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Studies on the selectivity of the SARS-CoV-2
papain-like protease reveal the importance
of the P20 proline of the viral polyprotein†
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Christopher J. Schofield *a and Fernanda Duarte *a

The SARS-CoV-2 papain-like protease (PLpro) is an antiviral drug target that catalyzes the hydrolysis of

the viral polyproteins pp1a/1ab, so releasing the non-structural proteins (nsps) 1–3 that are essential for

the coronavirus lifecycle. The LXGGkX motif in pp1a/1ab is crucial for recognition and cleavage by PLpro.

We describe molecular dynamics, docking, and quantum mechanics/molecular mechanics (QM/MM)

calculations to investigate how oligopeptide substrates derived from the viral polyprotein bind to PLpro.

The results reveal how the substrate sequence affects the efficiency of PLpro-catalyzed hydrolysis. In

particular, a proline at the P20 position promotes catalysis, as validated by residue substitutions and mass

spectrometry-based analyses. Analysis of PLpro catalyzed hydrolysis of LXGG motif-containing

oligopeptides derived from human proteins suggests that factors beyond the LXGG motif and the

presence of a proline residue at P20 contribute to catalytic efficiency, possibly reflecting the promiscuity

of PLpro. The results will help in identifying PLpro substrates and guiding inhibitor design.

Introduction

The SARS-CoV-2 polyproteins encoded by ORF1a and ORF1ab
are precursors of the 16 non-structural proteins (nsp1–16) that
are essential for virus maturation and replication.1 SARS-CoV-2
employs two nucleophilic cysteine proteases to release the
nsps: the nsp5 main protease (Mpro) and the papain-like
protease (PLpro), the latter of which is a domain within nsp3.2

Inhibition of Mpro and/or PLpro hinders nsp release, leading to
the stalling of viral maturation and replication.3 The Mpro

inhibitors PF-07321332 (nirmatrelvir), the active pharmaceuti-
cal ingredient (API) in Paxlovid, and ensitrelvir, the API
in Xocova, are approved for treating COVID-19 infections.4–6

However, clinical use of PLpro inhibitors has not yet been
approved.3,7,8

Although Mpro and PLpro are both nucleophilic cysteine
proteases, they differ in their structures, catalytic mechanisms,
and substrate selectivities.7 Mpro is predominantly homodi-
meric and employs an active site Cys–His dyad to catalyze
hydrolysis of the SARS-CoV-2 polyproteins at 11 sites, which
have [P4:A/V/P/T]-[P3:X]-[P2:L/F/V]-[P1:Q]|[P1 0:S/A/N] motifs,
where ‘‘|’’ denotes the scissile amide bond and X corresponds
to any proteinogenic amino acid.3,9,10 By contrast, PLpro is likely
monomeric and employs an active site Cys–His–Asp triad to
catalyze the hydrolysis of the polyprotein at the nsp1/2, nsp2/3,
and nsp3/4 sites (Fig. 1).11 PLpro catalyzes the hydrolysis of the
polyprotein C-terminal to [P4:L]-[P3:X]-[P2:G]-[P1:G] sequences;
the requirements for the P0 positions of PLpro substrates have
not yet been defined ([P10:X]).12–15

The apparent lack of selectivity for residues binding to the
S0 subsites of PLpro may contribute to its reported promiscuity.
PLpro catalyzes the hydrolysis of peptide bonds C-terminal
to LXGG motifs in various host proteins,15,16 including human
interferon regulatory factor 3 (IRF3),1 protein S (PROS1),16 and
the serine/threonine unc-51-like kinase (ULK1).17 PLpro also
hydrolyzes isopeptide bonds C-terminal to LXGG motifs in
proteins that have been post-translationally modified by con-
jugation of ubiquitin or ubiquitin-like modifiers.1,18–21

Assays using isolated recombinant PLpro have been devel-
oped for activity and inhibition studies. Most of these are
fluorescence-based and monitor the release of a C-terminal
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linked fluorescent group.11,20,21,23–28 We have previously reported
mass spectrometry (MS)-based assays for PLpro and Mpro utilizing
solid phase extraction coupled to MS (SPE-MS).22,29 Compared to
fluorescence-based methods, SPE-MS offers the advantages of
simultaneously measuring substrate depletion and product for-
mation, while also reducing potential signal interferences caused
by UV-active ligands and eliminating any influence of fluorescent
tag–protein interactions on substrate binding affinity.22,29 The
PLpro SPE-MS assay employs a 20-mer peptide, containing the
nsp2/3 cleavage site (V808-G818/A819-D827; Fig. 1a) as a substrate.
Surprisingly, little to no hydrolysis was observed for peptides
corresponding to the nsp1/2 (V169-G180/A181-N188) and nsp3/4
(V2753-G2763/K2764-K2771) cleavage sites. Similarly, cell-based
assays employing oligopeptide linkers with P5–P30 cleavage site
sequences, and liquid chromatography (LC)-based assays employ-
ing shorter polyprotein fragments, indicate relatively slow PLpro

catalyzed hydrolysis at the nsp1/2 and nsp3/4 sites.30,31 Preferential
hydrolysis of the nsp2/3 site has also been observed for SARS-CoV
PLpro using three analogous SARS-CoV polyprotein-derived peptide
substrates as measured by LCMS assays.32 Collectively, these
results indicate that the presence of the consensus LXGG P4–P1
residue motif is an insufficient criterion for, at least efficient, PLpro

catalysis.
Comparison of the P4 to P10 residues of the three SARS-CoV-

2 substrates shows that P3 is the first non-conserved substrate
position N-terminal to the scissile amide bond (Fig. 1a). nsp1/2
has an Asn at P3. While both nsp2/3 and nsp3/4 have a Lys
residue at P3, only the former exhibited considerable activity.
C-Terminal to the scissile amide, both nsp1/2 and 2/3 have an
Ala at P10, but hydrolysis of nsp1/2 was not observed by SPE-MS.
Therefore, the observed difference in activities is likely a result

of differences in binding affinity rather than catalytic
mechanism.

The binding modes of oligopeptide substrates or peptido-
mimetic inhibitors in the S4–S1 subsites of PLpro have been
characterized crystallographically (e.g., Fig. 1b).12,13,18,23,33

However, unlike Mpro, where structures with polyprotein-
derived oligopeptides provide insights into S and S0 subsite
binding,34,35 there is limited information on binding to the S0

subsites in PLpro. Such information may help understanding of
the selectivity of PLpro catalysis and aid in inhibitor design.
We thus constructed and assessed computational models of
SARS-CoV-2 PLpro complexed with its nsp1/2, nsp2/3, and nsp3/
4 oligopeptide substrates. The models presented here suggest
that the P20 proline in the nsp2/3 sequence plays a key role
in efficient PLpro catalysis, a proposal validated by residue
substitutions and SPE-MS analyses (vide infra). The difference
in hydrolytic activities between the tested oligopeptides and
full-length (poly)proteins suggests that the overall polypeptide
conformation is important for substrate recognition. This
finding is relevant for future mechanistic and inhibition
studies.

