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ABSTRACT: ClpXP complex is an ATP-dependent mitochondrial matrix
protease that binds, unfolds, translocates, and subsequently degrades specific
protein substrates. Its mechanisms of operation are still being debated, and
several have been proposed, including the sequential translocation of two
residues (SC/2R), six residues (SC/6R), and even long-pass probabilistic
models. Therefore, it has been suggested to employ biophysical−computational
approaches that can determine the kinetics and thermodynamics of the
translocation. In this sense, and based on the apparent inconsistency between
structural and functional studies, we propose to apply biophysical approaches
based on elastic network models (ENM) to study the intrinsic dynamics of the
theoretically most probable hydrolysis mechanism. The proposed models ENM
suggest that the ClpP region is decisive for the stabilization of the ClpXP
complex, contributing to the flexibility of the residues adjacent to the pore,
favoring the increase in pore size and, therefore, with the energy of interaction of its residues with a larger portion of the substrate. It
is predicted that the complex may undergo a stable configurational change once assembled and that the deformability of the system
once assembled is oriented, to increase the rigidity of the domains of each region (ClpP and ClpX) and to gain flexibility of the pore.
Our predictions could suggest under the conditions of this study the mechanism of the interaction of the system, of which the
substrate passes through the unfolding of the pore in parallel with a folding of the bottleneck. The variations in the distance
calculated by molecular dynamics could allow the passage of a substrate with a size equivalent to ∼3 residues. The theoretical
behavior of the pore and the stability and energy of binding to the substrate based on ENM models suggest that in this system, there
are thermodynamic, structural, and configurational conditions that allow a possible translocation mechanism that is not strictly
sequential.

■ INTRODUCTION
Advances in computational tools and statistical methods have
made it possible to model complex protein systems in diverse
cells, including proteins from the human exome, some of which
are associated with disease. Studies have been done on the
dynamic properties responsible for the ability of a protein to
adapt to new functions in response to environmental changes,
especially studies on flexibility and dynamic coupling to
quantify and study the deformability of protein systems.1

Membrane protein simulations have gained popularity in the
last decade, and advances have made it possible to simulate
their behavior in support of experimental findings, to elucidate
protein mechanisms, and to validate protein crystal structures.2

In fact, it has been described that proteins have a greater
number of alternative minimum-energy conformations than
their crystal structure. These structures, along with their
deformability propensities, contain an enormous amount of
information about protein function from a structural
perspective.3

Protein homeostasis integrates the control of processes such
as protein degradation. External stimuli and diseases are
associated with the modulation of this type of process.
Although many transcription factors and other regulatory
proteins are known to be characterized by rapid proteasomal
turnover and degradation, understanding the molecular
dynamics that control associated biological processes remains
a very active topic.4 The dynamics of protein systems relevant
to cellular homeostasis have been explored5 including that of
complex systems important for mitochondrial function and
autophagy such as AAA+ motors, like the ClpXP.6−8 However,
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dynamic efforts have focused particularly on studying cell cycle
localization and mitochondrial fusion mechanisms.5,6

ClpXP are proteolytic systems that use the energy obtained
through the hydrolysis of ATP to carry out various activities in
cells. It has been suggested that the mechanism of action is
based on a sequential model of ATP hydrolysis, in which a
forceful blow is carried out that displaces two substrate
residues in each translocation step (SC/2R). However, it has
been pointed out that this type of proteolytic complex does not
work strictly sequentially, and it has been described that it can
carry out longer translocation steps than that of SC/2R.
Indeed, alternative kinetic pathways such as SC/6R, and long-
pass probabilistic models for ClpX translocation have been
proposed. Therefore, it has been suggested to apply
biophysical approaches to help determine the kinetics and
thermodynamic stability of translocations.9

In this sense and based on the apparent inconsistency
between the reported structural and functional studies, we
propose to apply biophysical approaches based on elastic
network models (ENM) to study the intrinsic dynamics of the
theoretically most probable hydrolysis mechanism from
experimental data.10 In addition, although classical molecular
dynamics simulations can describe conformational changes,
they often require prohibitively high computational cost.3

ENM are well established for modeling the collective motion
of proteins, allowing for the comparison of protein motion to
gain insight into structure−function relationships. Comparing
dynamics has been shown to be a viable way for gaining greater
understanding of the mechanisms employed by proteins for
their function.11

The low-frequency conformations or modes of ENM-based
approaches correspond to the lowest-energy dynamic con-
formations of classical molecular dynamics (MD) simulations,
both in terms of the directions and the relative amplitudes of
the motions of the atoms obtained in the conformations. The
computation of conformations by ENM requires few minutes;
therefore, this approach has allowed us to apply such
directional information in applications such as driving MD
simulations, predicting receptor flexibility in docking algo-
rithms, performing flexibility adjustments of diverse molecular
structures and generating efficiently and in less time pathways
of conformational change.12 That is why, studying the
relationship between the function and dynamics of proteolytic
systems or machines such as ClpXP, using the ENM approach,
is relevant to contribute to the understanding of the structure−
function relationship and dynamics of this protein complex.
Therefore, this study will address (1) the behavior of the
ClpXP proteolytic machine, (2) the determining regions for
the associated dynamics, and (3) the possible theoretical
mechanism to which this type of system best fits under the
ENM model approach.

■ MATERIALS AND METHODS
Selection of Structures in Databases. In this regard, the

crystal structure of a Clp class-1 type transmembrane protease
was considered, specifically the ClpX region (PDB: 6PP8) and
the ClpX-ClpP complex bound to substrate and ATP-γ-S
(PDB: 6POS).10 These structures were chosen because the
dynamics of ClpXP protein systems have been reported to be
relevant to processes such as cellular homeostasis,5 mitochon-
drial function, and autophagy.6−8 However, dynamic efforts
have focused particularly on studying the localization of these
systems in the cell cycle rather than at the structural level.5,6

The structures used were obtained in PDB format from the
Protein Data Bank (https://www.rcsb.org/). As usual, water
molecules and co-crystallization elements were removed, and
subsequently, different files in PDB format of all of the
structures used were created using the Molegro Molecular
Virtual (MMV)-v.7.0 package and the Chimera software.13,14

Study of Frustration and Structural and Configura-
tional Deformation of ClpXP Complex. Proteins are
biologically optimized to fold and be stable to fulfill their
function. Therefore, it is not surprising to find some degree of
energetic conflict within their local structure. These conflicts
allow proteins to explore different conformations within their
native set and thus allow “biological function” to emerge. In
this sense, to obtain information on configurational patterns,
dynamics, and transitions of complex systems such as ClpXP,
frustration and its role in the functional dynamics of said
complex were examined.15 For this, the Frustratometer
software (http://frustrato ́metro.qb.fcen.uba.ar/)15−17 was
used, a model based on the energy landscape theory that
allows quantifying the degree of local protein frustration. The
energy landscape theory of protein folding is a statistical
description of the potential surface area of a protein. This
model suggests that the most realistic model of a protein is a
heteropolymer that is minimally frustrated toward the native
state. This principle states that the energy of the protein
decreases as the protein assumes conformations progressively
similar to the native state. Conformational changes and their
effect on topology become a key factor governing protein
folding reactions. Frustratometer is based on the Associative
Memory, Water Mediated, Structure, and Energy Model
(AWSEM). AWSEM provides a nonadditive, transferable
force field based on a coarse-grained approach (similar to
elastic network models (ENM)) to predict the structure
conformation of protein systems. AWSEM also contains terms
like hydrogen bonding, and computational terms for local
structure bias that take into account the effects of bodies that
are modulated from the local sequence. Specifically, a “local
frustration index” allows to quantify the contribution of a
residue or a pair of residues to the total or local energy of a
given structure, especially when they are displaced from their
native location. The local frustration index makes it possible to
determine the “highly frustrated” regions at the energy level, as
well as the fraction or density of native contacts in each class of
frustration (high, minimal, or neutral) around a sphere of 5 Å
of each Cα (density around a 5 Å sphere) using a Debye−
Hückel potential. In this case, the method includes long-range
electrostatic interactions, which are modeled with the Debye−
Hückel potential to include the dielectric effect of the solvent
and charge−charge interactions by mobile ions in the solvent
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where qi and qj are the charges of residues i and j that are
separated by a distance rij, respectively, εr is the dielectric
constant of the medium (1 in vacuum), and lD is the Debye−
Hückel screening length that takes into account the temper-
ature, the ionic strength of the medium and its dielectric
constant. These are set to typical physiological values of T = 25
°C, εr = 80 for water I = 0.1 M, and lD = 10 Å. Kelect = κεr,
where κ is the electrostatic constant and represents the
electrostatic strength of the system. For more details of the
method, we recommend refs 15−17.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04347
ACS Omega 2023, 8, 7302−7318

