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Abstract
Flexibility and function are related properties in the study of protein dynamics. Flexibility reflects in the conformational 
potential of proteins and thus in their functionalities. The presence of interactions between protein-ligands and protein-protein 
complexes, substrates, and environmental changes can alter protein plasticity, acting from the rearrangement of the side 
chains of amino acids to the folding/unfolding of large structural motifs. To evaluate the effects of the flexibility in protein 
systems, we defined the enzyme 2-trans-enoyl-ACP (CoA) reductase from Mycobacterium tuberculosis, or MtInhA, as our 
target system. MtInhA is biologically active as a tetramer in solution; however, computational studies commonly use the 
monomer justifying the independence of its active sites due to their distances. However, differences in flexibility between 
tertiary and quaternary structures could present impact on the size of the active site, influencing the drug discovery process. 
In this study, we investigated the influence of flexibility restrictions in A- and B-loops of the MtInhA in order to suggest a 
monomeric structure that describes the conformational behavior of the tetrameric system. Overall, we observed that simu-
lations where restrictions were applied to the A- and B-loops present a more similar behavior to the native structure when 
compared to unrestricted simulations. Therefore, our work presents a monomeric model of MtInhA, which has conforma-
tional characteristics of the biologically active structure. Thus, the data obtained in this work can be applied to the MtInhA 
system for the generation of more reliable flexible models for molecular docking experiments, and also for the performance 
of longer simulations by molecular dynamics and with a lower computational cost.
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Introduction

Flexibility and function are related features in the study of 
protein dynamics, since it reflects on the conformational 
range, and thus functionality [1–3]. The presence of pro-
tein-ligand and protein-protein interactions, the binding of 
substrates, and environmental changes can impact protein 
plasticity, ranging from the rearrangement of amino acid 
side chains to the folding and unfolding of large structural 
motifs [4–6]. The subject of several molecular dynamic 
studies, the flexibility of the enzyme 2-trans-enoyl-ACP 
(CoA) reductase (InhA) from Mycobacterium tuberculo-
sis (Mt) or MtInhA, has been reported due to the confor-
mational changes observed in its binding cavity [7–13]. 
Kumar and Shobia studied the flexibility of the substrate-
binding loop (SBL) in the binding of direct InhA inhibi-
tors [8], reporting a bonding pattern that can be used to 
characterize an open and closed state of the SBL in the 
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MtInhA [9], and also applied computational techniques 
to describe hot-spot residues acting on ligands binding 
[10]. Tonge and coworkers explored MtInhA plasticity to 
explain experimental data adjustment of slow-onset inhibi-
tors on the substrate-binding pocket (SBP) [11]. Schroeder 
and collaborators described how point mutations, such as 
I21V, lead to isoniazid resistance; they also identified con-
siderable flexibility of the SBL motif by using the mono-
meric form of the MtInhA [12].

MtInha, a homotetramer in solution, is a validated target 
enzyme for tuberculosis treatment [13]. The enzyme active 
site is composed of three regions: (i) substrate-binding 
loop (SBL), (ii) A-loop, and (iii) B-loop. The structural 
configuration shows A- and B-loops towards the center 
of the quaternary structure, where protein-protein inter-
actions can be observed between the subjacent subunits, 
whereas SBL faces the solvent, out of the tetramer contact 
[14]. Crystallographic structures and molecular dynamics 
simulations revealed that the binding of ligands on the 
SBP can influence the flexibility of the main structural 
motifs of this cavity, SBL, and A- and B-loops. However, 
rigid-body docking and molecular dynamics simulations 
have been applied to MtInhA using a monomeric structure, 
since it demands less computational cost compared to a 
tetrameric structure, and also due to the hypothesis that 
the distance about 40 Å apart from each binding site is 
sufficient to make them independent [15–17]. Recently, 
Tarabini and coworkers highlighted the importance of the 
quaternary structure to represent a dynamic ensemble of 
the MtInhA by computational techniques, suggesting that 
the monomeric form could lead to conformations that are 
not observed either in crystallographic structures or by 
simulations where the tetrameric form is used [18]. The 
tetrameric arrangement indicates that the flexibility of A- 
and B-loops is affected by the proximity of the subjacent 
subunit, suggesting that the quaternary structure has an 
impact on MtInhA plasticity, possibly restraining these 
motif movements [19, 20].

