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To establish a procedure for screening compounds that inhibit ligand–receptor binding, we employed 
a multidimensional virtual-system coupled molecular dynamics (mD-VcMD), a generalized ensemble 
method recently developed by our group. In this approach,  each compound is initially placed far from 
the receptor. Both receptor and compound were fully flexible in explicit solvent during sampling. 
The mD-VcMD generated a free-energy landscape of the compound–receptor interactions, in which a 
probability of existence was assigned to each sampled conformation. We examined four compounds 
that bind to the papain-like protease (PLpro) of SARS-CoV-2. The resultant free-energy landscapes 
were funnel-like for all compounds. The probabilities assigned to the free-energy basins correlated 
well with the measured dissociation constants. Furthermore, structural clustering revealed two types 
of binding modes within the free-energy basin. The probabilities assigned to the binding modes 
correlated well with the measured enzyme inhibitory activity. These results suggest that the proposed 
procedure is effective for selecting candidate inhibitors among the examined compounds.
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Since the 1990s, drug discovery research using computers has progressed rapidly. This trend coincides with 
significant improvements in computer performance. Simultaneously, the development of molecular dynamics 
simulations (MD) and the advancement of related application technologies have accelerated dramatically. For 
example, multicanonical MD-based dynamic docking simulations have elucidated the binding mechanism of a 
receptor and a ligand  (i.e., a compound binding to the receptor). Moreover, the calculated binding constants are 
consistent with experimentally measured values1,2.

Progress has advanced rapidly in the development of classical in-silico screening methods by which, after 
various ligands are arranged on the surface of the receptor, the plausibility of these complexes is judged using 
an empirical evaluation function without performing the heavy calculations necessary for MD simulation3. 
Nevertheless, it remains difficult to calculate the multidimensional free-energy landscape in a wide conformational 
space that includes the binding and dissociation states of two flexible molecules in an explicit solvent. Efficient 
calculation and utilization of the free-energy landscape are expected to be useful for elucidating the binding 
process. Classical screening methods are often inadequate when molecules (receptors and/or ligands) are in high 
motion and when the solvent effects on the complex formation are not negligible.

Various enhanced sampling methods have been used widely for such efficient computational sampling4–20. 
In fact, the multi-dimensional virtual-system coupled molecular dynamics (mD-VcMD) method used for the 
present study is one such method7,8,19. As a concrete example, we investigated the free energy landscape of 
complex formation and the most stable complex structure between the membrane protein GPCR and a drug 
molecule: bosentan21. The simulation was initiated from an unbound conformation, with GPCR and bosentan 
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spatially separated. As a result of an extensive structural search, the state with the lowest free energy (the most 
thermodynamically stable state) coincided with the experimentally.

determined complex structure. By analyzing the free energy landscape, we were able to elucidate the binding 
mechanism in the complex formation21. We obtained a similar result from an mD-VcMD simulation of binding 
between globular protein 14-3-3 and its associated intrinsically disordered protein (MLF1)9.

The mD-VcMD method has also been applied for drug discovery. It has been demonstrated by experimentation 
that a compound that inhibits the complex formation of the mammalian SIN3 transcription corepressor isoform 
B (mSin3B) and repressor element 1 silencing transcription factor (REST) suppresses germination22. mD-VcMD 
simulation4 of several compounds binding to mSin3B has reported that a compound that binds firmly to the cleft 
of mSin3B in the simulation has greater inhibitory activity, measured by experimentation, than those of other 
compounds22. This finding suggests that mD-VcMD is applicable to drug discovery.

In addition, the free-energy landscape obtained from the mD-VcMD method is useful not only for finding 
the most stable complex structure, but also for identifying the following quantities: the positions of the most 
stable and metastable complexes (e.g., encounter complexes) in the landscape, the paths of structural changes 
among these stable complexes, and the free-energy barriers among the complexes4,6,9,21. Consequently, the free-
energy landscape provides comprehensive understanding of the complex formation process. When mD-VcMD 
is applied to different compounds, the obtained free-energy landscapes provide differences in complex structure 
formation among the compounds4,6,9,21.

We note that the mD-VcMD method was developed based on statistical mechanics and physical chemistry, 
as explained in Refs. 4, 6, 8, 9, 12, 15, 17, 18, 21, 43, and 44. This method assigns thermodynamic weights 
to all sampled snapshots, enabling the construction of a free energy landscape that includes both bound and 
dissociated states. By sampling diverse conformations, we account for entropic contributions from molecular 
motions and conformational flexibility, as well as enthalpic contributions from inter- and intra-molecular 
interactions. Accurate evaluation of complex stability requires consideration of both states and their statistical 
weights.

The study described herein targets SARS-CoV-2 PLpro, the papain-like protease of SARS-CoV-2 which 
has caused a global pandemic. This protease was discovered next to SARS-CoV-2 3CLpro. For this study, 
SARS-CoV-2 PLpro is designated simply as PLpro. Below is a biological explanation of PLpro. The papain-
like protease, including PLpro, is an essential enzyme of coronaviruses that is required for the processing of 
viral polyproteins to form functional replicase complexes and to enable viral spread. Also, PLpro is involved in 
cleaving proteinaceous post-translational modifications to host proteins as an evasion mechanism against the 
host’s antiviral immune response. PLpro selectively cleaves ubiquitin-like interferon-stimulated gene 15 (ISG15) 
proteins. Crystallographic analysis of PLpro in complex with ISG15 shows unique interaction with the amino-
terminal ubiquitin-like domain of ISG15 with high affinity and specificity. Furthermore, PLpro is involved in the 
cleavage of ISG15 from interferon responsive factor 3 (IRF3) during infection, attenuating the type I interferon 
response. Specifically, inhibition of PLpro with GRL0617 in infected cells suppresses virus-induced cytopathic 
effects, maintains the antiviral interferon pathway, and reduces viral replication23,24. Consequently, targeting 
PLpro is a promising therapeutic strategy that combines the two aspects of suppressing SARS-CoV-2 infection 
and promoting antiviral immunity, enabling more efficient drug discovery.

For drug discovery targeting the proteases 3CLpro and PLpro, experimentation has already been conducted 
with SARS-CoV-2, such as structural analyses of proteases25,26. Moreover, computational studies of proteases, 
including in silico screening using machine learning27, in silico screening using MD28, functional dynamics 
research covering homologous proteins29, inhibitor binding research on pathway dynamics30,31 and in silico 
screening that combines information spectral method ISM and MD calculations32 are being conducted actively. 
Understanding of these important topics is deepening.

In the present study, we selected four complexes of PLpro with compounds from the ligand database designed 
by Shen et al.: GRL0617, XR8-24, XR8-23, and ZN-3-56 (Fig. 1a)33. By applying the mD-VcMD method to 
these compounds binding to PLpro, we went beyond simple screening to elucidate details of the inhibition 
mechanism. Furthermore, we investigated the correlation between the computed stabilities of the compound–
PLpro complexes and the experimentally obtained dissociation constants and IC50 values33. We also applied 
clustering methods of two types34,35 to classify the numerous complex structures obtained from the simulations.

Materials and methods
To study binding of compounds to the receptor PLpro, we conducted the mD-VcMD simulation starting from an 
unbound conformation. Each system consists of PLpro and one of four compounds: GRL0617, XR8-24, XR8-23, 
or ZN-3-56 (Fig. 1a). We respectively designated the systems as PLpro–GRL0617, PLpro–XR8-24, PLpro–XR8-
23, and PLpro–ZN-3-56.

The mD-VcMD simulation is a generalized ensemble method. For it, three variants have been developed 
to date: the original, subzone-based, and GA-guided mD-VcMD methods8. For this study, we used the 
subzone-based mD-VcMD, although we call this variant simply “mD-VcMD”. The mD-VcMD enhances the 
conformational sampling in a space (RC space) constructed by multiple reaction coordinates (RCs), which are 
set in advance. The mD-VcMD simulation generates an ensemble of conformations (i.e., snapshots) in the RC 
space. After the simulation, a statistical weight (i.e., a thermodynamically equilibrated weight at the simulation 
temperature) is assigned to each snapshot stored in the ensemble8. Therefore, this ensemble is regarded as a 
canonical ensemble (i.e., thermodynamically equilibrated ensemble), from which various physical quantities at 
equilibrium are computed.