7303

https://www.rcsb.org/
http://frustrato&#x301;metro.qb.fcen.uba.ar/
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The changes or the variation of energy reflects the energetic
contributions of the conformations of the polypeptide chain.
This index is suitable for tertiary structures and allows studying
the variation of energy from randomizing parameters such as
the distances ri,j and the densities ρi of the interacting amino
acids.
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when Ei,jN − ⟨Ei′,j′U ⟩ the native energy would not be discriminated
from the typical energy of a random interaction in the molten
globule and Fijc ≈ 0. The pairwise frustration index, Fijc, is a Z-
score of the native pair energy (Ei,jN) compared with a
distribution of N decoy energies (Ei,j′N , for k = 1, ···, N) for
the pair of residues i and j. This scheme effectively evaluates
the native pair with respect to a set of structural decoys that
might be encountered in the folding process. This calculated
frustration index is called “configurational frustration”. For
more details of this method, we recommend refs 15−17.
Likewise, the biomolecular structures of the ClpXP complex

were simulated as a system of interacting amino acid networks
to obtain information on complex phenomena such as folding,
unfolding, stability, as well as the role of residues at a structural
and functional level. For this, webPSN (http://webpsn.hpc.
unimo.it/wpsn.php) was used, which is a high-performance
server for the study of biological systems. webPSN uses a
mixed protein structure network (PSN) and an ENM (PSN-
ENM), to predict the network and conformation obtained
from the interaction between protein residues (structural
communication).19,20

Protein structural network (PSN) analysis and the search for
the shortest intra- and intermolecular communication path-
ways (PSN path) have been described as novel tools aimed at
studying protein structures based on graph theory. PSN has
been introduced to represent molecular systems as networks of
amino acids, their interactions, and the functional implications
of such networks in relation to intra- and intermolecular
communication. The PSN concept also provides information
on the properties of protein structures, for the study of folding,
the contribution of residues to the free energy of binding (in
protein-protein interaction), as well as the prediction of
important residues. For more details on the implementation of
the PSN analysis and the algorithms described in this work, we
recommend the work of the team of Seeber et al.19−23

Specifically, PSN is modeled from the atomic coordinates of
the supplied protein system residues, by representing the
network nodes of interacting amino acids. This model assumes
that a pair of nodes are connected if the value of the interaction
percentage (between them) is greater than or equal to a given
interaction strength cutoff

=I
n

NN
100ij

ij

i j (3)

where Iij is the interaction percentage of nodes i and j, nij is the
number of side-chain atom pairs within a given distance cutoff
(4.5 Å as a default), and Ni and NJ are, respectively, the
normalization factors for residues i and j, which take into
account the differences in size of the different nodes, as well as
the propensity for a greater number of contacts or interactions
with other nodes in the protein system considered. Iij are
calculated for all node pairs excluding j = i ± n, where n is a

given neighbor cutoff (2 as default), and each node pair with
an Iij value greater than or equal to a given Imin cutoff is
connected by an edge. In this model, nodes with the highest
number of interactions between pairs of (interacting) atoms
will be assumed to be edge-connected, and to represent
stronger interactions between residues. At a given Imin cutoff,
those nodes that realize more than a given number of edges (4
as default) are called hubs. The percentage of interaction of a
hub node is

= ×I
n

N
100i

ij

i (4)

where Ii is the hub interaction percentage of node i, nij is the
number of side-chain atom pairs within a given distance cutoff,
and Ni is the normalization factor of residue i. Node
interconnectivity is finally used to highlight cluster-forming
nodes. For details, see refs 19, 21−24.
Models based on elastic networks are a coarse-grained (CG)

normal mode analysis (NMA) technique, which allows us to
describe aspects such as the vibrational dynamics of proteins in
a state of minimum energy. The CG-type models allow
simulating the behavior of complex protein systems from a
simplified representation. To simulate the structures of
minimum energy in these models, the molecules are
represented as “pseudo-atoms” that approximate groups of
atoms (as a complete amino acid residue), instead of being
represented by individual atoms as in classical dynamics. This
simplified approach allows the system’s degrees of freedom to
be reduced, which translates into longer simulation times. With
this technique, the total structure of the protein is modeled
using a reduced subset of atoms (generally Cα-type atoms),
with coordinates that can be obtained from structural
determinations (such as X-ray crystallography, NMR, etc.) or
from simulations. molecular. For further details, see refs 19,
21−24. Highly cooperative and low-frequency global/essential
modes in proteins represent a key aspect of the functional
dynamics of proteins and are the basis for the diffusion of
methods such as the NMA to be able to infer this type of
collective modes. The robustness shown by global mode-based
analyses with respect to predicting details at atomic
coordinates or specific interatomic interactions, as well as
their insensitivity to specific (force-field-specific) energy
functions and parameters has allowed the development of
models or more simplified descriptions, and with low
computational cost, such as CG-ENM-based models applied
to protein structures. ENM is an approach that is based on the
shape of the global modes of the network of contacts between
residues (which is a geometric construction) defined by the
general shape or native contact topology of the protein. In the
last decade, tools based on the ENM-NMA approach have
contributed significantly to the understanding of the collective
dynamics of proteins, and their relationship with biological
functions. NMA allows us to quickly describe the collective
functional movements of complex protein systems, including
multichain macromolecules. Each normal mode comprises
both a strain vector and a frequency. These tools allow us to
calculate both the direction of atomic displacement and the
relative amplitude of the movement, therefore, the NMA
approaches (in Cartesian coordinates) are used to model the
flexibility of proteins. NMA is a technique to investigate the
vibrational motion of a harmonic oscillating system in the
immediate vicinity of its equilibrium. For further details, see
refs 21, 22, 24. From these principles, the WebPSN tool allows
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us to calculate the force constant of the interactions, for which
it uses two versions of the ENM algorithm to calculate the
cross-correlation between the movements of the Cα atoms and
the pairwise interactions between the Cα atoms (linear cut-
ENM and Kovacs-ENM, respectively). In this tool, the
interactions between pairs of nodes are described by means
of a Hooke harmonic potential (of a single term) and by
calculating the total energy of the system through a simple
Hamiltonian potential