This work proposes a new approach to simulate a ter-
tiary protein structure that describes the dynamic behavior 
of a quaternary structure, in order to reduce the compu-
tational cost of molecular dynamics simulations without 
compromising the dynamic ensemble. We analyzed the 
dynamic ensemble of MtInhA by simulating five systems 
which, in three of them, were applied force constants on 
A- and B-loops: (i) the tetrameric structure, (ii) mono-
meric structure without restrictions, (iii) monomeric struc-
ture restrained at 0.25 kcal, (iv) monomeric restrained at 
1.00 kcal, and (v) monomeric restrained at 5.00 kcal. To 
compare all simulations, we used probability density func-
tions analysis based on the plasticity of the active site and 
principal component analysis to evaluate the overall flex-
ibility of the MtInhA.

Material and methods

MtInhA crystallographic structure

All MD simulations were performed using the binary 
complex of the MtInhA:NADH, according to the PDB ID 
1ENY [21, 22]. The tetramer (Fig. SF1) was generated 
using the rotational and translational matrices of the crys-
tallographic structure.

Amber protocol

The general pipeline of the simulation consists of four 
basic steps, where firstly all systems were submitted to 
energy minimization cycles to adjust the bond length, 
angles, and dihedrals according to the parameters of the 
force field. In addition, the systems were solvated and 
short simulations were performed to allow the water mol-
ecules to be accommodated into the cavities of the MtInhA 
structure. After that, all systems were gradually equili-
brated to the temperature of 298.16 K. The final step was 
the production phase of the simulations. All analyses were 
carried out using in-house python scripts.

The simulations were performed with the SANDER mod-
ule of AMBER 18 [23], using the ff14SB force field model 
of Maier et al. (2015) [24]. Periodic bound conditions were 
applied and the NPT ensemble, where the temperature was 
kept to 298.16 K was used during all simulation time. All 
systems were solvated using the TIP3P model [25], and the 
constant pressure was guaranteed with an isotropic position 
scale, maintained at 1 bar by the Berendsen barostat [26]. 
The SHAKE algorithm [27], with a standard tolerance of  10-5 
Å, was applied to restrict all bonds containing a hydrogen 
atom. The electrostatic interactions between unbound atoms 
were evaluated using the particle mesh Ewald method, with a 
charge network spacing of 1.0 Å. van der Waals interactions 
measured using a 9.0 A° atomic cutoff [28]. All hydrogen 
atoms, ions, and water molecules were subjected to molecu-
lar dynamics for 1.0 ns, to allow the systems to be balanced, 
while the protein structure was kept rigid. The systems were 
then submitted to 1,200 steps of steepest-descent and conju-
gate gradient energy minimization, up to a tolerance of 1,000 
kJ  mol-1  nm-1, to remove close contacts of van der Waals 
forces and allow the atoms to progressively move until they 
were unrestrained. The temperature was gradually increased 
from 10 to 298.16 K in 7 steps (10 to 50 K, 50 to 100 K, 100 to 
150 K, 150 to 200 K, 200 to 250 K, 250 to 298.16 K, and then 
kept at 298.16 K). The first six steps lasted for 200 ps each, 
and when the temperature reached 298.16 K, the systems were 
equilibrated for 8.8 ns NTP before the production phase. We 
performed three different simulations for each MtInhA system 
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by using different random seeds. The production phase of each 
MD simulation lasted for 90 ns and the total simulation time 
(heating and production) was 100 ns. All analyses were car-
ried out using the last 90 ns of each simulation. The total 
simulation time was 1.5 μs.

Structural analysis of the MtInhA enzyme

To describe the influence of the quaternary structure on 
MtInhA plasticity, the systems were analyzed according to 
the distance, angle, and variation of the area based on resi-
dues present in the SBP: (i) A-loop (F97-H121), (ii) B-loop 
(D150-A167), and (iii) SBL (P193-D234). A pincer angle, 
to monitor the opening and closing of the SBP, was defined 
based on the center of mass of the three structural motifs. 
The central residue of the pincer angle was M98 (A-loop), 
P151 (B-loop), and A198 (SBL). All these analyses were 
carried out using the Geo-Measures plugin [29].

