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Abstract

As drug-resistant tuberculosis (TB) infections grow more widespread, antibiotics that inhibit Mycobacterium tuberculosis
through a novel technique might be an important component of changing TB therapy. In M. tuberculosis, protein kinase A
(PknA) and protein kinase B (PknB) are both essential serine-threonine kinases. These enzymes present an intriguing option
for antimycobacterial drug discovery, given the large knowledge base in kinase inhibition. A recent experimental study shows
that IMB-YH-8 acts as a dual PknA/ PknB inhibitor. However, its methods of selectivity and inhibition at the molecular level
have yet to be fully elucidated. Molecular dynamics simulations have been used to probe the inhibitory mechanism and the
selectivity impact, yielding important insights into the reported inhibitory effect. MD simulation reveled that IMB-YH-8
selectively targeted the hinge-binding pocket residues, with the acetophenone group interacting into the small hydrophobic
pocket provided by Met143 and Val 23 in PknA, and by the analogue’s residues Met 92 and Val 25 in PknB. Identification of
the hinge-binding site residues could open the way toward the structure-based design of a novel structure-based design of
highly PknA/PknB selective inhibition in the treatment of Mycobacterium tuberculosis. © 2020 NIODC. All rights reserved

Keywords: IMB-YH-8; UCSF Chimera; Molecular Molegro Viewer (MMV); MODELER 9.19; GPU amber 14 software;
LEAP module.

1. Introduction

The global incidence of tuberculosis has
reached an all-time peak, and the fast emergence of
multidrug-resistant ~ Mycobacterium  tuberculosis
strains has been identified as a key problem for
global tuberculosis control efforts [1]. According to
WHO 2018, an estimated 1.7 billion people are
infected with M. tuberculosis during their lifetime
[2]. In addition, there were 1.3 million deaths among
who were HIV positive people [2,3].

Antibacterial chemicals that suppress
bacteria via a unique mechanism may be beneficial in
treating infections caused by drug-resistant strains.

In Mycobacterium TB, there are 11 serine/threonine
protein kinases (Ser/Thr) (Mtb) [5,8]. Since both

Protein Kinase A (PknA) and Protein Kinase B
(PknB) play important roles in bacterial development
in both culture media and Mtb infected host
macrophages, they constitute appealing therapeutic
targets [9-11].

PknA and PknB are known to have a
significant impact on the mechanisms that determine
cell shape and morphology, as well as cell division.
Kang et al[l5] demonstrated that even minor
differences in PknA or PknB levels have a negative
effect on mycobacteria. PknA has been demonstrated
to regulate morphological changes related with cell
division, and overexpression results in elongated and
branched structures [15,16]. PknB overexpression, on
the other hand, has been linked to widening and
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bulging cells. Overexpression in both PknA, and
PknB led to decline growth rate of the bacilli [15].
PknA and PknB consist of an ~ 270 an intercellular
kinase domain. The kinase proteins are well studied
for their druggable properties [39,40]. An ~60-70
amino acid juxta membrane domain, an ~20 amino
acid transmembrane domain, and an ~20aa
transmembrane domain connected to an extracellular
domain. While the extracellular regions of PknA are
relatively short  (~70amino acid ), the extra
cytoplasmic domain of PknB contains iterative
PASTA (penicillin binding protein and serine
/threonine kinase associated)domains [5,17]. Dual
targeting has the potential to significantly lower the
frequency at which resistance develop [5,8].

In a recent study by Xu et al., the possibility of
blocking Protein Kinase A (PknA) and Protein
Kinase B (PknB) at their root was experimentally
explored in an attempt to find an effective therapeutic
strategy for T.B patients, regardless of bacterial
growth for both Mtb infected host macrophage and
culture medium [18].
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Figure 1: 2D structure of IMB-YH-8 [18]

Mycobacterium tuberculosis is a bacterium that
causes tuberculosis [42].

IMB-YH-8 was shown to target protein
kinase A (PknA) and protein kinase B (PknB) for
therapeutic purposes [18]. Drug development has
made extensive use of computer-aided drug design
[41]. As a result, combinatorial techniques (in silico
and in vitro) were used to identify the multi-target
inhibitor IMB-YH-8, which was able to block the
activities of both Protein Kinase A (PknA) and
Protein Kinase B (PknB) simultaneously, Figure 2.

