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RS-CoV-2 3CL protease mutations
on nirmatrelvir inhibitory efficiency. Computational
insights into potential resistance mechanisms†

Carlos A. Ramos-Guzmán, ab Milorad Andjelkovic,a Kirill Zinovjev,a J. Javier Ruiz-
Perńıa *a and Iñaki Tuñón *a

The use of antiviral drugs can promote the appearance of mutations in the target protein that increase the

resistance of the virus to the treatment. This is also the case of nirmatrelvir, a covalent inhibitor of the 3CL

protease, or main protease, of SARS-CoV-2. In this work we show how the by-residue decomposition of

noncovalent interactions established between the drug and the enzyme, in combination with an analysis

of naturally occurring mutations, can be used to detect potential mutations in the 3CL protease

conferring resistance to nirmatrelvir. We also investigate the consequences of these mutations on the

reaction mechanism to form the covalent enzyme-inhibitor complex using QM/MM methods. In

particular, we show that the E166V variant of the protease displays smaller binding affinity to nirmatrelvir

and larger activation free energy for the formation of the covalent complex, both factors contributing to

the observed resistance to the treatment with this drug. The conclusions derived from our work can be

used to anticipate the consequences of the introduction of nirmatrelvir in the fitness landscape of the

virus and to design new inhibitors adapted to some of the possible resistance mechanisms.
Introduction

Since the end of 2019, the ght against COVID-19 has been one
of the priorities in research. Many efforts have been made
towards the development of vaccines1 and antiviral drugs2 that
can be used to prevent or treat this disease. However, the ability
of viruses to mutate offers them possible ways to escape the
action of drugs and vaccines, triggering an evolution battle
between therapeutical tools and the virus. New SARS-CoV-2
variants, some of them showing partial evasion of vaccines,
have already emerged. The Omicron variant, for example, has
been responsible for most of the latest infection waves across
the world.3 Typically, new virus strains display frequent muta-
tions in the spike protein which is the target of current
vaccines.4
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Regarding antiviral drugs, three of them have been already
authorized for the treatment of COVID-19: remdesivir,5 mol-
nupiravir6 and nirmatrelvir.2 The rst two are directed against
the RNA replication process, while the target of the third drug is
one of the two proteases of the virus: the main or 3CL protease
(3CLpro). This dimeric enzyme is key for the replication cycle of
the virus because it is in charge of cutting the long polyproteins
produced aer the translation of the genomic material in 11
positions, recognizing a glutamine residue at the P1 site (just
before the peptide bond to be hydrolysed).7 Due to the fact that
none of the known human proteases use this recognition
sequence, 3CLpro has attracted considerable attention as
a target for the development of inhibitors that can act as anti-
virals with reduced side effects. This has motivated continuous
efforts to look for adequate inhibitors of the protease to be used
as potential drugs, using both experimental8–14 and computa-
tional approaches.15–19 Many of these compounds are covalent
inhibitors that contain an electrophilic site able to react with
the catalytic cysteine of 3CLpro, Cys145, mimicking the behavior
of the peptidic substrate. Covalent inhibitors rst bind into the
active site of the protease forming a non-covalent complex (EI)
and then react with Cys145 to form a covalent complex (E–I):

Eþ I )*
k1

k2
EI!k3 E� I (1)

Nirmatrelvir, see Scheme 1, contains a nitrile group as
a warhead that forms a thioimidate aer reaction with the thiol
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Chemical structure of nirmatrelvir.
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group of the catalytic cysteine.20 Nirmatrelvir is associated with
ritonavir, a compound that boosts its activity, under the
commercial name of Paxlovid. This drug, developed by Pzer, is
administered orally and received authorization for emergency
use in December 2021. Paxlovid drastically reduces hospitali-
zation and death in patients with risk factors21 although it
recently failed to show statistically signicant protection for
standard patients.22

The generalized use of nirmatrelvir or other inhibitors of the
3CL protease could be threatened by the development of anti-
viral resistance, acquired aer mutations in this enzyme. In
principle, the comparison of the sequences of the main prote-
ases of SARS-CoV-2 and other viruses belonging to the same
sarbecovirus lineage of the b-CoV genus leads to the conclusion
that this enzyme is highly conserved. For example, SARS-CoV
and SARS-CoV-2 main proteases share 96% of the amino acid
sequence and the main residues involved in catalysis are fully
conserved.23 This would give some credit to the hypothesis that
the 3CL protease is a safe target in terms of evolutive strategies
of the virus to escape. However, a recent study showed that this
conclusion is not maintained when the comparison is extended
to viruses belonging to other lineages of the b-CoV genus;
although the 3CL protease is signicantly more conserved than
the spike protein, the comparison of sequences coming from
different coronaviruses indicates that this enzyme is also highly
mutable.24 The conclusion from this study is that the use of
nirmatrelvir will probably lead to new virus variants with
mutations in the 3CL protease conferring resistance to the
treatment. The analysis of the virus genome sequences from
COVID-19 patients also indicates a high variability in some
positions of this protein, according to mutation summary data
from the Global Initiative on Sharing Avian Inuenza Data
(GISAID) CoVsurver app.25,70

A study by Pzer showed that nirmatrelvir remained effective
against several virus variants, including Omicron that contains
a single mutation in 3CLpro (P132H).26 More recent studies have
directly addressed the question of the evolutive pressure caused
by the use of nirmatrelvir. One study found that aer several
rounds of nirmatrelvir treatment, the 3CL protease accumu-
lated up to three mutations, at positions L50, E166 and L167,
which conferred increased resistance to the drug.27 Single
mutations increased the half-maximal inhibitory concentration
© 2023 The Author(s). Published by the Royal Society of Chemistry
(IC50) of the drug by a factor between 4 and 10, while the three
combined mutations increased 72-fold this value.27 Another
study also found that combined mutations L50F and E166V
resulted in 80-fold resistance.28 The E166V mutant was also
identied as a mutation conferring resistance to nirmatrelvir in
a yeast-based mutational scanning approach.29 Interestingly,
the position E166 is shown to be strictly conserved in the
comparison among the sequences of different coronaviruses.24

