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approach to estimate AG. However, correlations between the predicted and the experimental
AG are variable. The goal of this study is to investigate various approaches to optimize
accuracy of the MM-GBSA method. A molecular dynamic (MD) simulations protocol was
applied using penicillopepsin receptor against its inhibitor ligands, repeated 50 times for each
complex system. After that, AG of the five inhibitors were predicted using MM-GBSA
method. Moreover, a diverse AG values were calculated from the replicate MD simulations of
each system. The results were showed correlations not only between the predicted and the
experimental binding affinities of the systems but also between the predicted values and root-
mean-square deviation. In addition, statistical analysis was evaluated the sample size.
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Introduction

Calculating free energies is a vital
approach  in  various  subjects of
computational drug discovery, for instance,
the processes of drug design through
predicting binding affinities of the lead
molecules with a specific receptor @,
Several computational methods are existed
to calculate binding free energies, starting
from rapid, but not very accurate
approaches, such as Molecular Mechanics-
Poisson Boltzmann Surface
Area/Generalized Born Surface Area
(MM-PBSA/GBSA) calculations @ and
linear interaction energy analysis (LIE) @),
to the significantly accurate but slow
methods like umbrella sampling (US) ],
thermodynamic integration (TI) Bl and
free-energy perturbation (FEP) 61 The
above methods analyze trajectories
provided through Monte Carlo (MC) or
Molecular Dynamics (MD) simulations to
calculate binding free energies.

The MM-PBSA/GBSA approach is a
popular method to calculate the free energy
of the solvated molecules either from
different  conformations or between
interacted and non-interacted states. This
technique is widely applied during the drug
discovery projects to predict relative
values of free energy, as it possesses an
acceptable accuracy compared to the
experimental results, is computationally
affordable, and could apply to various
systems 1. Nevertheless, several factors
can dramatically affect the accuracy of this
approach, such as selecting forcefields and
partial charges, inadequate sampling, and
trapping the complex systems in local
minima for a long-time during MD
simulation 18191,

This equation is used to calculate the
receptor-ligand  (AGning) binding free
energy from complex energy (AGcom),
energy of receptor (AGrec), and energy of
ligand (AGiig) using MM-PBSA/GBSA
approach:

AGbindzAGcom—AGrec—AGlig

1)
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The free energy of each AG from the eq. 1
is predicted by eq. 2

AG=AH-TAS

)

AH denotes enthalpy change and -TAS is
the conformational entropy when T
denotes the absolute temperature and S
indicates the molecule entropy. Eq. 3 is
explaining AH.

AH=AEMm+AGsoly

3)

When AEwmm signifies the molecular
mechanic’s energy of the molecule and
AGsolv is the free energy of desolvation.
Both eq. 4 and eq. 5 are clarified AEmm and

AGsolv Separately.
AEmMM = AEinternal + AEelectrostatic + AEvdw
4)

AFEintermar 1S all internal energies (bond,
angle, and dihedral energies), AEelectrostatic 1S
electrostatic energy of interactions, and
AEvaw 1S Van der Waals energy of
interactions [,

AGsov=AGpe/cB+TAGsA

(5)

AGsolv can be defined as a sum of AGpp/c
(polar or electrostatic contribution of
solvation energy) and AGsa (nonpolar or
nonelectrostatic solvation energy). The
electrostatic or polar components are
calculated through implicit solvation
models, such as Generalized Born (GB) or
Poisson-Boltzmann (PB) models. Using
explicit solvent rather than continuum
solvent for the conformers may lead to an
increase in the accuracy of the results 9,
For calculating long-range electrostatic
interactions, a particle-mesh  Ewald
procedure is applied 2. Computing
energy ~ components  during MM-
PBSA/GBSA methods are through
conformational snapshots generated from
MD simulations %1, Calculations of energy
are achieved through the comparison
between the average of conformational
ensembles and the reference structure
(crystal structure). Therefore, a
conformational change of the system
components decides on the final energy. In
this study, entropy was neglected since the
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relative predicted binding free energy of
the compounds is required, and ignoring
the entropy terms could reduce the
probability of error and noise [ 151,