They predicted that this compound would
have selective affinity to these two enzymes using
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molecular modelling and docking methods. To
acquire a fundamental to the strategic design of
innovative multi-target anti-tubercular medicines,
further information on the inhibitory mechanisms of
this molecule is needed, particularly at the hinge
binding pockets of Protein Kinase A (PknA) and
Protein Kinase B (PknB).

To this end, we use molecular dynamics
(MD) simulation to investigate the processes and
dynamics of interaction between IMB-YH-8, Protein
Kinase A (PknA), and Protein Kinase B (PknB) in
terms of selectivity, inhibition, and high binding
affinity.

These findings, we hope, will aid the
structure-based design of highly selective and
innovative therapeutic drugs that can specifically and
efficiently target tuberculosis Protein Kinase A
(PknA) and protein kinase B (PknB)enzymes.

2. Computational methods
2.1. System preparation and MD simulations

RSCB Protein Data Bank [19-21] provided
the X-ray crystal structures of M. tuberculosis PknA
and PknB (PDB codes: 6P2Q and 2FUM,
respectively). UCSF Chimera [22] and the Molecular
Molegro Viewer (MMV) were used to build these
structures for molecular dynamics (MD) simulation
[23]. In order to lower the computational cost of this
work, a monomer structure was chosen. MODELER
9.19 linked with chimaera software was then used to
model the missing residues [24]. PubChem was used
to find IMB-YH-8 [25].

The ligand was then given a hydrogen atom and
the receptor was deleted. On the four prepared
systems, all systems were then subjected to 100ns
MD simulations as outlined in the Molecular
dynamic simulation section.

2.2. Molecular Dynamic Simulations:

All of the molecular dynamic simulations
were conducted using the GPU amber 14 software
package [26]. Protein optimization and explicit
solvation were performed using the built-in LEAP
module, while the AMBER FF14SB force field was
used to determine protein properties.

The systems were minimized for 2500 steps with a
100 kcal/mol enforced restraint, then 1000 steps of
full minimization.
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Figure 2: Molecular visualization of IMB-YH-8 at the hinge binding sites of [a] PknA [b] PknB. Inter-molecular interactions between IMB-
YH-8 and hinge binding site residues in PknA and PknB are shown in &', and b' respectively. Black arrows show hydrophobic residues across

the two proteins

The systems were then gradually heated for
50ps from OK to 300K, with a potential harmonic
restraint of 10 kcal/mol and a collision frequency of
1.0ps-1, to maintain a fixed number of atoms and
fixed volume (NVT). Using the Berendsen barostat,
the systems were then equilibrated without restraint
at a temperature of 300K and a constant pressure of
Ibar [27]. This was followed by 100ns of MD
generation for each system, during which the
SHACK method was employed to create hydrogen
atom bonds.

2.3. Post-Dynamic Analysis

After saving the trajectories obtained by MD
simulations every 1ps, they were analyzed using the
AMBER 14 suit's CPPTRAJ [28] module. The Origin
data analysis tool [29] and Chimera [22] were used to
create all graphs and visualizations. These are based
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on a previous MD simulation procedure that was
previously published [30].

Binding free energy calculations

Binding free energy calculations, which
include both enthalpic and entropic contributions, are
an essential end point method for elucidating the
mechanism of binding between a ligand and a protein
[31,32].
The free binding energy of the docked systems was
computed using the Molecular Mechanics/GB
Surface Area technique (MM/GBSA) to determine
their binding affinity [33].
The binding free energy was calculated by averaging
1000 pictures from the 100 ns trajectory.
This approach estimated the free binding energy for
each molecular species (complex, ligand, and
receptor) can be expressed as:
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AGbind = Gcomplex - Greceptor - Gligand (1)

AGping = Egas + Gsol = TS wee v v v (2)
Egas = Eint + Evaw *+ Eele  vrr v s ees e (3)
Gool = Gap + Gga cor v vve ere eee ers e (4)
Gsa = YSASA e.ovveoe e e e e (5)

The terms Egas, Eint,Eele, and Evdw,
respectively, stand for gas-phase energy, internal
energy, coulomb energy, and van der Waals energy.
The Egas was calculated using the FF14SB force
field terms directly. The energy involvement of the
polar states (GGB) and non-polar states (Gsol) was
used to calculate the solvation free energy (Gsol) (G).