Below, after first explaining the simulation systems, we introduce two RCs. Therefore, mD-VcMD is “2D”-
VcMD in this study. Third, the mD-VcMD procedure is explained briefly. Fourth, we present a method to 
compute a physical quantity from the resultant ensemble. Subsequently, the principal component analysis (PCA) 
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method is explained, by which the receptor -ligand binding binding affinity is computed. Finally, we present a 
procedure to compute structural clusters from the ensemble.

Molecular systems and initial conformations of the simulation
The simulation systems were generated as explained hereinafter. First, the crystallographic structure of the 
PLpro–GRL0617 complex was taken from PDB (PDB ID: 7CJM; 3.2 Å  resolution)36. Then, we removed 
the compound GRL0617 from the structure. The 111-th amino-acid residue of PLpro in the crystallographic 
structure is serine, whereas it is cysteine in the wild-type PLpro. Therefore, we back-mutated it to cysteine. Acetyl 
and N-methyl groups were put respectively to the N-terminal and C-termini of PLpro.

PLpro was put at the center of a periodic boundary box filled by water molecules: Box size = 100 Å  × 100 
Å  × 100 Å . One can recall that GRL0617 was removed from the crystallographic structure described above. 

Then, we put one of the four compounds (GRL0617, XR8-24, XR8-23, and ZN-3-56) at a position distant from 
the ligand-binding site of PLpro. In this stage, therefore, the system comprises PLpro, one of four compounds, 
and water molecules. When putting PLpro and the compound in the box, water molecules overlapping to PLpro 
or the compound were removed. Furthermore, Na+ and Cl− ions were put randomly in the solvent region. 
Water molecules overlapping the introduced ions were removed. The quantities of ions were set so that the NaCl 
concentration was 150 mM and so that the net charge of the system was neutralized. Table S1 of Supporting 
Information (SI) presents the quantities of constituent atoms of the generated systems. Before initiating the 
mD-VcMD calculations, we examined various box sizes. Larger boxes require longer computation times, and 
if the ligand and receptor are too far apart, informative snapshots cannot be obtained. Notably, two spatially 
distant molecules contribute to the system’s entropy, but such entropic contributions cancel out when comparing 
different systems. Conversely, smaller boxes reduce computation time but fail to capture structures in which the 
ligand and receptor are fully dissociated. To obtain the free-energy landscape of complex formation, it is essential 
to sufficiently incorporate dissociated states into the ensemble. Ultimately, we found that a 100 × 100 × 100 Å box 
allows complete dissociation of the ligand from the receptor in all systems, and thus we adopted this box size.

The conformation of each system generated above was energy-minimized. An NVT simulation (300  K 
temperature) was done to relax the structural frustrations originating from the PDB structure. Then, an NPT 
simulation (1 atm pressure; 300 K temperature) was conducted to relax the box size at the pressure. Table S1 of 
SI presents the resultant box size for each system. The resultant conformations are portrayed in Figure S1 of SI, 
which indicates that the compound and PLpro are mutually separated in solvent for all systems. We used these 
unbound conformations for the initial conformations of the mD-VcMD simulations.

The four systems generated above did not involve a zinc (Zn) ion. By contrast, the crystallographic complex 
structures for PLpro–GRL0617 (PDB ID: 7CJM; Figures S2a of SI) and PLpro–XR8-24 (PDB ID: 7LBS; Figures 
S2b of SI) respectively contain three and one Zn ions. No crystallographic structure is reported for the other two 

Fig. 1.  (a) Chemical structures of four compounds used for mD-VcMD. Broken line circles are “common 
regions” that are common among the four compounds. This region is used for setting the atom group G

(RC2)
B  

to define RC2. (b) Two atom groups G
(RC1)
A  (orange segment) and G

(RC1)
B  (green segment) define RC1; 

G
(RC2)
A  and G

(RC2)
B  define RC2. Table S2 presents the atom groups explicitly. Supplementary Sect. 2 

presents the procedure for setting reaction coordinates RC1 and RC2.
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systems, PLpro–XR8-23 and PLpro–ZN-3-56, in PDB (Aug. 2023). In the structure of 7CJM (Figure S2a) the 
distances from the N2 atom of GRL0617 to the three Zn ions are 22.1 Å , 30.9 Å , and 39.4 Å . Similarly, the 
distance from the N03 atom of XR8-24 to the Zn ion is 30.9 Å  in 7LBS (Figure S2b). Figure S2c of SI presents a 
ligand-free (apo-form) of PLpro (PDB ID: 6XG3), where the Zn ion is also distant from the ligand-binding site 
of PLpro. Furthermore, we searched other crystallographic structures containing PLpro in PDB, which revealed 
that most Zn ions are far from the ligand-binding site, as shown in Supplementary Sect. 1 of SI. Therefore, it is 
likely that the direct effect of Zn ions on the compound-binding is small. For that reason, no Zn ion was involved 
in the systems.

The force field parameters for PLpro, and the ions ( Na+ and Cl−) were obtained respectively from 
AMBER99SB-ILDN37 and the Joung–Cheatham parameters38. The TIP3P potential39 was used for water. Force 
field parameters for the four compounds were modeled by us. First, the atomic partial charges of the compounds 
were calculated quantum-chemically using Gaussian1640 at the HF/6-31G* level, with subsequent RESP fitting41. 
Then, the obtained atomic partial charges were incorporated into a general amber force field 2 (GAFF2)42, which 
was designed to be compatible with conventional AMBER force-fields.

Two RCs introduced to control system motion
The mD-VcMD simulation enhances the conformational sampling in a space constructed by multiple reaction 
coordinates (RCs)8. The RCs are usually set before the simulation. The i-th RC, denoted herein as RCi, was 
defined by the inter-centroid distance between two atom groups introduced into the system: G

(RCi)
A and 

G
(RCi)
B (Supplementary Sect. 2 of SI, Figure S3). As explained earlier, the space constructed by the multiple RCs 

is designated as an RC space. Because we introduced two RCs in this study, the RC space is two-dimensional.
Figure 1b shows RC1 and RC2 for the PLpro–GRL0617 system. RC1 is the inter-centroid distance 

between the atom groups G
(RC1)
A and G

(RC1)
B , both of which are set in PLpro. The atom group G

(RC1)
A  is 

the orange segment in the figure, which is a loop region (residues G266-N267-Y268-Q269-C270-G271). 
Also, G

(RC1)
A  is the green segment, which is a part of a helix (residues V165-R166-E167-T168). The side-chains 

of the segments are eliminated from the definition of the atom groups. Also, G
(RC1)
A and G

(RC1)
B form the cleft 

of the ligand–binding site of PLpro. RC2 is the inter-centroid distance separating G(RC2)
A from G(RC2)

B . Atom 
group G(RC2)

A  is set to the combined region of G(RC1)
A and G(RC1)

B  (i.e., G(RC2)
A = G

(RC1)
A + G

(RC1)
B ). Atom 

groups G
(RC1)
A , G

(RC1)
B , and G

(RC2)
A  are the same for all systems. Atom group G

(RC2)
B  is set to a region of 

the compound GRL0617. One might consider that G(RC2)
B  depends on the system because G(RC2)

B  is set to the 
different compounds. However, the compounds share a common region (Fig. 1a). Then we set G

(RC2)
B  to the 

common region. Consequently, G
(RC2)
B  is the same among the four systems. Table S2 of SI presents details for 

the atom groups. The benefit of using the same atom groups for all systems is that the free-energy landscape can 
be investigated from universal points of view.

Figure 1b shows that RC1 quantifies the cleft width of the ligand-binding site of PLpro and that RC2 
quantifies the distance from the ligand-binding site to the compound. Therefore, RC1 controls opening (or 
closing) of the cleft, and RC2 controls the compound approach to (or departure from) the binding site. We have 
used similar RCs to study ligand-binding to the binding site of a receptor4,6,21,43,44.

During an mD-VcMD simulation, the conformation is confined to the range [RCimin, RCimax] along each 
of the RCi axes, where RCimin and RCimax respectively represent the minimum and maximum boundaries 
for RCi. To ensure that mD-VcMD samples the 2D-RC space widely, we set the 2D-RC range so that the 
conformation can adopt various structures. So that RCi does not protrude from the range, the confinement is 
achieved by application of a restoring force to the conformation12 only when RCi is flying outside the range. 
For the present study, these 2D ranges involve both bound and unbound conformations. Table S3 of SI presents 
the actual values for the ranges. The smallest RCs are set as RCimin = 0.0 Å  ( i = 1 and 2), which is the 
smallest value in principle because a negative distance does not exist in the real space. The value of 25.4890 Å  
for RC1max is sufficiently large to open the binding cleft. The value of 49.2801 for RC2max is also sufficiently 
large to allow the compound to move in the unbound state. We show in Results and Discussion that various 
complex and unbound conformations are sampled during the simulation.