=E k d d( )
i j

ij ij ij
0 2

(5)

where dij and dij0 are the instantaneous and equilibrium
distances between Cα-atoms i and j, respectively, and kij is a
force constant, whose definition varies depending on the type
of ENM used. In the equation, the second derivatives of the
harmonic potential are contained in a Hessian matrix (H) of
3N × 3N, whose diagonalization allows obtaining a set of 3N −
6 eigenvectors (with frequency other than zero), and with
associated eigenvalues. For details, see refs 13, 21, 22, 24.
ENM approaches implement two methods to calculate the

cross-correlation of atomic motion. The first method, called
“linear cutoff ENM”, assumes a force constant of 1 for
interactions between pairs of atoms (typically Cα) within a
defined cutoff distance, while adjacent atoms are assigned a
constant strength of 10. The second method, called “Kovacs-
ENM”, allows estimating the force constant as a parameter
dependent on the distance of the particles that can interact
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where C is constant (with a default value of 40 kcal mol−1

Å−2). Finally, the cross-correlations of the movements for the
trajectory filtering are obtained from the covariance matrix (eq
11). The structural perturbation method with ENM is a
technique that has been useful to characterize allosteric
interaction diagrams in the context of conformations of
minimum-energy or lower-frequency modes according to the
ENM approach. In this approach, amino acid positions that
most significantly influence the dynamics of protein systems
are predicted by systematically perturbing all of the “springs”
connecting interacting Cα atoms and then measuring that
residue’s response to such perturbations based on a given
mode m. The disturbance response is calculated as

= · ·v H vm m
T

m (7)

where νm is the eigenvector of mode m, vmT is its transpose, and
δH is the Hessian matrix of the perturbation to the energy of
the elastic network

=E k d d1
2

( )
i j

ij ij ij
0 2

(8)

The response δωm is proportional to the elastic energy of the
springs that are connected to the ith residue when they are
perturbed by an arbitrary value (typically 0.1), with the aim of
being able to define the nodes that are most critical for the
dynamics of a certain mode. Specifically, a node is defined as a
connection point or a set of vertices within a network, or graph
of the structure of a protein, commonly each protein node is
represented by the Cα atom of each residue.25,26 Moreover,
involvement coefficients I between the ENM modes and the

displacement vector between a given structure/frame T and a
reference structure R can be computed according to the
following equation25−27
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where Δri = riT − riR and riT,R is the ith coordinate in the two
conformers and vmn is the nth element of eigenvector m. By
default, the computation is done for all 3N-6 modes, and only
the values of I greater than an arbitrary threshold (i.e., 0.2) are
output. The cumulative square overlap (CSO) between all
modes and the displacement vector is computed according to
the following equation

=
=

ICSO
m

N

m
1

3 6
2

(10)

Finally, residue correlation Cij is computed as
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where Cij denotes the correlation between particles i and j,M is
the number of modes considered for computation (the first 10
nonzero frequency modes), and νxy and λy are, respectively, the
xth element and the associated eigenvalue of the yth mode. For
further details, see refs 18, 22, 28, 29.
Finally, the SPECTRUS (SPECTral-based Rigid Units

Subdivision) (http://spectrus.sissa.it/#home)30 server was
used, this tool allows a protein system to be broken down
into its potential “quasi-rigid domains”, also calculating the
distance fluctuations between pairs of amino acids. More
specifically, MD trajectories treated with the SPECTRUS
approach allow us to compare the functional dynamics of
protein systems with different degrees of structural similarity.
Similarly, this method uses ENM to reliably reproduce
structural fluctuations.30 Strategies based on the decomposi-
tion of quasi-rigid domains assume that, in protein systems that
are genuinely rigid, the distances between two constitutive
points (or amino acid residues) tend to be conserved during
movement in space. Consequently, the SPECTRUS method
starts from the calculation of the distance fluctuations for each
pair of amino acids, a and b

=f d da b a b a b, ,
2

,
2

(12)

where da,b is the Cα atoms distance and the angled brackets
denote the average over representative conformers from
available crystal structures or sampled from MD trajectories.
It has been described that the fluctuation in the quasi-rigid
regions can be used to define a “quality score” that allows us to
identify subdivisions associated with significant low-mobility
(quasi-rigid) regions based on the balance of the distance
fluctuations within and between domains. This balance
(between distance fluctuations within and between domains)
is accepted as crucial for the optimal clustering of protein rigid
domains, and its validation through internal and external
clustering validation allows cluster quality scores to be
created.31 In this sense, the quality score represents a general
internal quantitative criterion for the decomposition of low-
mobility regions and allows the identification of innate or
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intrinsic quasi-rigid regions. Specifically, it has been shown that
the quality score can convey how compact, not very mobile,
and/or quasi-rigid the protein groups or regions are compared
to reference cases. The higher the value of the quality score,
the greater the probability of a more quasi-rigid system. For
more details of the method, we recommend refs 30, 31.
Molecular Dynamics of Regions of Interest of the

ClpXP Complex. For illustrative purposes and due to the
computational cost, it was decided to carry out a preliminary
study of the dynamic behavior only of the pore1 of the ClpXP
complex (PDB: 6PP8). The modeling of the structure was
established from the center of pore1 with a search box of a
radius of 50 Å. This was done to cover both the surface of the
pore1 and the substrate present in the crystal structure, as well
as the bottleneck of the channel. We assume that the center of
the crystal structure where the substrate is found is the best
option to start the region to simulate, as has been suggested for
the prediction of the center and size of the cavities.32 To
predict the region to be simulated, the CurPocket method of
the CB-Dock server was used.32,33 In this method, an
integration between the curvature factor of the surface

( )V

V

2
sphere

out
and the surface S accessible to the solvent is

computed as
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In this model, surface area is dependent on curvature. The

curvature factor ( )V

V

2
sphere

out
is defined using a sphere centered at

each sampling point on the solvent-accessible surface (S) and
calculating the squared ratio of the volume of the sphere
(Vsphere) to the volume exiting the solvent-accessible surface
(Vout). Therefore, convex, flat, and concave surfaces are
different in predicting hydrophobic contributions. The radius
of the sphere (1.2 Å) and the radius of atoms were set by
default according to the derivation of the proposed model.32,34

The method generates a quadratic relation of the set of points
to represent the solvent-accessible surface using the method
developed by Shrake and Rupley.34,35 Each point represents an
integral element of the surface area. The method then places
the points on a 0.1 Å grid and calculates the volumes of the
spheres at each point by accumulating the volume of the grid.
Finally, the model groups the square ratio products and the
area of the surface element. The curvature factor implements
the k-discrete oriented polytopes (k-DOPs) method to detect
the superposition of spheres quickly.34 The predicted region of
the protein was modeled and prepared using the MMV-v.7.0
package and Chimera software.14 ATP molecules are not
considered in the simulation because they are outside the
boundary of the proposed region. As usual, all water molecules
as well as co-crystallization elements were removed and the
PDB files were separated into different files using the MMV-
v.7.0 package.36

Subsequently, simulations were carried out to sample the
minimum-energy conformations and predict structural alter-
ations of the pore1 in the presence and absence of substrate, as
well as the stability of the binding of the substrate in the pore1.
For a pore1−substrate complex, the proposed MD system was
represented by three phases: relaxation, equilibrium (com-
posed of two equilibrium runs), and a production phase to
obtain the final trajectories of interest as suggested above.37−43

