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Inhibitory efficacy and structural insights
of Bofutrelvir against SARS-CoV-2 Mpro

mutants and MERS-CoV Mpro

Check for updates

Weiwei Wang 1,5, Xuelan Zhou2,5, Wenwen Li2, Pei Zeng3, Li Guo4, QishengWang 1,6 & Jian Li 2,6

The COVID-19 pandemic has caused significant global health and economic disruption. Mutations
E166N, E166R, E166N, S144A and His163A in the SARS-CoV-2 main protease (Mpro) have been
implicated in reducing the efficacy of certain antiviral treatments. Bofutrelvir, a promising inhibitor, has
shown effectiveness against SARS-CoV-2 Mpro. This study aims to evaluate the inhibitory effects of
Bofutrelvir on the E166N, E166R, His163A, E166V and S144Amutants of SARS-CoV-2Mpro, aswell as
onMERS-CoVMpro.Our findings indicate a substantial reduction in the inhibitory potencyofBofutrelvir
against these mutants and MERS-CoV, with IC50 values significantly higher than those for the wild-
type SARS-CoV-2 Mpro. Specifically, the E166N, E166R, E166V, S144A, and H163A mutations
significantly reduce the binding affinity and inhibitory effectiveness of Bofutrelvir due to disrupted
hydrogen bonds, altered binding site stability, and reduced enzyme activity. Structural analysis of the
crystal complexes showed that changes in interactions at the S1 subsite in themutants and the loss of
hydrogen bonds at the S4 subsite inMERS-CoVMpro are critical factors contributing to the diminished
inhibitory activity. These insights reveal the necessity of ongoing structural analysis to adapt
therapeutic strategies.

In 2002, the highly contagious severe acute respiratory syndrome (SARS)
spread rapidly across the globe1–3. In 2012, another human coronavirus, the
Middle East Respiratory Syndrome Coronavirus (MERS-CoV), emerged in
the Middle East4,5. The COVID-19 pandemic, caused by the SARS-CoV-2
virus, began in 2019 and continues to have a significant global impact6,7. The
COVID-19 pandemic has caused significant global disruption, leading to
widespread illness, millions of deaths, and profound socioeconomic
impacts8,9. The virus has overwhelmed healthcare systems and led to severe
long-term health consequences for many survivors10. These circumstances
highlight the importance of prevention, early detection, and appropriate
treatment of COVID-19 or similar viruses like itself.

The target proteins of SARS-CoV-2 encompass both structural pro-
teins, such as the spike (S), envelope (E), membrane (M), and nucleocapsid
(N) proteins, and non-structural proteins, including RNA-dependent RNA
polymerase (RdRp), papain-like protease (PLpro), main protease (Mpro), and
helicase11. Among these, themain protease (Mpro), also referred to as the 3C-
like protease (3CLpro), is critical for the viral replication cycle, rendering it a
prime target for antiviral drug development12.Mpro is a cysteine protease that

functions as a homodimer, with each monomer composed of three
domains. Domains I and II feature antiparallel β-barrel structures that form
a catalytic dyad constituted by Cys145 and His4113,14. This dyad is essential
for the specific recognition and cleavage of the polyproteins at 11 distinct
sites, generating the non-structural proteins nsp4 to nsp16, which are
indispensable for viral genome replication and transcription15. The active
site of Mpro, located in the cleft between domains I and II, includes four
subsites (S1, S1’, S2, S4). The crystal structure of SARS-CoV Mpro and its
inhibitor complex was successfully elucidated16. Following the COVID-19
outbreak, the high-resolution structure of SARS-CoV-2 Mpro was
determined17. Sequence alignment reveals a 96% homology between SARS-
CoV and SARS-CoV-2 Mpro, underscoring a high degree of conservation18.
This conservationmakesMpro an ideal target for the development of broad-
spectrum antiviral agents against coronaviruses.

Based on the structure of SARS-CoV-2 Mpro inhibitors, they can be
categorized into peptidomimetic, non-peptidomimetic, and natural
product-based inhibitors16. Peptidomimetic inhibitors can further be divi-
ded into covalent and non-covalent inhibitors based on their interaction
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modes19. Non-covalent peptidomimetic inhibitors typically bind through
hydrogen bonds, van derWaals interactions, and hydrophobic interactions,
offering high selectivity and low toxicity. Covalent peptidomimetic inhibi-
tors bind to Mpro through a two-step mechanism: first forming a non-
covalent complex with the protease, followed by nucleophilic attack by
Cys145 to form a covalent bond with the inhibitor’s electrophilic warhead,
such as Michael acceptors, aldehydes, nitriles, and α-ketoamides20. Bofu-
trelvir, also called FB2001, is a peptidomimetic inhibitor targeting the 3CLpro

of the SARS-CoV-2, featuring an aldehyde warhead at the C-terminus. It
can be administered via injection or inhalation, demonstrating broad-
spectrum anti-coronavirus activity, a high resistance barrier, and higher
drug concentrations in respiratory tissues and lungs compared to plasma21.
Animalmodel studieshave shown thatBofutrelvir significantly inhibits viral
replication in the lungs and brain22. Given the remarkable attributes of
Bofutrelvir, including its broad-spectrum anti-coronavirus activity, high
resistance barrier, and superior concentration in respiratory tissues, it is
essential to investigate its interactions with SARS-CoV-2 Mpro.

Mutations in SARS-CoV-2Mpro can significantly impact the efficacy of
protease inhibitors, which are vital for antiviral treatment strategies23,24. To
further understand the mechanisms of drug resistance and to aid in the
development of more effective inhibitors, it is essential to study specific
mutationswithin theMpro active site. The E166, S144, andH163 residues are
located near the active site and have significant implications for inhibitor
binding affinity and catalytic efficiency25,26. Recent studies have identified
nirmatrelvir-resistant Mpro mutants, highlighting S144 and E166 as key
residuesdirectly impactingnirmatrelvir inhibition27–29.Additionally,His163
mutations have been implicated inmodulating enzymatic activity23. Among
them, E166N and E166V exhibited the strongest resistance to nirmatrelvir,
with IC50 values of 3.429 μM(336.3-fold increase) and 1.908 μM(187.3-fold
increase), respectively30. Resistance to nirmatrelvir was further confirmed
for E166R in a yeast-based system25. Previous reports also documented
S144A-mediated resistance to nirmatrelvir27,28, while His163A substitutions
have been associated with potential drug resistance mechanisms31. Conse-
quently, investigating these mutations in SARS-CoV-2 Mpro is pivotal for
understanding drug resistance mechanisms and developing effective anti-
viral therapies. Here, we detemined the crystal structures of Bofutrelvir in
complex with SARS-CoV-2 Mpro mutants (E166N, E166R, H163A, E166V,
and S144A) and MERS-CoV Mpro. The E166N and E166R mutations are
located near the active site of Mpro, and studying these mutations can help
understand the roles of key residues in the catalytic process. These studies
provide insights into the catalytic mechanism of Mpro, guiding drug design.

Similarly, the H163A mutation helps elucidate the specific function of
position 163 histidine in enzyme activity. Investigating the inhibitory effects
of Bofutrelvir on MERS-CoV and SARS-CoV-2 Mpro mutants provides
crucial information for the development of antiviral drugs. To further
evaluate the inhibitory effects, FRET-based assays were used, showing sig-
nificant reductions in Bofutrelvir’s potency against thesemutants compared
to the wild-typeMpro. Specifically, E166N andH163Amutations resulted in
IC50 values exceeding 100 μM, indicating a near-complete loss of efficacy,
while E166R mutation had an IC50 of 1.889 μM. Combined with a com-
prehensive analysis of the crystal structures of these complexes, the inhi-
bitors showed a significant change in orientation in the binding pocket. The
E166N mutation disrupted key hydrogen bonds, reducing stability and
binding affinity. The E166Rmutation altered the spatial configuration, and
H163Aeliminated critical hydrogenbonds, significantlyweakening efficacy.
Analysis of Bofutrelvir’s interaction with MERS-CoVMpro showed an IC50

of 12.11 μM, over 200-fold less effective than against SARS-CoV-2 Mpro.
Structural differences, particularly in the S4 subsite, contributed to reduced
stability and efficacy. These results show the importance of specific residues
in maintaining inhibitor binding and efficacy, providing insights for
designing next-generation inhibitors to combat COVID-19 and related
coronaviruses.