Division of RC axes into small zones and execution of mD-VcMD
With mD-VcMD, each RC axis is divided into small zones, which are set in the range of [RCimin, RCimax]. 
The conformation moves in a zone (intra-zone movement) for a time interval and transitions to another zone 
(inter-zone transition) occasionally, as explained later. The numbers of zones set along the RCi axis are set as 
n

(RCi)
vs : n

(RC1)
vs = 34 and n

(RC2)
vs = 48 (Table S3 of SI). The lower and upper boundaries for the k-th zone 

of the axis RCi are denoted respectively as RCilow (k) and RCiup (k). Their actual values are given in Table 
S4 of SI.

The simulation is assumed to be at time t at present. The conformation at this time is assumed as in the l
-th and m-th zones, respectively, along the RC1 the RC2 axes. In other words, the conformation is in the 
2D zone (l, m) at t. We designated this 2D zone as the “current zone”. In mD-VcMD, the conformation is 
confined in the current zone for a short interval ∆ τ trns where the restoring force12 towards the current 
zone is applied to the system only when the conformation is flying to outside the current zone. Alternatively, 
the conformation moves without the restoring force when it is inside the current zone. At a time-passage of 
∆ τ trns (time = t + ∆ τ trns), the conformation transitions from (l, m) to another zone (l′ , m′ ) using 
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an inter-zone transition probability. The protocol to execute the transition and a method to set the transition 
probability are explained in Supplementary Sect. 3 and Figure S4 of SI. The zone (l′ , m′ ) is one of zones 
surrounding the current zone (l, m) or the current zone itself (self-transition). The current zone is updated 
from (l, m) to (l′ , m′ ). We set ∆ τ trns = 2 ps, which corresponds to 1 × 103 simulation steps in this study 
(simulation time-step = 2 fs).

Repeating this procedure, the conformation moves among many 2D zones during the simulation. However, 
because the RC space [RCimin, RCimax] is too large to be sampled in a single run, the mD-VcMD simulation 
is conducted iteratively. When the J-th iteration has finished, we calculate a probability distribution function 
Q

[J]
cano(l, m). The probability of existence of the system assigned to a 2D RC zone (l, m) is calculated using 

simulation data from the fourth to J-th iterations8. As explained later, we conducted 20 iterations for each 
system in this study. Data from the first to third iterations were discarded to eliminate an error resulted from a 
structural distortion in the initial conformation of simulation, although we presume that such error was small in 
this study because the simulation starts from the unbound conformation (Figure S1).

When convergence of Q
[J]
cano has been realized in the 2D-RC space, Q

[J]
cano(l, m) is regarded as the system’s 

canonical distribution (i.e., a thermally equilibrated distribution at the 300 K simulation temperature). Then, 
we simply denote Q

[J]
cano(l, m) as Qcano(l, m) and assign a thermodynamic weight at T  to each snapshot8. 

The convergence check is explained in Supplementary Sect. 4. If the convergence has not yet been obtained in 
iteration J , then the inter-zone transition probability is calculated; also, iteration J + 1 is started.

To increase the sampling efficiency further, we conducted Nrun (= 1,000) runs of the mD-VcMD simulation 
in parallel in each iteration, where the runs started from different conformations. Conformations from the Nrun 
runs construct a canonical ensemble, in theory20,45. If assuming that the length of each run is ∆ τ run, and that 
the runs are initiated from various conformations, then the Nrun trajectories cover a conformational space 
more widely than a long single run of length Nrun × ∆ τ run does20. Exceptionally, the Nrun runs for the 
first iteration start from the single conformation (Figure S1). Then, the sampled region increases with progress 
of the simulation to the second and third iterations. The Nrun initial conformations for the fourth iteration are 
the last conformations of the third iteration. When the J-th iteration has finished ( J ≥ 4), we have snapshots 
sampled from the fourth to J-th iterations. Then, the Nrun initial conformations for the (J + 1)-th iteration 
are selected from those snapshots so that they are distributed as evenly as possible in the 2D-RC space.

We set the simulation length ∆ τ run of each of the Nrun runs to 2.0 ns ( 1 × 106 steps) for each of the four 
systems. Consequently, the total length for an iteration was 2.0 µ s ( 2.0 ns × 1,000 runs). As we described 
above, after doing 20 iterations, we used the trajectories from the fourth to the twentieth iterations for analyses, 
for which the simulation length was 2.0 ns × 1,000 × 17 iterations = 34.0 µ s. We saved a snapshot 
at every 5 × 104 steps ( 0.1 ns) in each run. The number of snapshots saved for the analyses was therefore 
3.4 × 105 (= 34 µ s / 0.1 ns) for each system. The integrated trajectories produce a canonical ensemble when 

the Nrun simulations have been performed repeatedly, starting from different initial conformations. These 
Nrun runs are executed in parallel20,45. Therefore, the total trajectory length does not represent a continuous 
34.0 µs simulation, but rather an ensemble-based sampling approach20,45.

The mD-VcMD algorithm was first implemented to an MD simulation program omegagene/myPresto19 and 
next to GROMACS46 with the PLUMED plug-in47.  The present simulation was done using the GROMACS 
version. The simulation conditions were the following: LINCS48 to constrain the covalent-bond lengths related 
to hydrogen atoms, the Nosé–Hoover thermostat49,50 to control the simulation temperature, and the zero-dipole 
summation method51,52 to compute the long-range electrostatic interactions. No structural restraint was applied 
to the system: All molecules were flexible in the simulation except for the hydrogen-related covalent bonds 
constrained by LINCS, as explained above. We set the time-step of simulation to 2 fs ( ∆ t = 2 fs) and the 
simulation temperature to 300 K. All simulations were conducted using the TSUBAME4.0 supercomputer at 
the Institute of Science Tokyo using GP-GPU. Other analyses were done at Ritsumeikan University and the 
Research Center for Computational Science, Okazaki, Japan. The force field parameters used for the present 
study were explained earlier herein.

One might infer that confinement of the system’s motions in a zone for an interval of ∆ τ trns might affect 
the resultant conformational ensemble. This criticism is valid for a conventional MD simulation that uses an 
artificial potential. For mD-VcMD, however, the bias effect is removed completely from the resultant ensemble 
by a reweighting technique8,21. The resultant thermodynamic weight assigned to a snapshot is a quantity without 
the conformational confinement in zones. In fact, mD-VcMD differs from umbrella sampling53,  whereas the 
conformation is confined in a 2D-RC zone for the short time interval ∆ τ trns, as explained in our previous 
study44.

Some physical quantities to study binding mechanisms
One can calculate the thermodynamic average (expected value) of a physical quantity Ω  at the simulation 
temperature T  ( 300 K) using the canonical ensemble of snapshots:

	
< Ω >=

∑ Nsnp

i=1 wiΩ i∑ Nsnp

i=1 wi

,� (1)

where wi denotes the statistical weight (thermodynamic weight) assigned to snapshot i, Ω i represents the value 
of Ω  for the snapshot, and Nsnp (= 3.4 × 105) stands for the number of snapshots stored in the ensemble of a 
single system. Here, Ω  can be either a scalar or vector. If one aims to restrict the ensemble so that the snapshots 
satisfy a condition, then Eq. 1 is redefined as
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< Ω >=

∑ Nsnp

i=1 wiΩ i × Di∑ Nsnp

i=1 wi × Di

,� (2)

where

	
Di =

{ 1 (if snapshot i satisfies the condition)
0 (else) � (3)

The role of Di is simple: If a snapshot does not satisfy the condition, then the snapshot is eliminated from the 
analysis. The standard deviation of Ω  is defined as

	
SDΩ =

[∑ Nsnp

i=1 wiΩ i
2 × Di∑ Nsnp

i=1 wi × Di

− < Ω >2

]1/2

.� (4)

Principal component analysis (PCA)
Because a molecular conformation is specified by many atomic coordinates, the snapshot conformation is 
represented by a point in a high-dimensional space, and many snapshots obtained from a simulation distribute 
in the high-dimensional space. PCA has been used to visualize the distribution by projecting the points to a low- 
dimensional space54–57. We applied PCA to the ensembles of the snapshots according to our earlier study57, the 
methodological details of which are explained in Supplementary Sect. 5. Below we briefly present an outline of 
the PCA done for this study.