The MD simulation applied to the crystal structures
considered was carried out using an explicit water model.
For them, we started with the solvation of the system in a box
with a molecular size margin of 8 Å. The MD system also
consisted of one copy of pore1 (with or without substrate).
Amber99SB-ILDN force field was applied with TIP3P water.
Ions were added proportionally to neutralize the system and
simulate physiological conditions at a concentration of 0.2 M.
Specifically, Na+ ions were used as cations, Cl− ions for anionic
effect. Periodic boundary conditions were also applied and
Berendsen’s algorithm was used for coupling at constant
temperature and pressure (300 K and 1 atm, respectively).
First, an MD cycle was performed using a 5000-step steep

descent, followed by conjugate gradient minimization, also
with 5000 steps applying positional constraints on the atoms of
the pore1 complex (with and without substrate). Subsequently,
a 100 ps simulation was performed with the positions of the
atoms in the complex with a force constant of 10 kcal mol−1

Å−2 to allow the water molecules to diffuse through the system
and reach equilibrium. The water molecules were considered
as rigid particles to perform a simulation step of 2 fs. The
particle mesh Ewald method (PME) was used to calculate the
electrostatic contribution of nonbonded interactions, this was
done with a cutoff distance of 14 Å during a time period of 1 fs.
Regarding the van der Waals interaction, the cutoff distance
was 14 Å. After applying the MD cycle with higher descent (to
prepare the systems), the canonical NVT environment set at
100 ps was used, in this case, the system was kept at constant
temperature (thermalized at 300 K). Subsequently, and after
the NVT cycle, a 100 ps cycle was followed with the NPT
(isothermal−isobaric) environment to equilibrate the system
at constant pressure and temperature (1 atm and 300 K,
respectively). Additionally, the SHAKE algorithm (to
compensate for geometric link constraints) was used for 2 fs.
Finally, for the sampling of the minimum-energy structures, the
NPT environment was established as the production phase,
applying an MD cycle at 300 K and for 100 ns. Structures in
PDB format were generated every 10 ns (up to a total of 100
ns) to be used in the following analyses. All MD simulations
and additional adjustments were performed using cosgene/
myPresto. Cosgene/myPresto which is available at https://
www.mypresto5.jp/en/.13,24,44,45 The thermodynamically most
probable and favored position was calculated as well as the
relative binding energy of the substrate at each point of
minimum energy corresponding to each pore conformation
after dynamics. For this, the MMV_7.0 package was used,
calculating the thermodynamic mean from the MolDock,
Rerank, and PLANTS functions.46

Additionally, to study the fluctuation of the pore1 and the
bottleneck in terms of radius variations after the dynamics,
MOLE 2.5 (https://mole.upol.cz/) was used, this tool allows
the rapid and automated location and characterization of
cavities, pockets, channels, tunnels and pores in complex
structures, including macromolecular protein systems. MOLE
is an optimized and complete algorithm that allows channels to
be calculated using its “channels mode” (default), with which
merged tunnels and pores can be predicted. On the other
hand, it offers the “pore mode”, designed to determine and
characterize transmembrane pores. To calculate the pores, the
tool defines the region of the membrane according to the
information contained in the Orientations of Proteins in
Membranes (OPM) database (http://opm.phar.umich.edu/)
and applying the predictions of the MEMEMBED program
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(which allows us to study structures without membrane
annotation in OPM). Specifically, MOLE performs seven steps
for prediction: (1) application of the Delaunay triangulation/
Voronoi diagram for atomic centers; (2) construction of
molecular surfaces; (3) cavity determination; (4) determi-
nation of possible starting points; (5) and end of channels; (6)
channel modeling and (7) filtering of the located channels. For
this, and in relation to the cavities, the “Radius of the probe”
and “Interior threshold” parameters allow us to define the
surfaces (modeled with the α shape) and the cavities (β shape)
inside them, respectively. In addition, other parameters aimed
at the description of channels such as the “Radius of origin”
and “Radius of surface coverage” allow us to optimize the
position of the start point to the closest end point on the
surface, respectively. For further details, see refs 47−49.
The “search space calculation” module of the MMV-v.7.0

package was also used to predict the radius of a solid sphere
and define the center of the pore and the bottleneck, to
measure its variations.34 Specifically, the MMV tool defines a
solid sphere as the boundary where the search is centered. For
this, MMV defines a spherical search space, its center, and its
radius.50,51 This solid sphere method is similar to the rolling
probe method, which essentially works by rolling a virtual
probe or ball of a given radius around the van der Waals
surface of the macromolecule.52−54 This approach enables
grid-based cavity prediction by creating a discrete grid in the
region of interest. Followed by locating a solid sphere (probe)
of adjustable radius in the search region, and checking for
sphere overlaps determined by the van der Waals radius of the
protein atoms. The points calculated to describe the grid where
the probe collides with the spheres of the protein atom are
referred to as part of the inaccessible volume; all other points
are called accessible. In this way, each accessible region point is
checked to determine its belonging to the cavity.55

The widely used Molecular Mechanics/Poisson−Boltzmann
(MM/PBSA) surface area-based approach56−59 was considered
as a thermodynamic integration method, to determine the
relative binding energy of ligand−protein complexes formed by
the substrate (ligand) and the region of the pore1 (protein) by
calculating the free energy of binding (ΔGbind) of the MD
trajectories. The minimum-energy structure at each point of
the minimized system was subjected to the MM/PBSA score
implemented in AMBER16. The formulas for the estimation of
the binding free energy of MM/PBSA are shown in eqs 14−19
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=

+

G G G G

H T S

E G T S

( ) (14)

(15)

(16)

bind complex receptor ligand

MM solv (14)

= + +E E E EMM bonded ele vdw (17)

= +G G Gsolv polar nonpolar (18)

= · +G SASAnonpolar (19)

where ΔGbind is the total binding free energy. It is the free
energy difference between the bound state (Gcomplex) and the
free state (Greceptor + Gligand) and can be also represented by the
summation of the enthalpy part (ΔH) and the entropy part
(−TΔS). In this work, the enthalpy changes were computed by
the MM/PBSA approaches, whereas the entropy changes were
neglected because of the expensive computational cost and low
accuracy. The enthalpy part can be further decomposed into

the molecular mechanical energy (ΔEMM) and the solvation
free energy (ΔGsolv). The ΔEMM term includes the intra-
molecular (ΔEbonded), electrostatic (ΔEele), and van der Waals
(ΔEvdW) energies. The ΔGsolv term contains both the polar
(ΔGpolar) and nonpolar (ΔGnon polar) contributions, where the
polar contributions are accounted for by the Poisson−
Boltzmann (PB) model and the nonpolar are assumed
proportional to the solvent-accessible surface area (SASA)
(see Table S1).60 On the other hand, the algorithm based on
the size-modified Poisson−Boltzmann equation (SMPBE)
(https://web.uwm.edu/smpbs/) was used, as well as the
APBS program (https://server.poissonboltzmann.org/) to be
able to calculate the energy components and predict the
electrostatic charge associated with solvation and free binding
energy.56 The ΔGbind of the complexes was calculated on
frames taken after a cycle of 100 ns. Molegro Molecular Viewer
(MMV-7.0) was used.