The solvent-accessible surface area (SASA)
was used to determine the non-polar solvation energy
(GSA), while the GB equation was used to get the
polar solvation (GGB) contribution using a water
probe radius of 1.4. The total entropy and
temperature of the solute are denoted by the symbols
Sand T, respectively [37].

2.3.1. Per-Residue Free Energy Decomposition
Analysis

Pre-residues breakdown was then used to assess
the individual binding free energy contribution of
residues in the ATP binding site to the stability and
affinity of our compounds. As substantial residual
energy contributions could indicate critical residues,
this will provide greater insight into the basis of the
inhibition observed by our compounds [38].

3. Results and Discussion
3.1. Molecular dynamic and system stability

To avoid disrupted motions and simulation
artefacts, the system's unbound and bounded complex
has to be stable during the 100ns MD production run.
As a result, the root mean square deviations (RMSD)
were tracked throughout the simulation to assess the
systems' stability. After 30 ns (RMSD deviance 2.5
°A), both systems had reached convergence.

Figure 3A shows that the average RMSD values
for the complete frames of the systems were 2.86,
2.69 for PknA-apo and PknA-IMB-YH-§,
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respectively, and 2.90,2.05 for PknB-Apo and PknB-
IMB-YH-8. Figure 3B.

Furthermore, binding of IMB-YH-8 to these
proteins resulted in a consistent pattern of structural
change, involving an increase in deviation among the
backbone atoms, as opposed to their unbound
counterparts, which were structurally stable. PknA-
apo, PknA- IMB-YH-8, PknB -apo, and PknB- IMB-
YH-8 systems had average atomic fluctuations of
14.36, 10.41, 8.86, and 7.61, respectively. Figures 4A
and B.

To observe the overall PknA and PknB proteins
compactness upon ligand binding, the radius of
gyration (ROG) was computed by measuring the
mass-weighted root mean square distance of a
collection of atoms from the centre of mass of
complex during the MD simulation [34,35]. The
difference in ROG values is observed at 70ns for the
PknA system and 40ns for the PknB system, the
average ROG values were 19.06A, 18.80A, 19.62A
and 19.50A for PknA-apo, PKnA- IMB-YH-8, PknB -
Apo, and PknB- IMB-YH-8 systems respectively.
The difference in ROG value is observed at 70ns for
PknA system and 40ns for the PknB system, Figure 5
A, B.

Solvent-accessible surface area (SASA) of protein
following ligand binding was calculated in order to
get insight into the cooperation between the protein
surface and solvent molecules and to receive insight
into the connection of competence of the protein
hydrophobic core. This was achieved by determining
the solvent-accessible surface area of the protein, a
property critical to its bimolecular stability [36]. The
computed average SASA values were 13764.69A,
13342.96A, 13772.24A and 13193.43A for PknA-
apo, PknA- IMB-YH-8, PknB -Apo, and PknB- IMB-
YH-8 systems respectively Figure 5A and B. The
SASA findings in conjunction with the RSMD
observations, RMSF and ROG calculations further
confirms that, PknA, and PknB exhibits more
structural stability when it is bound to IMB-YH-8.
Figure 6.

Presumably, disruption of the backbone atoms in
PknA and PknB could highlight the mechanistic
inhibitory activity of IMB-YH-8, since an induced
loss of structural integrity in a protein correlate with
loss of functionality.
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3.2. Binding Free Energy Calculation-based
Mechanism of Binding Interactions

To get insight into the binding energetics of
IMB-YH-8 as dual PknA and PknB, the total binding
free energy was determined. By taking snapshots
from the trajectories of the compounds, the MM-
GBSA software in AMBER14 was used to calculate
the binding free energies.