The variance–covariance matrix A is calculated from atom-pair distances between the whole Cα atoms of 
PLpro (316 Cα atoms) and the heavy atoms (eight atoms) in a core region of the compound (Figure S5 of SI). The 
element Ai,j  of A is defined in Equation S7 of SI. Adoption of all Cα atoms is done to detect contacts between 
the compound and the entire surface of PLpro. Alternatively, selection of only the core region is done to compare 
the PCA results among the four systems from the same perspective: the atoms taken for PCA are the same when 
the core region is used. The core region is a ring part of the common region of the compounds (Fig. 1a). Both the 
crystallographic structures for the PLpro–GRL0617 complex (PDB ID: 7CJM) and the PLpro–XR8-24 complex 
(PDB ID: 7LBS) demonstrate that this ring binds to the binding site of PLpro firmly with the same orientation. 
This point is explained further in the last paragraph of Supplementary Sect. 5.

We denote two eigenvectors with the largest and second largest eigenvalues respectively as P C1 and P C2. 
The contribution ratios CR1 and CR2 (Equation S11) to the standard deviation of the entire distribution were 
CR1 = 0.647and CR2 = 0.190 and CR (1; 2) = 0.837 (Equation S12). This large CR (1; 2) indicates 
that the 2D-PC space constructed by P C1 and P C2 is a conformational space that can capture important 
structural features of the system’s distribution. Then, we computed a distribution function ρ (P C1, P C2) for 
each system in the 2D-PC space. Because ρ (P C1, P C2) is computed from the ensemble at 300 K, this function 
is the thermally equilibrated distribution at 300 K. A free-energy landscape (potential of mean force) at 300 K 
in 2D-PC space is defined as

	 P MF (P C1, P C2) = −RT ln [ρ ( P C1, P C2 )] ,� (5)

where R stands for the gas constant, and where the unit of P MF  is kilocalories per mole. Because we intend 
to compare P MF  with an equal weight among the four systems, ρ (P C1, P C2) is normalized for each system 
as 
˜

ρ (P C1, P C2)dP C1 × dP C2 = 1.0.

Clustering of complex conformations
PCA is a convenient method to view the conformational distribution (the free-energy landscape; 
P MF (P C1, P C2)) and to identify a region occupied by thermodynamically stable conformations (i.e., 
the region with a low P MF ) in the conformational space. However, it does not mean that PCA can pick 
the compound’s conformations which have a particular structural feature merely by viewing the free-energy 
landscape. Therefore, structural clustering is important to classify the sampled conformations and to assign a 
binding mode to each of the resultant clusters.

Then, to elucidate the structural features of the sampled conformations in the entire conformational 
ensemble, we used the t-distributed stochastic neighbor embedding (t-SNE) method34 and the density-based 
spatial clustering of applications with noise (DBSCAN) method35 sequentially. We explain those procedures 
below.

A quantity that characterizes the compound–receptor complex structure is the pattern of atomic contacts 
between the two molecules. Then we quantified the heavy-atomic contacts between PLpro and the core region of 
each compound. As described earlier, the core region was also used for PCA. Discarding of the non-core region 
is done to eliminate unimportant inter-molecular contacts from the analysis. As discussed in the preceding 
subsection, the crystallographic structures for the PLpro–GRL0617 and the PLpro–XR8-24 complexes 
demonstrate that the core region binds firmly to the ligand-binding site of PLpro with the same orientation.

We represented the atomic distance between the i-th C α  atom of PLpro and the j-th heavy-atom of the 
compound’s core region of snapshot k as l

(k)
i,j , where the ordering of i and j is arbitrary. Then, we digitized 

l
(k)
i,j  as
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c

(k)
i,j =

{
1 (if l

(k)
i,j ≤ l

(cnt)
lim )

0 (if l
(k)
i,j > l

(cnt)
lim )

� (6)

where l
(cnt)
lim  is a contact-limit parameter. Atoms i and j are contacting when c

(k)
i,j = 1. Also, l

(cnt)
lim  is set as 

8 Å  for this study. To define the contact between two heavy atoms more rigorously, the criteria l
(cnt)
lim = 7 Å  

might be better than 8 Å : Assuming that the radius of a heavy atom and the diameter of a water molecule are, 
respectively, approximately 2 Å  and 3 Å , the water molecule only slightly passes through the space between 
two heavy atoms when the distance between the two heavy atoms is 7 Å  (= 2 Å + 2 Å + 3 Å ). However, to 
conserve computer memory resources, we used only a Cα  atom as a representative atom for each amino-acid 
residue. Therefore, we increased l

(cnt)
lim  from 7 Å  to 8 Å  in this study.

PLpro and the core region of a compound respectively contain 316 residues and 8 heavy atoms. Therefore, a 
set of the intermolecular contacts for the k-th snapshot is expressed as a vector of 2,528 (= 316 × 8) elements:

	
ck =

(
c

(k)
1,1 , . . . , c

(k)
316,1, c

(k)
1,2 , . . . , c

(k)
316,8

)
.� (7)

One can imagine that the Nsnp snapshots {c1, . . . , cNsnp } for each system are distributed in the 2,528
-dimensional space, where ck  denotes the position of the k-th snapshot in the space. As stated earlier, Nsnp 
is the number of snapshots saved for each system. We designate this space as a “contact space”. Because all Cα  
atoms of PLpro are involved in Eq. 7, not only the intermolecular native contacts but also non-native ones are 
counted in this equation. Next, we reduced the dimensionality of the contact space from 2,528 to 2 using 
t-SNE. Accordingly, the Nsnp data points were translated as

	 {c1, . . . , cNsnp } → {c
(2D)
1 , . . . , c

(2D)
Nsnp

},� (8)

where c
(2D)
k  represents the position of the k-th snapshot in the 2D contact space. Clustering of the 2D data 

points was done using DBSCAN.
We denote the m-th cluster for the system α  ( α = PLpro–GRL0617, PLpro–XR8-24, PLpro–XR8-23 or 

PLpro–ZN-3-56) as Cls
(α )
m . Then, the probability assigned to Cls

(α )
m  for each system is computed as

	
P

Cls
(α )
m

=
∑

Nsnp

i=1 wi × D

(
Cls

(α )
m

)
i

� (9)

where D

(
Cls

(α )
m

)
i  is a specific case of Di (Eq. 3) defined as

	
D

(
Cls

(α )
m

)
i =

{
1

(
if snapshot i of system α is in Cls

(α )
m

)

0 (else)
� (10)

Results and discussion
Conformational distribution in the 2D-RC space
We performed 20 iterations of the mD-VcMD simulation for each of the four systems starting from the 
unbound conformations (Figure S1). Figure 2 presents the probability distribution Qcano(l, m) computed from 
iterations 4–20 with discarding of iterations 1–3 as explained in the Materials and Methods section. Apparently, 
a small- RC2 region was characterized by a large probability for all systems, which means that the compound 
binding to the ligand-binding site of PLpro was more stable than those in the other regions. The eight sites of 
c1, . . . , c8 are marked in Fig. 2. Later, the conformations at these eight sites are shown. First, however, we assess 
the simulation data quality.

Convergence of simulation data was checked using the correlation coefficient C
[J,20]
cor  of the potential of 

mean force FJ (l, m) (Equation S5) between the J-th and 20-th iterations (Equation S6.1 of SI). Figure S6 of SI 
demonstrates that FJ (l, m) approached F20 (l, m) quickly in an iteration range of 1 ≤ J ≤ 10 and slowly in 
11 < J ≥ 16. Finally, the coefficient almost reached a plateau for J ≥ 17 in all systems. Therefore, we judged 

that the simulation provided an equilibrated ensemble approximately. As described in Materials and Methods, 
we discarded iterations 1–3 from the analyses. Figure S6 shows that the correlation coefficient increased quickly 
in the three iterations. Therefore, the Nrun (= 1,000) trajectories spread quickly from the single conformation 
(Figure S1) in the 2D-RC space during the three iterations.