■ RESULTS AND DISCUSSION
In Figure 1, the local environment of the ClpX system can be
seen (highlighted in red) with sufficiently destabilizing

configurational frustration, indicative of a highly frustrated
interaction, or with an atypical energy fluctuation that
compromises folding and local stability in the protein system.
The values with the highest percentages of local frustration
correspond to the amino acid regions modulated by electro-
static interactions predicted by the frustratometer algorithm.
Importantly, so-called long-range electrostatic interactions

have been described as providing charge stabilization that
channelizes the landscape for binding, and can also help guide
the macromolecular docking of intrinsically disordered
proteins before structure formation is complete. For other
systems, long-range electrostatic interactions can also cause
landscape frustration and can affect protein complex
formation.16 Currently, protocols studying the catalytic activity

Figure 1. Energetic fingerprint of electrostatic interactions for system
stabilization in the ClpX landscape. The local frustration index is
shown, which allows observing the highly frustrated regions at the
energy level, as well as the fraction or density in percentage expression
(%) of the number of native contacts in each frustration class. The top
panel shows the high (red bars), minimum (green bars), or neutral
(gray bars) frustration around a simulated 5 Å sphere for each Cα
(density around a 5 Å sphere) using a Debye−Hückel potential. In
the bottom panel, only the high frustration density of the residuals per
position for the ClpX region (blue dots) is highlighted.
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of enzymes and proteins generally tend to omit electrostatic
interactions characterized by being long-range (also known as
protein electrostatic preorganization interactions) due to the
difficulty associated with quantifying the optimal environment
for the reactions. In this way, these observations are important
because they provide information on the electrostatic
preorganization of these types of protein systems, which is
important to characterize the properties of their reactive state.
Furthermore, it has been described that electric fields in
general can influence the function of proteins.61

When studying the local energy contribution at the level of
the subunits of the ClpX system, it was predicted that, in the
characteristic destabilizing footprint, residues with a high
energy fluctuation (highly frustrated) are found, including the
residues suggested as keys for the formation of the structure
adjacent to the pore called the IGF loop (see Figures 2 and 3).

It is important to point out that models based on elastic
networks for determining the configurational frustration of
protein systems allow predicting intrinsic changes in the local
energy contribution of residues that are not easily detectable
with classical molecular dynamics methods. Especially since it
has been described that an evolved sequence of a protein
system can provide a minimally frustrated energy landscape,
which results in the folding of a protein on a relatively short
time scale, typically microseconds to milliseconds.62,63

Both the ClpX and the ClpP systems presented a sufficiently
destabilizing and characteristic configurational frustration. In
these two protein systems, residues with a high energy
fluctuation are exposed adjacent to the pore (see Figure 4).
These observations are consistent with the fact that neither the
kinetic folding of proteins nor their mutational robustness has
been reported to preclude the possibility that some conflicting

signal frustration may be present locally. This kind of local
frustration, if tolerable in the system, could arise naturally and
could be a functionally useful adaptation. This is why the
possible adaptive value of a molecule having a spatially
localized frustration arises from the way in which such
frustration can shape protein dynamics for specific biological
functions.64,65

However, despite the behavior shown in Figure 4, a greater
energetic frustration or instability of the regions associated
with the IGF loop in the ClpX system was predicted (see
Figure 3), in comparison to the energetic frustration of the
total contribution of the key residues of the region ClpP
determinants for loop formation (see Figure 5). On the other
hand, a stabilization of the IGF loop-associated regions in the
ClpX system was predicted after binding to the ClpP region.
These results show that the ClpP system is decisive in
contributing to the generation of a minimally frustrated system,
or rather more stable, without undergoing significant changes
in terms of its intrinsic energetic frustration (see Figure 5).
This is important because the interactions that maintain
macroscopic rigid systems have been described as extremely
strong, which allows macroscopic machines to maintain their
structural integrity over a wide range of conditions. Therefore,
it has been pointed out that rigid macroscopic components
tend to experience negligible changes in entropy.66

Stabilization of the complex from a highly frustrated system
toward a minimally frustrated system by contribution of the
ClpP region was predicted. This phenomenon is evidenced by
determining the individual energy fluctuation of each of the
residues associated with the IGF loop before and after the
formation of the ClpXP complex (see Figure 6). This is
important because it has been reported that native contacts
whose energies are deep enough can influence the energetically
stabilizing part of the distribution,67 which is key because
residues in the pore1 loop have been described adjust the
properties of the central channel.68 Thus, pore alterations have

Figure 2. Energetic contribution of electrostatic interactions for the
stabilization of the subunits of the ClpX system. The local frustration
index is shown, which allows observing the highly frustrated residuals
at the energy level (blue dots), as well as the fraction or density in
percentage expression (%) of the number of native contacts in each
frustration class. The top panel shows the high (red bars), minimum
(green bars), or neutral (gray bars) frustration around a simulated 5 Å
sphere for each Cα (density around a 5 Å sphere) using a Debye−
Hückel potential. For illustrative purposes only, the bottom panel
highlights the high frustration density of residues per position on
chain A. Residues with high frustration values are shown, including
residues suggested as keys to the formation of the pore-adjacent
structure called the IGF loop (dots highlighted in red on the graph).

Figure 3. Three-dimensional (3D) representation of the ClpX
module, highlighting the IGF loop. The region where residues with
high frustration values are located within the ClpX module are shown,
including residues suggested as keys for the formation of the pore-
adjacent structure called IGF loop. The diagram in the bottom panel
shows the ClpX module with hydrophobic surface, followed by the
middle panel where the A chain in secondary structure is shown for
illustrative purposes. The top panel shows the secondary structure and
residues associated with the IGF loop.
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the potential to influence both the chemical and mechanical
properties of the engine.68

Although these results would allow us to infer that there may
be a significant energetic contribution of the proposed amino
acid residues (V274, I268, G272, G269, and F270) to the
energetic and structural deformability of pore1, these
predictions could be misleading. This is due to the presence
of values with nonsignificant differences. Specifically, the

increase in the frustration of considered amino acid residues
as keys for pore1 (see Figure 7) on complex formation is not
significantly high (see Figure 8). In contrast, the decrease in
frustration of IGF loop amino acid residues was much greater
(see Figure 6), demonstrating that pore interactions do not
fully compensate for IGF loop stabilization. In this sense, it is
suggested to incorporate a greater number of residues to the
calculation, in addition to those proposed by the crystallo-
graphic description,10 to increase the number of residues that
contribute or not, with the fluctuation observed at a global
level.

Figure 4. Energetic frustration of the residues of the ClpXP system. The local frustration index of the entire ClpXP system is shown, which allows
observing the highly frustrated regions at the energy level, as well as the fraction or density in percentage expression (%) of the number of native
contacts in each calculated frustration class by a Debye−Hückel potential. For illustrative purposes, the central region of the secondary structure of
the ClpXP system is shown where the highly frustrated residues are located (blue dots).

Figure 5. Intrinsic energy frustration of the ClpXP system. Specifically
shown are the regions associated with the IGF loop in the ClpX
system, bound or not, to the ClpP region. A bar graph of the average
local high frustration of total residues associated with the IGF loop is
shown. The calculations were made considering the individual and
joint energy contribution of the ClpX, ClpP regions, and the ClpXP
complex. The values represent the fraction or density of frustration in
percentage expression (%) of the number of native contacts calculated
by a Debye−Hückel potential. The bottom panel represents the
contribution (+) or not (−) of the system (as the case may be) to the
calculation of the frustration density.

