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The search for new therapies for the treatment of Arterial hypertension is a major concern in the scientific
community. Here, we employ a computational biochemistry protocol to evaluate the performance of six
compounds (Lig783, Lig1022, Lig1392, Lig2177, Lig3444 and Lig6199) to act as antihypertensive agents.
This protocol consists of Docking experiments, efficiency calculations of ligands, molecular dynamics
simulations, free energy, pharmacological and toxicological properties predictions (ADME-Tox) of the
six ligands against Thermolysin. Our results show that the docked structures had an adequate orientation
in the pocket of the Thermolysin enzymes, reproducing the X-ray crystal structure of Inhibitor-
Thermolysin complexes in an acceptable way. The most promising candidates to act as antihypertensive
agents among the series are Lig2177 and Lig3444. These compounds form the most stable ligand-
Thermolysin complexes according to their binding free energy values obtained in the docking experi-
ments as well as MM-GBSA decomposition analysis calculations. They present the lowest values of Ki,
indicating that these ligands bind strongly to Thermolysin. Lig2177 was oriented in the pocket of
Thermolysin in such a way that both OH of the dihydroxyl-amino groups to establish hydrogen bond
interactions with Glu146 and Glu166. In the same way, Lig3444 interacts with Asp150, Glu143 and
Tyr157. Additionally, Lig2177 and Lig3444 fulfill all the requirements established by Lipinski Veber
and Pfizer 3/75 rules, indicating that these compounds could be safe compounds to be used as antihyper-
tensive agents. We are confident that our computational biochemistry protocol can be used to evaluate
and predict the behavior of a broad range of compounds designed in silicoagainst a protein target.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Blood pressure is the force exerted by circulating blood against
the walls of vessels (arteries) when pumped by the heart. The
higher the tension, the more effort the heart has to take to pump.
Arterial hypertension, also called arterial high blood pressure, is a
disorder in which blood vessels have persistently elevated blood
pressure, resulting in their damage (Bhat et al., 2017).

Arterial hypertension constitutes one of the principal causes of
the increase of cardiovascular diseases around the world. Accord-
ing to the World Health Organization, 9.4 millions deaths to year
are due to complications with arterial hypertension (AH). Particu-
larly in Chile; according to the latest health survey, 26.9% of the
population had this condition and one in three deaths per year is
caused of blood pressure increase (Petermann et al., 2017). Several
authors proposed that around 20% of the adult world population,
over 20 years old, are hypertensive; and in those older than
60 years, it is even greater: around 50%, currently reaching global
epidemic magnitudes (3450 million people with this disease)
(Gamboa, 2006; Petermann et al., 2017). In addition, approxi-
mately 90% of patients with severe arterial hypertension have an
unknown etiology and consequently, it is diagnosed as primary
or essential arterial hypertension (Calhoun and Sharma, 2010;
Martins et al., 2011). The remaining patients (10%) are diagnosed
as secondary arterial hypertension, characterized by an autono-
mous aldosterone production, caused by renal, neurological and/
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or endocrine diseases (Calhoun and Sharma, 2010; Martins et al.,
2011; Petermann et al., 2017).