Results
Differential inhibitoryeffectsofBofutrelvir onvariousSARS-CoV-
2 Mpro mutants
Utilizing our previously established protocol32, we successfully expressed
and purified the Mpros from SARS-CoV-2 and MERS-CoV, as well as Mpro

mutants (including E166N, E166R, H163A, E166V and S144A) derived
from SARS-CoV-2 (Fig. S1). The purification process yielded differentMpro

proteins at near homogeneity, as demonstrated by gel-filtration chroma-
tography, with the results illustrated in Fig. S1. This comprehensive
approach allowed us to obtain high-quality protein samples for further
FRET and structural analyses.

To assess the inhibitory effects of Bofutrelvir on these mutated Mpro

variants, FRET-based assays were employed, providing a robust and sen-
sitive measurement of protease activity. The experimental results demon-
strated a notable reduction in the inhibitory potency of Bofutrelvir against
themutantMpro enzymes in comparison to thewild-type SARS-CoV-2Mpro,
for which we determined an IC50 value of 0.021 μM

33. Specifically, Bofu-
trelvir exhibited a dramatic loss of inhibitory capability against the E166N
and H163A mutants, with IC50 values exceeding 100 μM (Fig. 1a, c),

Fig. 1 | Differential inhibitory effects of Bofutrelvir on SARS-CoV-2 Mpro variants. Inhibitory efficacy of Bofutrelvir on SARS-CoV-2 Mpro E166N mutant (a), E166R
Mutant (b), H163A mutant (c), E166V mutant (d), S144A mutant (e), and wild type (f).
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indicating a near-complete abrogation of its inhibitory efficacy. In addition,
the E166R, E166V, and S144A mutants retained some susceptibility to
Bofutrelvir; however, the inhibitory potency was diminished, as evidenced
by an increased IC50 value of 1.889 μM, 2.740 μM and 24.090 μM, respec-
tively (Fig. 1b, d, e).

Structural insights into the binding mechanisms of Bofutrelvir
with SARS-CoV-2 Mpro mutants
We are particularly interested in the effects of substituting glutamate at
position 166with arginine, valine or asparagine, which results in a nearly 90,
130, or over 4000-fold reduction in the inhibitory efficacy of Bofutrelvir
against SARS-CoV-2. Similarly, substituting Serine at position 144 with
Alanine or histidine at position 163 with alanine leads to an over 1000-fold
or 4000-fold reduction in Bofutrelvir’s inhibitory potency, despite E166,
S144, and H163 not being directly involved in catalysis. To elucidate these
effects, we determined the crystal structures of the Mpro E166N-Bofutrelvir
complex, the Mpro E166R-Bofutrelvir complex, and the Mpro H163A-
Bofutrelvir complex, Mpro E166V-Bofutrelvir complex, Mpro S144A-
Bofutrelvir complex, with resolutions of 1.95, 2.04, 1.91, 2.13 and 1.99 Å,
respectively (Table 1). These complexes crystallized in the C121, P1,
P212121, P212121and P212121 space groups, respectively (Table 1). In the
Mpro E166N-Bofutrelvir complex structure, each asymmetric unit contains
one Mpro molecule, with the biological dimer generated through crystal-
lographic symmetry. Conversely, each asymmetric unit in the Mpro E166R-
Bofutrelvir, Mpro H163A-Bofutrelvir, Mpro E166V-Bofutrelvir and Mpro

S144A-Bofutrelvir complex structures contains two Mpro molecules. We
extracted the monomeric structures from these fivemutant complexes with
Bofutrelvir and performed structural superposition, revealing significant
variations in the orientation of the inhibitor within the binding pocket
(Fig. 2a).Magnifying the inhibitor binding pocket, it becomes apparent that
the orientation of Bofutrelvir in the H163A mutant structure differs sig-
nificantly from that in the other four mutants (Fig. 2b). Therefore, we
displayed the inhibitor binding pocket in surface mode and highlighted the
substrate-binding sites (S1’, S1, S2, and S4) along with the mutation sites

Table 1 | Statistics for data processing and model refinement
of SARS-CoV-2 Mpro mutants or MERS-CoV Mpro in complex
with Bofutrelvir (cocrystal)

Name SARS-CoV-2-E166N SARS-CoV-2-E166R

PDB Code 8YWY 9INL

Beam line BL10U2 BL10U2

Wavelength (Å) 0.97918 0.97918

Space group C121 P1

a, b, c (Å) 113.42, 54.54, 45.50 55.32, 60.52, 63.15

α, β, γ (º) 90.00, 101.35, 90.00 89.49, 67.91, 70.40

Total reflections 111609 135824

Unique reflections 19797 44405

Resolution (Å) 1.95 (2.00–1.95) 2.04 (2.09–2.04)

R-merge (%) 9.6 (72.3) 11.5(61.9)

Mean I/σ (I) 13.5/2.5 5.7/1.9

Completeness (%) 99.0 (94.1) 97.6(96.0)

Redundancy 5.6(3.7) 3.1 (2.4)

Resolution (Å) 55.60–1.95 56.96–2.04

Rwork/Rfree(%) 19.99/24.64 20.89/25.58

Atoms 2417 4926

Mean temperature factor (Å2) 35.0 34.7

Bond lengths (Å) 0.007 0.007

Bond angles (º) 0.96 0.925

Ramachandran plot (%)

Preferred 98.33 97.50

Allowed 1.67 2.50

outliers 0 0

Name SARS-CoV-2-H163A SARS-CoV-2-E166V

PDB Code 8YWZ 9LUG

Beam line BL10U2 BL02U1

Wavelength (Å) 0.97918 0.97918

Space group P212121 P212121

a, b, c (Å) 67.83, 102.80, 102.98 68.28, 101.73, 104.54

α, β, γ (º) 90.00, 90.00, 90.00 90.00, 90.00, 90.00

Total reflections 612026 533845

Unique reflections 56046 41514

Resolution (Å) 1.91 (1.96–1.91) 2.13 (2.19–2.13)

R-merge (%) 15.2 (105.2) 5.6 (164.2)

Mean I/σ (I) 16.6/2.50 9.5/2.5

Completeness (%) 99.1 (90.1) 100(100)

Redundancy 10.9 (6.5) 12.9 (13.2)

Resolution (Å) 30.63–1.91 72.91–2.13

Rwork/Rfree(%) 19.58/23.29 20.69/22.52

Atoms 4841 5028

Mean temperature factor (Å2) 36.1 30.75

Bond lengths (Å) 0.007 0.24

Bond angles (º) 0.98 3.19

Ramachandran plot (%)

Preferred 98.30 98.49

Allowed 1.70 1.51

outliers 0 0

Name SARS-CoV-2-S144A MERS-CoV

PDB Code 9LUF 9INM

Beam line BL02U1 BL10U2

Wavelength (Å) 0.97918 0.97918

Table 1 (continued) | Statistics for data processing and model
refinement of SARS-CoV-2 Mpro mutants or MERS-CoVMpro in
complex with Bofutrelvir (cocrystal)

Name SARS-CoV-2-S144A MERS-CoV

Space group P212121 P1211

a, b, c (Å) 68.08, 101.12, 104.31 93.19, 80.67, 100.55

α, β, γ (º) 90.00, 90.00, 90.00 90.00, 93.41, 90.00

Total reflections 619168 298525

Unique reflections 50168 61857

Resolution (Å) 1.99 (2.04–1.99) 2.34 (2.47–2.34)

R-merge (%) 4.2 (128.0) 17.0 (138.3)