Figure 6. Individual energy fluctuation of IGF loop-associated
residues before and after ClpXP complex formation. The letters A,
B, C, D, E, and F on the X axis correspond to the ClpX subunits. A
bar graph of the high local frustration of IGF loop-associated residues
(frustration was calculated from the frustration index of each residue)
before and after ClpXP complex formation is shown. The values
represent the fraction or density of frustration in percentage
expression (%) of the number of native contacts calculated by a
Debye−Hückel potential.
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On the other hand, it is worth highlighting the sensitivity of
the model to slight changes in the local and individual energy
contribution of the waste (see Figure 8), and in a strict sense,
at the level of the pore1 (and only with the information of the
relevant waste) (see Figure 7), an approximation can be seen
energy behavior contrary to that observed in the adjacent
regions. Specifically, key pore-associated residues exhibit
minimally frustrated energy fluctuation, compared with higher
energy frustration or local instability following ClpXP complex
formation (see Figure 7).
These predictions relate to the existence of compensatory

interactions between interacting partners in a complex protein
system, which has been shown to be important in under-
standing the mechanisms of interaction.15 Furthermore,
preferences in the interactions involved have been described
to be greatly affected by additional binding, indicating that the

minimal frustration of general folding is compensated by
specific binding. In other words, the conflict with the total
folding of the minimum frustration is compensated by the
minimum frustration of the unioń.69

As expected, and as predicted by energy fluctuation, the
isolated ClpX system presented greater structural flexibility
compared to the ClpP system, which presented greater
structural quasi-rigidity indicative of a more stable system. In
addition, the ClpXP complex presented a quasi-rigidity lower
than that predicted for the ClpP system and higher than that of
the ClpX system. This allows it to be inferred that the ClpP
system contributes to the stability in terms of quasi-rigidity of
the ClpX region. It is also observed how the flexibility of the
system fluctuates as the complex assembles, with a rigidity that
decreases slightly as substrate and ATP are incorporated (see
Figure 9). The energy fluctuation predicted from the
configurational frustration calculation is associated with the
stability and deformability of the systems in terms of the
flexibility and rigidity of the protein domains. An approach
based on models of elastic networks allows observing the
intrinsic stability of protein systems. In this sense, predicting
the flexibility of the quasi-rigid domains is crucial to know the
effect of the interactions between the domains of the ClpXP
complex, as well as between the elements and biomolecules
associated with the ClpXP complex, as has already been
predicted for other protein systems.15,30,69

However, as indicated for the local contribution of the
residues to the frustration of the pore1 (see Figure 8), since
values with nonsignificant differences are present, it is
suggested to incorporate a greater number of residues into
the calculation. This allows for a better approximation to the
contribution of residues to the stability and stiffness of the
system. We also highlight the sensitivity of the SPECTRUS
model to predict slight changes in the local and individual
contribution of residues to stiffness (see Figure 9).30,31

Figure 7. 3D representation of pore1 highlighting residues associated with substrate interaction. The pore1 region is shown where the residues
associated with the interaction with the substrates within the ClpX module are located. The bottom panel diagram shows the secondary structure of
the ClpX module seen from the side, followed by the middle panel showing the ClpX module rotated 90°, indicating the location of each of its
chains. The top panel shows the secondary structure and residues associated with pore1 associated with the interaction with the substrates, and
considered to study their energetic frustration.

Figure 8. Energy fluctuation at the pore level before and after the
formation of the ClpXP complex. A bar graph of the high local
frustration of pore1-associated residues (frustration was calculated
from the frustration index of each residue) before and after ClpXP
complex formation is shown. The values represent the fraction or
density of frustration in percentage expression (%) of the number of
native contacts calculated by a Debye−Hückel potential.
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In fact, contributions to conformational changes mediated
by the effect of the interaction with molecules such as ATP can
also be detected with this type of model based on elastic
networks.70 This is important because it has been described
that exothermic chemical reactions such as that generated in
the hydrolysis of ATP can be an important source of forces
that drive changes and conformational transitions in proteins,
including fluctuations in the rigidity of the systems.70 In
addition, it has been described that some protein systems can
behave as molecular switches using the binding of nucleotides
such as ATP to alternate between different active states,71 and
to drive the translocation of molecules through cooperative
conformational changes.72 It has even been shown that the
presence of ATP in protein systems can generate proteins with
distinct states,73 as well as diverse topographical populations.74

Specifically, it has been proposed in ATPase-type models that
the conformational changes may be associated with the closing
and opening movements caused by the binding and hydrolysis
of ATP, respectively, due to the effect of a rearrangement of
the network of hydrogen bonds around ATP.75

For illustrative purposes, we sought to determine a possible
progression or trajectory of the values of the force constant,
adjusting it with a spline-type curve to smooth its fluctuations
or oscillations, in parallel with its graphic representation in a
bar diagram (see Figure 10). Especially because the ENM
approaches proposed here implement two methods to
calculate the cross-correlation of atomic motion and from
there allow us to predict the force constant associated with the
distance of the pairs of particles (Cα atoms) that interact in the
protein systems studied.19−23,25,26,28,29 It was observed that the
isolated ClpP and ClpX systems (with and without ATP)
presented a lower interaction force than the ClpXP complex
with ATP, followed by the complex coupled to the substrate
(see Figure 10). Likewise, a greater stability of the ClpP system
was predicted compared to ClpX (see Figure 10). Although
these predictions based on theoretical interaction strength
require experimental demonstration, they are interestingly
related to experimental studies of translocation kinetics

showing that after prior assembly of the ClpXP complex,
subsequent addition of ATP can mediate substrate degrada-
tion,76 furthermore, ClpP has been observed to initially form
an encounter complex with ClpX, which is then stabilized by
unimolecular coupling of IGF loops with ClpP.77 This
corresponds to the dynamic behavior of other protein systems
that present a progression in their functioning represented by
accompanying cycles. In initial instances, they can modulate
the interaction with ATP molecules and then continue with the
recruitment of substrates with various degrees of specificity.78

This is important because it has been described that when
residues stably intercalate into the incoming amino acid (or
polypeptide) chain within the central channel, the pore loops
in AAA+ systems translate the generated force into movements
of the domain that are propelled by the hydrolysis of ATP
within the motor to the substrate and thus are responsible for
mediating both ATP coupling and hydrolysis, as well as
substrate remodeling. Furthermore, the binding of ATP within
the subunits at the top establishes stabilizing interactions with
the neighboring subunit, and consequently, its pore1 loop
rearranges to interact with the substrate.68

The predictions about the quasi-stiffness distribution of the
system demonstrate that although ClpP is a theoretically much
stiffer system than ClpX (see Figure 9), both ClpP and ClpX
present similar values of the ENM force constants (see Figure
10). The similarity between the force constants of the studied
systems (ClpX and ClpP) applying the ENM method, allows
us to describe the stability of these systems through the
coordinates of C atoms that interact through a harmonic
potential, with a constant of force inversely proportional to the
distance between the interacting C atoms, as has already been
predicted for other protein systems.19

To predict pore volume fluctuations over 100 ns of
simulation, an explicit water aqueous medium with physio-
logical density was modeled and the MOLE 2.0 algorithm was
used, which can calculate pores from channel detection. With
this method, the so-called “pore criterion” is used, which
stipulates that the end points of the pore must be farther apart
than the average length of the channels that formed the pore
(see Figure 11). Similarly, pore fluctuation over time was
compared using the MMV, which applies a probe from the

Figure 9. Flexibility of the quasi-rigid domains of the ClpXP complex.
The fluctuation of quasi-rigid systems is shown in terms of the quality
score offered by the SPECTRUS method for various combinations of
complexes considered here. This approach allows subdivisions
associated with low-mobility (quasi-rigid) regions to be identified
and scored based on the balance between distance fluctuations within
and between domains (between pairs of amino acids). The higher the
value of the quality score, the higher the probability of a more nearly
rigid system. The lower panel represents the contribution (+) or not
(−) of the system (as the case may be) to the calculation of the
quality score.