While the mutation of this position could, in principle, reduce
viral tness decreasing the enzymatic activity versus natural
substrates, additional mutations, for example at the L50 posi-
tion, could compensate for the tness cost of the E166 muta-
tion.28,30 The position E166 was also identied in an analysis of
nirmatrelvir resistance among naturally occurring mutations of
3CLpro.31 This study identies S144, M165, E166, H172 and
Q192 as hot spots for nirmatrelvir tolerance, because some
mutations at these positions are likely to keep the enzymatic
activity while increasing drug resistance. In a recent study using
a chimeric virus the 3CLpro mutants Y54C, G138S, L167F,
Q192R, A194S and F305L have been shown to present resistance
against nirmatrelvir and GC376 inhibitors.32 A combined
computational and experimental screening has identied ve
additional variants (N142L, E166M, Q189E, Q189I and Q192T)
with reduced susceptibility to nirmatrelvir in vitro.33 Finally,
a recent study has identied transmissible variants of SARS-
CoV-2 with two mutations (P168 deletion, or DP168, and
A173V) that when present together increase the resistance of
3CLpro to nirmatrelvir by 51-fold (versus 5- or 11-fold for each
single mutant, respectively).34

In this study, we use simulation tools to study the binding
and reactivity of nirmatrelvir in 3CLpro. We show that the
analysis of the contributions of different residues to the
formation of the noncovalent complex between the enzyme and
the inhibitor is useful to identify some positions susceptible to
mutations that confer resistance to the drug. We further analyse
the consequences of one of these mutations on the reaction
mechanism for the formation of the covalent complex, to
rationalize strategies for the development of new and more
efficient 3CLpro covalent inhibitors. All in all, our study shows
that computational simulations are an important tool to be
added to the arsenal to ght COVID-19 and to rationalize the
origin of resistance mechanisms to the treatment with 3CLpro

inhibitors.

Methods
Molecular mechanics simulations

Michaelis complexes of the wild type 3CLpro protease of SARS-
CoV-2 with a peptidic substrate and with nirmatrelvir were ob-
tained from our previous simulations.35,36 Briey, these struc-
tures were prepared starting from the crystal structure of the
3CL protease of SARS-CoV-2 with PDB code 6Y2F.37 The peptide
substrate was built using the Maestro tool38 with the sequence
Ac-Ser-Ala-Val-Leu-Gln-Ser-GlyPhe-NMe and placed in both the
active sites, in agreement with X-ray structures. The same
procedure was used to prepare the Michaelis complex with
nirmatrelvir. Michaelis complexes of the E166V variant, with
Chem. Sci., 2023, 14, 2686–2697 | 2687
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View Article Online
either the peptide substrate or nirmatrelvir in the active sites,
were prepared introducing mutations with Maestro38 in wild
type structures with the corresponding ligand.

The tleap tool of AmberTools18 (ref. 39) was employed to
prepare all simulation systems. The Michaelis complexes
described before were solvated in a box with a buffer region of at
least 12 Å from any protein/substrate atom to the limits of the
simulation box. Na+ atoms were added to neutralize the charges
and PROPKA3.0 (ref. 40) was used to determine the most likely
protonation state of every residue at pH 7.4. The catalytic dyad
was simulated in the neutral state, in agreement with experi-
mental41 and computational evidence.35,42 ll classical MD
simulations have been run using Amber18.39 The protein was
described by means of the ff14SB43 forceeld, while water
molecules were described using TIP3P44 potential. Nirmatrelvir
was parametrized using the Antechamber program45 available
in the AmberTools package. Atomic charges were calculated
using the restrained electrostatic potential (RESP)46 method at
the HF/6-31G* level of theory. All long-range electrostatic
interactions were described using the particle mesh Ewald
method (PME),47 and the cut-off radius was set to 10 Å. SHAKE48

was used to freeze the bonds involving hydrogen atoms,
allowing the use of a 2 fs time step during simulations. For all
classical molecular dynamic simulations, the Amber18 GPU
version of pmemd49,50 was employed. The details of the mini-
mization and equilibration procedure are described else-
where.35,36 Aer thermalization at 300 K, three replicas 1 ms each
in the NVT ensemble were run for each system in order to
guarantee enough sampling.

Molecular mechanics free energy calculations

The impact of a possible mutation on the formation of the
noncovalent complex between the 3CL protease and nirma-
trelvir can be formally quantied through an effect on the half-
maximal inhibitory concentration (IC50). This magnitude
depends on the values of the inhibitory (Ki) and Michaelis (Km)
constants and substrate concentration ([S]):

IC50 ¼ Ki

�
1þ ½S�

Km

�
(2)

An increased value in the mutant (IC′
50 > IC50) indicates

a larger resistance to the drug. This depends on the effect of the
mutation on both constants:

IC
0
50

IC50

¼
K

0
i

 
1þ ½S�

K
0
m

!

Ki

�
1þ ½S�

Km

� . 1 (3)

For small substrate concentration ([S] << Km), the increase is
solely determined by the change in the inhibitory constant and
then by the effect on the inhibitor binding free energy.

IC
0
50

IC50

z
K

0
i

Ki

¼ e
DG

0
B;I�DGB;I

RT . 1 (4)
2688 | Chem. Sci., 2023, 14, 2686–2697
If gi,I is the impact of a mutation in position i to the binding
free energy of the inhibitor ðDGB;I � DG

0
B;IÞ, then an increase in

the half-maximal inhibitory concentration is due to those
positions whose mutation makes a negative impact on the
binding free energy:

gi,I < 0 (5)

For larger substrate concentrations ([S] >> Km), the change in
the half-maximal inhibitory concentration depends on the
relative effect of the mutation on the Michaelis and the inhib-
itory constants and then on the impact on the inhibitor and
substrate binding free energies:

IC
0
50

IC50

z
K

0
i$Km

Ki$Km

¼ e
DG

0
B;I�DGB;I

RT

e
DG

0
B;S�DGB;S

RT

. 1 (6)

Introducing also the impact of the mutation on position i to
the binding free energy of the substrate (gi,S), now the condition
for a mutation to increase IC50 would be:

gi,S − gi,I > 0 or gi,I − gi,S < 0 (7)

In this work we approximate the values of gi by the contri-
bution of residue i to the binding free energy of the inhibitor or
the substrate. Molecular Mechanics Generalized Born Surface
Area (MMGBSA) calculations were run using the MMPBSA.py
script51 available in AmberTools18. The Ante-MMGBSA.py51

utility was used to create compatible complex, receptor and
ligand topology les and GB solvation radii were set to
mbondi2. The default Generalized Born method was applied
and the salt concentration was set to 0.1 M. In order to calculate
the contribution of each residue to the binding free energy, full
electrostatic and van der Waals contributions were considered,
instead of using the standard MMPBSA.py decomposition
scheme that attributes half of the interaction energy to the
ligand and the other half to the corresponding residue.52 Both
decompositions, per residue and side-chain options, were
applied. MMGBSA calculations were carried out for 10 000
frames evenly extracted from a total of 200 trajectories of 50 ns
(a total of 10 ms) ran for the wild type 3CLpro enzyme in the
complex with the peptide substrate and with nirmatrelvir.
Finally, to estimate the statistical uncertainty of each residue's
contribution to the free energy, we computed the standard
deviation of 10 averages, each corresponding to 1000 frames
covering 1 ms of simulation each.
QM/MM simulations