According to the literature, the accuracy of
in silico results is related to different
factors. First, are the characteristics of the
protein-ligand interactions and their
structural similarities. Ligands with similar
chemical structures could be more
correlated than the diverse chemical
structures. In addition, charged residues
significantly affect the resulted binding
free energies. Moreover, parameters
applying to the description of the
molecular system, like selecting the most
appropriate force field have a remarkable
effect on the results ¢ 11, Finally, multiple
independent media or short MD
simulations replicas could increase the
correlations between the estimated and
experimental ~ results (819 The
penicillopepsin enzyme is produced by
fungus Penicillium janthinellum as an
extracellular acid protease enzyme [29,
This molecular modeling study aims to
predict the binding free energy of the 5
penicillopepsin-inhibitor ligand complex
systems and to explore different
approaches to optimize the accuracy of the
calculated  binding affinity  values.
Computing energy components of the
systems is through using the MM-GBSA
method, as it’s entirely efficient
computationally, even more than MM-
PBSA [ In addition, the MM-GBSA
approach owns a better performance
compared to MM-PBSA to predict the
relative binding free energy 71, However,
theoretically, the MM-PBSA method is
supposed to show higher accuracy to
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estimate the absolute binding free energy
[8 The MM-GBSA approach is based on
the MD simulations data, which are used to
calculate the binding free energy as an
average over the individual snapshots of
the protein-ligand complex 22 %1,

Materials and Methods

MM-GBSA approach was achieved to
predict AGuinding-GB values for the 5
Protein-ligand complexes. The starting
coordinates of the complexes were derived
from  the  crystal  structures  of
penicillopepsin-ligand inhibitors; PDB
codes are 1APT [ 1APU, 1APV [#]
2WEA, and 2WEC 281, The resolution of
the first 3 complexes was 1.8 A, 2WEA is
1.25 A, and the last complex was 1.5 A.
The inhibitory ligands of 1APT, 1APU,
1APV, 2WEA, and 2WEC were PI1(N-(1-
ethoxy-1,3-dihydroxynonan-4-yl)-3-
methyl-2-[3-methyl-2-(3-methylbutana-
mido) butanamido]butanamide),P12(N-(1-
ethoxy-1,3-dihydroxy-6-methylheptan-4-
yl)-3-methyl-2-[3-methyl-2-(3-
methylbutanamido)
butanamido]butanamide)P13 (2,2-difluoro-
3,3-dihydroxy -N,6-dimethyl-4-{3-methyl-
2-[3-methyl-2-(3-methyl-
butanamido)butanamido] butanamido}
heptanamide), Pl4 ([3,6-dioxo-5-(propan-
2-yl)-4,7-diazatricyclo[8.6.2.0'3,"7
Joctadeca-1 (16), 10(18),11, 13(17),14-
pentaen-8-yl][(1-methoxy-1-0xo0-3-
phenylpropan-2-yl) oxy] phosphinic acid),
and P15 ([(1-methoxy-1-0x0-3-
phenylpropan-2-yl)oxy]({3-methyl-2-[2-
(naphthalen-1-
ylacetamido]butanamido}methyl)phosphi
nic  acid), respectively  (Figure.l)
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Figure (1): The 2-dimensional structures of the ligand inhibitors of
penicillopepsin.

Molecular visualization and manipulation
were  performed using the Visual
Molecular Dynamics (VMD) package ?7).
All the MD simulations were executed

for both the steepest descent (500 cycles)
and the conjugate gradient minimization
(1500 cycles). The restrained atoms were
the residues of the complex (Protein-

using AMBER suite version 12 and tleap Peptide), while all the water and
to parameterize the complexes. The force counterions were free of movement. On
field ff99SB was used in this work [28], the other hand, the whole system

Counterions of Na™ and CI- were added to
neutralize the systems, which construct the
largest negative or positive Coulombic

minimization was 1000 cycles of steepest
descent and 2000 cycles of conjugate
gradient minimization (3000 cycles).

