H mutant in our apoenzyme (blue) and C5a bound structures (red) determined here, as well as a prior structure of the WT Mpro with C5a in 
green (PDB: 8SXR). B, 2Fo-Fc refined electron density in grey mesh contoured at 1 sigma. C5a forms hydrogen bonds (black dashes) to residues Asn142, His 163, and Glu 166 
(carbon grey, nitrogen blue, sulfur yellow). The catalytic residues C145 and H41 are shown for reference. Chemical structures of C5a and nirmatrelvir are shown below. C, 
Superposition of the P132H Mpro structure with C5a determined here (green protein ribbon and ball and stick C5a) and with that determined previously with nirmatrelvir (blue 
protein ribbon and ball and stick inhibitor; PDB: 7TLL). D, Comparison of AlphaFold 3 structural predictions of L58F/P132H (green) and L67V/K90R/P132H (magenta) mutants 
identified in this study. Black arrow indicates region (residues 45–54) of greatest difference between these forms. Abbreviations: Mpro, main protease; NIR, nirmatrelvir; PDB, 
Protein Data Bank; WT, wild type.
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DISCUSSION

Our study furthers our understanding of resistance to NIR-RIT 
by identifying novel mutations and characterizing their poten
tial mechanisms of resistance. The mutations reflect complex 
adaptive strategies that affect protein stability and inhibitor 
susceptibility. These mutations, although not targeting the ac
tive sites of the Mpro protein, influence residues important for 
enzyme interactions and substrate binding. Several of the mu
tations identified in this study were previously unreported. The 
combination of D48D/L67V/K90R/P132H has not been docu
mented [16, 41–44], despite the prevalence of D48D 
(C > U) and P132H [38], and K90R in Omicron and Beta vari
ants, respectively [38]. Unlike the mutations L50F and E166A/V, 
which are associated with high resistance levels, these do not di
rectly affect the substrate binding site of Mpro. Instead, they form 
secondary interactions with residues around the substrate bind
ing site or could influence regions involved in enzyme interac
tions. This suggests a more intricate adaptive mechanism, with 
mutations like K90R compensating for fitness deficits caused 
by mutations like L67V, potentially enhancing viral stability 
and flexibility [13]. Furthermore, P132H reduces Mpro thermal 
stability [41], potentially increasing protein flexibility and alter
ing the enzyme’s substrate profile or ligand binding.

In silico modeling supports these findings. For example, 
superposition of the AlphaFold3 L58F/P132H model and the 
WT crystal structure (PDB: 7JP1) shows that L58F makes addi
tional contacts with atoms within residues H80, S81, and L87. 
Superposition of the AlphaFold3 L67V/K90R/P132H model 
and the WT crystal structure shows that L67V enables an added 
contact with Q74. These changes could propagate through 
Mpro’s structure and its interaction with NIR-RIT, contributing 
to biochemical resistance.

Studies have described 2 types of mechanisms for NIR resis
tance: (1) substitutions that directly affect the substrate binding 
pocket, resulting in the loss of enzymatic activity with reduced vi
ral fitness; and (2) substitutions that are not directly involved in 
the substrate binding pocket and are not directly responsible 
for decreased enzymatic activity [11]. The L58F, L67V, or K90R 
mutations correspond to the second type of mechanism. These 
mutations could alter protein structure and dynamics, reducing 
inhibitor susceptibility while maintaining viral fitness. Indeed, 
molecular dynamics and machine learning approaches have 
been used to characterize the drug resistance pathways of Mpro 

mutants [45]. These highlight a complex landscape of mutant 
phenotypes that impact substrate/inhibitor binding, protein 
stability, and activity. This is evident in ternary mutant systems 
where the coevolution of multiple mutations can be mutually 
compensatory, for example, increasing catalytic activity to ac
count for decreased substrate/inhibitor binding. This aligns 
with our observation that variant 2 retains similar proteolytic ac
tivity to Omicron Mpro but exhibits complete resistance to 

NIR-RIT and C5a, with impacts on protein stability. In contrast, 
variant 1 shows reduced catalytic activity and partial resistance to 
inhibitors, while maintaining thermal stability. N-terminal muta
tions, located far from the catalytic site, are responsible for reduc
ing the protein stability and impacting substrate binding or 
dimerization, but there are other mutations [6–11, 14] outside 
the N-terminal domain that can affect the protease activity and 
are still susceptible to the inhibitors. These findings suggest that 
while the mutations may not directly interfere with the substrate 
binding pocket, their impact on protein stability and enzyme dy
namics could still confer resistance. This aligns with prior work, 
highlighting how both active site and distal Mpro mutations can 
reduce NIR binding through altered structural dynamics [45].

We also identified synonymous mutations that may act as 
springboard mutations. For example, mutations at D48 can de
stabilize an α-helix above the substrate binding site, impacting 
inhibitor binding and potentially increasing resistance to 
NIR-RIT [46]. Most synonymous mutations observed here 
are C to U, suggesting APOBEC editing of viral RNA, consis
tent with findings that about 40% of all SARS-CoV-2 nucleotide 
variations are C to U [47, 48]. These may enhance viral fitness 
and may make resistance mutations arising from transitions 
more likely than those from transversions [49].

The study has limitations, including the lack of serial samples 
to evaluate low-frequency persistence and viral fitness. 
Additionally, the inability to conduct cell culture studies pre
cludes an assessment of patient infectiousness. The potential 
underreporting of NIR-RIT use and overlapping hospital 
catchment areas are also limitations. However, the low percent
age of identified patients from multiple institutions is encour
aging as this suggests antiviral resistance is infrequent and 
the barrier to resistance is likely high.

Our study highlights the need for ongoing surveillance for 
antiviral resistance in SARS-CoV-2. Moreover, although struc
tural changes from mutations may affect drug binding and pro
tease activity, the clinical implications of these mutations 
require further investigation.
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