Hybrid Quantum Mechanics/Molecular Mechanics (QM/
MM)53,54 simulations were used to describe the chemical
transformation from the noncovalent complex to the covalent
one (see eqn (1)). QM/MM calculations were performed using
a modied version of Amber18, coupled to Gaussian16 (ref. 55)
for density functional theory calculations. We selected the M06-
2X functional56 with the 6-31+G* basis set and D3 dispersion
corrections57 to describe the QM region. This included the side
© 2023 The Author(s). Published by the Royal Society of Chemistry
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chains of the catalytic dyad (His41 and Cys145), a water mole-
cule involved in the reaction mechanism and the backbone
atoms of residue P1 and the warhead of nirmatrelvir. The cutoff
radius for the QM/MM interactions was set equal to 15 Å. As
discussed below, this M062X-D3/MM combination provides
results in excellent agreement with our previous B3LYPD3/MM
calculations, which supports the reliability of our QM/MM
simulations.36

In order to explore the free energy landscape associated with
the chemical reaction, the Adaptive String Method (ASM)58,59

developed in our research group was employed. According to
this method, N replicas of the system, that correspond to the
nodes of the string, are evolved following the mean force acting
on each node while being kept equidistant. In this way the
nodes converge to the minimal free energy path (MFEP) in the
space spanned by the selected collective variables (CVs). For the
reaction under study we selected as CVs the distances of all the
bonds being broken or formed during the transformation (see
Scheme 2). Once the string converged, a single path-CV (s) is
dened to drive the system along the MFEP. Along this path-CV,
the free energy proles are obtained using umbrella sampling
(US)60 and later integrated using WHAM.61 For the reaction of
Scheme 2 Collective Variables (CVs) employed to study the reaction
mechanism of nirmatrelvir with 3CLpro.

Fig. 1 Representation of the contribution of each residue of the 3CLpro

MMGBSA calculations (gi,I, in blue) and the differential contribution to th
Only those residues with gi,I < 0.5 kcal mol−1 are shown. Free energies
found to increase resistance are highlighted in darker colours.

© 2023 The Author(s). Published by the Royal Society of Chemistry
nirmatrelvir with the wild type and E166V variants of the SARS-
CoV-2 3CLpro enzyme, each string was composed of 96 nodes.
The simulations for each node were propagated using a time
step of 1 fs until the RMSD of the string nodes dropped to 0.1
amu1/2$Å for at least 2 ps. US simulations were then carried out
around each converged node of the string accumulating 10 ps of
data collection for each window. The force constants and
positions of the nodes, employed to bias the ASM and US
simulations, were determined on the y to ensure a probability
density distribution of the reaction coordinate that was as
homogeneous as possible.58 Replica exchange between neigh-
boring string nodes was attempted every 50 steps to improve the
convergence.
Results
Analysis of the noncovalent complex

As explained in the methodological section, we used the
MMGBSA scheme to calculate the contributions of each residue
of the 3CLpro enzyme to the binding of a peptidic substrate (gi,S)
and of nirmatrelvir (gi,I). Fig. 1 displays the average values of the
contribution of each residue to the total MMGBSA binding free
energy of the inhibitor and the difference between substrate
and inhibitor contributions, as obtained aer a total of 10 ms of
simulations. Only positions with gi,I smaller than −0.5 kcal
mol−1 are displayed. The complete list of values and their
statistical errors are given in Table S1,† while those represented
in Fig. 1 are given in Table 1.

Interestingly, up to ten of the positions that have been
experimentally characterized as contributing to increase in
resistance to nirmatrelvir (50, 142, 144, 165, 166, 167, 168, 172,
189 and 192)27,28,31–34 appear in the list of 22 residues that full
the condition gi,I < −0.5 kcal mol−1. In Fig. 1 these positions are
highlighted with darker colours. This suggests that this crite-
rion (eqn (5)) could be useful to predict potential mutations of
3CLpro that could confer SARS-CoV-2 resistance to treatments
enzyme to the binding free energy of nirmatrelvir as determined from
e binding of nirmatrelvir and a peptide substrate (gi,I − gi,S, in orange).
are given in kcal mol−1. Positions whose mutation was experimentally

Chem. Sci., 2023, 14, 2686–2697 | 2689
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Table 1 Contribution of each residue to the MMGBSA binding free
energy of nirmatrelvir (gI) and the natural substrate (gS) in the active site
of wild type 3CLpro. Side-chain only contributions are also provided
(gI,sc and gS,sc). Values are given in kcal mol−1. Only those residues with
gI < −0.5 kcal mol−1 are presented here while the whole list and their
statistical errors are given in Table S1.† Positions whose mutation has
been found to confer resistance to nirmatrelvir are in bold characters

Residue gI gI,sc gS gS,sc

L27 −0.79 −0.64 −2.26 −1.67
H41 −2.96 −2.92 −6.50 −6.29
M49 −3.13 −2.68 −3.61 −3.04
L50 −0.59 −0.44 −0.40 −0.26
F140 −4.02 −1.36 −4.66 −1.24
L141 - 2.25 −0.93 −0.25 −0.76
N142 −3.09 −2.17 −9.08 −6.00
G143 −2.54 −0.15 −5.31 −0.79
S144 −1.15 −0.64 −2.67 −0.84
C145 −2.97 −1.74 −4.47 −2.29
H163 −6.65 −6.51 −7.32 −7.16
H164 −6.20 −1.15 −6.38 −1.39
M165 −7.66 −4.69 −7.70 −4.78
E166 −13.10 −8.42 −15.14 −7.17
L167 −1.75 −1.14 −2.10 −1.50
P168 −1.04 −0.66 −4.26 −3.28
H172 −1.39 −0.97 −1.10 −0.81
N187 −2.37 −1.71 −2.72 −2.15
R188 −0.76 −0.82 −0.72 −0.68
Q189 −4.13 −2.84 −8.30 −6.56
T190 −0.97 −0.38 −6.09 −0.84
Q192 −0.76 −0.73 −1.39 −0.47
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with nirmatrelvir. Instead, only two of the positions identied
experimentally (50 and 172) full the condition expressed in
eqn (7). We will now discuss the positions appearing in this list.