The principal target of arterial hypertension is the renin-
angiotensin-aldosterone system (RAAS) (Riet et al., 2015). This is
part of the most important hormonal mechanisms in the regulation
of blood pressure, fluid volume and sodium-potassium balance in
humans (Muñoz-Durango et al., 2016), an alteration in any of the
molecules that make up this system (RAAS) could contribute to
the development of arterial hypertension (Riet et al., 2015). RAAS
system is based on renin generation, which is synthesized in the
kidneys as their inactive form and released into the bloodstream
as a response to low levels of physiological sodium (hypotension)
(Muñoz-Durango et al., 2016). Then, renin is activated proteolyti-
cally to its active form, which catalyzes the formation of angioten-
sin I (Ang-I [1–10]), which is the substrate of the angiotensin-
converting enzyme (ACE) to form angiotensin II (Ang-II [1–8])
(Choe et al., 2019; Putnam et al., 2012), while the neutral endopep-
tidase (NEP) takes as substrate the Ang-I to form angiotensin-[1–7]
(Ang[1,7]) which, together with Ang-II, causes vasoconstriction in
cardiac and vascular tissues, and therefore increase total peripheral
resistance, causing an increment in blood pressure (Nehme et al.,
2019; Ren et al., 2019; Rodrigues Prestes et al., 2017). Thus,
Angiotensin-converting enzyme (ACE) and neutral endopeptidase
(NEP) are very essential proteins in the control of blood pressure
(Hubers and Brown, 2016; Patten et al., 2016; Stanisz et al.,
2016). In this regard, several authors have focused on designind
RAAS inhibitors using Thermolysin as a target model (Bohacek
et al., 1996; Cañizares-Carmenate et al., 2019; Choe et al., 2019;
DePriest et al., 1993; Spyroulias et al., 2004). Thermolysin (EC
3.4.24.27) is a metalloprotease, which contains Zn2þ in its active
center and is classified within the family M4 metalloendopepti-
dases (Braunwald, 2015; Paulis et al., 2015). This protein has been
used to construct the NEP and ACE models and design NEP/ACE
inhibitors (Manzur et al., 2013) due to the structural and functional
similarities between Thermolysin, NEP and ACE, so we can say that
Thermolysin inhibitors may also inhibit ACE and NEP and be puta-
tive antihypertensives (Khan et al., 2009). Previously (Cañizares-
Carmenate et al., 2019), we design and screen more than 200 com-
pounds against Thermolysin, to find the most suitable compounds
that can act as possible antihypertensive drugs using QSARIN
methods. Here, we evaluate the 6 most promising compounds from
our previous study (Lig-783, Lig-1022, Lig-1392, Lig-2177, Lig-
Fig. 1. 2D chemical structure of ligand under study. The Ligand 5H9 is our ligand referen
id: 5DPF).
3444, and Lig-6199)(Fig) to apply a computational biochemistry
protocol consisting of docking experiments, efficiency calculations
of ligands, molecular dynamics simulations, free energy, pharma-
cological and toxicological properties predictions (ADME-Tox)
against Thermolysin, with the aim to evaluate if these compounds
designed in silico could be good candidates as NEP/ACE inhibitors
to be employed in an antihypertensive dual therapy.
2. Computational details

2.1. Data set

Here, we use six compounds selected as promising anti-
hypertensive agents from a previous study (Fig. 1) (Cañizares-
Carmenate et al., 2019). These molecules were designed in silico
and evaluated using QSARINS and docking methodologies. Their
chemical structures are shown in Fig. 1 and their molecular confor-
mations were fully optimized to their ground state using Density
Functional Theory (DFT) (Parr and Yang, 1984; Yang and Parr,
1985), employing the Perdew–Burke–Ernzerhof’s hybrid functional
(PBE0) (Perdew et al., 1996; Vargas-Sánchez et al., 2015) in con-
junction with the Pople’s 6-311++g(d,p) basis set for all atoms, as
implemented in ORCA software version 4.1.2 (Neese, 2012;
Neese, 2018). The ground state of each compound was verified
by counting their imaginary frequencies. Molecules were sketched
using Avogadro package version 1.2.0 (Hanwell et al., 2012). The
optimized geometries were used for docking experiments, in order
to examine the interactions established by these compounds in the
Thermolysin pocket.
2.2. Docking experiments