Mean I/σ (I) 14.3/1.8 6.8/2.0

Completeness (%) 100 (99.9) 98.6 (97.9)

Redundancy 12.3 (9) 4.8(4.6)

Resolution (Å) 40.59–1.99 70.35–2.34

Rwork/Rfree(%) 19.98/23.07 22.79/27.48

Atoms 4974 9444

Mean temperature factor (Å2) 33.6 39.9

Bond lengths (Å) 0.23 0.010

Bond angles (º) 3.05 1.043

Ramachandran plot (%)

Preferred 98.16 97.49

Allowed 1.84 2.51

outliers 0 0

Values in parentheses are for the highest-resolution shell.
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(Fig. 2c–g).Our analysis shows that themutation sitesE166,H163, andS144
are both located at S1, with E166N, E166R, E166V and S144A mutations
exhibiting more consistent orientations that occupy the S1’, S1, S2, and S4
pockets (Fig. 2c, d). In contrast, H163A shows substantial shifts in the S1’,
S1, and S2 pockets (Fig. 2e). Further comparison of these five mutant
complex structures with the previously reported wild-type SARS-CoV-2
Mpro-Bofutrelvir complex revealed that the orientation of Bofutrelvir in the
H163A mutant structure is distinctly different from that in the wild-type
and the other three mutants, particularly at the P1’ site (aldehyde group),
P1 site ((S)-γ-lactam ring), and P2 site (cyclohexyl moiety) (Fig. S2a, b, c).
Additionally, the orientation of the E166R, E166V, and S144Amutants are
closer to that of the wild-type in the P1’–P3 region compared to the E166N
mutant (Figs. S2a, b, c and 2c, d).

Distinct interaction modes of Bofutrelvir in complex with wild-
type and mutant SARS-CoV-2 Mpro

To further elucidate the differential inhibitory capabilities of Bofutrelvir
against three Mpro mutants, we analyzed the binding interaction modes of
Bofutrelvir with these mutants and the wild-type Mpro (Fig. 3). Consistent
with thewild-type, all mutants formed covalent bondswithBofutrelvir. The
electron densitymaps clearly indicated the positioning of Bofutrelvir within
the ligand-binding cavity of both the wild-type andmutantMpro, where it is
covalently linked to C145 via a C-S bond (Fig. S3a–e). At the S1’ subsite, the
interactions between Bofutrelvir and the E166N, E166R, S144A mutants,
and the wild-type are similar, involving the formation of a thioether bond
through the aldehyde groupofBofutrelvir interactingwith the thiol groupof
C145 (Fig. 4a, b, e, f). The oxygenatomof the aldehyde group forms a crucial
hydrogen bond with the C145 residue at the S1’ site, stabilizing the inhi-
bitor’s conformation and providing essential support for intermolecular

binding. Additionally, the aldehyde oxygen atom forms hydrogen bonds
with G143 and a water molecule. In the E166V mutant, the thiol group of
C145 also forms a thioether bond with the aldehyde group of Bofutrelvir.
The aldehyde oxygen establishes hydrogen bonds with both the C145
residue and a water molecule, but lacks the hydrogen bond interaction with
G143 observed in thewild-type (Fig. 4d). However, theH163Amutant only
forms the thioether bond with the aldehyde group of Bofutrelvir and the
thiol group of C145, lacking the additional hydrogen bonds (Fig. 4c). At the
S1 subsite, four mutants (E166N, E166R, H163A and E166V) lose the
hydrogen bond between E166 and the NH group of the (S)-γ-lactam ring
(Fig. 4a–f). However, the E166N, E166R, and E166V mutants retain a
hydrogen bondbetween theNHgroup of the (S)-γ-lactam ring andPhe140,
which is absent in the H163A and S144A mutant. The H172 of the E166V
mutant can also form a hydrogen bond with the NH group of the (S)-γ-
lactamring throughawatermolecule. Furthermore, in thewild-type and the
E166N, E166R, E166V, and S144A mutants, H163 forms a hydrogen bond
with the carbonyl oxygen of the (S)-γ-lactam ring, with bond lengths less
than 3 Å (Fig. 3a, b, d–f). In the H163A mutant, G143 forms a weaker
hydrogen bond with the carbonyl oxygen of the (S)-γ-lactam ring, with a
bond length greater than 3 Å (Fig. 3c). In the wild-type and the E166N,
E166R, E166V and S144A mutants, the amino group between the S1 and
S2 subsites forms a hydrogen bond with the carboxyl oxygen of His164, an
interaction that is missing in the H163A mutant (Figs. 3 and 4). At the
S2 subsite, the cyclohexyl moiety of Bofutrelvir stacks with the imidazole
ringofHis41.The cyclohexyl group is surroundedby the side chains ofM49,
Y54,M165,D187, andR188 in thewild-type and theE166N,E166R, E166V,
and S144A mutants, creating extensive hydrophobic interactions. These
hydrophobic interactions (M49 and Y54) are absent in the H163Amutant
(Figs. 3 and 4)22. Additionally, the carbonyl oxygen between the S2 and

Fig. 2 | Crystal structure of SARS-CoV-2 Mpro mutants in complex with Bofu-
trelvir. a Comparative analysis of the monomeric structures of SARS-CoV-2 Mpro

mutants bound to Bofutrelvir. Bofutrelvir is depicted in stick representation. The
complexes are colored as follows: SARS-CoV-2 Mpro E166N-Bofutrelvir in lime
green, SARS-CoV-2 Mpro E166R-Bofutrelvir in pale yellow, SARS-CoV-2 Mpro

H163A-Bofutrelvir in violet, SARS-CoV-2 Mpro E166V-Bofutrelvir in gray and
SARS-CoV-2 Mpro S144A-Bofutrelvir inlightblue. The three domains of Mpro are
delineated with solid black lines, and the substrate-binding pocket is outlined with a
black dotted box. b Enlarged view of the substrate-binding region. This panel
highlights the detailed interactions within the substrate-binding pocket. c Surface

representation of the substrate-binding subsites in SARS-CoV-2 Mpro E166N
mutant. The substrate-binding sites (S1’, S1, S2, and S4) and the E166Nmutation site
are indicated. d Surface representation of the substrate-binding subsites in SARS-
CoV-2 Mpro E166R mutant. The substrate-binding sites (S1’, S1, S2, and S4) and the
E166R mutation site are shown. e Surface representation of the substrate-binding
subsites in SARS-CoV-2 Mpro H163A mutant. f surface representation of the
substrate-binding subsites in SARS-CoV-2 Mpro E166V mutant. g Surface repre-
sentation of the substrate-binding subsites in SARS-CoV-2Mpro S144Amutant. The
substrate-binding sites (S1’, S1, S2, and S4) and theH163Amutation site aremarked.
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S4 subsites formshydrogenbondswith the amino groupofGlu166,Asn166,
or Arg166 in both the wild-type and mutant forms. At the S4 subsite, the
indolemoiety of Bofutrelvir formshydrogenbondswithGlu166,Asn166, or
Arg166 in both the wild-type and mutants E166N, E166R, His163A.
However, in theE166VandS144Amutants, the indolemoiety of Bofutrelvir
does not participate in the formation of hydrogen bonds. In general, the
bindingmodels of Bofutrelvir with the E166N, E166R, andH163Amutants
reveal that Bofutrelvir adopts a relatively stable conformation at the
S4 subsite, while exhibiting more flexible conformations at the S1’, S1, and
S2 subsites. Among the mutants, the H163A mutation induces the most
significant conformational changes.