H41, C145 and H163 are essential residues for the activity of
this enzyme. These three residues are strictly conserved among
CoVs,24 although, as discussed before, this criterion alone is not
enough to discard possible mutations. Of these three residues,
the rst two form the catalytic dyad responsible for the protease
activity, while the third one is part of the S1 site that recognizes
the presence of glutamine in the peptidic substrate.35 The
analysis of naturally occurring mutations shows that these three
residues are needed for the enzymatic activity and that muta-
tions in these position are not frequent because they led to
inactive enzymes or to enzymes with decreased activity.31

The ten positions of Table 1 that have been experimentally
characterized as possible spots for mutations conferring resis-
tance are L50, N142, and S144 (strictly conserved among b-
CoVs, but not in all CoVs), M165 and E166 (strictly conserved
among CoVs), L167, P168, and H172 (strictly conserved among
CoVs), Q189 (strictly conserved among b-CoVs, but not in all
CoVs) and Q192 (also strictly conserved among CoVs).They all
appear in the list of residues contributing to the binding free
energy of nirmatrelvir with a free energy contribution below
−0.5 kcal mol−1. For these residues the side chain contribution
is a signicant fraction of the free energy term, more than 50%
in all cases (see Table 1). N142, E166, S144, P168 and Q192
contribute signicantly more to the binding of the substrate
than to nirmatrelvir (see Fig. 1 and Table 1). E166 is the residue
2690 | Chem. Sci., 2023, 14, 2686–2697
contributing most to the binding of both the peptidic substrate
and nirmatrelvir. This contribution is mostly due to three
hydrogen bond interactions established with the substrate, two
through the backbone (both the NH and CO moieties of this
residue form hydrogen bonds with the substrate) and one
between the carboxylate group of the side chain and the
substrate P1 group.35 In this sense, E166A and E166Vmutations,
found aer growing the virus in the presence of nirmatrelvir,
increase the virus resistance to the treatment. The E166A
variant shows a 10-fold increase in IC50, while the enzymatic
activity is reduced approximately by the same factor.27 The
E166V variant showed up to 260-fold nirmatrelvir resistance, as
measure by the viral EC50.28 This mutation also reduces the
enzymatic activity with the natural substrate.30 In the E166V and
E166Amutants, the side chain carboxylate group at position 166
is substituted by an alkyl group, losing one hydrogen bond
interaction with the P1 group of the substrate (see Fig. 2).
According to our MMGBSA calculations (see Table 1), the side
chain of residue E166 contributes −8.42 ± 0.13 kcal mol−1 to
the binding of nirmatrelvir, a quantity larger, in absolute terms,
than the contribution to the binding of the peptide substrate,
−7.17 ± 0.16 kcal mol−1. This would explain the impact of its
mutation on the increased resistance and the decreased natural
activity observed experimentally. One should take into account
that this quantity is probably overestimated due to the limita-
tions of the MMGBSA approach: (i) specic solvent interactions
of the carboxylate group are accounted by means of continuum
model estimations; (ii) the geometry of the active site is not
allowed to relax during the unbinding process. In fact, our
simulations of the E166V mutant show that the loss of the
hydrogen bond interaction between the side chain of residue
166 and the g-lactam ring (P1 group) of nirmatrelvir is not the
only effect contributing to the differences between the wild type
and the mutant variants. The E166 residue in the wild type
3CLpro keeps a persistent salt-bridge interaction with the N-
terminal group of the other protomer. In 3CLpro the N-nger
of one protomer is known to play an active role pre-organizing
the active site of the other protomer for catalysis.62 This inter-
action contributes to the integrity of the active site and to the
stability of the dimer, the active form of the enzyme. In the
E166V variant this salt-bridge is lost and the N-nger moves
aways from the enzymatic S1 site, as observed in Fig. 2. The
distributions of distances between the centers of mass of
residue 166 and the N-terminal group obtained from MD
simulations of wild type and E166V variants are provided in
Fig. S1.†

In general, experimental studies on resistance conferring
mutations and our simulations agree on the importance of the
residues found in the segment of the 3CLpro sequence
comprised between positions 163 and 173. Up to ve mutations
experimentally found to increase resistance to nirmatrelvir are
found in this fragment, while our free energy calculations
demonstrate that these residues contribute signicantly to the
binding of the drug. The key role played by this group of resi-
dues in substrate binding, together with those forming the
oxyanion hole (see below), was also conrmed by the analysis of
molecular dynamics simulations of 3CLpro complexed with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Hydrogen bond interactions formed between residue 166 and nirmatrelvir in wild type 3CLpro (left) and in the E166V variant (right).
Nirmatrelvir is represented with carbon atoms in pink. The N-finger of the other protomer is depicted in blue.
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different peptides.42 We have performed a NCI analysis63,64 of
nirmatrelvir-3CLpro intermolecular interactions, which
conrms the relevant role of these residues establishing
favourable interactions with the drug in the noncovalent
complex. The result of this analysis is shown in Fig. S2.†

Regarding S144, this residue is strictly conserved among b-
CoVs, but not in all CoVs.24 This residue makes part of the
oxyanion hole, together with G143 and C145, that stabilizes the
negative charge being developed on the carbonyl oxygen atom
of the target peptide bond during the formation of the acy-
lenzyme complex.35 A recent preprint reported a simulation
study using nonequilibrium molecular dynamics to measure
the response of the protein to substrate removal that highlights
the dynamical behaviour of the oxyanion hole in the binding
process.65 The analysis of the 15 most frequent naturally
mutations at position 144 shows that ten of them present
a signicant reduction in enzymatic activity and only ve still
had comparable activity to the wild type enzyme. These ve
mutants also showed increased drug resistance to
nirmatrelvir.31

From the remaining positions displaying the largest contri-
butions to nirmatrelvir binding, one can select additional
candidates for potential mutations that could confer drug
resistance to the virus. L141 could be an interesting candidate
because it contributes more to the binding free energy to nir-
matrelvir than to the peptidic substrate, so, in principle, its
mutation could confer resistance to nirmatrelvir without
signicantly affecting the enzymatic activity with the natural
substrate. This residue is part of the P1 site and then used to
recognize the substrate. However, this residue is not strictly
conserved and it can be found substituted by I, V or M in other
CoVs.24 The GISAID data also indicate that its deletion is the
most frequent spontaneous mutation, although, in general, this
position showed a small number of naturally occurring muta-
tions until now.25,70 It must be taken into account that baseline
mutations might appear in the databases just due to errors in
the sequencing process.