Although the convergence was obtained well in the iterations, Fig. 2 depicts that the data scattering along 
the RC1 direction (i.e., the degree of the binding-site cleft opening) differs among the systems. To check 
this difference of distribution quantitatively, we calculated the fluctuation of RC1 (i.e., SDRC1) at various 
values of RC2. Details for SDRC1 are presented in Supplementary Sect. 6 of SI. Figure S7 of SI shows that 
SDRC1 values were similar among the four systems in the large RC2 range. In fact, snapshots with a very 
small thermodynamic weight wi contribute less to SDRC1 (Equation S13). Figure 2 is depicted with a log scale 
of Qcano.

As explained earlier, RC1 was introduced to enhance the motion of the binding-site cleft of PLpro (Fig. 1b). 
In fact, Figure S7 shows that RC1 moved greatly. By contrast, Figure S7 shows that SDRC1 in a small- RC2 
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range has some variety, which is natural because direct interaction between PLpro and the component differs 
among the systems when the compound and PLpro mutually contact (i.e., when RC1 is small).

Figure 3 displays the conformations of PLpro–GRL0617 picked from the sites c1, . . . , c8 marked in Fig. 2a. 
The conformations c1 and c2, which are from the lowest free-energy region of the PLpro–GRL0617 system, were 
complex structures (Fig. 3 c1 and c2), where GRL0617 bound to the ligand-binding site of PLpro. Conformations 
c3 and c4 were those for which the compound bound to a surface of PLpro deviating from the ligand-binding 
site (Fig. 3 c3 and c4). Conformations c5 and c6 showed that the compound contacted to various surfaces of 
PLpro (Fig. 3 c5 is an example of the compound binding to PLpro) or that it was rarely dissociated from PLpro as 
in Fig. 3 c6. Conformations in a large-RC2 region ( c7 and c8 in Fig. 2a) were unbound conformations (Fig. 3 c7 
and c8). This positioning of the compound in the large-RC2 region is natural because the upper bound of 
RC2 ( RC2max = 49.2801 Å ; Table S3) was set so that the compound could move freely without touching 
PLpro. A similar situation was found in the other systems, as shown in Figures S8–10 of SI.

It is noteworthy that Fig.  2 depicts a high free energy (i.e., a low probability) assigned to unbound 
conformations or non-native complex structures. Therefore, we infer that the free-energy landscape of the four 
systems is funnel-like in 2D-RC space.

PCA
PCA was applied to the resultant conformational ensemble of the four systems, for which details are given in 
Supplementary Sect. 5 of SI. Figure 4 presents P MF (P C1, P C2) at 300 K in the 2D-PC space (Eq. 5). The 
spatial patterns of P MF  were similar among the four systems: a deep free-energy basin existed at nearly the 
same position in the space; P MF  increased with departure from the basin. In other words, the free-energy 
landscape is funnel like. As explained in Materials And Methods, the contribution CR (1; 2) from P C1 and 
P C2 (Equation S12) to the entire conformational variety was large: CR (1; 2) = 0.837. Therefore, this funnel-
like feature is likely to be the main feature in the full-dimensional space.

Figure 5 portrays conformations of the four systems picked randomly from the free-energy basin (i.e., region 
of P MF (P C1, P C2) ≤ 1.0 kcal/mol) of Fig. 4. All the conformations were complex structures in that the 
compound bound to the ligand-binding site of PLpro, whereas the conformation of the compound showed some 
variation in the binding site. Because these conformations were characterized by the low P MF  value, it is likely 
that they are related to the dissociation constant Kd.

However, the existence of a low P MF  region does not necessarily mean that the complex is thermodynamically 
stable. If the low P MF  region is narrow in the PC space, then the complex might be unstable. Therefore, we 
computed the probability assigned to the low P MF  region as

Fig. 2.  Spatial patterns of the distribution Qcano(l, m) for (a) PLpro–GRL0617, (b) PLpro–XR8-24, (c) 
PLpro–XR8-23, and (d) PLpro–ZN-3-56. The X-axis represents zone index l for RC1. The Y-axis shows the 
zone index m for RC2. The main values of panel (a) are zone indices l and m. Values in parentheses RC1 
and RC2 respectively correspond to l and m. Correspondence between zone index k ( k = l or m) and 
RCi ( i = 1 or 2) is given as RCi = [RCilow (k) + RCiup (k)] /2. The RC values for the other panels are 
omitted. Table S4 of SI presents the values of RCilow (k) and RCiup (k). The value of log10 [Qcano] at 2D 
zone (l, m) is shown by the color scale.
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QP C (ϵ ) =

¨

P MF ≤ ϵ

ρ (P C1, P C2)dP C1 × dP C2� (11)

Therein, ϵ  is a threshold specifying the low P MF  region. We examined not only 1.0 kcal/mol but also 
0.3 kcal/mol and 0.5 kcal/mol for ϵ .

Table 1 presents QP C (ϵ ) of the four systems together with their dissociation constants Kd. The dissociation 
constant Kd was reported from a study conducted by experimentation33. Table 2 presents the correlation 
coefficient between QP C (ϵ ) and Kd at each value of ϵ . It is particularly interesting that the correlation 
coefficient increased concomitantly with increasing ϵ  and that the strongest correlation was − 0.93 from 
ϵ = 1.0 kcal/mol. In general, the structural variety of the compound in the complex increases concomitantly 
with increasing ϵ . Consequently, the conformations with ϵ = 1.0 kcal/mol have the greatest structural 
diversity among the three values of ϵ  examined. Those with ϵ = 0.3 kcal/mol have the least diversity. 

Fig. 4.  Spatial pattern of P MF (P C1, P C2) in 2D-PC space for (a) PLpro–GRL0617, (b) PLpro–XR8-24, 
(c) PLpro–XR8-23, and (d) PLpro–ZN-3-56.

 

Fig. 3.  Conformations of the PLpro–GRL0617 system selected from sites c1, . . . , c8 defined in (Fig. 2a). 
Panel names of this figure correspond to site names c1, . . . , c8 of (Fig. 2a). Purple molecules are GRL0617. 
Orange and green segments are atom groups used to define reaction coordinate RC1 (Fig. 1b): Residues 266–
271 and 165–168. The brown broken line represents the position of the ligand-binding site of PLpro. Molecules 
in panels are drawn from different directions to clarify the positions of the ligand-binding site and compound.
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Therefore, we infer that the reported dissociation constant found through experimentation is contributed by 
stably formed complex conformations, even when those conformations involve some structural diversity.

The correlation coefficient of -0.93 found for QP C (ϵ = 1.0 kcal/mol) does not mean that the current 
study reproduced the absolute experimentally obtained value for Kd. Instead, the current study shows that the 

ϵ (kcal/mol)

0.3 0.5 1.0

Correlation -0.68 -0.71 -0.93

Table 2.  Correlation coefficient between QP C (ϵ ) and Kd.

 

System

ϵ (kcal/mol)

kd (µ M)0.3 0.5 1.0

PLpro-GRL0617 0.170 0.260 0.380 2.7

PLpro-XR8-24 0.131 0.219 0.383 0.372

PLpro-XR8-23 0.178 0.197 0.329 0.235

PLpro-ZN-3-56 0.119 0.162 0.212 26.5

Table 1.  QP C (ϵ ) Assigned to region of P MF ≤ ϵ  and Kd for each system.

 

Fig. 5.  Conformations picked randomly from free-energy basin (i.e., region of with 
P MF (P C1, P C2) ≤ 1.0 kcal / mol of Fig. 4 for (a) PLpro–GRL0617, (b) PLpro–XR8-24, (c) PLpro–XR8-
23, and (d) PLpro–ZN-3-56.
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order of Kd for the four compounds was reproduced well. Therefore, we infer that the current method is useful 
to select good candidate compounds among the computed compounds.

In fact, the periodic boundary box of the current study is smaller than that to reproduce the absolute value 
of Kd. The box–volume is expected to involve a sufficient margin where the compound fluctuates without any 
effect from PLpro. A simple way to define the thermodynamic stability of a complex is to calculate the ratio 
∆ Qbound/∆ Qunbound, where ∆ Qbound is the probability assigned to the bound state (the stable complex 
state) and ∆ Qunbound is that assigned to the unbound state. If the margin–volume is not counted accurately, 
then ∆ Qunbound cannot be estimated accurately. It is noteworthy that this argument omits correction by a 
huge volume of bulk solvent, which exists outside the simulation box in a real system, and omits correction by 
the ligand and receptor concentrations in the solution. We emphasize that the high correlation (-0.93) between 
QP C (1.0 kcal/mol) and Kd suggests that the error resulted from the margin region was cancelled among 
the four systems. Finally, we conclude that the current method is useful to screen good candidates for use as 
inhibitors.