Analysis of the Impact of E166/H163/S144 Mutations on the
Stability of the S1 Subsite and Inhibitor Binding Mode
Given the role of E166 in stabilizing the S1 subsite, we further investigated
how mutations E166R, E166N, and E166V affect the stability of the S1
pocket or alter the bindingmode of inhibitors. In the unmutatedMpro, E166
is a critical residue that stabilizes the S1 subsite through interactionswith the
N-terminal serine residue of the adjacent protomer. In the structure of the
wild-type Mpro-Bofutrelvir, the E166 plays an important role as a key
structural unit that fills the S1 subsite and participates in the binding of
Bofutrelvir or substrates22. In this structure, the side chain of E166 forms five
hydrogen bonds (Fig. 5a), including one hydrogen bondwith the NHof the
(S)-γ-lactam ring of Bofutrelvir, one with the carbonyl oxygen between the
S2 and S4 subsites, and one involving the indole moiety of Bofutrelvir in its

binding, all three of which are involved in binding to Bofutrelvir. The other
two hydrogen bondsmaintain the correct conformation of the S1 subsite by
connecting E166 with the N-terminal serine residue of the adjacent pro-
tomer and the NH group of the imidazole ring of H172. This interaction is
crucial formaintaining the correct conformation of the S1 pocket.However,
when E166 is replaced by N166/R166/V166, we observe that the five
hydrogen bonds mentioned above are disrupted and/or altered (Fig. 5b–d).
In the complex structures of E166N/E166R/E166V mutants with Bofu-
trelvir, the hydrogen bonds connecting N166/R166/V166 with the
N-terminal serine residue of the adjacent protomer and theNHgroupof the
imidazole ring ofH172 disappear, with the disappearance of theN-terminal
serine residue of the adjacent protomer due to the lack of electron density.
Importantly, with the mutation of E166, the hydrogen bond connecting
E166 and theNHof the (S)-γ-lactamringof Bofutrelvir is also destroyed.All
these changes lead to decreased stability of the S1 pocket, drastically reduced
binding of Bofutrelvir, and thus strong resistance to Bofutrelvir (Fig. 5b–d).

Furthermore, we investigated howHis163 and S144 affect the stability
of the S1 pocket or alter the binding mode of inhibitors. In the unmutated
Mpro, H163 also plays a critical role in binding Bofutrelvir, forming a
hydrogen bond with the carbonyl oxygen of the (S)-γ-lactam ring of
Bofutrelvir and participating in π–π stacking between F140 and H163.
Additionally, H163 forms hydrogen bonds with G146, S147, and Y161 to
stabilize the S1 subsite (Fig. 5e). However, when H163 is mutated to A163,
the hydrogen bond between H163 and Bofutrelvir is completely destroyed,
the π–π stacking between F140 and H163 is also completely disrupted, and

Fig. 3 | Detailed interactions of SARS-CoV-2 Mpro mutants in complex with
Bofutrelvir. a SARS-CoV-2 Mpro E166N-Bofutrelvir complex. Binding residues
(within 4 Å) are shown as lime green sticks. Bofutrelvir is in light pink. Water
molecules are in red licorice, with hydrogen bonds as yellow dashed lines. b SARS-
CoV-2 Mpro E166R-Bofutrelvir complex. Binding residues are pale yellow sticks.
Bofutrelvir is in light pink.Water molecules are in red licorice, with hydrogen bonds
as yellow dashed lines. c SARS-CoV-2 Mpro H163A-Bofutrelvir complex. Binding
residues are violet sticks. Bofutrelvir is in light pink. Water molecules are in red

licorice, with hydrogen bonds as yellow dashed lines. d SARS-CoV-2 Mpro E166V-
Bofutrelvir complex. Binding residues are olive sticks. Bofutrelvir is in light pink.
Water molecules are in red licorice, with hydrogen bonds as yellow dashed lines.
e SARS-CoV-2 Mpro S144A-Bofutrelvir complex. Binding residues are lightblue
sticks. Bofutrelvir is in light pink.Water molecules are in red licorice, with hydrogen
bonds as yellow dashed lines. f SARS-CoV-2Mpro-Bofutrelvir complex (PDB: 6LZE).
Binding residues are gray sticks. Bofutrelvir is in light pink. Water molecules are in
red licorice, with hydrogen bonds as yellow dashed lines.
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the hydrogen bond formed between H163 and Y161 is destroyed (Fig. 5f).
These changes lead to a significant decrease in the stability of the S1 pocket
and drastically reduced binding of Bofutrelvir, resulting in even stronger
resistance toBofutrelvir. For the S144Amutant, when the hydroxyl groupof

the serine residue is replaced by alanine, the hydrogen bond between this
hydroxyl group of S144 and the main chain carbonyl of L141 is eliminated
(Fig. 5g, h). This change affects the stability of the S1 subsite, reducing the
binding affinity for Bofutrelvir and leading to drug resistance.

Fig. 4 | The schematic interaction between Bofutrelvir and SARS-CoV-2 Mpro

mutants. a A schematic interaction between Bofutrelvir and SARS-CoV-2 Mpro

E166N. b Interaction with E166R mutant. A precise illustration of the interaction
between Bofutrelvir and the SARS-CoV-2 Mpro E166R variant. c Schematic repre-
sentation of the interaction between Bofutrelvir and the SARS-CoV-2 Mpro H163A

variant. d Schematic representation of the interaction between Bofutrelvir and the
SARS-CoV-2 Mpro E166V variant. e Schematic representation of the interaction
between Bofutrelvir and the SARS-CoV-2 Mpro S144A variant. f A schematic
interaction between Bofutrelvir and SARS-CoV-2 Mpro (PDB:6LZE). Water mole-
cules are depicted as solid circles.

Fig. 5 | Comparison of the structures of the WT Mpro-Bofutrelvir and mutants-
Bofutrelvir complexes in S1 pocket. a The structure of the S1 pocket of the WT-
E166-Mpro-Bofutrelvir complex (PDB:6LZE). b The structure of the S1 pocket of the
E166N-Mpro-Bofutrelvir complex. c The structure of the S1 pocket of the E166R-
Mpro-Bofutrelvir complex. d The structure of the S1 pocket of the E166V-Mpro-

Bofutrelvir complex. e The structure of the S1 pocket of the WT-H163-Mpro-Bofu-
trelvir complex (PDB:6LZE). f The structure of the S1 pocket of the H163A-Mpro-
Bofutrelvir complex. g The structure of the S1 pocket of the WT-S144-Mpro-Bofu-
trelvir complex (PDB:6LZE). h The structure of the S1 pocket of the S144A-Mpro-
Bofutrelvir complex.
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Structural analysis of Bofutrelvir interactionwithMERS-CoVMpro

To measure the inhibitory effects of Bofutrelvir on MERS-CoV Mpro, we
employed FRET-based assays, which provide a robust and sensitive eva-
luationof protease activity.The results demonstrated a substantial reduction
in the inhibitory potency of Bofutrelvir against MERS-CoV Mpro. Specifi-
cally, Bofutrelvir showed a dramatic loss of inhibitory capability, with an
IC50 value of 12.11 μM(Fig. 6a), indicating amore than 200-fold decrease in
efficacy compared to its activity against SARS-CoV-2 Mpro. This significant
reduction in inhibitory potency suggests that structural differences between
MERS-CoV Mpro and SARS-CoV-2 Mpro critically impact the binding effi-
ciency of Bofutrelvir. Consequently, we determined the crystal structure of
MERS-CoVMpro in complex with Bofutrelvir. The structure ofMERS-CoV
Mpro with Bofutrelvir, belonging to space groups P1211, were resolved to a
resolution of both 2.34 Å, as detailed in Table 1. In its structure, each
asymmetric unit contains fourMpromolecules. By extracting themonomeric
MERS-CoV Mpro molecules and comparing them with SARS-CoV-2 Mpro,
we found differences in the orientation of Bofutrelvir and in domain III
(Fig. 6b). Enlarging the inhibitor binding pocket revealed that the orienta-
tionofBofutrelvir in theMERS-CoVstructure differs significantly from that
in SARS-CoV-2, especially in the orientation of the indole moiety (Fig. 6b).
Further, we displayed the inhibitor binding pocket in surface mode and
highlighted the substrate-binding sites (S1’, S1, S2, and S4) and the
mutation site (Fig. 6c).We found that the orientation of Bofutrelvir in the S4
pocket shows amarked shift compared to that in SARS-CoV-2 (Fig. 6c and
Fig S2c).