potential grid around the complexes. Each The next step was producing the MD
complex system was immersed in an simulations  through  applying  two
octahedral box of TIP3P water molecules, consequent  steps  (restrained  MD
which extended 10 A outside of the simulations and the whole system MD

complex in all dimensions 2%,

MD simulations protocol

Before MD simulations, two minimization
steps were applied; restrained and the
whole system minimization was achieved
to relax the complexes. The restrained
minimization procedure was 2000 cycles
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simulations). Simulations were run by the
pmemd module in Amber 12. After that,
the SHAKE algorithm was applied in both
MD simulations to restrain bond lengths
including hydrogen atoms for MD
trajectories B%. A constant volume periodic
boundary and a 10 A nonbonded cutoff
were applied. The simulations time step
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was set on 2 femtoseconds (fs). The
temperature  regulation was through
Langevin dynamics applying 1.0 ps* as a
frequency of collision B, Then, a constant
volume periodic boundary was used to
produce the MD simulations. In addition,
the system was heated steadily from 0 to
300 Kelvin (K) over 200 picoseconds (ps).
Moreover, the Boltzmann distribution was
generated random initial velocities.

The last MD  simulations  were
equilibrating the whole system. During this
running, the temperature was kept at 300
K. A constant pressure periodic boundary
of 1 atm was used. To keep constant
pressure dynamics with 2 ps pressure
relaxation time, Isotropic position scaling
was applied. Also, velocities, coordinates,
and box information were read from a
formatted coordinate file. Lastly, every
10000 steps or every 20 ps, the snapshots
were investigated. All the simulations
were achieved using ARCHER
(http://www.archer.ac.uk).

MM-PB/GB-SA calculations

MM-PB/GB-SA calculations were
achieved by applying python scripts
(MMPBSA.py)E2. The MM-PBSA/GBSA
energies were calculated from a production
run of 10 nanoseconds (ns) at 300 °K,
snapshots  were taken every 20
picoseconds. The long-range electrostatic
interactions was treated by using Particle
Mesh Ewald (PME) B3 Infinite cut-off
was executed to removing the water
molecules. For running the MD
simulations in explicit water, each complex
system were created four topology files
(non-solvated complex, solvated complex,
ligand, and the receptor file) [34,
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Subsequently, the generalized Born
method (igb =5) and 0.1 M of the salt
concentration were executed to strip water
and counterions using the MM-GBSA
method B% %61 Analyzing data and graphs
were implemented applying GraphPad
Prism Version 9.3.1 (GraphPad Software
Inc., San Diego, CA; www.graphpad.com).

Results and Discussion

Regarding the molecular modeling study,
single MD simulations for each of the
protein-ligand complex were not sufficient,
as after repeating MD simulations of the
same complex, yielding results that could
differ significantly in the calculated MM-
GBSA binding affinity. All the replicates
originated from the same reference
structure and protocols. Although, the
predicted energy of each replicate showed
a significant difference (Figure 2). It is
fairly clear that two main reasons that
single MD simulations generate an
incorrect result are due to the insufficient
sampling of the conformational space and
trapping the complex systems in local
minima B This suggests that multiple
MD simulations could overwhelm such an
obstacle. We present here the results of an
in-depth  analysis of the issue of
convergence in such a system. Therefore,
data from 50 replicate, 10 ns simulations of
the penicillopepsin-ligand inhibitor
systems were exposed to statistical
analysis. The following table (Table 1)
shows MM-GBSA calculations for 5
penicillopepsin-ligand complexes and for
each complex, a calculation of 50
replicates was undertaken.


http://www.archer.ac.uk/
http://www.graphpad.com/
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Table 1. Binding free energy values of the penicillopepsin-ligand inhibitors; the
experimental results [¥8; the predicted average, minimum, and maximum results using

the MM/GBSA method.

PDB Penicillopepsin Experime | Calculated | Minimum | Maximum
inhibitor ntal AG AG average | AG value AG value
(kcal/mol) | of 50 rep. (kcal/mol) | (kcal/mol)

1APT Pepstatin analogue -12.83
(PI1) -42.47 -14.39 -80.22

1APU Pepstatin analogues -10.51
(P12) -26.35 -9.59 -53.43

1APV | iva-val-val(H)Dfo-n- -12.27

methylamide

(PI3) -28.18 -16.28 -57.97
2WEA PP6 (P14) -8.37 -12.79 -4.41 -25.85
2WEC PP5 (PI5) -6.8 -17.32 -7.97 -30.36

Statistical Analysis of the Replicate Values —
how many do we need to run?