Results and discussion
Predicted conformations of the PLpro-bound nsp1–3 peptides

To investigate how the SARS-CoV-2 polyprotein nsp1/2, 2/3, and
3/4 cleavage sites bind to PLpro, AutoDock CrankPep (ADCP)36

was used to dock the peptides previously used in the SPE-MS
assay, i.e. 1, 2, and 3,22 with PLpro, using a crystal structure of
PLpro covalently linked with the peptidomimetic inhibitor

Fig. 1 (a) Sequences of the reported oligopeptides used in SARS-CoV-2 PLpro mass spectrometry-based assays.22 The consensus LXGG sequence
residues are in blue; the P2 0 residues are in red. (b) View from a reported PLpro structure (PDB 6WX4)13 in complex with the covalently bound inhibitor
VIR251 (carbon atoms in violet), which binds to the S1–S4 subsites; the catalytic triad residues are shown (carbon atoms in magenta). Non-carbon atoms
are colored: N in blue; O in red; S in yellow; Zn in gray. Hydrogens are omitted for clarity.
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VIR251 (PDB 6WX4, 1.66 Å resolution; see Methods for
details).13 The top 100 ranked peptide poses were analyzed
and denoted by ‘‘dX_YY’’, where ‘‘X’’ = 1–3 represents the
peptide number according to Fig. 1a and ‘‘YY’’ indicates the
ranking, with dX_01 corresponding to the pose predicted to
have the highest binding affinity. In all the highest ranked
solutions (d1_01, d2_01, and d3_01), the S2–S1 channel was
observed to be occupied (Fig. S1, ESI†), suggesting it may be a
binding hotspot. However, only with d2_01 was the S2–S1
channel observed to be occupied by the P2–P1 Gly–Gly residues
in an apparently catalytically relevant manner. Thus, considera-
tion of only the highest ranked solutions was considered to
be insufficient for generating catalytically relevant protein–
substrate complexes.

Further analysis of the top 100 poses involved filtering based
on the position of the P4–P1 residues relative to the binding
mode of the inhibitor, VIR251.13 A pose was deemed to pass the
filter if all four Ca atoms of P4–P1 were within 2 Å of the
corresponding VIR251 Ca atoms (Table S1, ESI†). For peptide 1,
only one docked solution passed the filter (d1_16). For peptide
2, 10 solutions fulfilled the criteria, including the top ranked
pose (d2_01, 02, 06, 09, 38, 62, 66, 69, 75, 97); these solutions
had a similar conformation to that of d2_01, except for d2_09,
which adopts an extended conformation (Fig. S2, ESI†). Thus,
both d2_01 and d2_09 were selected as representative modes
for further modeling. None of the 100 poses passed the filter for
peptide 3. However, closer inspection of these results revealed
multiple solutions in which the P2–P1 Gly–Gly residues were
placed in the S2–S1 channel, but in the reverse direction, with
P2-Gly in S1 and the P1-Gly in S2. In these conformations, the
P10-Lys was in S3 and the P20-Ile in S4 (e.g., d3_07; see Fig. 2 and
Fig. S3, ESI†). Although no docked solutions passed the filter
for 3, this does not rule out the possibility of 3 forming a pre-
reaction complex with PLpro. A model of such a pre-reaction
complex was later constructed based on one of the poses that

passed the filter for peptides 1 and 2 (d1_16, d2_01, d2_09)
(Fig. 2).

To assess the relative stability of the selected representative
peptide poses for 1 and 2, namely d1_16, d2_01, and d2_09, 3 �
100 ns molecular dynamics (MD) simulations were performed
for each system using the GROMACS package with the AMBER
99SB-ILDN forcefield and explicit (TIP3P) water solvation,37–39

as reported in our previous study on Mpro-peptide complexes
(see Methods for details).40 Since protonation states are fixed in
conventional MD, both the neutral (‘‘N’’) and zwitterionic (‘‘Z’’)
states of the active site Cys111–His272 pair were simulated.

Simulating peptides 1 and 2 in either N- or Z-states of the
Cys111–His272 dyad revealed significant deviation in the pep-
tide backbone root mean square deviation (RMSD) and root
mean square fluctuation (RMSF) at the N- and C-terminal
regions. Notably, the core P5–P10 region around the consensus
LXGG sequence exhibited a more rigid structure (Fig. S4 and S5,
ESI†). Analysis of non-hydrogen atoms RMSF (Fig. S6, ESI†)
indicates stable binding of the P4-Leu residue sidechain com-
pared to its neighbor residues, reflecting its conserved nature
in PLpro substrates (Fig. 1). Among the three poses studied,
d2_01 was the most stable (Fig. 2 and Fig. S5, ESI†), with
relative rigidity of the N-terminal region in the Z-state and of
the C-terminal region in the N-state. The d2_01 pose prior to
MD was used for comparative modeling of 1 and 3 to explore if
all three peptides could bind similarly. However, these MD
simulations did not inform on whether the N- or Z-state was
preferred in PLpro–substrate complexes.

QM/MM-US calculations indicate a preference for the
zwitterionic Cys–His pair

To further explore the preferred ionic state of the Cys111–
His272–Asp286 catalytic triad, quantum mechanics/molecular
mechanics (QM/MM) umbrella sampling (US) calculations
were performed using the Amber18 and Gaussian16 packages

Fig. 2 Predicted bound conformations of linear oligopeptides in complex with PLpro. AutoDock CrankPep (ADCP)36-predicted peptide conformations
when non-covalently bound with PLpro (white surface), with PLpro Cys111 residue (magenta sticks) and the peptide N- and C-terminals labeled. The P1
scissile amide carbonyl carbon is shown as a green sphere. The poses are denoted by ‘‘dX_YY’’, where ‘‘X’’ is the peptide number 1, 2, or 3 for the nsp1/2,
2/3, or 3/4 cleavage sites respectively, and ‘‘YY’’ the ranking out of 100 docked poses.
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(see Methods).41,42 Given that the thermodynamic preference of
the ionic state may be affected by the presence of substrate, as
reported for other cysteine proteases,43,44 both apo PLpro and
PLpro non-covalently complexed with 2 were considered
(Fig. S7–S11, ESI†). In both cases, the results reveal a preference
for the Z-state of Cys111–His272 by 45.0 kcal mol�1 (Fig. S10,
ESI†). Subsequent proton transfer from His272 to Asp286 leads
to a state that is 41.8 kcal mol�1 higher in energy than when
His272 is positively charged and Asp286 is deprotonated
(Fig. S11, ESI†). Hence, the most thermodynamically favorable
state for PLpro in both the apo and substrate-bound cases, at
least with peptide 2 in the d2_01 conformation, involves a
negatively charged Cys111, a positively charged His272, and a
negatively charged Asp286. The thermally accessible activation
barriers of the proton transfer steps, which range between 2.6
and 11.9 kcal mol�1 relative to the Z-state, suggest fast inter-
conversion between N- and Z-states under solution conditions
(Fig. S10 and S11, ESI†). These findings align with reported
QM/MM calculations for the papain-like protease cathepsin B45

and from constant pH MD simulations of apo coronavirus PLpro

enzymes.46 However, they differ from a QM/MM study of SARS-
CoV-2 PLpro complexed with VIR251,47 which suggests that the
N-state is thermodynamically favored over the Z-state. Differ-
ences in the substrate and the inclusion of Asp286 in our QM
region may account for this apparent discrepancy. The prefer-
ence of the catalytic triad for different ionic states likely
depends on the surrounding environment, which is affected
by the conformation of the bound peptide and the interactions

it establishes with the protein residues, especially those invol-
ving nearby peptide P0 residues immediately C-terminal to the
scissile amide. While subsequent discussions primarily focus
on simulations conducted in the more favored Z-state, the
N-state is discussed where necessary, particularly in relation
to the P0 interactions.