To further elucidate the inhibitory mechanism of Bofutrelvir against
MERS-CoV Mpro, we conducted a detailed analysis of the binding interac-
tionmodes of Bofutrelvir withMERS-CoVMpro (Figs. 6e and 7a). Similar to
SARS-CoV-2 Mpro, MERS-CoV Mpro forms a covalent bond with

Bofutrelvir. The electron density maps clearly show Bofutrelvir positioned
in the ligand-binding cavities of both MERS-CoV Mpro and SARS-CoV-2
Mpro, covalently linked to C145 through a C-S bond (Fig. 6d). At the S1’
subsite, the interactions betweenMERS-CoVMpro and Bofutrelvir resemble
those seen with SARS-CoV-2Mpro, where the aldehyde group of Bofutrelvir
interacts with the thiol group of C145, forming a thioether bond (Fig. 7a, b).
The oxygen atom of the aldehyde forms a hydrogen bond with the Cys145
residue at the S1’ site, which is crucial for maintaining conformational
stability of the inhibitor and providing essential support for intermolecular
binding. Additionally, the aldehyde oxygen atom forms a hydrogen bond
with G146. However, MERS-CoV Mpro lacks the interaction with water
molecules at the S1 site, resulting in the absence of three hydrogen bonds
(Figs. 7a, b).At theS1 subsite, the interactionsbetweenMERS-CoVMpro and
Bofutrelvir are largely consistent with those observed in SARS-CoV-2Mpro,
including hydrogen bonds between E169 and the NH group of the (S)-γ-
lactam ring, Phe143 and the NH group of the (S)-γ-lactam ring, and H166
with the carbonyl oxygen of the (S)-γ-lactam ring. At the S2 site, the
cyclohexylmoiety of Bofutrelvir stacks with the imidazole ring ofHis41 and
is surroundedby the side chains ofM49,Y54,M168,D190,H175, andK191,
generating extensivehydrophobic interactions (Fig. 7a, b).However,MERS-
CoV Mpro lacks the hydrophobic interactions with residues homologous to
M49 and Y54 found in SARS-CoV-2 Mpro. Lastly, at the S4 subsite, MERS-
CoVMpro lacks the hydrogen bond between E169 and the indole moiety of
Bofutrelvir, leading to no hydrogen bond formation at the S4 site and
consequently, a more than 200-fold decrease in inhibitory activity. Overall,
the binding model of Bofutrelvir with MERS-CoV Mpro reveals that the
conformation of Bofutrelvir at the S4 subsite is the least stable, with the
absence of hydrogen bonds leading to conformational changes and wea-
kened inhibitory capability.

Fig. 6 | Inhibitory mechanism of Bofutrelvir against MERS-CoV Mpro.
a Inhibitory effects of Bofutrelvir on MERS-CoV Mpro. A representation of the
inhibitory activity of Bofutrelvir against theMERS-CoVmain protease. b Structural
alignment of Mpro complexes with Bofutrelvir from MERS-CoV and SARS-CoV-2.
TheMERS-CoVMpro-Bofutrelvir complex is shown in cyan, while the SARS-CoV-2
Mpro-Bofutrelvir complex is shown in gray. A detailed view of the substrate-binding
pocket is provided. c Surface representation of the substrate-binding subsites in

MERS-CoVMpro. The subsites S1’, S1, S2, and S4 are indicated. dThe 2Fo-FcDensity
Map of Bofutrelvir with Catalytic Dyad (H41 and C148). Illustrated as a blue mesh,
outlined at a contour level of 1.0 σ. e Detailed interactions of the MERS-CoV Mpro-
Bofutrelvir Complex. Residues involved in inhibitor binding (within 4 Å) are pre-
sented in stick form. Bofutrelvir is in light pink. Hydrogen bond interactions are
depicted as yellow dashed lines.
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The binding affinity and free energy of Bofutrelvir to differentMpro

Although crystallographic evidence confirms the binding capability of
Bofutrelvir to the Mpro of SARS-CoV-2 (including its mutants) and MERS-
CoV, substantial variations in inhibitory efficacy were observed among
these targets. To elucidate themechanistic basis of these differential binding
affinities,MDsimulationswere performedover a 100 ns trajectory, followed
by rigorous binding free energy calculations using the MM-PBSA/GBSA
framework. From the RMSD (root mean square deviation) curves, the
complexes of Mpro from SARS-CoV-2 and its mutants, as well as Mpro from
MERS-CoV with Bofutrelvir, all exhibit relatively stable structures, with an
RMSD difference not exceeding 0.3 nm (Fig. 8a). Root-mean-square fluc-
tuation (RMSF) measurements further characterized residue-specific flex-
ibility patterns. While localized regions of elevated flexibility were detected
in both MERS-CoV and SARS-CoV-2 Mpro mutants, the majority of cata-
lytic domains demonstrated constrained fluctuations, particularly in

conserved substrate-binding subsites (Fig. 8b). The number of hydrogen
bonds is used to determine the stability of protein-ligand complexes.During
the 100 ns molecular simulation, MERS-CoV, SARS-CoV-2, and their
mutants formed a relatively stable number of hydrogen bonds with the
Bofutrelvir, indicating strong binding between them (Fig. 8c).

Furthermore, the binding free energies of the complexes were calcu-
lated and analyzed using theMM/PBSAmethod. The results demonstrated
that both MERS-CoV and SARS-CoV-2 Mpro and their mutants exhibited
strong binding stability with Bofutrelvir, as evidenced by the negative values
of the total binding free energies (Fig. 8d). Specifically, the binding free
energies were −40.42 kcal/mol for the MERS-CoV-2-E166V-bofutrelvir
complex, −40.11 kcal/mol for the SARS-CoV-2-bofutrelvir complex,
−40.59 kcal/mol for the SARS-CoV-2-E166N-bofutrelvir complex,
−43.09 kcal/mol for the SARS-CoV-2-E166R-bofutrelvir complex,
−48.62 kcal/mol for the SARS-CoV-2-E166V-bofutrelvir complex,

Fig. 8 | Analysis of the molecular dynamics simulation (100 ns) of Bofutrelvir in
complex with various Mpro. a RMSD curve of Bofutrelvir in complex with various
Mpro, b RMSF curve of various Mpro, cHydrogen bond variation curve of the various

complex (Bofutrelvir in complex with various Mpro). d The average binding free
energy (kcal/mol) of seven complexes calculated using the MM/PBSA method.

Fig. 7 | Schematic Interaction of Bofutrelvir with
MERS Mpro. a The interaction between Bofutrelvir
and the MERS Mpro, depicted schematically. b A
detailed schematic showing the interaction between
Bofutrelvir and SARS-CoV-2Mpro. Water molecules
are depicted as solid circles.
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−48.76 kcal/mol for the SARS-CoV-2-S144A-bofutrelvir complex, and
−39.48 kcal/mol for the SARS-CoV-2-H163A-bofutrelvir complex.