Figure 10. Interaction strength of the ClpXP complex in structural
communication. For illustrative purposes only, a possible progression
or trajectory of the values of the force constant is shown using a
spline-type curve to smooth its oscillations. The bottom panel shows
the graphical representation of the force constant values in a bar chart.
This prediction was made from the ENM approaches proposed in this
study, which allows calculating the cross-correlation of atomic
movement and a force constant associated with the distance of the
pairs of particles (Cα atoms) that interact in the protein systems
studied.
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center of the pore. In this method, the distance from the center
of the pore to the contact with the closest residue group
simulated on an electrostatic surface was used as a criterion to
delimit the pore (see Figure 11).
Although a mean of ≈5 Å was predicted, the pore means at

100 ns with (green) and without (blue) substrates were 6.68
and 2.78 Å, respectively. Indicative of an unfolding of the pore
in the presence of the substrate (see Figure 11). This
corresponds to a state of higher energy frustration in the
complexed state, in which the pore has greater flexibility to
facilitate interaction with the substrate (see Figure 12).

It is important to note that the measurement of the size of
the cavities of interest (in this case both the pore and the
bottleneck) was performed as usual using the coordinates of
the atoms of the final snapshot of the protein at 100 ns MD
simulation.79 After the complete MD simulation cycle at 100
ns, the considered methods did not present significant
differences in the arithmetic mean of the free pore radius
(MOLE ≈ 5.5 Å and MMV ≈ 4.8 Å) (t = 0.46, GL = 8, p =
0.655, α = 0.01) and with substrate (MOLE ≈ 5.2 Å and

MMV ≈ 5.0 Å) (t = 0.12, GL = 8, p = 0.902, α = 0.01).
Regarding the arithmetic mean of the bottleneck after the
complete MD simulation cycle at 100 ns, the considered
methods also did not present significant differences between
the free bottleneck (MOLE ≈ 2.60 Å and MMV ≈ 2.64 Å) (t =
0.05, GL = 8, p = 0.958, α = 0.01) and with substrate (MOLE
≈ 2.78 Å and MMV ≈ 2.50 Å) (t = −0.41, GL = 8, p = 0.687,
α = 0.01). On the other hand, the values of each method for
the minimum-energy structures (specifically at 100 ns MD) of
the pore radius (MOLE ≈ 2.5 Å and MMV ≈ 3.0 Å) and
bottleneck (MOLE ≈ 7, 3 Å and MMV ≈ 6.0 Å) were similar
with a difference of ≈ 0.4 and ≈ 1.3, respectively. While the
values of each method for the minimum-energy structures
(specifically at 100 ns MD) of the free bottleneck radius
(MOLE ≈ 1.8 Å and MMV ≈ 1.5 Å) and with substrate
(MOLE ≈ 1, 4 Å and MMV ≈ 1.8 Å) were also similar
between methods with a difference of ≈0.3 and ≈0.4,
respectively. In the same way, the values of the pore size and
the bottleneck were calculated at each point of minimum
energy along the trajectory (see Supporting Information
Tables S2 and S3), as has also been suggested.80 Each method
(MOLE and MMV) was able to independently reproduce the
trend of the other under the conditions of this study. Both
MOLE and MMV predicted the pore and bottleneck size of
the reported crystallographic structure in the presence of the
substrate (in terms of radius).10 However, to validate the
predictions of the sampled minimum-energy structures for the
calculation of the pore1 and bottleneck radius, the protein
system was examined during a longer simulation period (200
ns). It was observed that after the simulation period at 200 ns,
the previously predicted trend was maintained in terms of the
fluctuations of the pore1 and bottleneck radius (in the
presence and absence of substrate). At the same time, the
reported fluctuations in the crystallographic structure (in terms
of the radius) for the pore and bottleneck in the presence of
the substrate were predicted (see Supporting Information
Figures S1 and S2).
This corresponds to what has been described in protein

systems where, depending on the orientation and the distance
between the side chains, it is likely that the stabilized loops of
the pore will acquire some degree of flexibility to support the
peptide space.81 It has even been pointed out that the intrinsic
flexibility of proteasomal receptors and the dynamics of their
ubiquitin interactions are likely paramount to substrate
processing.82 It is important to point out that despite the
fluctuating behavior of the dynamics obtained, the simulation
period used has been widely recommended in several studies
with similar oscillating behaviors and with trajectories that
tended to be defined or discriminated at 100 ns with protease-
type enzymes83−87 including systems associated with Clp88 and
even smaller simulation periods.89−91 In addition, it is
important to note that the simulation conditions used at 100
ns over pore1 in the presence of the substrate reproduced the
reported radius (6−8 Å) for the crystallographic structure
considered in this study.10 On the other hand, it is highlighted
that despite having used two different methods to measure the
radius of the pore1, and that these yielded results with different
magnitudes, both were able to reproduce (at 100 ns) the
previously reported radius of the pore1, and with a similar
trend between the trajectories of both methods. This allows us
to infer that both the specialized algorithm based on the
Delaunay triangulation/Voronoi diagram47−49 and the rolling
probe method based on the van der Waals surface51,55 allow us

Figure 11. Fluctuation of the pore in physiological medium as a
function of time. A comparative analysis between the trajectories of
the radius of pore1 in the presence and absence of substrate predicted
with a specialized algorithm based on the Delaunay triangulation/
Voronoi diagram (MOLE) is shown, with a rolling solid sphere
method on the van der Waals surface (MMV).

Figure 12. Fluctuation of the pore and energy of interaction with the
substrate in physiological medium as a function of time. The
comparative analysis between the relative energy of binding (ΔGbind)
of the MD trajectories of the ligand−protein complexes formed by the
substrate (ligand) and the pore1 region (protein) with the Molecular
Mechanics/Poisson−Boltzmann surface area approach is shown
(MM/PBSA); vs mean pore radius fluctuation in the presence and
absence of substrate calculated with Delaunay triangulation/Voronoi
diagram and solid sphere method on van der Waals surface. The
trajectories are shown as a function of each point or structure of
minimum energy during the simulation period of 100 ns.
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to make an approximate prediction and with similar
trajectories of the experimental radius reported for the pore1.10

However, to validate the predicted behavior, the fluctuation
of the system at 200 ns was examined, as has also been
suggested for this type of protein systems,92 maintaining a
behavior similar to that predicted at 100 ns of simulation for
both the pore and the neck of the free bottle and with
substrate. Minimum-energy trajectories at 200 ns were
observed that oscillate within what was previously predicted
and consistent with the respective radius of the crystal
structure (see Supporting Information Figures S1 and S2).
Although the time scales accessible for MDs prevent the direct
observation of events on microsecond scales with reliable
statistical sampling, the behavior of fluctuations that occur in
short times is capable of providing reproducible information in
terms of structural flexibility, as has been pointed out.92 In fact,
the reproducibility of trajectories on the proposed time scales
is in excellent agreement with that identified in smFRET
(single-molecule Förster resonance energy transfer) experi-
ments for functional motions of Clp-like structures.93 As well
as to be able to know the effect of the early perturbation in the
dynamics of pores, and in simulations of Clp systems that
include the elimination of nucleotides and/or the substrates.92