Structural clusters
As shown in the preceding subsection, the complex structures from the free-energy basin exhibited some 
structural variety (Fig.  5). This variety suggests that the stable conformations are mixtures of some binding 
modes. Consequently, the structural clustering might help to identify the binding modes of the compound and 
to discuss whether these modes have inhibitory activity to PLpro, or not.

We applied t-SNE and DBSCAN to the conformational ensemble for the structural clustering, which is based 
on the atom-contact patterns between the compounds and PLpro (Eq. 6). Because it is difficult to set the optimal 
parameters for t-SNE and DBSCAN in general, we conducted clustering with three sets of input parameters 
to search the conformational clusters comprehensively: Set 1, Set 2, and Set 3.58–60 Parameters of Set 1 are 
perplexity = 100, init = pca, and learning_rate = 800 for t-SNE, and eps = 2.0 and minpts = 14000 
for DBSCAN. Those of Set 2 are perplexity = 150, init = pca, and learning_rate = 800 for t-SNE, 
and eps=1.5 and minpts = 15000 for DBSCAN. Those of Set 3 are perplexity = 150, init = pca, and 
learning_rate = 800 for t-SNE, and eps = 2.5 and minpts = 15000 for DBSCAN. Table 3 presents the 
resultant clusters Cls

(α )
m  and their probabilities P

Cls
(α )
m

 (Eq.  9) for each system: α = PLpro–GRL0617, 
PLpro–XR8-24, PLpro–XR8-23 or PLpro–ZN-3-56. To specify that a cluster Cls

(α )
m  resulted from parameter 

Set i ( i = 1, 2 or 3), we designate the cluster as Cls
(α )
m (Set i) if necessary. In Table 3, snapshots in which 

the compound did not contact to PLpro were classified in a single cluster Cls
(α )
D . Those in which only the 

non-core region of the compound contacted to PLpro were also assigned to Cls
(α )
D  because such a contact 

was not counted in Eq. 6 ( c
(k)
i,j = 0). “Outliers” in Table 3 are conformations that were not assigned to a cluster 

(i.e., singletons). A large majority of the outliers were conformations for which the core region contacted to a 
surface of PLpro other than the ligand-binding site. Because these contacts were less stable than the contacts 
formed between the compound’s core region and the PLpro’s ligand-binding site, no cluster was formed by the 
conformations in the outliers. Finally, a few (1, 2 or 3) clusters were identified from the clustering.

The intermolecular contact pattern in each cluster from parameter Set 1 is shown in Figs.  6, 7, 8 and 9. 
Those from Set 2 and Set 3 are presented respectively in Supplementary Figures S11 and S12. In all clusters, the 
compounds contacted to the ligand-binding site ( G

(RC1)
A  and G

(RC1)
B ; Fig. 1b) of PLpro, irrespective of the 

compound type. Although Figs. 6, 7, 8 and 9, S11 and S12 clearly characterize the contact patterns of the clusters, 
we cannot imagine the tertiary structures of the clusters from the figures.

The complex structures from the clusters of the four systems from parameter Set 1 are displayed in Figs. 10, 
11, 12 and 13. Those from Set 2 and Set 3 are shown respectively in Supplementary Figures S13 and S14. These 
complex structures were typical of the clusters to which the structures belonged. The figures again show that the 
core-region of the compounds bound to the ligand-binding site of PLpro.

For α = PLpro–GRL0617, three clusters were obtained from Set 1. The first cluster Cls
(α )
1 (Set 1) was 

similar to the ligand orientations of the native-like complex structures (PDB ID: 7CJM), but the side-chain of 
Y268 was standing on the surface of PLpro and the side-chain of Q269 covered the core region of GRL0617 
(Fig. 10a). The second cluster Cls

(α )
2 (Set 1) consisted of the native-like complex structures where the side-

chains of Y268 and Q269 covered the core region of GRL0617 (Fig. 10b). In the third cluster Cls
(α )
3 (Set 1), by 

contrast, the orientation of GRL0617 was greatly different from that in Cls
(α )
2 (Set 1) (Fig. 10b) where the side-

chains of Y268 and Q269 were standing on the PLpro surface and were in contact with the double-ring part (non-
core region) of GRL0617 (Fig. 10c). In parameter Set 2, we again obtained three clusters: Cls

(α )
1 (Set 2) (Figure 

S13a), Cls
(α )
2 (Set 2) (Figure S13b) and Cls

(α )
3 (Set 2) (Figure S13c), with binding modes that were 

respectively similar with those of Cls
(α )
1 (Set 1), Cls

(α )
2 (Set 1) and Cls

(α )
3 (Set 1). Also, two clusters 

were identified from Set 3: Cls
(α )
1 (Set 3), and Cls

(α )
2 (Set 3). The cluster Cls

(α )
1 (Set 3) was similar to 

Cls
(α )
2 (Set 1) and Cls

(α )
2 (Set 2) (Figure S14a), and Cls

(α )
2 (Set 3) was similar to Cls

(α )
3 (Set 1) and 

Cls
(α )
3 (Set 2) (Figure S14b).

For α = PLpro–XR8-24, only one cluster Cls
(α )
1 (Set 1) was obtained from parameter Set 1. XR8-24 

had a native-like binding mode (PDB ID: 7LBS) and the side-chains Y268 and Q269 covered XR8-24 (Fig. 11). 
It is particularly interesting that Cls

(α )
1 (Set 1) was divided into two clusters in Set 2: Cls

(α )
1 (Set 2) and 

Cls
(α )
2 (Set 2). In Cls

(α )
1 (Set 2), the core region of XR8-24 did not contact to C111 of PLpro(Figure S11d), 

although the core region contacted to C111 of that in Cls
(α )
2 (Set 2) (Figure S11e). In Set 3, we found only 

one cluster Cls
(α )
1 (Set 3) (Figure S14c), for which the binding modes were similar, respectively, with those of 

Cls
(α )
1 (Set 1).
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For α = PLpro–XR8-23, three clusters were obtained from Set 1. In Cls
(α )
1 (Set 1), the side-chains of Y268 

and Q269 covered the core region (Fig. 12a). In Cls
(α )
2 (Set 1), however, the side-chains of Y268 and Q269 

were standing on the PLpro surface and the tail part (non-core region) contacted to the side-chains (Fig. 12b). 
Furthermore, in Cls

(α )
3 (Set 1), the core region of XR8-23 was covered by the side-chains of Y268 and Q269, 

as in Cls
(α )
1 (Set 1), and also contacted C111 (Figs. 8c and 12c). The parameters Set 2 and Set 3 obtained two 

clusters each. For Set 2, the binding mode of Cls
(α )
1 (Set 2) (Figure S13f) was similar to that of Cls

(α )
2 (Set 1). 

That of Cls
(α )
2 (Set 2) (Figure S13g) was similar to that of Cls

(α )
1 (Set 1). This situation was the same for 

Set 3. The binding modes of Cls
(α )
1 (Set 3) and Cls

(α )
1 (Set 1) were similar. Those of Cls

(α )
2 (Set 3) and 

Cls
(α )
2 (Set 1) were similar.

For α = PLpro–ZN-3-56, three clusters were obtained from Set 1. In the cluster Cls
(α )
1 (Set 1), the side-

chain of Y268 was standing on the surface of PLpro and the side chain of Q269 covered the core region of ZN-3-
56 (Fig. 13a). In both Cls

(α )
2 (Set 1) (Fig. 13b) and Cls

(α )
3 (Set 1) (Fig. 13c), the core region of ZN-3-56 was 

covered by the side chains of Y268 and Q269. In this respect, Cls
(α )
2 (Set 1) and Cls

(α )
3 (Set 1) were similar. 