Hydrogen bond and dispersion interactions are present both
in the core P5–P10 region and around the peptide N- and
C-termini

To investigate if peptides 1 and 3 can bind stably in the d2_01
conformation of 2, models were constructed (Fig. S12, ESI†)
considering both the Z- and N-states. For each setup, 3� 200 ns
MD simulations were performed (Fig. S13–S15, ESI†). Over the
course of MD simulations, the P5–P10 residues remain stable as
indicated by RMSF trends (Fig. S14 and S15, ESI†). Binding is
conferred by a series of hydrogen bond (HB) interactions
(Fig. 3a; Table S2, ESI†). However, these interactions are more
poorly maintained around P5–P3 for 3 compared to 1 and 2.
Towards the N-terminus, peptide 3 shows higher flexibility than
1 and 2, where residues are held more rigidly by interactions
with PLpro residues located between the thumb and fingers
domains (Fig. S16, ESI†).

Towards the C-terminus of all three peptides, the P0 residues
appear to be more flexible in the Z-state compared to the
N-state. The backbone RMSF increases with distance from the
active site and reaches values 45 Å after P30–P50, except for 2 in
the N-state where the RMSF is 45 Å only at P80 (Fig. S14, ESI†).

Fig. 3 Interactions of PLpro with the oligopeptides 1, 2, and 3. (a) Conserved HBs (occurrence Z25% for at least two peptides) in the P5–P10 region,
observed in 3 � 200 ns MD. (b) Representative structure of N-state PLpro complexed with 2 (cyan; P1 scissile amide carbonyl carbon as a green sphere)
from cluster analysis (peptide backbone RMSD cut-off of 3 Å) highlighting interactions in the P0 region. PLpro residues involved in HBs are shown in lime.
Residues within 4 Å of P0 residues are in gray, except for Cys111 which is in magenta (its sulfur as a yellow sphere). (c) View of representative structures of
the three most populated clusters, from the combined 3 � 200 ns MD of each of the three PLpro–peptide (N state) complexes. The peptide backbone is
shown as thin sticks and the P2 0 residue as thick sticks.
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Clustering analysis was performed in the N-state to visualize
interactions which might confer stability, using a 3 Å RMSD
cut-off on the peptide backbone (Fig. 3b and Fig. S17, ESI†). For
2 in the N-state, the three most populated clusters (27%, 16%,
8%) manifest P0 residues which adopt an extended conforma-
tion adjacent to the PLpro palm domain (Fig. 3c). These clusters
reveal the presence of four significant HBs, including HBs with
Gln250, Thr265, and Gly266, and dispersion interactions with
Trp106, Asn109, Cys111, Leu162, Pro248–Gln250, Tyr264–
Tyr268, Cys270–His272, and Pro299 (Fig. 3b, c and Table S2,
ESI†). Notably, the P20 proline residue in 2 emerges as a crucial
residue for inducing and stabilizing a bend centered at the P10

residue adjacent to the P20 proline (Fig. S18, ESI†). The P20

proline thus influences the overall peptide conformation and
facilitates binding of residues in the P0 region (Fig. 3c and
Fig. S19 and S20, ESI†). Indeed, in 1 and 3, the bend centered at
P10 is not as well preserved, and residues C-terminal of P20

explore wider conformational space in terms of their backbone
f and c dihedrals compared to 2 (Fig. S18–S20, ESI†).

A reverse non-reactive binding pose is possible

Our initial docking studies suggested a possible reverse bind-
ing mode for 3, wherein the P2-Gly is positioned in the PLpro S1
subsite and the P1-Gly is positioned in the S2 subsite (Fig. 2 and
Fig. S3, ESI†). To evaluate this binding pose for 3 and investi-
gate if such a reverse binding conformation is possible for 1
and 2, the d3_07 pose was subjected to initial MD simulations
(Fig. S21 and S22, ESI†). A stable peptide conformation was
obtained from these simulations (Fig. S23–S26, ESI†) and was
used to analogously generate models with 1 and 2 (Fig. S27,
ESI†). Each system was subjected to 3 � 200 ns MD, with
Cys111–His272 in the Z-state.

All of 1–3 bind stably in the reverse mode in the core region
of PLpro as indicated by peptide RMSF values (Fig. S28–S30,
ESI†). Similar to the forward-bound peptides (Fig. 3a), several
HBs are observed between the peptide and PLpro residues,
notably, Gly271 and Gly163 in the S3–S1 subsites (Fig. 4 and
Table S3, ESI†). However, considering the distance between
His272 and the leaving group scissile amide derived nitrogen, it
is unlikely that the amide bond at S1 is in a catalytically
productive position (Fig. S31, ESI†). In the hydrophobic S4
pocket, the original P20 residues (Tyr, Pro, Ile) of 1, 2, and 3,
respectively, are stable according to RMSF analysis (Fig. S30,
ESI†). Outside of the core S4–S1 region, the peptides manifest
high flexibility, except for 3 where the N-terminal residues are
stably bound in the PLpro S0 region. Closer inspection reveals
that the N-terminal residues of 3 are positioned to form well-
maintained HBs and dispersion interactions with PLpro adja-
cent to the PLpro palm domain (Fig. S32 and Table S3, ESI†).
The simulations suggest the possibility of a reverse, non-
productive binding mode for the nsp peptides 1–3. Note,
however, that the biological relevance of this observation for
protein substrates is unclear and 3 does not inhibit the PLpro-
catalyzed hydrolysis of 2.22 Previous studies have shown that
non-productive binding of peptides, including D-enantiomers
of substrates, with protease substrate binding clefts is possible.48

This is perhaps unsurprising given the nature of the interactions
between proteases and their substrates, which often involve multi-
ple hydrogen bonds forming b-sheet type structures. In an in vivo
context, most proteases are likely to encounter several potential
substrates, including themselves; hence further work on under-
standing how selectivity is achieved via non-productive binding, as
we observe with PLpro, is of interest.

Dynamics of the loop around Tyr268 distinguishes apo and
substrate-bound PLpro

The dynamics of the PLpro loop around Tyr268 (Gly266–Gly271),
also known as the blocking loop 2 (BL2) and which is reported
to regulate active site access,12,21,23,46,49,50 was analyzed for the
apo and PLpro complexes with forward- and reverse-bound
peptides in each set of combined 3 � 200 ns MD. This analysis
considers the observed proximity and interactions of BL2
residues with forward-bound peptide P0 residues (Fig. 3b) and
reverse-bound peptide P residues (Fig. S32, ESI†). The opening
and closing states of BL2 were quantified using the backbone
RMSF values of BL2 residues and the Pro248–Tyr268 Ca–Ca
distance (Fig. 5a).