Studying the relative energy of binding between the amino
acid residues of the pore and the substrate, and its relationship
with variations in the volume of the pore (as a function of
time), similar results to those predicted were obtained in terms
of binding strength. It was predicted that the larger the pore
size, the higher the binding energy with the substrate (see
Figure 12). It was observed that after a simulation at 100 ns in
a physiological medium, the free pore (without substrate)
underwent folding, while the presence of the substrate
predicted an unfolding of the pore. These results correspond
with the increase in pore flexibility previously predicted by the
comparative analysis of pore volume over time, and with the
energetic fluctuation in terms of energetic frustration (see
Figure 12). It has been reported that this type of system can
present more compact pores that can increase in size to favor
the degradation of unfolded proteins.94,95 An important aspect
because it is known that the molecular architecture of Clp-like
systems limits the activity of the enzyme to peptide
degradation, with a size restriction that is reinforced by the
size of the axial channel,96−99 it is likely that different unfolded
substrates translocate into different conformations, and that
the size of the cavities for translocation steps may also vary
with sequence.99,100 Indeed, it has been described that the
domains of Clp-like systems can unravel to allow the pores to
widen to accommodate larger substrates, and then fold back to
allow the pores to close again and maintain intimate contacts
with smaller substrates.99,101 This mechanism of pore
expansion-contraction via a “snake jaws model” has already
been suggested, in which the pore size is controlled by the size
of the substrates and the conformation, and structure of the
ClpX subunits.101 Second, it has been reported that the pore
loops exhibit large-amplitude fluctuations on the microsecond
time frame and change their conformation upon substrate
engagement and ATP hydrolysis, indicating that these motions
might drive substrate translocation.9

To study the contribution of pore flexibility in the
interaction with the substrate, pore size fluctuation with and
without substrate was examined throughout the simulation. It
was also compared with the region called “bottleneck”
corresponding to the narrowest region of the channel,

considering the presence and absence of the substrate.
Although a conformational unfolding of both the pore and
the bottleneck was predicted at ≈50 ns of simulation. The pore
and the bottleneck in the free state (without substrate) showed
a conformational change at 100 ns of the simulation with a
radius of ≈4 and ≈1.5 Å, respectively, while the pore and the
bottleneck in the presence of the substrate presented a radius
at 100 ns of simulation of ≈8 and ≈2 Å, respectively (see
Figure 13).

These results are important because our predictions
reproduced the reported pore and bottleneck radius10 and
could suggest under the conditions of this study that the
mechanism of the interaction of the ClpX system with the
substrate passes through unfolding of the pore in parallel with
folding of the bottleneck. This could regulate the passage of
the peptide through the channel, with an amplitude that could
theoretically allow the passage of ≥3 residues through the pore
during the simulated period. Specifically, the predicted pore
distance in the presence and absence of substrate and its
relationship to the binding strength of the complexes and
relative binding energies show a propensity for long trans-
location steps. During the simulation in aqueous medium, a
pore unfolding with a mean distance of up to ∼0.6 nm was
predicted in the presence of the substrate. An increase in the
pore from the free state to the complexed state (with
substrate) of between 2 and 3 nm was predicted. The
variations in the distance calculated by molecular dynamics
during a period of 100 ns could theoretically allow the passage
of substrate with a size equivalent to about three residues, as
has been suggested.10 These results indicate that the
translocation step for this system could occupy variable
lengths of the substrate, thanks to splittings that would favor
longer steps that presumably represent kinetic bursts of this
fundamental step as described.10 The simulation periods
applied here (up to 200 ns) (see Supporting Information
Figure S1) show a cyclical trend in the fluctuations of the
simulated pore1 and bottleneck system with and without
substrate. This shows the relevance of applying prolonged
simulation periods, especially because when comparing the
ratio between the pore radius with and without substrate, as
well as the ratio of the bottleneck with and without substrate,
the fluctuation of these regions with tendency to fold or unfold
inversely proportional between these two regions of the ClpX

Figure 13. Pore and bottleneck radius fluctuation with and without
substrate at 100 ns simulation. The comparison between the
trajectories of the bottleneck radius and pore1 with and without
substrate as a function of time is shown. The values correspond to the
mean of the predictions made with the Delaunay triangulation/
Voronoi plot and with the solid sphere method on the van der Waals
surface.
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system during the considered simulation period (see Figure
14).

Thus, ClpXP could operate through a probabilistic
mechanism in which more than three residues were trans-
located in each unfolding cycle. Especially since a major
problem in describing the mechanism of Clp-like systems has
to do with the duration of the deployment (increased distance)
and translocation (decreased distance) steps. Specifically, while
an SC/2R-type model predicts the passage of two residues, the
fluctuations in pore size1 predicted in this study correspond to
the basic translocation step reported experimentally for ClpXP
systems by optical capture, which is associated with the passage
of up to six residues, with even longer oscillating steps (see
Supporting Information Figure S2).10,102

Our simulations predict fluctuations potentially related to
unfolding steps at the pore1 level (increase in distance) and
translocation at the bottleneck level (decrease in distance) in a
time between 100 and 200 ns (see Figures 13 and 14 and
Figures S1 and S2). This is important because it has been
pointed out that the mechanism described here is not strictly
due to a step of ≈6 residues that is the product of three SC/2R
substeps.10 In fact, this mechanism (SC/2R) is not favorable
because its time constant from the beginning to the end of
each translocation step requires between 0.1 and 0.2 s (≈1 ×
108 ns) in optical traps.10,102

In summary, the models proposed here allowed to establish
a framework of deformability of the ClpXP system considered,
as well as the contributions of its subunits, in the presence and
absence of substrate, and ATP, on said collective movements,
fluctuations of residues, and conformational and energetic
changes (local and global). This opens the doors for future
research aimed at studying possible conformational and
energetic pathways between the different states (folded and
unfolded) of simulated complexes, as has been suggested.103

The possibility of characterizing the movements in this type of
biomedically relevant protein systems has also made it possible
to examine the vibratory movements of systems such as
kinesin, myosin and F1-ATPase, exposing limitations in ENM
models to capture conformational changes in associated
globular regions to nucleotides.104 This aspect could be
circumvented if the determination of the quasi-stiffness regions
is sought as shown in this study since the model showed
sensitivity to ATP contributions as reported.70−75 These
approaches are important because the vital nature of tightly
controlling the activity of Cp-like systems and their control
mechanisms associated with conformational folding105 has

been demonstrated, and how perturbing the degrees of
freedom of such machinery could alter the essential stages
such as, for example, molecular coupling.106 All of these are key
aspects with therapeutic interest.7,8

■ CONCLUSIONS
The proposed ENM suggest that the ClpP region is decisive
for the stabilization of the ClpXP complex, contributing to the
flexibility of the residues adjacent to the pore, favoring the
increase in pore size and, therefore, with the energy of
interaction of its residues with a larger portion of the substrate.
When analyzing the behavior of the elements of the ClpXP
complex with ENM, it is suggested that the complex may
undergo a stable configurational change once assembled and
that the deformability of the system once assembled is
oriented, on the one hand, to the increase in the rigidity of
the domains of each region (ClpP and ClpX) and, on the other
hand, to the flexibility gain of the pore. Subsequently, and
according to the ENM approach, the interaction between the
complex and the substrate could occur before the interaction
with ATP, modifying the volume of the pore and generating a
thermodynamically favorable bond with the substrate. It was
also observed that the subsequent incorporation of ATP
contributes to the dynamization of the complex in terms of an
increase in its global flexibility. In terms of the kinetics
associated with the increase in pore size, it was observed that
the calculated trajectories required ≈ 100 ns under the
conditions of this study to simulate the fluctuations presented.
Our predictions suggest that the mechanism of the interaction
of the ClpX system with the substrate passes through the
unfolding of the pore in parallel with a folding of the
bottleneck. This mechanism of pore unfolding in parallel with
a folding of the bottleneck was predicted in a period of time
incompatible with the times suggested at the experimental level
for the hydrolysis models type SC/2R. The conclusion is that
due to the theoretical behavior of the pore, along with the
greater stability and binding energy to the substrate under the
presented conditions, simultaneous translocation of >2
residues may be possible, and not just in a strictly sequential
manner.
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