However, in Cls
(α )
2 (Set 1), the ZN-3-56 core region did not contact to C111 of PLpro (Fig. 9b), whereas in 

Cls
(α )
3 (Set 1), the core region did contact to C111 of that (Fig. 9c). In Set 2, by contrast, we found only one 

cluster: Cls
(α )
1 (Set 2). The binding mode of Cls

(α )
1 (Set 2) was similar to that of Cls

(α )
1 (Set 1) (Figure 

S13h). This point is argued in the next paragraph. In Set 3, two clusters Cls
(α )
1 (Set 3) and Cls

(α )
2 (Set 3) 

were obtained. The first cluster Cls
(α )
1 (Set 3) corresponded to Cls

(α )
1 (Set 1) and Cls

(α )
1 (Set 2). Also, the 

second cluster Cls
(α )
2 (Set 3) was similar to Cls

(α )
3 (Set 1).

The results of clustering with three parameter sets showed that even though the ligand orientations are 
similar, they are classified as different clusters due to the different orientations of the Y268 and Q269 side-
chains in the ligand binding site. For example, Cls

(α )
1 (Set 1) and Cls

(α )
2 (Set 1) of α = PLpro-GRL0617 

had the same ligand orientation (Fig.  10a and b), but the orientation of the side-chains of Y268 and Q269 
were different. In Cls

(α )
1 (Set 1), the side-chain of Y268 was perpendicular to the surface of PLpro, while 

Cluster

P
(α )
Clsm

Set 1 Set 2 Set 3

α = PLpro − GRL0617

Cls
(α )
1 0.132 0.131 0.355

Cls
(α )
2 0.121 0.097 0.181

Cls
(α )
3 0.096 0.083 --

Cls
(α )
D

0.191 0.191 0.191

Outliers 0.460 0.497 0.273

α = PLpro–XR8-24

Cls
(α )
1 0.303 0.153 0.355

Cls
(α )
2 -- 0.062 0.123

Cls
(α )
3 -- -- --

Cls
(α )
D

0.204 0.204 0.204

Outliers 0.493 0.581 0.461

α = PLpro–XR8-23

Cls
(α )
1 0.114 0.090 0.175

Cls
(α )
2 0.073 0.081 0.107

Cls
(α )
3 0.046 -- --

Cls
(α )
D

0.329 0.329 0.329

Outliers 0.438 0.501 0.390

α = PLpro–ZN-3-56

Cls
(α )
1 0.129 0.113 0.159

Cls
(α )
2 0.033 -- 0.041

Cls
(α )
3 0.028 -- --

Cls
(α )
D

0.538 0.538 0.538

Outliers 0.272 0.349 0.262

Table 3.  Probabilities P
(α )
Clsm

 of clusters Clsm calculated with three sets of parameters.
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the side-chain of Q269 was parallel to the surface of PLpro and covered the core region of GRL0617 (Fig. 10a). 
However, in Cls

(α )
2 (Set 1), both the side-chains of Y268 and Q269 covered the core region of GRL0617 

(Fig. 10b). The classification of those binding modes was also similar to the parameter Set 2 ( Cls
(α )
1 (Set 2) and 

Cls
(α )
2 (Set 2)) for α = PLpro-GRL0617, Set 1 ( Cls

(α )
1 (Set 1) and Cls

(α )
2 (Set 1)) and Set 3 ( Cls

(α )
1 (Set 3) 

and Cls
(α )
3 (Set 3)) for α = PLpro-ZN-3-56. As described above, even though the orientation of the ligands were 

similar, they were classified as different clusters due to the different side-chain orientations of Y268 and Q269 
( G

(RC1)
A ) at the ligand-binding site. Furthermore, the clusters similar to Cls

(α )
1 (Set 1) and Cls

(α )
1 (Set 2) 

for α = PLpro-GRL0617 were obtained from parameter Set 3. Therefore, this is a concrete case in which the 
clustering result depends on the parameter set. We infer that it is important to examine some parameter sets 
to analyze the binding modes comprehensively. Also, depending on the orientation of the ligands, we were able 
to detect clusters of structures in which the side chains of Y268 and Q269 were parallel or perpendicular to the 
surface of PLpro. These structural features are used to assign the clusters obtained from the structural clustering 
to a binding mode below.

The position of the core region relative to the ligand-binding site of PLpro was common for all the clusters. 
Consequently, the core-region position is not a good identifier for analyzing the binding mode. By contrast, the 
molecular orientation of the compound relative to the PLpro’s surface can be a good identifier. For instance, the 
compound’s orientation in Cls

(α )
1 (Set 1) and Cls

(α )
2 (Set 1) for α = PLpro–GRL0617 was approximately 

parallel to the PLpro surface (Fig. 10a and b). By contrast, in Cls
(α )
3 (Set 1), a part of the compound (usually 

non-core region) was perpendicular to the surface (Fig. 10c). As another identifier, the side-chain orientation of 
Y268 and Q269 of PLpro relative to the surface of PLpro exhibited clear differences among the clusters. The side-

Fig. 6.  Contact map between PLpro (X-axis) and GRL0617 (Y axis) for each cluster with clustering parameter 
Set 1 (Table 3). The contact probability, which is normalized in each cluster, is presented by color scale. Panels 
(a–c) are for clusters Cls

(α )
1 (Set 1), Cls

(α )
2 (Set 1) and Cls

(α )
3 (Set 1) of α = PLpro–GRL0617 system. 

Only the names of atoms in the core region are displayed on the Y axis (Fig. S5 of SI). Small green rings denote 
the position of atom group G

(RC1)
A  (residues 266–271) and G

(RC1)
B  (residues 165–168) (Fig. 1b). Space 

between G
(RC1)
A  and G

(RC1)
B  corresponds to the ligand-binding site. The green rectangle represents C111 of 

PLpro contacting the core-region of the compounds.
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chains in Cls
(α )
2 (Set 1) covered the core region of the compound, whereas those in Cls

(α )
3 (Set 1) contacted 

to a part (usually non-core region) of the compound. Therefore, we classified the complex structures into two 
binding modes using the identifiers above: a parallel mode (Fig. 14a) and a perpendicular mode (Fig. 14b). In the 
parallel mode, the compound is approximately parallel to the PLpro surface. And, the two side-chains of Y268 
and Q269 or the side-chains of Q269 cover the core region of the compound. In the perpendicular mode, a part 
(mostly the non-core region) of the compound took an orientation approximately perpendicular to the PLpro 
surface. This part contacts to the side-chains of Y268 and/or Q269, which are also approximately perpendicular 
to the PLpro surface. Tables 4 and 5 respectively assign clusters to the parallel mode and the perpendicular mode.

In all clusters, the core region bound to the ligand–binding site of PLpro (Figs. 10, 11, 12 and 13 and S13 
and S14). Therefore, we inferred that all clusters obtained here have an enzyme-inhibitory effect. We defined the 
fraction for these clusters to the entire conformational ensemble as

	
Q

(α )
inhib =

∑
mP

Cls
(α )
m

� (12)

In this equation, the probabilities for Cls
(α )
D  and outliers were eliminated from the summation. Table 6 

presents the resultant Q
(α )
inhib and the enzyme inhibition IC5033 for each system: IC50 is the concentration 

of the compound in the solution at which 50% of the enzymatic function of PLpro is inhibited. Table 7 presents 
the correlation coefficient between Q

(α )
inhib and IC50. Also, Table 8 presents the correlation coefficient between 

Q
(α )
inhib and Kd. Those shows that the coefficient is anti-correlative, irrespective of the parameter set. In fact, 

lower values of IC50 and Kd are generally associated with stronger inhibition. Therefore, the anti-correlation 
reflects that the computed Q

(α )
inhib supports the experimental IC50 and Kd for all parameter sets. Findings 

from the present study suggest that the mD-VcMD simulation can be used effectively for screening promising 
compounds from others with using Q

(α )
inhib. Consequently, GRL0617, XR8-24 and XR8-23 are more promising 

than and ZN-3-56.
As described earlier, correlation between QP C (ϵ ) (Eq. 11) and Kd increased concomitantly with increase 

of threshold ϵ . The best correlation was from ϵ = 1.0 kcal / mol (-0.93; Table 2) among the three examined ϵ  

Fig. 7.  Contact map between PLpro (X-axis) and XR8-24 (Y axis) for each cluster with clustering parameter 
Set 1 (Table 3). The contact probability, which is normalized in each cluster, is presented by color scale. 
This figure is for clusters Cls

(α )
1 (Set 1) of α = PLpro–XR8-24 system. Only the names of atoms in the 

core region are displayed on the Y axis (Fig. S5 of SI). Small green rings denote the position of atom group 
G

(RC1)
A  (residues 266–271) and G

(RC1)
B  (residues 165–168) (Fig. 1b). Space between G

(RC1)
A  and G

(RC1)
B  

corresponds to the ligand-binding site.
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values. Therefore, the complex state involves some structural variety. Furthermore, the complex state, which has 
inhibitory activity, consists of structurally distinct clusters (Fig. 14). These results might represent a concrete case 
in which both the receptor and the ligand (i.e., the compound in the present study) vary their tertiary structures 
to search stable complex structures61. Furthermore, the existence of two binding modes suggests that the binding 
mechanism of the current system is a fuzzy complex formation62 or a multimodal binding mechanism10,16.