The proper number of independent simulations
should be run to improve the accuracy B9
Deciding on the sample size is a big concern,
as too large samples are expensive and time-
consuming, while too small samples could not
be accurate. Checking the sample distributions
was essential to ensure the expectations of a
parametric test are met before use. The
histogram of binding energies predicted from
the 50 reproduce MD simulations of the
receptor-inhibitor systems was incompatible
with a standard bell shape (Figure2);
nevertheless, it could be acceptable if they
draw from a fundamental normal distribution
property. Various normality tests were

AJPS (2022)

implemented, such as the Shapiro-Wilk test,
the Kolmogorov-Smirnov, D’Agostino &
Pearson omnibus test. This was one of the
indicators to decide on the number of
replicates. Additionally, it was valid to apply
some standard statistical approaches to expect
the number of replicates that need to be run in
the chosen confidence limits. An approach to
identify the sample size of the complex
systems was through equation 6.

l']=|:Zm/25/E]2

(6)

n is a minimum replicate number, E is a
margin of error, Z 4 is a critical value, which
is 1.96 in the 95% confidence calculations, an

6 is a standard deviation of population (SD)
[40]
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Figure (2): The frequency of AG distribution of the penicillopepsin-ligand
replicates.

As elucidated in Table 2, the replicate numbers
were operated by two factors. First, the various
E could decide on the N value. For example,
the minimum sample size of the 1APT
complex system was around 753 replicates if 1
kcal/mol was selected as E, 188 replicates if 2
kcal/mol was selected, 84 replicates when 3
kcal/mol was chosen, and it was 47 replicates
for 4 kcal/mol. The second factor was
dissimilar complex systems; the N values were
different according to the complex systems
because each of the ligand-receptor complex
system possessed a unique SD, which owns a
direct impact on the N value. The values of SD
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were related to the scattering of AG results of
the complex system replicates. Thus,
increasing SD led to an increase in the number
of replicates to be running and vice versa. For
instance, the maximum number of replicates
was 753 for 1APT when E was 1 kcal.mol™.
Therefore, when all the systems were set to 1
kcal/mol as E, we should run around 750
replicates for all of them to be consistent,
which was significantly expensive
computationally. Consequently, 4 kcal/mol
could be applied as E, as the highest number of
replicates was the 1APT complex (47
replicates); accordingly, the average of 50
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replicates could be acceptable for all the
protein-ligand complex systems to organize
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them consistently.

Table (2): The calculated sample size and SD of the 5 complex systems with various
margins of error.

PDB SD N value (E=1) | Nvalue (E=2) | N value (E=3) | N value (E=4)
1APT 14 753 188 84 47

1APU 136 | 714 178 79 45

1APV 9.3 332 83 37 21

2WEA 4.9 92 23 10 6

2WEC 5.3 108 27 12 7

The next investigation was the analysis of the
relative correlation between the predicted AG
values with the experimental results. The
maximum, minimum, and average AG results
of the 50 copies in each ligand-receptor system
were compared to the experimental results.
Coefficient of determination (R?) was used to
measure the strength of correlation. The
maximum estimated AG of each complex
system against the experimental values was

shown the highest correlation (R? = 0.84).
Moreover, the graph of the correlation between
the average predicted AG of each system
versus the experimental results exhibited R? =
0.75. On the contrary, the lowest R? value
(0.71) was exposed from the minimum
calculated AG values of the replicates.
However, all the results indicated a strong
correlation between the predicted and the
experimental results Y (Figure 3).

A R2=0.84

104

Experimental AG (kcal/mol)
[ ]

Predicted AG (kcal/mol)

Experimental AG (kcal/mol)

1 R2=0.75
5
P5@
10— P14
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-25 T T T T

100 80 -60 40 20 0

Predicted AG (kcal/mol)
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Figure (3): The correlation coefficient between the experimental results and binding free energy values was
calculated through the MM-GBSA method for each complex system. A) Correlation between the maximum
value of the 50 replicates and the experimental results. B) Correlation between the experimental values and the
average of 50 replicates for each complex system. C) Correlation between the experimental AG values and the
minimum AG value of each complex system from the 50 replicate values.