Backbone RMSF analysis indicates that BL2 is more flexible
in the apo state compared to the peptide-bound state (Fig. S33–
S34, ESI†). In the apo PLpro, the RMSF of the most flexible
residue in BL2, Tyr268, is 2.5 � 0.1 Å, whereas in the substrate

Fig. 4 Possibility of reverse binding conformations for the oligopeptides
1, 2, and 3. Occurrence of conserved HBs during 3 � 200 ns MD of PLpro

complexed with the three nsp oligopeptides 1, 2, and 3 in the reverse
binding conformations. The HBs are numbered according to the equiva-
lent peptide position in Fig. 3a, with additional HBs carrying the ‘‘a’’
superscript.
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peptide 2-bound PLpro it is 0.98 � 0.03 Å (Fig. S35, ESI†). For the
apo system, multiple BL2 opening and closing events were
observed to occur, an observation which may be related to
substrate capture processes (Fig. 5 and Fig. S36, ESI†).

In the forward-bound peptide–PLpro complexes, BL2 becomes
more rigid compared to the apo-form, although BL2 opening still
occurred when bound to peptide 3, and to a lesser extent when
bound to peptide 1 (Fig. 5b and Fig. S36, ESI†). Such opening
events with 1 or 3 bound may reflect the tendency of PLpro to revert
to its apo form, indicating binding instability and a propensity
towards peptide dissociation. By contrast, complexation with pep-
tide 2 results in a rigidly closed BL2 throughout the simulations,
possibly as a result of the stronger interactions between the P0

residues of 2 and PLpro residues close to BL2 (Fig. 3b).
The reverse-bound complexes show the opposite trend to the

forward-bound complexes (Fig. 5c and Fig. S34–S36, ESI†). BL2
remains rigidly closed over the course of MD with peptides 1 and
3, but opens multiple times with 2. Previous studies have reported
that ligand occupation at the S4 and S3 subsites induces BL2
closure.20,23,24,49 However, here both 1 and 2 have a P10 Ala residue
which binds in S3, and yet BL2 is more flexible when bound with 2
than with 1. The difference in BL2 flexibility probably arises from
the different residues binding in the S4 pocket. In 1 and 3, the S4
pocket is occupied by the hydrophobic sidechains of P20 Tyr and
Ile respectively, whereas it remains mostly vacant in 2 where the
P20 Pro lacks an extended hydrophobic sidechain (Fig. S37, ESI†).

The combined evidence from our modeling studies suggests
that the more efficient reaction of PLpro with peptide 2 com-
pared to peptides 1 or 3 can be attributed to the presence of a
Pro residue at the P20 position. This results in a bound pre-
reaction complex conformation where the P0 residues favorably
interact with PLpro and promote the closure of BL2, thus
reducing the probability of peptide dissociation. Additionally,
compared to 1 or 3, peptide 2 shows a greater preference for the
productive forward binding mode relative to the competing
non-productive reverse binding mode.

A proline residue at the substrate P20 position enhances PLpro-
catalyzed hydrolysis of peptides based on the viral polyprotein

We next investigated the proposed role of the P20 proline
residue of the nsp2/3 (2) oligopeptide for SARS-CoV-2 PLpro

catalysis. Using solid phase peptide synthesis (SPPS), we
synthesized nsp1/2 (1)- and nsp3/4 (3)-based peptides where
the wildtype (wt) P20 residue of the Wuhan-Hu-1 strain of SARS-
CoV-251 was substituted for a proline, as in the wt nsp2/3
peptide sequence (2), i.e. the nsp1/2(Y182P) (4) and nsp3/
4(I2765P) (5) variant peptides (Fig. 6a).

The nsp1/2(Y182P) (4) and nsp3/4(I2765P) (5) variant pep-
tides were incubated with isolated recombinant SARS-CoV-2
PLpro under reported conditions (50 mM Tris, pH 8.0, 20 1C)22

and peptide hydrolysis was monitored by SPE-MS. The results
reveal that PLpro-catalyzed hydrolysis of 4 and 5 is substantially
more efficient compared to wt nsp1/2 and nsp3/4 peptides 1
and 3, respectively, which were used as controls. PLpro catalyzed
the hydrolysis of 4, albeit at low levels, whereas it did not
catalyze the hydrolysis of the wt nsp1/2 peptide (1) under the
tested conditions (Fig. 6b). The PLpro-catalyzed hydrolysis of 5
was B10-fold more efficient than that of wt 3 (Fig. 6c). Note that
the ion counts of the N-terminal product peptides were used for
comparison of the hydrolysis efficiencies of the wt and variant
peptides.

To investigate whether residues C-terminal to the LXGG
motif of the nsp2/3 peptide, other than the P20 proline residue,
contribute to enhanced PLpro catalysis, chimeric oligopeptides
of nsp1/2 (1) and nsp3/4 (3) containing the entire fragment
C-terminal to the LXGG motif of the nsp2/3 peptide (2) were
synthesized, i.e. the nsp1/3 (V169–G180/A819–D827) (6) and
nsp3/3 (V2753–G2763/A819–D827) (7) hybrid peptides (Fig. 6a).
These chimeric peptides were incubated with isolated recombi-
nant SARS-CoV-2 PLpro and hydrolysis was monitored using SPE-
MS.22 The results revealed that the efficiency of the PLpro-catalyzed
hydrolysis of the hybrid peptides 6 and 7 was similar, within
experimental error, to those of the nsp1/2(Y182P) and nsp3/
4(I2765P) variant peptides 4 and 5, respectively, indicating that
residues at the P0 positions other than the P20 proline did not
have pronounced effects on PLpro catalysis, within the context
of the tested peptides (Fig. 6b and c).

Reactions with the nsp1/3 and nsp3/3 hybrid peptides 6 and
7 were performed in the presence of the reported N-terminal
acetylated C-terminal hydrolysis product peptide of the wt
nsp2/3 peptide (2),22 which was used as an internal standard
to quantify peptide hydrolysis. By comparing the PLpro-

Fig. 5 Dynamics of the Tyr268-containing loop PLpro BL2. (a) Views of MD-observed structures of apo PLpro when BL2 is closed (light blue) and open
(light orange), which can be quantified by the Pro248–Tyr268 Ca–Ca distance (blue and red dotted lines respectively). The distribution of this distance
over combined 3 � 200 ns MD is plotted for PLpro in the apo state and (b) when complexed with the nsp peptides in the forward binding mode, and
(c) when complexed with the nsp peptides in the reverse binding mode.
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catalyzed hydrolysis of the wt nsp2/3 peptide (2) with peptides
6 and 7, it became evident that 2 was a substantially more
efficient substrate of PLpro than either 6 or 7, as well as, by
implication, than the nsp1/2(Y182P) and nsp3/4(I2765P) variant
peptides 4 and 5. The PLpro-catalyzed hydrolysis of 2 was
B2-fold more efficient than that of 7, while the hydrolysis
levels of 6 were marginal (Fig. 6d). This observation suggests that
substrate residues which bind to the S subsites are, in general,
more important for efficient PLpro catalysis than those binding to
the S0 subsites, in accord with previous studies on SARS-CoV and
SARS-CoV-2 PLpro, which have shown a preference for lysine over
asparagine residues at the P3 position,13,31,32,52 as well as with
other cysteine proteases, such as SARS-CoV-2 Mpro.40 Note that the
low absolute levels of hydrolysis of the wt nsp2/3 peptide (2) may
be a result of performing SPE-MS assays at 20 1C rather than at
37 1C and, potentially, of using relatively short oligopeptides
instead of fully folded polyproteins as substrates, which are likely
unable to bind to PLpro at allosteric positions; substrate binding to
pockets distal to the PLpro active site has been reported to be
essential for efficient catalysis.53