L27 and R188 are two residues contributing similarly to the
binding of nirmatrelvir and to the peptidic substrate. L27 is
strictly conserved among all CoVs and contributes to the
binding interaction with the P1 group of nirmatrelvir and also
© 2023 The Author(s). Published by the Royal Society of Chemistry
with the P1′ group of the peptidic substrate.36 R188 seems
a better candidate for mutations because this residue varies
signicantly among CoVs: its position can be found occupied by
other positively charged residues (K), neutral (Q or A) and even
negatively charged (E). Naturally occurring mutations reported
by the GISAID web page indicate that the most frequent change
in this position is its deletion. This residue makes a signicant
contribution to binding through its side chain, presenting
similar contributions to the binding of the substrate and the
drug. Thus, mutations at this position could improve the viral
resistance to nirmatrelvir, but probably also affecting its natural
activity.

Other possible hot spots for mutations conferring nirma-
trelvir resistance are M49 and H164, which interact signicantly
with the drug through their side chains. However, the most
frequent natural mutations of these residues have been shown
not to present signicantly improved resistance to nirmatrelvir,
even if some of them have a slightly improved enzymatic activity
compared to the wild type variant.31

Finally, D187, F140 and G143 are less likely to present
mutations that simultaneously confer resistance and keep the
enzymatic activity. These residues establish key interactions to
keep the integrity of the enzymatic structure (such as the salt-
bridge between D187 and R40) or to bind the natural
substrate at different stages of the reaction (F140 at the reac-
tants state and G143 at the transition state).35 None of these
positions is prone to frequent mutations according to GISAID
data, (the most frequent is D187 deletion appearing in less than
0.008% of the sequences). However, a recent computational
high-throughput protein design study identied F140I and
G143D as potential mutations conferring resistance to
nirmatrelvir.66
Formation of the covalent complex

We also analyse the impact of potential mutations on the
formation of the covalent complex due to the reaction of nir-
matrelvir with the catalytic cysteine, C145. We compare the
reaction free energy prole obtained for the wild type enzyme to
that obtained for the E166Vmutant, selected because of its large
impact on the binding of the drug, as discussed above. This
Chem. Sci., 2023, 14, 2686–2697 | 2691
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mutation also displays a signicant increase in the resistance of
SARS-CoV-2 to the treatment with nirmatrelvir. While the
impact of this mutation on the binding free energy associated
with the formation of the noncovalent complex has been dis-
cussed, the possible impact on the reaction mechanism for the
formation of the covalent complex remains to be claried.

Fig. 3 shows the behavior of relevant distances for the
chemical reaction between nirmatrelvir and 3CLpro, both for the
wild type and E166V variants. These include the distances
between the C145-Sg atom and the H41-N3 atom (Fig. 3a), which
is associated with the proton transfer needed to activate the
catalytic dyad forming an Ion Pair (IP), and the distance
between the C145-Sg atom and the nitrogen atom of the nir-
matrelvir warhead (Fig. 3b), which is associated with the
nucleophilic attack leading to the thioimidate complex. In both
cases, we observe a bimodal distribution that can be explained
Fig. 3 Probability distributions of the distances between: (a) the Sg-H
atom of C145 and the N3 atom of H41 (wild type and E166V variants in
green and blue colors); (b) the Sg atom of C145 and the electrophilic
carbon atom of the inhibitor and (c) the Sg atom of C145 and the
amide N–H moiety of the P1 group of nirmatrelvir.

2692 | Chem. Sci., 2023, 14, 2686–2697
considering that the side chain of C145 can be found in two
different conformations (trans and gauche). These two possible
conformations were already conrmed to be populated in the X-
ray structure of the 3CLpro enzyme of the SARS-CoV virus62 and
were also reported in the simulations of the SARS-CoV-2 variant
in the complex with its natural substrate.35 Interestingly, our
simulations show a slight decrease in the population of reactive
conformers, those showing a shorter distance between the
nitrogen atom of the nirmatrelvir warhead and C145-Sg atoms,
in the E166V mutant. The loss of a hydrogen bond between the
E166 side chain and the P1 group of the substrate in the mutant
also mismatches other interactions established between the
drug and the enzyme. Fig. 3c shows the distribution of distances
found between the NH amide moiety of the P1 group of nir-
matrelvir and the C145-Sg atom, in the wild type and E166V
variants of SARS-CoV-2 3CLpro. In the mutant, the distances
found in the simulations are longer, reecting a slightly worse
binding pose of the substrate for catalysis. As discussed below,
this has consequences on the reaction free energy prole,
because the S/HN interaction contributes to the stabilization
of the negative charge developed on the sulphur atom when the
IP state is reached.