All docking experiments were done using Autodock Vina soft-
ware (Koebel et al., 2016; Trott and Olson, 2010). X-ray Ther-
molysin crystallography structure was obtained from Protein
Data Bank (Berman et al., 2000)(PDB Id:5 5DPF), resolved at
1.47 Å (Krimmer and Klebe, 2015). We used Thermolysin as a
model for Angiotensin-converting enzyme (ACE) and neutral
endopeptidase (NEP) since they are metallopeptidases that contain
Zn2þ in its active center, exhibiting similar structures and catalytic
behavior (Bohacek et al., 1996; Cañizares-Carmenate et al., 2019;
ce and were obtained from Protein Data Bank X-ray crystallography structure (PDB
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Choe et al., 2019; DePriest et al., 1993; Spyroulias et al., 2004).
Thermolysin was prepared by the addition of hydrogen atoms at
physiological pH and the elimination of water molecules around
the protein. The six ligands described in Fig. 1 were prepared to
take into account the rotatable bonds as well as the protein
using Autodock Tools (Morris et al., 2009). The size of the grid

box was 40� 40� 40 Å
3

located in the mass center of 4N�
ðSÞ � ð½ðbenzyloxyÞcarbonyl�aminomethylÞðhydroxyÞphosphoryl� � L�
leucyl� 4�methyl� L� leucine (5H9) in the crystal structure of
Thermolysin whose coordinates were x = 11,844 y=-40,329 and
z = 6,420. In the docking experiments, the Zn2þ was kept into the
Thermolysin pocket and the coordination geometry of this metal
with His142, Glu166 and His231 were respected.

The grid spacing was 0.375 Å
3
, the mode number was 10 and

the energy rank was set up to 3 kcal/mol. The best docking poses
were selected following two criteria: the relative total energy score
and the positional root-mean-square deviation (RMSD) (Gohlke
et al., 2000). The most energetically favorable conformations and
lowest RMSD of each ligand-thermolysin complex were selected
for ligand efficiency calculations and molecular dynamics simula-
tions. The 5H9 ligand was re-docked using the same docking pro-
tocol of the other ligands, in order to validate the docking
experiments. To get an idea of the docking experiments repro-
ducibility, we calculate the RMSD of the ligands designed in sil-
icotaking 5H9 compound as a reference from the crystallographic
structure of the Protein Data Bank. These calculations were made
using the LigRMSD server 1.0 program (Velázquez-Libera et al.,
2020).

2.3. Ligand efficiency approach

Ligand efficiency calculations were performed by means of two
parameters: Kd and ligand efficiency (LE). The Kd parameter corre-
sponds to the dissociation constant between a ligand and the pro-
tein, their value indicates the bond strength between the ligand
and the protein (Abad-Zapatero, 2013; Abad-Zapatero et al.,
2010). Small values indicate a strong binding of the ligand to the
protein. Kd calculations were done using the following equations:

DG0 ¼ �2:303RTlogðKdÞ ð1Þ

Kd ¼ 10
DG0

2:303RT ð2Þ

where DG0 corresponds to binding energy (kcal/mol) obtained from
docking experiments, R is the gas constant whose value is
1:987207 cal=molK and T is the temperature in Kelvin, in our case,
its value was 298.15 K.

The ligand efficiency (LE) allows us to compare molecules
according to their average binding energy (Reynolds et al., 2008;
Abad-Zapatero, 2013). Thus, is determined as the ratio of binding
energy per non-hydrogen atom, as follows (Abad-Zapatero, 2013;
Abad-Zapatero et al., 2010; Cavalluzzi et al., 2017):

LE ¼ �2:303RT
HAC

� logðKdÞ ð3Þ

where Kd is obtained from Eq. 2 and HAC corresponds to the number
of non-hydrogen atoms (heavy atom counter) in a ligand.

2.4. Molecular dynamics simulations

The best poses for each ligand-thermolysin complex obtained in
docking simulations were used as input for subsequent molecular
dynamics simulations. The molecular geometry of these ligand-
thermolysin complexes were placed into a water box of
10� 10� 10 Å
3
centered on the mass center of each ligand, using

the TIP3P flexible water model (Boonstra et al., 2016; Lu et al.,
2014). Parameters and topologies of the ligands were obtained
by means of the SwissParam web server (Zoete et al., 2011). Ther-
molysin and ligands were described by using CHARMM36 and
CGenFF force field respectively (MacKerell et al., 2004; Foloppe
and MacKerell, 2000; Lee et al., 2016; Soteras Gutiérrez et al.,
2016; Vanommeslaeghe et al., 2015).