Discussion
The impact of SARS-CoV-2 on humanity is well-documented34,35.
Despite the currently low mortality rate of SARS-CoV-2, various cor-
onaviruses continue to pose significant threats to human and animal
health. Notable outbreaks such as SARS-CoV in 2002, MERS-CoV in
2012, and the ongoing SARS-CoV-2 pandemic have resulted in sub-
stantial global disruption1,4,7. Consequently, it remains imperative to
maintain vigilance and develop more effective coronavirus inhibitors.
The Mpro of SARS-CoV-2 plays a crucial role in viral replication by
cleaving viral polyproteins36. Mpro is highly conserved among known
coronaviruses and lacks structural homology with the human proteome,
making it an ideal target for therapeutic research37. Accordingly, the
number of inhibitors targeting Mpro is steadily increasing. In this context,
as the use of Mpro inhibitors increases, there is growing concern about
drug-resistant mutations23,25,38. The selection pressure for these resistant
mutations will continue to rise and may exceed the currently known set
of resistance variants23,38. Therefore, understanding how these mutants
affect drug resistance is crucial for optimizing drug design. The E166
residue is considered a potential hotspot for drug resistance39,40. Although
E166 does not directly participate in catalysis, it has a significant impact
on enzyme function and drug sensitivity30,39. It is indicated that different
mutations at the E166 site produce varying effects on drug resistance25,41.
For example, the E166N, E166R and E166V mutations significantly
enhance resistance to nirmatrelvir, highlighting the substantial impact of
E166 on drug sensitivity25,27,28,30,40. Meanwhile, the H163 residue plays a
critical role in inhibitor binding26,31,42. The H163A mutant shows a sig-
nificant reduction in affinity for multiple inhibitors, underscoring the
importance of H163 in inhibitor binding26,43,44. In addition to mutations
related to Glu166, S144A also confers resistance to nirmatrelvir27.
Therefore, studying the E166, S144 and H163 mutant not only provides
valuable information for addressing resistance mutations but also
advances the development and optimization of innovative drugs.

Bofutrelvir is a peptidomimetic inhibitor targeting the Mpro of SARS-
CoV-2 and is considered to have broad-spectrum antiviral activity against
coronaviruses21,45. Investigating its interactionwith various coronavirusMpro

andMpromutants is essential for understanding itsmechanismof action and
optimizing its therapeutic potential against SARS-CoV-2 and other related
viruses. In our study, we assessed the inhibitory effects of Bofutrelvir on
SARS-CoV-2Mpro mutants (E166N, E166R, H163, E166V and S144A) and
MERS-CoV Mpro. The results demonstrated a significant reduction in the
inhibitory potency of Bofutrelvir against SARS-CoV-2 Mpro mutants
(E166N, E166R, H163, E166V, and S144A) and MERS-CoV Mpro

(Figs. 1 and 6a). Specifically, at the S1 subsite, fourmutants (E166N, E166R,
E166V, and H163A) lacked the hydrogen bond between E166 and the NH
group of the (S)-γ-lactam ring, and S144AorHis163 loses a hydrogen bond
between the NH group of the (S)-γ-lactam ring and Phe140, resulting in a
markeddecrease in inhibitory activity (Fig. 4). At the S4 subsite,MERS-CoV
Mpro lacked the hydrogen bond between E169 and the indole group, leading
to a more than 200-fold reduction in inhibitory potency (Fig. 7). Overall, in
the models of Bofutrelvir binding to E166N, E166R, E166V, S144A and
H163Amutants, Bofutrelvir exhibited a relatively stable conformation at the
S4 subsite but wasmore flexible at the S1’, S1, and S2 subsites, especially the
S1 subsites, with the H163A mutation causing the most significant con-
formational changes (Figs. 2, 3, 4) In the model of Bofutrelvir binding to
MERS-CoV Mpro, the conformation at the S4 subsite was the least stable,
with the absence of hydrogen bonds resulting in conformational changes
and reduced inhibitory capacity (Fig. 6). The E166N and H163A mutants
were completely resistant to Bofutrelvir. However, Bofutrelvir could still
form stable complexes with these mutants because the E166N and H163A
mutations did not significantly alter the overall conformation of the protein,
allowing it to still bind to Bofutrelvir (Fig. 2a), which has also been
demonstrated by molecular dynamics simulations (Fig. 8). Furthermore,

although the key interactions of Bofutrelvir at the S1 site were significantly
weakened in the E166N and H163A mutants compared to the wild type
(Fig. 4), the remaining interactions (especially the covalent bonds formed
with C145) were still able to maintain the stability of the complex under
crystallization conditions. This indicates that even if the Bofutrelvir binds
stably to the active site of E166N and H163A mutants, its inhibitory effec-
tiveness can still be reduced if the interactions are not sufficiently strong or
effective. Notably, in our structure, the N-Finger was not observed in any of
them, except forMERS-CoV.The lackof electrondensity for theN-terminal
residues (Ser1/Gly2) under non-physiological pH might destabilize the N-
finger, potentially exacerbated by anuncleavedHis-tag increasingflexibility,
as seen in structures like 7CBT, 7DQZ, and7VLQwhereN-terminal density
is missing46–49.

TheE166Nmutation,which replacesglutamic acid (E)with asparagine
(N), disrupts not only the hydrogen bond connecting E166 to the (S)-γ-
lactone ring NH of Bofutrelvir but also two crucial hydrogen bonds formed
with the N-terminal serine residue of an adjacent protomer and the NH
group of the H172 imidazole ring. This disruption leads to a significant
decrease in the stability of the S1 subsite and a sharp reduction in Bofu-
trelvir’s binding affinity, resulting in strong resistance to Bofutrelvir (as
shown in Figs. 1a, 3a, 4a, and 5b). Furthermore, compared to the wild-type
Mpro, the catalytic efficiency (measured by the kinetic parameter kcat/Km) of
the E166N mutant is reduced by ~84-fold, while the reductions for the
E166R or E166Vmutants are relatively smaller, at about 16-fold or 10-fold,
respectively25. This suggests that the E166N mutation causes a greater
reduction in enzymatic activity compared to E166R and E166V, which
better explains why the IC50 value of E166N for Bofutrelvir is higher and its
inhibitory capacity is greatly reduced.Additional studyhas reported that the
enzymatic activity of the E166V mutant is significantly decreased when
cleaving the substrate, with a kcat/Km value of only 3% of that of the wild-
typeMpro27. Basedon thehypothesis that theE166Nmutation causes an even
greater reduction in enzymatic activity, it is plausible that the kcat/Km value
of E166N is lower than that of the wild-typeMpro, whichmay contribute to a
significant increase in the IC50 value of E166N for Bofutrelvir. Our
experimental results indicate that the E166N mutation significantly
decreases thebinding affinity of the inhibitor, therebygreatly diminishing its
inhibitory effect. Specifically, the IC50 value of Bofutrelvir for the E166N
mutant exceeds 100 μM, whereas the IC50 value for the wild type is only
0.021 μM, indicating a substantial drop in efficacy (see Fig. 1a, f). This
finding underscores the crucial role of E166 in inhibitor binding, despite its
indirect involvement in the catalytic process. Similarly, the E166Rmutation,
which replaces glutamic acid with arginine (R), introduces a larger and
positively charged side chain. This alteration significantly interferes with
Bofutrelvir binding by modifying the spatial configuration of the binding
site. Our results demonstrate that the E166Rmutation conferred resistance
to Bofutrelvir, with the IC50 value increasing 89-fold compared to the wild-
type Mpro (Figs. 1b, f and 3b). This mutation not only disrupts existing
interactions but also may form salt bridges or electrostatic interactions,
potentially explaining why Bofutrelvir retains some inhibitory capacity
against E166R. In terms of enzyme activity of the E166R mutant, the cat-
alytic efficiency (kcat/Km) is reduced by ~16-fold compared to the wild-type
Mpro25. In the E166V mutation, the substitution of glutamic acid with
hydrophobic valine leads to alterations in the original five hydrogen bonds
(Figs. 3d, 4d and 5e). This structural change significantly disrupts the
binding of Bofutrelvir by adjusting the spatial conformation of the binding
site. Compared to asparagine, the -CH3 side chain of valine may enhance
hydrophobic interactions. Meanwhile, the hydrophobic interaction formed
by V166 may be weaker than the electrostatic interaction of R166, which
could be one reason why the IC50 value of E166V is higher than that of
E166R but lower than that of E166N. Our research results indicate that the
E166Vmutation results in high resistance to Bofutrelvir, with an IC50 value
increased by 130 times compared to the wild-type Mpro (Figs. 1d, f). Addi-
tionally, the enzymatic activity parameter (kcat/Km) of E166V varies widely,
ranging from a 10-fold to over 90-fold decrease25,27. Overall, although the
E166N, E166R, and E166Vmutants all exhibit some degree of resistance to
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Bofutrelvir, the E166N mutation has a more pronounced impact on enzy-
matic activity.