Regarding the formation of the covalent complex, we
computed the free energy proles corresponding to the reaction
of nirmatrelvir with the wild type and E166V 3CLpro variants
using the Adaptive String Method, as described in the meth-
odological section. The M06-2XD3/MM free energy proles are
shown in Fig. 4a and d together with the evolution of the rele-
vant bond distances that change signicantly during the
chemical process (Fig. 4b and e) and a representation of the
corresponding Transition States (TSs), Fig. 4c and f. Regarding
the results obtained for the wild type enzyme, both the energetic
and structural descriptions of the process are close to that
previously obtained by us at the B3LYPD3/MM level.36 We have
shown that the inhibition reaction in wild type enzymes with
nirmatrelvir involves two consecutive stages.36 The rst one is
the activation of the catalytic dyad aer the proton transfer from
C145 to H41 to form the IP, a metastable species. Then the
reaction continues with a proton transfer from H41 to the
nitrogen atom of the nitrile warhead and the nucleophilic
attack of the activated C145 on the electrophile carbon atom of
the warhead to form a thioimidate. A water molecule is
recruited to act as a proton shuttle between H41 and the nitrile
warhead. This water molecule occupies the same position as the
amide nitrogen atom of the targeted peptide bond in the
natural substrate of the protease (see Fig. S3†). The same stages
are now observed in the evolution of the bond distances ob-
tained along the MFEPs in the wild type enzyme at the M06-
2XD3 level (see Fig. 4b). The only difference between the
B3LYPD3 and M06-2XD3 results is that the water mediated
proton transfer is slightly more asynchronous in the second
case, the transfer from H41 to the water molecule anticipating
the proton transfer from the water to the nitrogen atom of the
nitrile group. The free energy barriers obtained at both DFT
levels are also quite similar (16.3 and 14.6 kcal mol−1 using
B3LYP and M06-2X functionals, respectively). The B3LYP value
is in better agreement with the activation free energy derived
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Formation of the thioimidate covalent product of nirmatrelvir with the 3CLpro enzyme. (a) M062X-D3/6-31+G*/MM free energy profile
along the path-CV for the formation of the covalent E–I complex from the noncovalent (EI) one in the wild type enzyme. (b) Evolution of the
selected CVs along the MFEP. Blue: C–N, orange: H-N3, green: Hw-Ow, black: Sg-H, yellow: N-Hw, red: Sg-C, and purple: Ow-H. (c)
Representation of the TS in the wild type enzyme. The values of the distances correspond (in Å) to the coordinates of the TS along MFEP. (d)
M062X-D3/6-31+G*/MM free energy profile in the E166V mutant. (e) Evolution of the selected CVs along the MFEP in the E166V mutant. (f)
Representation of the TS in the E166V mutant. The values of the distances correspond (in Å) to the coordinates of the TS along MFEP.
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from the experimental kcat measured at 310 K and 18.2 kcal
mol−1, which provides an upper limit to the barrier of the
chemical step.67 The activation free energy of the chemical
reaction is expected to be reduced at lower temperatures,
because of the ion pair formation and water participation that
result in negative activation entropy. A preprint reporting a QM/
MM study of the potential energy surface for the reaction of
nirmatrelvir suggests that the proton transfer from H41 to the
substrate could take place through a complex proton wire
involving three water molecules and two residues.68 A recent
study using ONIOM calculations conrmed our proposal of
a water mediated proton transfer from H41 to the nitrile
warhead.69

The geometrical evolution of the reaction process obtained
for the E166V variant is also very similar, with no signicant
differences with respect to the wild type results (compare Fig. 4b
and e). This conrms that the reaction mechanism remains
© 2023 The Author(s). Published by the Royal Society of Chemistry
unaltered upon mutation. The free energy proles obtained
along the path collective variable are qualitatively similar in
both cases (Fig. 4a and d) but the E166V variant presents
a larger free energy barrier (18.0 kcal mol−1 in the mutant versus
14.6 kcal mol−1 in the wild type). An increase of almost 4 kcal
mol−1 in the free energy cost is already observed in the forma-
tion of the IP, which has a relative free energy with respect to the
reactants of 2.1 and 6.5 kcal mol−1 in the wild type and mutant
versions, respectively. Similar differences in the free energy
proles are observed at the B3LYPD3/MM level (see Fig. S4†).
This increased free energy cost is attributed to a slightly
modied binding pose of nirmatrelvir in the active site of the
mutant, due to the loss of the hydrogen bond interaction
between the P1 g-lactam ring and the side chain of residue 166
in the mutant, and the leaving of the N-nger. As shown above,
the mutation slightly changes the position of the amide NH
moiety of the substrate's P1 group in the active site, in such
Chem. Sci., 2023, 14, 2686–2697 | 2693
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a way that establishes a weaker interaction with the thiol group
of C145. Finally, the reaction free energy is similar in both
variants of the enzyme, corresponding to a clearly exergonic
process (−14.0 and −13.7 kcal mol−1, respectively). Clearly, the
mismatch of the binding pose caused by the mutation plays
a more important role in the intermediate stages of the reac-
tion, when a larger negative charge is developed on the sulphur
atom, than in the product state.

The average geometries of the wild type and mutant TSs are
also similar (see Fig. 4c and f). These structures correspond to
a water mediated proton transfer from H41 to the nitrile group,
coupled to the nucleophilic attack of the sulphur atom to the
nitrile carbon atom. In the wild type 3CLpro the TS is slightly
more advanced along the path collective variable than in the
mutant, showing a more advanced proton transfer from H41 to
the water molecule, while the proton transfer from this water to
the nitrile group has still not progressed signicantly. In the
mutant enzyme, the TS displays less advanced proton transfers
from H41 to the water molecule and from this molecule to the
nitrile group of nirmatrelvir. The distance of the nucleophilic Sg
atom to the electrophilic carbon is also slightly longer in the
mutant than in the wild type TS (1.96 versus 1.91 Å).

These results show that mutations have an impact on the
kinetics of the covalent inhibition process. Mismatching drug–
protein interactions can have a signicant impact not only on
the binding process but also on the activation free energy
barrier for the formation of a covalent bond between the 3CLpro

enzyme and its inhibitors. Increasing the activation free energy
reduces the inactivation rate constant, which in turn decreases
the efficiency of the covalent inhibitor. This is a resistance
strategy that should be taken into account when analyzing the
consequences of mutations on the inhibition process.

Conclusions

Mutations may endow viruses with a mechanism of resistance
to treatments developed to combat their infections. In the case
of SARS-CoV-2, one of the antiviral treatments contains an
active principle, nirmatrelvir, targeted against the main or 3CL
protease of the virus. Nirmatrelvir has been designed as
a covalent inhibitor, forming a covalent bond between its nitrile
warhead and the catalytic cysteine of the enzyme. Several
experimental studies have already identied several positions in
the 3CLpro enzyme whose mutation increases the tolerance of
the virus to the presence of this covalent inhibitor. However, the
detailed mechanisms by which these mutations increase viral
resistance are still unknown, in particular the consequences for
the formation of the covalent complex. In this work, we have
used molecular dynamics simulations and free energy methods
to investigate the impact of possible mutations on the resis-
tance mechanism of SARS-CoV-2 to nirmatrelvir, analyzing the
impact on binding and on the chemical reaction between the
enzyme and the drug.