To reduce any close contact of the complexes, we carry out
20000 steps for the energy minimization procedure using the con-
jugated gradient methodology. All simulations were done at
298.15 K, applying the weak coupling algorithm (Brian and
Brooks, 1999) and Van der Waals cutoff was fixed to 12 Å. We
apply a constraint to the backbone of ligand-thermolysin com-
plexes using the NPT ensemble and the long ranges electrostatic
forces were considered using the Particle Mesh Ewald (PME)
approach (Onufriev et al., 2004). The velocity Verlet algorithm
was used to solve the equations of motion with a time step of
1.0 fs. All the systems were subject to 2.0 ns of equilibration and
100 ns of production using the NAMD 2.10 software package
(Tanner et al., 2012; Phillips et al., 2005).

2.5. Molecular Mechanics-Generalized Born Surface Area method
(MM-GBSA)

MM-GBSA method use molecular dynamics simulation for
obtaining the difference between the energy of the bound complex
(ligand-thermolysin) with respect to the energy of the unbound
protein (Thermolysin) and the ligand designed in silico (Adasme-
Carreno et al., 2014; Cañizares-Carmenate et al., 2019; Gaillard
et al., 2016; Massova and Kollman, 2000; Mena-Ulecia et al.,
2015). From the 100 ns of molecular dynamics simulation we
obtained 1000 snapshots to calculate the binding free energy of
each ligand-thermolysin complex (DGbinding) through MM-GBSA
calculations, as follows:

DGbinding ¼ DGLig�Thermolysin � DGLig � DGThermolysin ð4Þ
The above energies for the ligand-protein complex
(DeltaGLig�Thermolysin), the unbound ligand (DGLig) and unbound pro-
tein (DGThermolysin) were determined using the CHARMM36 force field
with the generalized Born implicit solvent model, and the binding
free energy of each ligand-thermolysin complex was calculated
according to Eq. 4.

This binding free energy can be decomposed into three different
terms, accounting for physical-chemical meaningful descriptors, as
shown in the following equation:

DGbinding ¼ DEgas þ DGsolv � TDS ð5Þ
where DEgas correspond to the interaction energy between the
ligand and Thermolysin in the gas phase. Is given by the contribu-
tions of the electrostatic (DEelect) and Van del Waals (DEvdw) terms,
as well as the change of internal energy of thermolysin upon ligand
complexation (DEinternal) according to Eq. 6. It must be noted that
DEinternal comprises the bond, angle and dihedral angles energy dis-
turbances obtained from the MD trajectories.

DEgas ¼ DEinternal þ DEelect þ DEvdw ð6Þ
On the other hand, the solvation energy (DGsolv ) includes polar and
non-polar contributions to the free energy and can be calculated
using the following equation:

DGsolv ¼ DGGB þ DGSA ð7Þ
where DGsolv corresponds to the polar solvation free energy, which
was estimated using the Generalized Born solvent model that
includes the electrostatic solute-solvent interactions according to:
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DGGB ¼ �1
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f GBðrijRiRjÞ ð8Þ

where rij is the distance between the charge qi and qj. Ri and Rj are
the Born radius and f GB is a function which can be calculated as:

f GB ¼ r2ij þ RiRje
�

r2
ij

4RiRj

" #1
2

ð9Þ

Another component of DGsolv corresponds to non-polar free energy
(DGSA)(Eq. 7). This energy was estimated based on the accessibility
of the solvent to the surface area (SA) according to Eq. 10, where c
and b depend of a parametrization radius used to calculate the sur-
face. The surface area was estimated through a spherical probe of
1.4 Å that rolls on the Thermolysin surface.

DGSA ¼ cSAþ b ð10Þ
2.6. ADME-Tox properties

The main goal to calculate ADME–Tox properties is to obtain a
preliminary prediction of their potential pharmacological capaci-
ties of a compound to become a drug. The six ligands used in this
study were submitted to the calculation of their absorption, distri-
bution, metabolism, excretion and toxicological properties (ADME-
Tox). Also, the physicochemical properties such as molecular
weight (MW), octanol/water partition coefficient (LogP), hydrogen
bond acceptor (HBA), hydrogen bond donor (HBD), topological
polar surface area (TPSA) and rotatable bond count (RB) were cal-
culated using SwissADME webserver (Daina et al., 2017). Ligand
Table 1
Empirical rules for predicting oral availability and toxicity of a compound.