The primary sequence of LXGG-motif containing human
proteins affects their ability to be substrates of SARS-CoV-2
PLpro

Human proteins containing an LXGG motif in their sequence
have been identified as (potential) substrates of SARS-CoV-2
PLpro. This conclusion is based on in vitro and cell-based
studies,15 including with interferon regulatory factor 3 (IRF3),1

protein S (PROS1),16 and serine/threonine-protein kinase ULK1.17

To investigate these potential substrates further, we synthesized
SPE-MS compatible peptides based on the sequences of IRF3 (8),
PROS1 (9), ULK1 (10), and the ubiquitin-like modifier-activating
enzyme ATG7 (ATG7, 11). ATG7 was also investigated as a potential
human PLpro substrate, because, like ULK1, it is involved in
autophagy induction and bears a LGGG motif; in addition, it has
a Pro residue at the P20 corresponding position.54,55

The peptides were incubated with isolated recombinant
SARS-CoV-2 PLpro under standard conditions (50 mM Tris, pH
8.0), though at 37 1C, because of the low levels of PLpro

catalyzed hydrolysis initially observed at 20 1C. Analysis of the
peptide mixtures after 12 h of incubation with PLpro revealed

Fig. 6 A proline at the substrate P20 position enhances PLpro catalysis. (a) Sequences of the employed SARS-CoV-2 polyprotein-derived oligopeptides
used; (b) ion counts of the N-terminal hydrolysis product peptides of wt nsp1/2 (1; blue circles), nsp1/2(Y182P) (4; green triangles), and nsp1/3 (6; red
boxes) incubated with SARS-CoV-2 PLpro; (c) ion counts of the N-terminal hydrolysis product peptides of wt nsp3/4 (3; lavender circles), nsp3/4(I2765P)
(5; ochre triangles), and nsp3/3 (7; orange boxes) incubated with SARS-CoV-2 PLpro; (d) conversion of the PLpro-catalyzed hydrolysis of wt nsp2/3 (2; light
green circles), nsp1/3 (6; red diamonds), and nsp3/3 (7; orange inverse triangles), determined using the reported N-terminal acetylated C-terminal
hydrolysis product peptide of 222 as an internal standard (0.2 mM). Reactions were performed using peptide (2.0 mM) and SARS-CoV-2 PLpro (0.2 mM) in
buffer (50 mM Tris, pH 8.0, 20 1C) and analyzed using SPE-MS under reported conditions.22 Results are means of three independent runs (n = 3; mean �
standard deviation, SD).
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that PLpro catalyzes hydrolysis of PROS1 (9) and ULK1 (10) more
efficiently than IRF3 (8). However, PLpro did not catalyze the
hydrolysis of ATG7 (11) under the tested conditions (Table 1).
PLpro-catalyzed hydrolysis of PROS1 (9) and ULK1 (10) was,
however, substantially less efficient than for nsp2/3 (2) (Table 1,
entry ii), though was more efficient than for nsp1/2 (1) and
nsp3/4 (3). This suggests that PLpro may catalyze the hydrolysis
of certain human proteins more efficiently than of, at least
some, of its natural viral substrates. Note that conversions were
estimated by comparing starting material depletion with no-
enzyme controls; the identity of the N- and C-terminal product
peptides was confirmed by MS.

Interestingly, the results show that a proline residue at the
substrate P20 position does not necessarily result in improved
PLpro catalysis. For example, the ULK1-derived peptide 10,
which has a P20 proline residue, shows B23% hydrolysis after
12 h, whereas hydrolysis products were not observed for ATG7
peptide (11), which also contains a proline residue at P20

(Table 1, entries vi and vii). By contrast, the PLpro-catalyzed
hydrolysis of PROS1 (9) proceeded with similar efficiency as
that of ULK1 (10), i.e. B27% hydrolysis after 12 h, though it
does not bear a proline residue at P20 (Table 1, entry v). These
combined results suggest that factors other than the presence
of an LXGG motif and a proline residue at P20 determine the
efficiency of PLpro catalysis, potentially including the protein/
peptide fold. In addition, other, yet unidentified, interactions
of primary sequence residues with PLpro which bind near the
active site may be of importance. For instance, it appears that
efficient substrates bear an alcohol-containing side chain at P5
(Ser/Thr).

Predicted binding modes of human protein-derived peptide
substrates to PLpro

To investigate how peptides 8, 9, 10, and 11, derived respec-
tively from IRF3, PROS1, ULK1, and ATG7, may bind to SARS-
CoV-2 PLpro, the same docking procedures used for the nsp
peptides 1–3 were applied, with assessment of the poses
relative to the Ca atoms of the peptidomimetic inhibitor
VIR251 in complex with PLpro as observed by crystallography
(PDB 6WX4)13 (Tables S4 and S5, ESI†). Among these peptides,
only PROS1 (9) returned conformations that passed the filter
(Fig. S38, ESI†). Despite the lack of a P20 Pro, the PROS1 P0

residues are predicted to adopt a similar conformation as
d2_01 for 2. In the PROS1 poses, the hydrophobic sidechains
of P20-Ile, P40-Val, and P60-Leu point towards BL2, while the
hydrophilic P10-Lys, P30-Glu, P50-Gln, and P70-Lys sidechains
point in the opposite direction and/or outwards into solvent.
These interactions in the P0 region with PLpro might contribute
to the formation of a productive pre-reaction complex as
investigated with 2. For ULK1 (10), despite the observation of
efficient hydrolysis and the presence of P20-Pro, none of the
100 predicted conformations passed the filter. Multiple poses
nearly passed the filter, placing the P3–P1 residues in the
corresponding S3–S1 subsites but not the P4-Leu in S4, and
the P0 residues interacting with PLpro underneath BL2 (Table S4
and Fig. S39, ESI†). For IRF3 (8), for which efficient hydrolysis
was not observed, none of the 100 docked conformations
passed the filter. Several of the IRF3 poses were observed to
bind in reverse, with the P10-Leu in S4, P1-Gly in S3, P2-Gly in
S2, and P3-Gly in S1, which might compete with productive
binding (Fig. S40, ESI†). For ATG7 (11), hydrolysis of which was
not detected by SPE-MS, none of the 100 docked conformations
passed the filter. The only poses binding within the S2–S1
channel place the consecutive P60–P80 Ala–Ala–Ala in the
S2–S4 subsites respectively, with the peptide bound in the
reverse direction (Fig. S41, ESI†). Overall, these results suggest
that whilst crystallography-based docking predictions can be
helpful in suggesting possible substrate binding poses, they are
unlikely to predict whether a peptide is hydrolyzed efficiently
by PLpro, which is regulated by a complex mixture of factors,
reflecting the relatively high substrate promiscuity of PLpro,
including its ability to accept both peptide and isopeptide
substrates.