Results and discussion

MD simulations were performed to evaluate the impact of 
restraints on the flexibility of the MtInhA structure. Tarabini 
and coworkers [13] described that the mobility of A- and 
B-loops is restricted due to the proximity of the adjacent 
subunits, where approximately 40% of the A-loop and 66% 
of the B-loop are in contact with the adjacent subunits. It 
suggests that the quaternary structure implies a mechanism 
of flexibility regulation. According to these findings, this 
research aimed to mimic the dynamic behavior of the qua-
ternary structure in a monomeric model by applying force 
constants to the A- and B-loops in order to restrict the flex-
ibility of these regions.

Comparison of the ensembles

To evaluate the conformational changes in the SBP, we 
monitored the relationship between the triangle area and 
the pincer angle. This analysis can be used to describe the 
process of opening and closing the active site. According 
to our results, the unrestrained simulation presents the abil-
ity to sample conformations that are not accessible to other 
systems. Figure 1 demonstrates the conformational ensemble 
of the five groups based on the probability density function. 
The unrestrained system has a more spread plot, the most 
representative conformation averaging 33.5 Å2 and 79.2 Å 
of triangle area and pincer angle, respectively. These results 
corroborate the hypothesis that in the absence of adjacent 
subunits the MtInhA presents higher flexibility; however, 
besides the system sample conformations not observed in 
other simulations, the most representative structure assumed 
during the simulation time is similar to the tetrameric and 

restricted simulations. The tetramer and restrained systems 
(0.25 kcal  mol−1, 1.00 kcal  mol−1, and 5.00 kcal  mol−1) 
showed a more limited area of dispersion. The most repre-
sentative conformations observed for the triangle area and 
pincer angle in the tetrameric system were 34.0 Å2 and 81.4 
Å, respectively. Regarding the restrained simulations, the 
values of triangle area and pincer angle were 38.0 Å2 and 
83.3 Å (0.25 kcal  mol−1), 35.7 Å2 and 77.7 Å (1.00 kcal 
 mol−1), and 37.8 Å2 and 83.6 Å (5.00 kcal  mol−1). There-
fore, it can be observed that the system where a force con-
stant of 1.00 kcal  mol−1 was applied showed a more similar 
distribution when compared to the tetrameric system. These 
data highlight the impact of the restrictions to reproduce the 
tetramer flexibility, and thus the importance of the adjacent 
subunits to the dynamics of the binding site. It is impor-
tant to highlight that the relationship between the triangle 
area and pincer angle provides information regarding the 
size of the SBP, and according to our results, unrestrained 
simulations should be used with caution if the objective 
is to generate conformations for docking simulation of a 
flexible receptor model. Analyses monitoring the relation-
ship between the distances of SBL:B-loop and A-loop:SBL 
(Figs. SF2 and SF3) also present a more spread plot for the 
unrestrained system when compared to restrained and tetra-
meric systems. These results are in agreement with Tarabini 
and coworkers [18], where it was described that monomeric 
simulations sampled conformations which are not accessible 
for the quaternary system.

Flexibility of the main structural motifs

The temperature factor (B-factor) is an interesting analysis 
to evaluate the displacement of atoms, allowing us to high-
light what regions are contributing to the protein flexibility. 
In addition, since our goal is to propose a monomeric sys-
tem that represents the dynamics behavior of the quaternary 
structure, it is important to observe what are the impacts of 
the restrictions on the A- and B-loops oN the overall struc-
ture. Figure 2 shows the difference in the B-factor between 
the simulations and the crystallographic structure. Accord-
ing to our results, we observed that the flexibility of residues 
composing the Rossmann fold domain is not affected by the 
restrictions applied to the simulations of 0.25 kcal  mol−1, 
1.00 kcal  mol−1, and 5.00 kcal  mol−1. These observations 
can be confirmed by the B-factor analysis where all simu-
lation systems present similar differences when compared 
to the temperature factor of the crystallographic structure. 
However, when analyzing regions of the SBP, the flexibil-
ity does not present the same behavior. It was observed 
that unrestrained simulations present higher flexibility on 
the A-loop, B-loop, and SBL. Moreover, it is important to 
highlight the differences between unrestrained and tetra-
meric simulations, which corroborate the hypothesis that 
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the binding site conformation is perturbed by the presence 
of the adjacent subunits. These findings have been also 
observed by Tarabini and coworkers [18], where the SBP 
presents the largest B-factor between the monomer and 
tetramer simulations. Regarding the restrained simulations, 
the flexibility of these regions is well represented compared 