Nirmatrelvir specifically inhibits the Mpro of SARS-CoV-2 and is
approved as an effective treatment for COVID-1950,51. Recent studies have
reported that theE166VandS144Asubstitutions inMpro confer resistance to
nirmatrelvir, with E166V conferring the strongest resistance but also
impairing viral replicative fitness. Our study also demonstrates that E166V
and S144A confer resistance to Bofutrelvir, sharing some similarities and
differences in resistance profiles. Structurally, Bofutrelvir possesses an
aldehyde group as a warhead, suggesting that covalent interactions should
be stronger than those contributed by a nitrile group in Nirmatrelvir
(Fig. S4a, b). Similarly, in terms of inhibitory capacity, the IC50 of Bofutrelvir
and nirmatrelvir against wild-type virus are 0.021 μM and 0.051 μM28,33,
respectively, indicating that the IC50 of nirmatrelvir is 2.4 times that of
Bofutrelvir. From the surface representations of wild-type SARS-CoV-2
Mpro in complex with Bofutrelvir and Nirmatrelvir, it is evident that the
additional P3 of Nirmatrelvir does not directly participate in binding with
Mpro (Fig. S4c)22,52. For the E166Vmutant, resistance to both Bofutrelvir and
nirmatrelvir is conferred, leading to a significant increase in the IC50 values
of Bofutrelvir and nirmatrelvir by 130-fold and 218-fold, respectively27.
Structural analysis reveals that the substitution of E166 with valine disrupts
key hydrogen bonds between Bofutrelvir and nirmatrelvir, causing E166V
to deviate markedly from the S1 site compared to the wild-type (Fig. S4d),
resulting in a sharp decline in inhibitory capacity and the development of
strong resistance. For the S144Amutant, resistance to both Bofutrelvir and
nirmatrelvir is also conferred. However, the resistance of the S144Amutant
to Bofutrelvir far exceeds that to nirmatrelvir. This may be due to the fact
that, in the complex with Bofutrelvir, although S144A exhibits minimal
changes in side chain size and appears to only affect the hydrogen bond
formed between themissing hydroxyl group and L141, the overall structure
of the S144A and Bofutrelvir complex reveals severe disruption of hydrogen
bond formation between F140 and the (S)-γ-lactone ringNHof Bofutrelvir,
as well as the hydrogen bond formation between Glu166 and the NH of the
P3 and P4 of Bofutrelvir (Figs. 3e and 4e). These hydrogen bonds are intact
in the structure of S144Awithnirmatrelvir (Fig. S5a, b)27. Thedisappearance
of these hydrogen bonds is the reason why the resistance of the S144A
mutant to Bofutrelvir far exceeds that to nirmatrelvir. Additionally, for
nirmatrelvir, the the IC50 value for the E166Rmutant is 3.712 μM,while the
IC50 value for the E166Nmutant is greater than 100 μM25. Additionally, the
E166Rmutant also shows an increased IC50 for other inhibitors, such as PF-
0085231 and GC-376, compared to the wild-type Mpro25.

The His163A mutation, which replaces histidine (H) with alanine
(A), eliminates key hydrogen bond interactions with Bofutrelvir. Our
structural studies revealed that the absence of histidine destabilizes the
binding pocket, significantly weakening Bofutrelvir’s efficacy. The
His163A mutation greatly reduced the binding affinity and overall
inhibitory potency of the inhibitor, causing substantial changes in the
orientation of Bofutrelvir within the active site, including at the S1’, S1,
and S2 subsites (Figs. 1c, 2f, and 3c). For enzyme activity, the H163A
mutant exhibits significantly reduced catalytic activity, with a catalytic
efficiency (kcat) ~30-fold lower than that of the wild type

26. The IC50 value
of the H163A mutant may also reflect its decreased enzyme activity,
potentially indicating further impact on its sensitivity to inhibitors. These
findings highlight the critical role of His163 in maintaining the structural
integrity of the binding pocket and the stability of the inhibitor, with
mutations at these sites leading to significant reductions in both enzyme
activity and increased resistance to inhibitors.

We also evaluated the inhibitory effects of Bofutrelvir on MERS-CoV
Mpro. The results showed that the IC50 value of Bofutrelvir for MERS-CoV
Mpro was 12.11 μM, significantly higher than the 0.021 μM for wild-type
SARS-CoV-2Mpro, indicating a reduction in efficacy by over 200-fold. This
suggests that structural differences between MERS-CoV Mpro and SARS-
CoV-2 Mpro severely impact the binding efficiency of Bofutrelvir. Our
structural analysis indicated that the lackofhydrogenbonds at the S4 subsite
is a key factor in the reduced inhibitory activity. MERS-CoVMpro lacks the

critical hydrogenbond interactionswithBofutrelvir atE166 inSARS-CoV-2
Mpro, resulting in reduced stability and binding affinity of the inhibitor.

Throughdetailed structural analysis, we discovered significant changes
in the geometric structure and hydrogen bond network of the binding
pocket when Bofutrelvir binds to E166N, E166R, E166V, S144A, and
His163Amutants. Thesemutations alter the bindingmode of the inhibitor,
resulting in a certain degree of reduced enzyme activity and impaired
replication fitness, as well as leading to a substantial decrease in stability and
affinity. Additionally, the lack of hydrogen bonds at the S4 subsite inMERS-
CoVMpro results in reduced stability of inhibitor binding, further explaining
the significantly reduced inhibitory effect of Bofutrelvir. Our findings
emphasize the importance of understanding the structural basis of viral
protease mutations and their impact on drug resistance. The significant
reduction in the inhibitory efficacy of Bofutrelvir against E166N, E166R,
E166V, S144A, and His163A mutants, as well as MERS-CoV Mpro, high-
lights the challenges posedbyviralmutations to thedevelopment of effective
antiviral therapies. Besides, Cross-resistance is particularly evident in nir-
matrelvir and ensitrelvir, which share a similar bindingmode to Bofutrelvir,
especially with regard to the E166V mutation. the inhibitors developed for
SARS-CoV-2 Mpro, such as Enstrelvir and Nirmatrelvir (with a similar
binding mode to Bofutrelvir), also exhibit significant cross-resistance with
Bofutrelvir, with the E166V mutation playing a particularly significant
role27. This phenomenon suggests that if inhibitors share similar binding
sites and mechanisms, the SARS-CoV-2 can develop cross-resistance.
However, Enstrelvir displays a relatively lower level of resistance,whichmay
be attributed to its unique binding mode: compared to Bofutrelvir and
Nirmatrelvir, Enstrelvir does not form direct hydrogen bonding with the
E166 side chain and has weaker dependence on the S1 subsite27. This dis-
covery hints that inhibitors with different bindingmechanismsmay be able
to avoid the challenges posed by Bofutrelvir, Nirmatrelvir, and other similar
inhibitors-resistant mutants. Therefore, to develop the next generation of
Mpro inhibitors without cross-resistance, future research should focus on
creating inhibitors that bind to theMpro catalytic site in uniqueways27. These
inhibitors should avoid the subsite binding strategies employed by Bofu-
trelvir and instead target regions within the catalytic pocket that are not
adequately occupied by existing drugs, thereby effectively inhibiting Mpro

activity. Additionally, strategies such as non-covalent binding, allosteric
inhibition, or covalent warhead optimization can be explored to reduce
dependence onmutable residues like E166 and S144. These next-generation
drugs may also cooperate with other therapeutic agents or inhibitors tar-
geting different sites, enhancing antiviral efficacy through multi-pathway
and delaying the emergence of resistance. This next generation of inhibitors
not only addresses resistance issues arising from mutations such as E166V
but also provides more durable clinical solutions for the treatment of
COVID-19.