Conclusions

Several studies have provided evidence that PLpro catalysis of
nsp2/3 cleavage is more efficient than that of nsp1/2 or nsp3/4,
indicating that the presence of an LXGG motif alone is insuffi-
cient to predict catalytic efficiency.22,30–32,56 The interaction of
viral proteases with the (human) host proteome is well-
documented,57,58 including for SARS-CoV-2 PLpro, which is
reported to possess deubiquitinase activity and catalyze the
removal of (poly)ubiquitin and ubiquitin-like modifiers bearing

Table 1 Comparison of the SARS-CoV-2 PLpro-catalyzed hydrolysis of LXGG-motif containing peptides derived from the primary sequence of viral and
human proteins as estimated by SPE-MS analysis

Peptide Sequencea Protein %-hydrolysisb

i nsp1/2 (1) VTRELMRELNGG/AYTRYVDN SARS-CoV-2 polyprotein Not detected
ii nsp2/3 (2) VTNNTFTLKGG/APTKVTFGD SARS-CoV-2 polyprotein 490%
iii nsp3/4 (3) VVTTKIALKGG/KIVNNWLK SARS-CoV-2 polyprotein o5%
iv IRF3 (8) VRHVLSCLGGG/LALWRA Interferon regulatory factor 3 (IRF3) o5%
v PROS1 (9) LLIALRGG/KIEVQLKN Protein S (PROS) 27 � 4%
vi ULK1 (10) LARKMSLGGG/RPYTPSPQVG Serine/threonine-protein kinase ULK1 23 � 4%
vii ATG7 (11) FEDCLGGG/KPKALAAAD Ubiquitin-like modifier-activating enzyme ATG7 Not detected

a ‘/’ indicates the predicted site of SARS-CoV-2 PLpro catalyzed hydrolysis; the peptide identity was confirmed by SPE-MS. b Determined using SPE-
MS by analyzing substrate (2.0 mM) depletion after 12 h incubation with SARS-CoV-2 PLpro (0.2 mM) at 37 1C in buffer (50 mM Tris, pH 8.0); product
formation was confirmed by SPE-MS analysis using reported conditions.22 Results are means of two independent runs (n = 2; mean � SD).
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a LXGG motif from post-translationally modified human
proteins.18,21 However, factors that govern the ability of SARS-
CoV-2 PLpro to catalyze peptide bond hydrolysis C-terminal to
LXGG motifs in human proteins are not well understood.

Our combined modeling and experimental results reveal
that the primary sequences of potential substrate proteins apart
from LXGG motifs affect the efficiency of PLpro-catalyzed sub-
strate hydrolysis. Studies on the bound conformations and the
substrate-PLpro dynamics suggest that having a proline at the
P20 position can, at least in some cases, promote catalysis of
isolated recombinant PLpro. This proposal is validated by
residue substitutions and in vitro turnover assays. The results
suggest that the activity enhancement with a proline at the P20

position is likely due to interactions between PLpro and the P0

residues, which are enhanced by the P20 proline induced bend
in peptide fold, and, possibly, unfavorable binding of a proline
in the hydrophobic S4 pocket which may limit unreactive
reverse direction binding modes in the active site. By contrast,
PLpro is known to catalyze the removal of ubiquitin and
ubiquitin-like modifiers such as ISG15 from host proteins,
despite the absence of a P20 proline.18,21 In these cases, where
the isopeptide nitrogen is derived from a lysine sidechain on
the host protein, residues N- or C-terminal to the lysine likely
interact with PLpro in a similar manner to what we have
observed here with the polyprotein P0 residues. Additionally,
it is likely that the branched peptide structure precludes reverse
direction binding.

Our results also suggest that whilst docking predictions can
inform potentially productive binding modes, they do not
confidently predict whether a potential sequence will be effi-
ciently hydrolyzed by PLpro. Studies on the PLpro-catalyzed
hydrolysis of LXGG motif-containing oligopeptides derived
from human proteins, i.e., IRF3, PROS1, ULK1, and ATG7,
suggest that, in addition to the presence of an LXGG motif
and a proline residue at P20, other factors are important in
regulating the efficiency of PLpro catalysis; efficient PLpro-
catalyzed hydrolysis can occur without a P20 proline in the
substrate.

Our results show that, in terms of PLpro activity, peptide
substrates may not faithfully recapitulate the corresponding
protein substrates. Primary sequences that may per se appear
unfavorable for PLpro catalysis, such as those lacking a proline
at P20, can still be efficient substrates provided that e.g. the
protein fold favors binding to PLpro, as is likely the case for the
viral polyprotein nsp1/2 cleavage site. Conversely, primary
sequences that per se appear to favor PLpro catalysis might in
fact not be efficient PLpro substrates in cells. Thus, care needs to
be taken when investigating human proteins for substrate
activity with PLpro; studies aimed at identifying novel human
SARS-CoV-2 PLpro substrates, and by extension substrates of
other viral proteases, should involve work with folded proteins,
ideally combined with proteomic studies of infected cells to
correlate in vitro and in silico results to real biology.

The importance of non-covalent interactions at the P0 substrate
regions in enhancing PLpro proteolytic activity likely extends well
beyond the consensus LXGG motif, as demonstrated with other

cysteine proteases such as hepacivirus NS2–3 proteases.59–63 Such
interactions could be exploited in the design of PLpro inhibitors,
most of which have thus far targeted the S4 and S3 pockets.3

Possibilities include extension of the ester methyl group in
VIR25113 with a proline mimicking group to induce bending and
enhance interactions with PLpro residues in the vicinity of BL2.
To further restrict the conformational freedom of the S0 targeting
segment, a promising avenue is cyclic peptide inhibitors, which, in
the case of Mpro, have demonstrated tight binding while resisting
enzyme-catalyzed hydrolysis.64–66 From a basic enzymology per-
spective, it is of interest to explore whether the different substrate
binding mechanisms used by different proteases reflect their
biological roles, including hydrolysis efficiency and selectivity.
PLpro and Mpro are excellent models to explore this question
given their medicinal interest and apparently different substrate
selectivities.

Methods
Peptide docking

The structure of SARS-CoV-2 PLpro in which the active site
Cys111 was covalently attached to the peptidomimetic inhibitor
VIR251 was taken from the RCSB Protein Data Bank (PDB ID
6WX4, https://www.rcsb.org/structure/6WX4).13 Protein affinity
maps covering the entire protein (center = (�0.785, �19.447,
�32.879); box dimensions (Å) = (65.25, 50.25, 99.75)) were
calculated with AutoGridFR (v. 1.2).67 Starting from an extended
conformation and with the search space covering the entire
protein, each oligopeptide was docked with AutoDock CrankPep
(ADCP; in ADFRsuite v. 1.0),36 with 100 replicas and 3M energy
evaluations per peptide amino acid, and the solutions outputted
following clustering with a native contact cut-off of 0.8. The 100
outputted solutions were then filtered based on a comparison of
the docked P4–P1 residues with VIR251. A solution was deemed to
pass the filter if all four Ca atoms in P4–P1 were within 2 Å of the
corresponding VIR251 Ca atoms. Protein–peptide complexes were
visualized using PyMOL (open source, v. 2.3.0).68