Using a per residue MMGBSA free energy decomposition
scheme, we found that most of the enzymatic positions whose
mutations were experimentally found to confer resistance to
nirmatrelvir contribute signicantly to the protein-ligand
2694 | Chem. Sci., 2023, 14, 2686–2697
binding free energy. This suggests that this strategy may be
a valid criterion to identify hot spots for potential mutations
increasing the resistance of SARS-CoV-2 to the treatment with
nirmatrelvir. In particular, the E166 position contributes to the
binding of the drug and of the natural substrate, establishing
up to three hydrogen bond interactions, two through the
backbone and one between the carboxylate group of the side
chain and the P1 group of the substrate. Its mutation to valine
results in an increased resistance to the drug but also in
a decreased enzymatic efficiency towards its natural function,
efficiency that could be recovered aer a second mutation.
MMGBSA results show that the E166 residue contributes
signicantly to the binding free energy of nirmatrelvir to form
a noncovalent complex with the enzyme. In addition, molecular
dynamics simulations show that the E166V mutation can also
reduce the stability of the active dimer, because of the loss of
the interaction between residue 166 and the N-terminal group
of the other protomer. The so-called N-nger is known to
participate in the S1 pocket of the accompanying protomer. Our
MMGBSA calculations have also allowed us to identify other
positions for possible mutations conferring resistance to nir-
matrelvir. In particular, L141, R188, F140 and G143 seem to be
good candidates to suffer mutations improving the viral tness
to the pressure due to the use of nirmatrelvir.

We have also investigated the effect of the E166V mutation
on the formation of the covalent complex between nirmatrelvir
and the 3CLpro enzyme. According to our QM/MM simulations,
the reaction mechanism remains essentially unaltered aer
mutation, but the kinetics of the process are slowed down. The
loss of the hydrogen bond between residue 166 and the P1
group of the drug slightly changes the binding pose of nirma-
trelvir in the active site, increasing then the free energy cost to
reach the IP and the reaction TS. Instead, the reaction free
energy is not substantially altered.

In this work we have analyzed the effect of single mutations
on the two stages of the covalent inhibition process, the binding
free energy for the formation of the noncovalent complex and
the activation free energy for the reaction to form the covalent
complex. The information provided by these simulations is
useful to understand the impact of mutations and to assist in
the development of new inhibitors that could help ght against
new variants of the virus that could escape the action of nir-
matrelvir. One should keep in mind that many residues play
a similar role in the natural proteolytic activity of the enzyme
and in the formation of the enzyme-inhibitor covalent complex.
Then, single mutations that increase resistance may also
probably reduce the enzymatic activity, resulting in non-
transmissible viruses. However, the natural substrate is a poly-
protein chain, much bulkier than nirmatrelvir or other drugs,
which opens the possibility that multiple mutations, taking
place beyond the active site, could have a different impact on
the binding of the substrate and of the drug and then could
restore the natural enzymatic activity while keeping an
enhanced resistance to the drug. This scenario has been already
observed experimentally and should also be considered from
a computational perspective in order to provide additional tools
to ght COVID-19.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06584c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
fe

bb
ra

io
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

9/
10

/2
02

5 
19

:4
6:

36
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Data availability

Data for this paper, trajectories of the Transition States
described in the manuscript, are available from a link given in
the ESI† of this article.
Author contributions

C. A. R-G., K. Z., J. J. R-P. and I. T were responsible for the design
of the work. C. A. R-G. andM. A. performed the calculations and
all the authors participated in the discussion. I. T. wrote the
original dra, while all the authors participated in manuscript
revision and editing.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors acknowledge nancial support from grant
PID2021-123332OB-C22 funded by MCIN/AEI/10.13039/
501100011033/and by “ERDF A way of making Europe” and also
from grant PROMETEO CIPROM/2021/079 of Generalitat
Valenciana. KZ acknowledges a Maria Zambrano fellowship
from the Ministerio de Universidades (Spain). MA acknowl-
edges the support of a fellowship (fellowship code LCF/BQ/
DR21/11880026) from the “la Caixa” Foundation (ID
100010434). Computational resources were provided by the
Barcelona Supercomputing Center and Servei d’Informàtica,
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and V. Moliner, ACS Catal., 2022, 12, 698–708.

20 R. Löser, K. Schilling, E. Dimmig and M. Gütschow, J. Med.
Chem., 2005, 48, 7688–7707.

21 J. Hammond, H. Leister-Tebbe, A. Gardner, P. Abreu,
W. Bao, W. Wisemandle, M. Baniecki, V. M. Hendrick,
B. Damle, A. Simón-Campos, R. Pypstra and J. M. Rusnak,
N. Engl. J. Med., 2022, 386, 1397–1408.

22 Pzer Press Release, https://www.pzer.com/News/Press-
Release/Press-Release-Detail/Pzer-Reports-Additional-
Data-Paxlovidtm-Supporting/, accessed November 7, 2022.

23 S. Chakraborti, S. Bheemireddy and N. Srinivasan,
Molecular, 2020, 16, 474–491.

24 K. S. Yang, S. Z. Leeuwon, S. Xu and W. R. Liu, J. Med. Chem.,
2022, 65, 8686–8698.

25 GISAID – CoVsurver mutations App, https://gisaid.org/
database-features/covsurver-mutations-app/, accessed
November 7, 2022.

26 S. E. Greasley, S. Noell, O. Plotnikova, R. A. Ferre, W. Liu,
B. Bolanos, K. Fennell, J. Nicki, T. Craig, Y. Zhu,
A. E. Stewart and C. M. Steppan, J. Biol. Chem., 2022, 298,
101972.

27 D. Jochmans, C. Liu, K. Donckers, A. Stoycheva, S. Boland,
S. K. Stevens, C. D. Vita, B. Vanmechelen, P. Maes,
B. Trüeb, N. Ebert, V. Thiel, S. D. Jonghe, L. Vangeel,
D. Bardiot, A. Jekle, L. M. Blatt, L. Beigelman, J. A. Symons,
P. Raboisson, P. Chaltin, A. Marchand, J. Neyts, J. Deval
and K. Vandyck, bioRxiv, 2019, preprint, DOI: DOI:
10.1101/2022.06.07.495116.

28 Y. Zhou, K. A. Gammelto, L. A. Ryberg, L. V. Pham,
H. D. Tjørnelund, A. Binderup, C. R. Duarte Hernandez,
C. Fernandez-Antunez, A. Offersgaard, U. Fahnøe,
G. H. J. Peters, S. Ramirez, J. Bukh and J. M. Gottwein, Sci.
Adv., 2022, 8(51), eadd7197, DOI: 10.1126/sciadv.add7197.

29 S. Iketani, S. J. Hong, J. Sheng, F. Bahari, B. Culbertson,
F. F. Atanaki, A. K. Aditham, A. F. Kratz, M. I. Luck,
R. Tian, S. P. Goff, H. Montazeri, Y. Sabo, D. D. Ho and
A. Chavez, bioRxiv, 2022, preprint, DOI: DOI: 10.1101/
2022.06.23.497404.