AJPS (2022)



Al Mustansiriyah Journal of Pharmaceutical Sciences, 2022, Vol. 22, No.3

Correlation between binding free energy
and RMSD values

Root-mean-square deviation (RMSD) is
the system of measurement applies in drug
design projects to realize the conformation
of diverse models or to compare the
divergence of the estimated conformations
from the starting structure conformation.
According to RMSD technique, the best
value is the lowest value, which is the
closest conformation from the native
structure and the least deviation (421, This
tool is used during MD analysis to observe
the equilibration of the systems, check the

(research article)

variations between structural
conformations, estimate the amount of
sampling of various conformations, and
predict the quality of MD simulation ©344),
In this study, RMSD was calculated for the
50 replicates of the 1APT, 1APU, and
1APV complex systems (Figure 4). The
computed RMSD covered all the
snapshots, which calculated over the
period of the MD simulations based on the
crystal structure. Then, RMSD plots
displayed changes in the structural
conformations gradually compared with
the first snapshot.
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Figure (4): The correlation coefficient (R2) between the predicted free energy and
RMSD mean value for each replicate of the 1APT, 1APU, and 1APV complex systems.
A) Correlation between the 1APT system average RMSD and AG replicate values. B)
Correlation between the predicted binding energy of the LAPU system and the average

RMSD. C) Correlation between the AG value and RMSD of the 1APV complex system.

According to Hou et al. 2011 1 the
success of estimated binding free energy
for the various systems is possible to
measure through RMSD, as decreasing the
RMSD value may lead to an increase AG
value. This hypothesis means the closest
conformation from the reference structure
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is the closest energy from the global
minima. To investigate this hypothesis, the
correlation between the predicted binding
energies and the average of the RMSD
value for each replicate of 1APT, 1APU,
and 1APV systems was calculated. As
recognized in Figure 4, the R? value for the
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1APT, 1APU, and 1APV complex systems
were 0.38, 0.31, and 0.46, respectively,
which showed a low effect size (weak
correlation) for the 3 tested systems.
However, as shown in Figure 3, the
maximum predicted binding free energy of

(research article)

each system was denoted the strongest
correlation with the experimental values
(R? = 0.84) and such predicted AG results
possessed the lowest RMSD value (Figure
4),
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Figure (5): The correlation coefficient between the calculated AG values and the RMSD
mean value of the replicate 3, 27, and 29 of the 1APT complex system. A) replicate 29;
B) replicate 3; C) replicate 27

To further investigate the predicted
binding free energies, 3 values were taken
from the 50 replicates of 1APT results,
which were the highest (replicate 29),
middle (replicate 3), and the lowest AG
values (replicate 27). After that, 50 MD
simulations were performed for each of
such replicates. The results displayed that
replicate 29 possessed a weak correlation
(R2 = 0.41), while replicate 3 was
considered non-correlation (R2 = 0.13).
Nevertheless, replicated 27 indicated a
moderate correlation (R2 = 0.61) (Figure
5).
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Conclusion

In the current study, the capability and
accuracy of the MMGBSA methodology
were investigated by predicting binding
affinities between penicillopepsin and the
ligand inhibitors PI1, PI2, PI3, PI4, and
P15. Each system was individually tested,
and 50 replicas of the MD simulation were
produced for each complex system. Then,
MM-GBSA was applied to estimate the
AG of individual replica. After calculating
AG of all complex systems replicas,
statistical analysis could identify the
number of replicas of each complex
system, based on the SD and margin of
error. The next outcome was shown that
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the correlation coefficient is strong
between the predicted AG values of the
highest, lowest, and average of 50 replicas
and the experimental results, specifically,
the most profound correlation between the
predicted and the experimental values were
denoted when the maximum predicted AG
results of each complex system selected
(R2 = 0.84). Finally, it is worth stating that
the highest calculated AG results possessed
the lowest RMSD, accordingly, the further
the individual simulation drifts away from
the starting structure; the poorer is the
calculated AG.
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