We examined four compounds to verify our screening procedure. One suggestion is to apply the procedure 
to more compounds. We consider that suggestion to be valid. An earlier study33 conducted by experimentation 
found kd and IC50 values measured for many compounds, which bind to PLpro. We consider that future 

Fig. 8.  Contact map between PLpro (X-axis) and XR8-23 (Y axis) for each cluster with clustering parameter 
Set 1 (Table 3). The contact probability, which is normalized in each cluster, is presented by color scale. Panels 
(a–c) are for clusters Cls

(α )
1 (Set 1), Cls

(α )
2 (Set 1) and Cls

(α )
3 (Set 1) of α = PLpro–XR8-23 system. 

Only the names of atoms in the core region are displayed on the Y axis (Fig. S5 of SI). Small green rings denote 
the position of atom group G

(RC1)
A  (residues 266–271) and G

(RC1)
B  (residues 165–168) (Fig. 1b). Space 

between G
(RC1)
A  and G

(RC1)
B  corresponds to the ligand-binding site. The green rectangle represents C111 of 

PLpro contacting the core-region of the compounds.
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studies should be done for those compounds to clarify the correlation between computational probabilities 
( QP C (ϵ ) or Q

(α )
inhib) and experimentally obtained Kd or IC50 values.

Determination of atom groups G
(RCi)
A  and G

(RCi)
B  is important to set RCs effectively. We presume that an 

inappropriate RC set requires more computational time than an appropriate one, although any set of RCs can 
produce a canonical ensemble of the system, in theory. For the present study, the crystallographic structures of 
the PLpro–GRL0617 complex (PDB ID: 7CJM) and the PLpro–XR8-24 complex (PDB ID: 7LBS) helped the 
setting of RCs. However, if an essential region for the target compound and the binding site of the receptor is 
unknown, then another approach is required. Moreover, such an approach must be free from the setting of atom 
groups. Such a version free from atom-group setting is now under development.

We emphasize that mD-VcMD is a method to compute a free-energy landscape to study biomolecular 
binding4,6,21,43,44. The study described herein specifically addressed only the free-energy basin of the 
conformational space because the aim of this study is verification of the correlation between the computational 
QP C (ϵ ) (or Q

(α )
inhib) and the experimentally obtained values of Kd (or IC50). In this last paragraph, it must 

be stated that the free-energy landscape and the conformational ensemble from mD-VcMD can provide various 
intermediates (encounter complexes), which might be far from the free-energy basin in the conformational 
space, and pathways among the various complexes. Such insights from the free-energy landscape might provide 
important hints supporting drug discovery, along with knowledge related to the basic study of biology.

As Zn ions in PLpro are known to be important for the structure and function61–63, we also performed 
preliminary mD-VcMD simulations including zinc ions. We then calculated the RMSD (root-mean-squared-

Fig. 9.  Contact map between PLpro (X-axis) and ZN-3-56 (Y axis) for each cluster with clustering parameter 
Set 1 (Table 3). The contact probability, which is normalized in each cluster, is presented by color scale. Panels 
(a–c) are for clusters Cls

(α )
1 (Set 1), Cls

(α )
2 (Set 1) and Cls

(α )
3 (Set 1) of α = PLpro–ZN-3-56 system. 

Only the names of atoms in the core region are displayed on the Y axis (Fig. S5 of SI). Small green rings denote 
the position of atom group G

(RC1)
A  (residues 266–271) and G

(RC1)
B  (residues 165–168) (Fig. 1b). Space 

between G
(RC1)
A  and G

(RC1)
B  corresponds to the ligand-binding site. The green rectangle represents C111 of 

PLpro contacting the core-region of the compounds.
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Fig. 11.  Complex structure picked from each cluster obtained from clustering parameter Set 1 of α = 
PLpro–XR8-24 system (Table 3). This figure is respectively for clusters Cls

(α )
1 (Set 1).The orange segment 

is the loop region ( G
(RC1)
A ; residues 266–271). The green one is a part of helix ( G

(RC1)
B  ; residues 165–168): 

Fig. 1b shows details for these segments. Side-chains of two amino-acid residues Y268 and Q269 are labeled. 
Cornflower blue molecules are compounds, with broken-line circles representing their core regions (Fig. S5 of 
SI).

 

Fig. 10.  Complex structure picked from each cluster obtained from clustering parameter Set 1 of α = PLpro–
GRL0617 system (Table 3). Panels (a), (b) and (c) are respectively for clusters Cls

(α )
1 (Set 1), Cls

(α )
2 (Set 1) 

and Cls
(α )
3 (Set 1).The orange segment is the loop region ( G

(RC1)
A ; residues 266–271). The green one is a 

part of helix ( G
(RC1)
B  ; residues 165–168): Fig. 1b shows details for these segments. Side-chains of two amino-

acid residues Y268 and Q269 are labeled. Cornflower blue molecules are compounds, with broken-line circles 
representing their core regions (Fig. S5 of SI).
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displacement among conformations) for the entire PLpro and for the binding site residues. The resulting RMSD 
values ranged between 2 and 3 Å in almost all calculations, regardless of the presence or absence of Zn ions, using 
the experimental structure (PDB ID: 7CJM) as the reference. Importantly, the experimental binding pose was 
successfully reproduced, likely because the Zn ions are located far from the ligand-binding site and the overall 
PLpro structure remained unchanged. The structural integrity of PLpro during the simulation was maintained 
by setting an upper limit for reaction coordinate RC1 (25.49 Å; see Table S4), which was introduced to effectively 
enhance ligand–receptor binding. We presume that this upper limit helped prevent structural collapse. 
Therefore, we conducted detailed mD-VcMD simulations excluding zinc ions in this study and confirmed that 
the PLpro structure was preserved across all systems. Notably, the binding site of PLpro underwent substantial 
movement due to the enhancement of RC1 and RC2, without structural collapse, and the conformational space 
was extensively sampled, as shown in Fig. 2.

Our simulation results are consistent with the experimental results reported by Shen et al.33, as shown in 
Tables 1, 2 and 6–8, confirming the validity of our computational method.

Fig. 12.  Complex structure picked from each cluster obtained from clustering parameter Set 1 of α = 
PLpro–XR8-23 system (Table 3). Panels (a–c) are respectively for clusters Cls

(α )
1 (Set 1), Cls

(α )
2 (Set 1) and 

Cls
(α )
3 (Set 1).The orange segment is the loop region ( G

(RC1)
A ; residues 266–271). The green one is a part 

of helix ( G
(RC1)
B  ; residues 165–168): Fig. 1b shows details for these segments. Side-chains of two amino-

acid residues Y268 and Q269 are labeled. Cornflower blue molecules are compounds, with broken-line circles 
representing their core regions (Fig. S5 of SI).
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Fig. 14.  Schematical representation of two binding modes: (a) parallel mode and (b) perpendicular mode. 
The red model is compound, with a hexagon as its core region. The blue vector with the label “perpendicular” 
in panel (b) shows that the side chains of Y268 and Q269 are standing on the PLpro surface. The main text 
explains more details related to the modes.

 

Fig. 13.  Complex structure picked from each cluster obtained from clustering parameter Set 1 of α = 
PLpro–ZN-3-56 system (Table 3). Panels (a–c) are respectively for clusters Cls

(α )
1 (Set 1), Cls

(α )
2 (Set 1) 

and Cls
(α )
3 (Set 1).The orange segment is the loop region ( G

(RC1)
A ; residues 266–271). The green one is a 

part of helix ( G
(RC1)
B  ; residues 165–168): Fig. 1b shows details for these segments. Side-chains of two amino-

acid residues Y268 and Q269 are labeled. Cornflower blue molecules are compounds, with broken-line circles 
representing their core regions (Fig. S5 of SI).
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Data availability
All data generated or examined throughout this study are included in this published article and its Supplemen-
tary Information.
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