System setup

The PLpro structure (PDB 6WX4)13 was prepared with Reduce
(MolProbity, Duke University),69 with protonation states deter-
mined with H++ (Virginia Tech),70 PROPKA3 (PDB2PQR),71 and
visual inspection. No flips were applied. All Asp/Glu residues
were modeled as deprotonated; all Lys/Arg were protonated;
all Cys residues were neutral and protonated, except the four
Zn-coordinating residues (Cys189, 192, 224, 226), and Cys111
which is discussed below; His assignments are described in
Table S6 (ESI†). For the active site Cys111 and His272 residues,
both the neutral (‘‘N’’; His272 neutral, Ne-protonated) and
zwitterionic (‘‘Z’’) states were considered. Using PyMOL (open
source, v. 2.3.0),68 the protein N-terminal was capped with an
acetyl group (ACE-EVRTI) and the C-terminal was capped with
N-methyl (TTIKP-NME). The resultant charge of the protein,
including Zn2+, was +1. Crystallographic waters were retained.
In the peptides, the N-terminals were uncapped and the
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C-terminals NH2-capped, in accord with experimental conditions.
For the comparative modeling of the nsp peptides, the residues in
the original peptide were modified to match the peptide sequences
of interest using the mutagenesis tool of PyMOL (open source,
v. 2.3.0).68 For each residue, the least sterically clashing backbone-
dependent rotamer was adopted.72

Molecular dynamics (MD) simulations

MD simulations were conducted with GROMACS (versions
2019.2 and 2020.4),37 using the AMBER99SB-ILDN forcefield
for amino acid residues,38 non-bonded parameters for Zn,73

and the TIP3P water model.39 The system was placed in a
rhombic dodecahedral box (1 nm buffer), solvated, neutralized
with sodium/chloride ions, and minimized until maximum
force fell below 1000 kJ mol�1 nm�1. By generating random
velocities at 298.15 K, three replicas per system were initiated,
then equilibrated with non-hydrogen atom restraints for 200 ps
(1 fs step) under NVT conditions at 298.15 K, equilibrated for
200 ps (1 fs step) under NPT conditions at 298.15 K and 1.0 bar,
before a 100 ns or 200 ns (2 fs step) production MD. Tempera-
ture was maintained at 298.15 K with a velocity-rescaling
thermostat with a stochastic term (time constant 0.1 ps; sepa-
rate coupling of protein and non-protein),74 and pressure at
1.0 bar with a Parrinello–Rahman barostat (time constant 2 ps).75,76

Long-range electrostatics was treated with smooth Particle-mesh
Ewald (1 nm cut-off).77,78 van der Waals interactions were
treated with a 1 nm cut off. Analysis of production MD simula-
tions was conducted using GROMACS tools (v 2019.2).37

To obtain representative structures of peptide-bound PLpro,
clustering was performed with a 3 Å RMSD cut-off on the
peptide backbone (when the focus is on peptide fold) or peptide
non-hydrogen atoms (when the focus is on PLpro-peptide inter-
actions, including sidechain interactions) using the gromos
algorithm.79 A hydrogen bond (HB) was assigned if the donor–
acceptor distance was below 3.5 Å and the hydrogen-donor–
acceptor angle was below 301. Peptide secondary structure
assignments were conducted using DSSP (version 2.0.4).80,81

Quantum mechanics/molecular mechanics (QM/MM)
calculations

To investigate the preferred state of the catalytic triad, proton
transfers between Cys111 and His272, and between His272 and
Asp286, were modeled with QM/MM umbrella sampling (US).
For each of the apo or peptide 2-bound PLpro in the N- or
Z-state, one representative structure was extracted from each of
the three MD repeats (200 ns for apo PLpro; initial 100 ns for
peptide 2-bound PLpro; frames analyzed every ns) as the starting
configuration, selecting the frame that had the lowest
RMSD compared to the average PLpro(-peptide) structure in
the simulation while satisfying all of the following distance
criteria: (i) (for N-state) d(C111_HG–H272_ND1) or (for Z-state)
d(C111_SG–H272_HD1) r 2.5 Å; (ii) d(D286_ODX–H272_HE2)
r 2.5 Å (X = 1 or 2); and in the peptide-bound cases,
(iii) d(C111_SG–peptide P1_C) r 3.5 Å. A 6 Å solvation shell
was retained in the structure. Using Amber18,41 each system
was re-solvated with a 10 Å buffer region, neutralized,

minimized, and equilibrated under NVT (10 ps) and NPT
(20 ps) conditions to 298.15 K and 1.0 bar, using the MM
forcefield restraining all protein and peptide atoms.

The QM region includes the sidechains of PLpro Cys111,
His272 and Asp286, and in the case of peptide 2-bound PLpro,
the substrate P2 (atoms C and O), P1 (all atoms), and P10 (atoms
except C and O), with a total of 25 or 44 atoms including link
atoms for apo or peptide 2-bound PLpro, respectively (Fig. S7,
ESI†). The Cys111–His272 proton transfer was sampled (k = 100
kcal mol�1 Å�2) with the reaction coordinate (RC) = d(C111_SG–
H) � d(H272_ND1–H) between �1 (N-state) and 1 (Z-state) Å in
0.1 Å intervals. In each of the 21 windows, 12.5 ps (1 fs step) of
DFTB3/MM-MD was performed under NPT conditions,82 with
the first 2.5 ps discarded as equilibration. Similarly, the His272-
Asp286 proton transfer was sampled with RC = d(H272_NE2–H)
� d(D286_ODX–H) (ODX being the less solvent-exposed carbox-
ylate oxygen) from �1 (doubly protonated His272 and depro-
tonated Asp286) to 1 (neutral His272 and Asp286) Å in 0.1 Å
intervals. In each window a 500 fs (1 fs step) DFT/MM-MD
was performed at the PBE0-D3BJ/6-31G(d) level of theory,83–86

using Amber18/Gaussian16 (A.03).41,42 Free energy profiles
were obtained by the weighted histogram analysis method
(WHAM).87

Protein production

The PLpro domain of the SARS-CoV-2 nsp3 (region E746-T1063)
was produced using E. coli Lemo21(DE3) cells and purified as
reported previously.22

Oligopeptide synthesis

Oligopeptides 4–11 were prepared from the C- to N-termini by
solid phase peptide synthesis (SPPS) using a Liberty Blue
peptide synthesizer (CEM Microwave Technology Ltd), analo-
gous to the reported synthesis of the oligopeptides 1–3.22 Rink
Amide MBHA resin (AGTC Bioproducts Ltd) was employed to
obtain the oligopeptides as C-terminal amides following clea-
vage from the resin and purification by semi-preparative HPLC
(Shimadzu UK Ltd).

Solid phase extraction mass spectrometry (SPE-MS)

SPE-MS assays were performed using a RapidFire RF 365 high-
throughput sampling robot (Agilent) attached to an iFunnel
Agilent 6550 accurate mass quadrupole time-of-flight (Q-TOF)
mass spectrometer operated in the positive ionization mode
equipped with a C4 SPE cartridge, as reported.22 Assay condi-
tions: isolated recombinant SARS-CoV-2 PLpro (0.2 mM), oligo-
peptides 4–11 (2.0 mM), and, if appropriate, the N-terminal
acetylated C-terminal hydrolysis product peptide of the wt
nsp2/3 peptide (2) (0.2 mM)22 in buffer (50 mM Tris, pH 8.0)
at 20 1C or 37 1C.