As shown in Table 1, There was difference
in the binding energy of IMB-YH-8 to PknB (-
22.60kcal/mol) compared to that of PknA (-
19.55kcal/mol), this indicated a more favorable
binding of IMB-YH-8 toward the PknB compared
with PknA. The computed binding energies
correlated well with the experimental ICs, reported
values [18].

The decomposition of the total free binding
energy using the MM-GBSA method into individual
contribution energy has provided more details in the
understanding of the complex binding process. Van
der Waals interaction energies are demonstrated to be

pocket. We noticed that there are particular residues
that interact consistently over 100ns.

This interaction should provide critical
details and insight into the molecular basis for these
two proteins' high binding affinity. Figure 8 shows
the most striking and consistent interactions at the
hydrophobic pocket into the hinge region, where the
acetophenone ring of IMB-YH-8 interacted strongly
with Met 143 for PknA and Met 93, Val 25 for PknB,
explaining the selectivity and high binding affinity of
IMB-YH-8 for PknB compared to PknA.

This could only imply that interaction with
the Hinge-hydrophobic pocket is highly important for
selectivity, the high binding affinity of IMB-YH-
8and indicative of the basis and mode of dual
inhibition.

4. Conclusion

The selectivity mechanism of IMB-YH-8
against PknA and PknB was investigated using
comparative MD simulation and binding free energy
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responsible for positive binding free energies across
all systems, while polar solvation energy terms
contribute negatively to inhibitor binding.

3.3. Identification of the key residues responsible for
inhibitor binding

The total binding energy of IMB-YH-8
toward protein kinase A (PknA) and protein kinase B
(PknB) was further decomposed into the involvement
of each site residues to acquire a better understanding
of the critical residues engaged in the inhibition
process. Figure 7 shows that residues Leu 15 (-1.30
kcal/mol), Val 23 (-1.63 kcal/mol), Met 143 (-1.12
kecal/mol), Met 153 (-1.192 kcal/mol) make the most
favourable contribution to IMB-YH-8 to PknA
binding, whereas residues Val 25 (-1.466 kcal/mol),
Prol00 (-1.077 kcal/mol), Leuld46 (-1.336
k336kcal/mol), Met 93( -0.571kcal/mol) for PknB.
3.4. Mechanism of binding interactions determined
by the binding free energy calculation

To better understand how [IMB-YH-8
interacts with PknA and PknB at the hinge-binding
analysis in this study. The MM/GBSA method was
used to determine the differential binding of IMB-
YH-8 to these protein targets, revealing favourable
interactions with G values of -19.55 kcal/mol (PknA)
and -22.60 kcal/mole (PknB) (PknB). As previously
reported, the similarity in binding free energies
indicated parallel binding mechanisms and affinity.
The Van der Waals energy component appears to be
the dominant energy component driving this
synergistic impact, according to the binding free
energy component analysis. The total energies were
decomposed into contributions from PknA and PknB
active site residues, and it was discovered that Val25,
Pro100, Leul46, and Met 93 are key residues in
PknA, whereas Leu 15, Val23, Met 143, and Met 153
are significant residues in PknB.

Our findings are critical for understanding
the molecular basis of the activity differential
between IMB-YH-8 and PknA and PknB, as well as
the development of a more effective selective
inhibitor.
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Figure 3: Root-Mean-Square Deviation (RMSD) of Ca atoms of the protein backbone atoms showing the degree of stability upon IMB-YH-8
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Figure 5: Radius of Gyration (ROG) of Ca atoms of protein residues shows the degree of compactness upon IMB-YH-8 binding [A]
PknA[B]PknB.
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Figure 6: Solvent accessible surface area (SASA) of the backbone atoms relative to the starting minimized over 100ns for PknA-Apo, PknA-
IMB-YH-8 systems.
Table 1Energy Components (kcal/mol)

Energy Components (kcal/mol)

Complex A Eygw AEgjec AGgs AGgoy AGyping
PknA- IMB-YH- -27.35+0.08 -540+£0.92 -32.76 £ 0.14 13.20 £0.09 -19.55 +0.08
8

PknB-IMB-YH-8 -31.05+0.07 -2.12+0.20 -33.17+0.23 10.57+0.18 -22.60+0.08
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