30 S. Iketani, H. Mohri, B. Culbertson, S. J. Hong, Y. Duan,
M. I. Luck, M. K. Annavajhala, Y. Guo, Z. Sheng,
A.-C. Uhlemann, S. P. Goff, Y. Sabo, H. Yang, A. Chavez
and D. D. Ho, Nature, 2022, 1–7.

31 Y. Hu, E. M. Lewandowski, H. Tan, X. Zhang, R. T. Morgan,
X. Zhang, L. M. C. Jacobs, S. G. Butler, M. V. Gongora,
J. Choy, X. Deng, Y. Chen and J. Wang, bioRxiv, 2022,
preprint, DOI: DOI: 10.1101/2022.06.23.497404.

32 E. Heilmann, F. Costacurta, S. A. Moghadasi, C. Ye,
M. Pavan, D. Bassani, A. Volland, C. Ascher,
A. K. H. Weiss, D. Bante, R. S. Harris, S. Moro, B. Rupp,
L. Martinez-Sobrido and D. von Laer, Sci. Transl. Med.,
2022, 15(678), eabq7360.

33 V. M. Sasi, S. Ullrich, J. Ton, S. E. Fry, J. Johansen-Leete,
R. J. Payne, C. Nitsche and C. J. Jackson, Biochemistry,
2022, 61, 2495–2505.
2696 | Chem. Sci., 2023, 14, 2686–2697
34 S. A. Moghadasi, E. Heilmann, S. N. Moraes, F. L. Kearns,
D. von Laer, R. E. Amaro and R. S. Harris, bioRxiv, 2022,
preprint, DOI: DOI: 10.1101/2022.08.07.503099.

35 C. A. Ramos-Guzmán, J. J. Ruiz-Perńıa and I. Tuñón, ACS
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K. Świderek, A. Lodola, V. Moliner, D. R. Glowacki,
J. Spencer, M. A. Walsh, C. J. Schoeld, L. Genovese,
D. K. Shoemark, A. J. Mulholland, F. Duarte and
G. M. Morris, Chem. Sci., 2021, 12, 13686–13703.

43 J. A. Maier, C. Martinez, K. Kasavajhala, L. Wickstrom,
K. E. Hauser and C. Simmerling, J. Chem. Theory Comput.,
2015, 11, 3696–3713.

44 W. L. Jorgensen, J. Chandrasekhar, J. D. Madura,
R. W. Impey and M. L. Klein, J. Chem. Phys., 1983, 79, 926–
935.

45 J. Wang, W. Wang, P. A. Kollman and D. A. Case, J. Mol.
Graphics, 2006, 25, 247–260.

46 C. I. Bayly, P. Cieplak, W. D. Cornell and P. A. Kollman, J.
Phys. Chem., 1993, 97, 10269–10280.

47 T. Darden, D. York and L. Pedersen, J. Chem. Phys., 1993, 98,
10089–10092.

48 J. P. Ryckaert, G. Ciccotti and H. J. C. Berendsen, J. Comput.
Phys., 1977, 23, 327–341.

49 A. W. Götz, M. J. Williamson, D. Xu, D. Poole, S. Le Grand
and R. C. Walker, J. Chem. Theory Comput., 2012, 8, 1542–
1555.

50 R. Salomon-Ferrer, A. W. Götz, D. Poole, S. Le Grand and
R. C. Walker, J. Chem. Theory Comput., 2013, 9, 3878–3888.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://www.pfizer.com/News/Press-Release/Press-Release-Detail/Pfizer-Reports-Additional-Data-Paxlovidtm-Supporting/
https://www.pfizer.com/News/Press-Release/Press-Release-Detail/Pfizer-Reports-Additional-Data-Paxlovidtm-Supporting/
https://www.pfizer.com/News/Press-Release/Press-Release-Detail/Pfizer-Reports-Additional-Data-Paxlovidtm-Supporting/
https://gisaid.org/database-features/covsurver-mutations-app/
https://gisaid.org/database-features/covsurver-mutations-app/
https://doi.org/10.1101/2022.06.07.495116
https://doi.org/10.1126/sciadv.add7197
https://doi.org/10.1101/2022.06.23.497404
https://doi.org/10.1101/2022.06.23.497404
https://doi.org/10.1101/2022.06.23.497404
https://doi.org/10.1101/2022.08.07.503099
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06584c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
fe

bb
ra

io
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

9/
10

/2
02

5 
19

:4
6:

36
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
51 B. R. Miller, T. D. Mcgee, J. M. Swails, N. Homeyer, H. Gohlke
and A. E. Roitberg, J. Chem. Theory Comput., 2012, 8, 3314–
3321.

52 H. Gohlke, C. Kiel and D. A. Case, J. Mol. Biol., 2003, 330,
891–913.

53 M. W. V. D. Kamp and A. J. Mulholland, Biochemistry, 2013,
52, 2708–2728.

54 H. M. Senn and W. Thiel, Angew. Chem., Int. Ed., 2009, 48,
1198–1229.

55 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery Jr, J. E. Peralta, F. Ogliaro,
M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin,
V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo,
R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,
O. Farkas, J. B. Foresman and D. J. Fox, Gaussian 16
(version Revision C.01), Gaussian Inc., Wallingford CT, 2016.

56 Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215–
241.

57 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys.,
2010, 132, 154104(1)–154104(19).

58 K. Zinovjev and I. Tuñón, J. Phys. Chem. A, 2017, 121, 9764–
9772.
© 2023 The Author(s). Published by the Royal Society of Chemistry
59 K. Zinovjev, String-Amber, https://github.com/kzinovjev/
string-amber, accessed June 22, 2022.

60 G. M. Torrie and J. P. Valleau, J. Comput. Phys., 1977, 23, 187–
199.

61 S. Kumar, J. M. Rosenberg, D. Bouzida, R. H. Swendsen and
P. A. Kollman, J. Comput. Chem., 1992, 13, 1011–1021.

62 H. Yang, M. Yang, Y. Ding, Y. Liu, Z. Lou, Z. Zhou, L. Sun,
L. Mo, S. Ye, H. Pang, G. F. Gao, K. Anand, M. Bartlam,
R. Hilgenfeld and Z. Rao, Proc. Natl. Acad. Sci. U. S. A.,
2003, 100, 13190–13195.

63 E. R. Johnson, S. Keinan, P. Mori-Sánchez, J. Contreras-
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