Data availability

Detailed system setup and analysis of docking, MD, and QM/
MM-US calculations are available in the (ESI†). All PLpro-peptide
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models and MD simulation data (including input and trajectory
files) are openly available on GitHub at: https://github.com/
duartegroup/PLpro_MD.
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P. Fajtová, M. A. Giardini, B. Woodworth, C. Bardine, A. L.
Lourenço, C. S. Craik, A. Poso, L. M. Podust, J. H. McKerrow,
J. L. Siqueira-Neto, A. J. O’Donoghue, E. N. da Silva Júnior and
R. S. Ferreira, J. Chem. Inf. Model., 2022, 62, 6553–6573.

50 Y. M. Báez-Santos, A. M. Mielech, X. Deng, S. Baker and
A. D. Mesecar, J. Virol., 2014, 88, 12511–12527.

51 F. Wu, S. Zhao, B. Yu, Y.-M. Chen, W. Wang, Z.-G. Song,
Y. Hu, Z.-W. Tao, J.-H. Tian, Y.-Y. Pei, M.-L. Yuan, Y.-L.
Zhang, F.-H. Dai, Y. Liu, Q.-M. Wang, J.-J. Zheng, L. Xu,
E. C. Holmes and Y.-Z. Zhang, Nature, 2020, 579, 265–269.

52 M. Drag, J. Mikolajczyk, M. Bekes, F. E. Reyes-Turcu,
J. A. Ellman, K. D. Wilkinson and G. S. Salvesen, Biochem.
J., 2008, 415, 367–375.

53 P. M. Wydorski, J. Osipiuk, B. T. Lanham, C. Tesar, M.
Endres, E. Engle, R. Jedrzejczak, V. Mullapudi,
K. Michalska, K. Fidelis, D. Fushman, A. Joachimiak and
L. A. Joachimiak, Nat. Commun., 2023, 14, 2366.

54 E. Karanasios, E. Stapleton, M. Manifava, T. Kaizuka,
N. Mizushima, S. A. Walker and N. T. Ktistakis, J. Cell Sci.,
2013, 126, 5224–5238.

55 N. C. Gassen, J. Papies, T. Bajaj, J. Emanuel, F. Dethloff,
R. L. Chua, J. Trimpert, N. Heinemann, C. Niemeyer,
F. Weege, K. Hönzke, T. Aschman, D. E. Heinz,
K. Weckmann, T. Ebert, A. Zellner, M. Lennarz, E. Wyler,
S. Schroeder, A. Richter, D. Niemeyer, K. Hoffmann,
T. F. Meyer, F. L. Heppner, V. M. Corman, M. Landthaler,
A. C. Hocke, M. Morkel, N. Osterrieder, C. Conrad, R. Eils,
H. Radbruch, P. Giavalisco, C. Drosten and M. A. Müller,
Nat. Commun., 2021, 12, 3818.

56 C. T. Lim, K. W. Tan, M. Wu, R. Ulferts, L. A. Armstrong,
E. Ozono, L. S. Drury, J. C. Milligan, T. U. Zeisner, J. Zeng,
F. Weissmann, B. Canal, G. Bineva-Todd, M. Howell,
N. O’Reilly, R. Beale, Y. Kulathu, K. Labib and J. F. X.
Diffley, Biochem. J., 2021, 478, 2517–2531.

57 A. E. Gorbalenya and E. J. Snijder, Perspect. Drug Discovery
Des., 1996, 6, 64–86.

58 S. Bakshi, B. Holzer, A. Bridgen, G. McMullan, D. G. Quinn
and M. D. Baron, J. Gen. Virol., 2013, 94, 298–307.

59 K. E. Reed, A. Grakoui and C. M. Rice, J. Virol., 1995, 69,
4127–4136.

60 D. Thibeault, R. Maurice, L. Pilote, D. Lamarre and A. Pause,
J. Biol. Chem., 2001, 276, 46678–46684.

61 V. Schregel, S. Jacobi, F. Penin and N. Tautz, Proc. Natl.
Acad. Sci. U. S. A., 2009, 106, 5342–5347.

62 O. Isken, U. Langerwisch, V. Jirasko, D. Rehders, L. Redecke,
H. Ramanathan, B. D. Lindenbach, R. Bartenschlager and
N. Tautz, PLoS Pathog., 2015, 11, e1004736.

63 C. Boukadida, M. Fritz, B. Blumen, M.-L. Fogeron, F. Penin
and A. Martin, PLoS Pathog., 2018, 14, e1006863.

64 T. Miura, T. R. Malla, C. D. Owen, A. Tumber, L. Brewitz,
M. A. McDonough, E. Salah, N. Terasaka, T. Katoh,
P. Lukacik, C. Strain-Damerell, H. Mikolajek, M. A. Walsh,
A. Kawamura, C. J. Schofield and H. Suga, Nat. Chem., 2023,
15, 998–1005.

65 J. Johansen-Leete, S. Ullrich, S. E. Fry, R. Frkic, M. J.
Bedding, A. Aggarwal, A. S. Ashhurst, K. B. Ekanayake,
M. C. Mahawaththa, V. M. Sasi, S. Luedtke, D. J. Ford,
A. J. O’Donoghue, T. Passioura, M. Larance, G. Otting,
S. Turville, C. J. Jackson, C. Nitsche and R. J. Payne, Chem.
Sci., 2022, 13, 3826–3836.

66 A. G. Kreutzer, M. Krumberger, E. M. Diessner, C. M. T.
Parrocha, M. A. Morris, G. Guaglianone, C. T. Butts and
J. S. Nowick, Eur. J. Med. Chem., 2021, 221, 113530.

67 P. A. Ravindranath, S. Forli, D. S. Goodsell, A. J. Olson and
M. F. Sanner, PLoS Comput. Biol., 2015, 11, e1004586.

68 Schrödinger LLC., The PyMOL Molecular Graphics System,
Version 2.3.0.

69 C. J. Williams, J. J. Headd, N. W. Moriarty, M. G. Prisant,
L. L. Videau, L. N. Deis, V. Verma, D. A. Keedy, B. J. Hintze,
V. B. Chen, S. Jain, S. M. Lewis, W. B. Arendall III,
J. Snoeyink, P. D. Adams, S. C. Lovell, J. S. Richardson and
D. C. Richardson, Protein Sci., 2018, 27, 293–315.

70 R. Anandakrishnan, B. Aguilar and A. V. Onufriev, Nucleic
Acids Res., 2012, 40, W537–W541.

71 M. H. M. Olsson, C. R. Søndergaard, M. Rostkowski and
J. H. Jensen, J. Chem. Theory Comput., 2011, 7, 525–537.

72 R. L. Dunbrack Jr. and F. E. Cohen, Protein Sci., 1997, 6,
1661–1681.

73 S. C. Hoops, K. W. Anderson and K. M. Merz, J. Am. Chem.
Soc., 1991, 113, 8262–8270.

74 G. Bussi, D. Donadio and M. Parrinello, J. Chem. Phys., 2007,
126, 014101.

75 M. Parrinello and A. Rahman, J. Appl. Phys., 1981, 52, 7182–7190.
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