Methods
Construction and purification of of various Mpro

ThegeneencodingMpro fromMERS-CoVandSARS-CoV-2weresynthetically
designedwith codon optimization to enhance expression in Escherichia coli by
BeijingTsingkeBiotechCo.,Ltd, andthesegeneswere subsequentlycloned into
the pET-28a vector using BamHI-XhoI restriction sites, incorporating an
N-terminal 6 ×His tag for purification purposes. The competent E. coli cells
were purchased from TIANGEN Biotech (Beijing) Co., Ltd. Site-directed
mutagenesiswasutilized toproduce theE166N,E166R, andH163Avariants of
SARS-CoV-2Mpro, with these mutations confirmed by DNA sequencing. The
recombinant plasmids were transformed into E. coli Rosetta DE3 cells to
express theMpro proteins. Followingexpressionprotocols established inour lab,
the proteins were expressed and purified32. SARS-CoV-2 Mpro mutants and
MERS-CoVMprowere expressed inE. coli cultured in800mLLBmediumat37
°C.AtOD600 = 0.8, 500 μmol/L IPTGwas added for induction, followedby5 h
incubation at 30°C. Cells were harvested by centrifugation (10,000 × g, 15min,
4 °C), and the pellet was resuspended inBuffer (100mmol/LTris/HCl, pH7.5,
300mmol/L NaCl, 10mmol/L imidazole, 5% glycerol) and lysed using a
JNBIO 3000 plus. After centrifugation (30,000 × g, 30min, 4 °C), the
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supernatant was loaded onto a 5mL Ni-NTA column (GE Healthcare). The
column was washed with Buffer (100mmol/L Tris/HCl, pH 7.5, 300mmol/L
NaCl, 50mmol/L imidazole, 5% glycerol), and the His-tagged protein was
eluted with Buffer (50mmol/L Tris-HCl, pH 7.5, 300mmol/L NaCl,
300mmol/L imidazole). Further purification was performed using a Superdex
200 PG column (GE Healthcare), and the buffer was exchanged to Buffer
(25mmol/LHEPES, pH 7.5, 300mmol/LNaCl, 2mmol/LDTT, 5% glycerol).
Target protein fractions were identified by SDS-PAGE, flash-frozen in liquid
nitrogen, and stored at−80 °C.

Inhibition assay for enzymatic activity
The inhibitory effects of Bofutrelvir on Mpro were tested using fluorescent
donor-quencher pairs synthesized in-house. FRET-based assays were
performed in 384-well microplates, with PF-07321332 as a positive
control. Each condition was independently repeated three times. Bofu-
trelvir and PF-07321332 stock solutions (10 mM) were prepared in
DMSO, then diluted, mixed with 200 nM Mpro, and incubated at room
temperature for 30min. The reaction buffer contained 50mM Tris-HCl
(pH 7.3), 150mM sodium chloride, and 1mM EDTA. After incubation,
the FRET substrate was added to initiate the reaction. Control groups
included buffer-only, DMSO-only, positive control, and test groups.
Fluorescence signals (RLU) were measured and recorded, and inhibitory
efficacy (%) was calculated relative to the DMSO control using GraphPad
Prism (version 9.3).

Crystallization of Mpro and Bofutrelvir complexes
Mpro proteins from MERS-CoV and the SARS-CoV-2 mutants (E166N,
E166R,H163A)were concentrated to 15mg/mL. Bofutrelvir was added at a
3:1 molar ratio and incubated on ice for 2 h before crystallization. Crystal-
lization was performed at 18 °C using the hanging drop vapor diffusion
method, mixing equal volumes (200 nL) of protein and reservoir solutions.
TheMERS-CoVMpro-Bofutrelvir complex crystallized in 0.1MHEPES (pH
7.5) and 18% w/v PEG 10000. For the SARS-CoV-2 Mpro mutants (E166R,
H163A) in complex with Bofutrelvir, the conditions were 0.2M sodium
sulfate and 24%w/v PEG 3350. For the SARS-CoV-2Mpro mutant (E166N)
in complex with Bofutrelvir, the conditions were 0.1MHepes pH 6.5, 10%
isopropanol, 22%PEG3350. For the SARS-CoV-2Mpro mutant (E166V and
S144A) in complexwith Bofutrelvir, the conditions were 0.1MBICINE pH
8.5, 20% w/v PEG10000.

Data collection and structural refinement
Crystalswere cryoprotectedwith 20%glycerol and frozen in liquid nitrogen.
X-ray diffraction data were collected at 100 K using the BL02U1, BL10U2,
and BL17UMbeamlines at the Shanghai SynchrotronRadiation Facility53,54.
Data were processed with the aquarium pipeline, results summarized in
Table 155. Mpro-Bofutrelvir complex structures were solved by molecular
replacement using Phaser56. Atomic coordinates and thermal factors were
refined using Phenix, with model adjustments made in Coot57,58. Final
models were validated with MolProbity59. Structural refinement details are
in Table 1, with figures generated using PyMOL60.

Molecular dynamics simulations
MDsimulations of sevenMpro-bofutrelvir systems (SARS-CoV-2-wild-type,
its five mutants andMERS-CoV) were performed using Gromacs v2022.03
(100 ns each) with AMBER99SB-ILDN for Mpros and GAFF for
bofutrelvir61–64. Initial docked structures (pdb to gro format)were solvated in
TIP3P water (1.2 nm buffer), neutralized with Na+/Clc (0.154M), and
energy-minimized via steepest descent65,66. Bofutrelvir parameters were
derived fromGaussian 16Whydrogenation andRESP charges. Short-range
interactions used 1.0 nm cutoffs, with PME for long-range electrostatics67.
LINCSconstrainedhydrogenbonds68. Temperature control (300 K)utilized
V-rescale, while pressure (1 atm) used Berendsen barostat69,70. Equilibration
included: 100 ps solvent pre-equilibration, 100 ps NVT (300 K), and 100 ps
NPT (1 atm). Based on the MD simulation trajectories, we analyzed the
RMSD(rootmean square deviation), RMSF (rootmean squarefluctuation),

and hydrogen bonds of the complexes.Additionally, the binding free energy
ofMpro and itsmutants with bofutrelvir was calculated using theMM/PBSA
method71.

Binding energy calculation
MM/PBSA calculation method systematically decomposes the molecular
binding free energy (ΔGbind) into three core components through ther-
modynamic partitioning: gas-phase molecular mechanics free energy
(ΔGgas), solvation free energy (ΔGsolvation) and entropy term (ΔGTS, also
-TΔS). Among them, the gas-phase free energy is further decomposed into
the synergistic contributions of van der Waals interaction energy (ΔGvew)
and electrostatic potential energy (ΔGelec). Solvation free energy, is com-
posed of polar solvation energy (ΔGEGB, calculated using the Generalized
Born model) and non-polar solvation energy (ΔGsurf, related to the solvent
accessible surface area). The final binding free energy is expressed as the
algebraic sum of ΔGgas, ΔGTS, and ΔGsolvation, and its negative value
directly represents the binding affinity of the ligand-protein complex71.

Ethics and inclusion statement
This manuscript does not involve ethical issues as no relevant experiments
were conducted. All data and materials presented are fully available and
reproducible, ensuring transparency and reliability in our research.

Statistics and reproducibility
For the inhibition assay ofMpro activity, the experiments were carried out at
least three times using separate protein batches to ensure reproducibility.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The atomic coordinates and structure factors for the MERS-CoV-Mpro-
Bofutrelvir, SARS-CoV-2-Mpro(E166N)-Bofutrelvir, SARS-CoV-2-
Mpro(E166R)-Bofutrelvir, SARS-CoV-2-Mpro(H163A)-Bofutrelvir, SARS-
CoV-2-Mpro(E166V)-Bofutrelvir and SARS-CoV-2-Mpro(S144A)-Bofu-
trelvir complexes are available in the Protein Data Bank (https://www.rcsb.
org/) with accession numbers 9INM, 8YWY, 9INL, 8YWZ, 9LUG and
9LUF. Source data are availablewith this paper.All uncropped andunedited
gel images can be found in Supplementary (Fig. S6).
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