to the B-factor of the crystallographic structure as well as 
tetrameric simulations. Figure 3 presents the structure of 
the SBP highlighting the B-factors values. It is possible to 
observe that the restrictions applied to A- and B-loops can 
also impact the mobility of the SBL, suggesting that the 
0.25 kcal  mol−1 is sufficient to obtain values similar to the 

Fig. 1  Conformational ensembles of the MtInhA associated with 
NADH. The probability density plots of A tetramer, B unrestrained, 
and the restrained systems C 0.25 kcal  mol−1, D 1.00 kcal  mol−1, and 
E 5.00 kcal  mol−1, highlights the differences in the protein dynamics 

regarding the variability of the binding cavity. All data were obtained 
from three replicas simulations. Image generated with PyMOL [30] 
plugin Geomeasures [29].
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experimental structures. However, according to these results, 
we should be aware that the restrictions using the same force 
constant to all residues of the A- and B-loops are not the best 
alternative to reproduce all aspects regarding the dynamic 
behavior of the MtInhA. An alternative could be weighting 

the force constant based on the proximity to the adjacent 
subunit. Overall, our restrained simulation model presents an 
interesting approach to describe the dynamic behavior of the 
tetrameric structure without increasing the computational 
cost. This is an important finding since our approach could 

Fig. 2  Flexibility of the MtInhA structure according to different sim-
ulation systems. The figure shows the difference in the B-factors val-
ues for all systems when compared to the crystallographic structure. 

The regions A-loop, B-loop, and SBL are highlighted with boxes and 
colored in violet, blue and red, respectively. All data were obtained 
from three replicas simulations. Image generated with Plotly [31]

Fig. 3  B-factor values of the SBP region. A Crystallographic struc-
ture, B unrestrained, C tetramer, D 0.25 kcal  mol−1, E 1.00 kcal 
 mol−1, and F 5.00 kcal  mol−1 restrained systems. All structures are 

represented as B-factor putty, considering the difference when com-
pared to the crystallographic structure. All data were obtained from 
three replicas simulations. Image generated with PyMOL
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be applied to generate reliable confirmations for docking 
simulations, improving the drug discovery process.

Conclusions

Molecular dynamics simulation is a computational bio-
physical approach widely used to describe the dynam-
ics of macromolecular systems. Therefore, to obtain 
reliable results, it is important to use the biologically 
active structure of the target, even when the active site 
is not located at the interface of the adjacent subunits. 
In order to reduce the computational cost, it is common 
to observe simulations of the tertiary structure instead 
of the quaternary structure. There are different explana-
tions to carry out a system reduction, for the MtInhA is 
justified by the use of a monomeric system due to the 
distance between each binding site (≈40 Å). However, 
it was described elsewhere that the presence of adjacent 
subunits impacts the dynamic behavior of the MtInhA. 
Since it is a validated target to pursue new antitubercu-
lar compounds, we proposed a monomeric model system 
that describes the flexibility of the quaternary structure 
that could be used to evaluate the stability of ligands, 
identified by virtual screening, without losing dynamics 
information. The comparisons between restrained, unre-
strained, and tetrameric systems allowed us to suggest a 
potential monomeric model that represents the confor-
mational features of the tetrameric structure. In addition, 
it was possible to observe that a force constant of 0.25 
kcal  mol−1 was sufficient to mimic the interaction of A- 
and B-loops with the adjacent subunits of the tetrameric 
structure. The B-factor results indicated that the applied 
restrictions on the A- and B-loops do not compromise 
the overall flexibility of the MtInhA. In this way, our 
data indicates that unrestricted simulations present dif-
ferences in the protein flexibility regarding the tetrameric 
model, whereas restrained simulations are able to better 
reproduce the dynamics of the tetrameric system, mainly 
in the SBL, A- and B-loops. We believe that this research 
comes up with important information to the study of the 
MtInhA flexibility.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00894- 022- 05135-6.
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