Properties Oral Availability Toxicity

Lipinski Rules Veber Rules Pfizer 3/75 Rules

MW 6500 – –
LogP 65 – 63
HBA 610 – –
HBD 65 – –
TPSA – 6140 75
RB – 610 –

MW: Molecular weight; LogP: Octanol/water partition coefficient; HBA: Hydrogen
bond acceptor; HBD: Hydrogen bond donor; TPSA: Topological polar surface area;
RB: Rotatable bond count.

Fig. 2. Alignment of all docked ligands in complex with Thermolysin. A represents the
crystallography structure (PDB id: 5DPF); in magenta the 5H9 re-docked poses. B repre
toxicological properties were analyzed taking into account the Lip-
inski, Veber and Pfizer toxicity empirical rules (Table 1).
3. Results and discussion

A set of six designed in silico compounds were selected from a
previous study, due to their possible use as anti-hypertensive
agents. These compounds, presented in Fig. 1, titled as Lig783,
Lig1022, Lig1392, Lig2177, Lig3444, and Lig6199 were subjected
to a thorough analysis using a computational biochemistry proto-
col consisting of: (i) docking experiments; (ii) ligand efficiency cal-
culations; (iii) molecular dynamics simulations; (iv) MM-GBSA
energy decomposition analysis and (v) pharmacological and toxi-
cological properties predictions. All these analyses are employed
to evaluate the possibility that the present series of designed in sil-
ico compounds behave as good NEP/ACE inhibitors, with the aim to
be employed in a dual antihypertensive therapy.
3.1. Docking

Molecular The Molecular docking Docking procedure is a com-
putational tool that determines the structure and position of min-
imum energy of a protein-ligand complex. It is commonly used due
to their its usefulness for the design of drugs (Cañizares-Carmenate
et al., 2019; Mena-Ulecia et al., 2015; Mena-Ulecia et al., 2018). In
this article, the docking protocol was used to determine the ligand-
binding mode into the Thermolysin pocket.

In Fig. 2 is shown that the docked structures fitted in an accept-
able way with available inhibitor X-ray crystal structures; all the
inhibitors were adequately oriented in Thermolysin active center.
All the ligands present binding energies (DGbinding) between �7.0
and �8.5 kcal/mol (Table 2) with less negative energies than
5H9, which means that the Termolysin-5H9 complex is more
stable than inhibitors designed in silico.

In addition, most of the ligands present RMSD lower than 2 Å
with respect to the X-ray crystal structure of the thermolysin-
inhibitor complex obtained from the Protein Data Bank. This refer-
ence value identifies either correct or incorrect resolution of the
docking (Gohlke et al., 2000). These two and parameters (DGbinding

and RMSD) suggesting that ligands that fulfill both criteria can be
considered as good Thermolysin inhibitors (Velázquez-Libera
et al., 2020).

A detailed analysis of our docking results reveals that Lig2177
presents the most negative DGdocking value. This is due to the pres-
ence of stabilizing interactions of this ligand with several amino
re-docked result of 5H9, in yellow the 5H9 obtained from Protein Data Bank X-ray
sents the best docking poses of other Thermolysin inhibitors.



Table 2
Calculated binding free energies (kcal/mol) and RMSD (Å) of the firsts ranked Autodock Vina poses of thermolysin complexes.

Ligand Docking Poses

Dock-1 Dock-2 Dock-3 Dock-4

Binding RMSD Binding RMSD Binding RMSD Binding RMSD

Lig� 5H9a �9.2 1.67 �9.2 1.83 �9.2 1.04 �9.1 1.13
Lig-783 �7.9 0.97 �7.9 0.82 �7.9 0.97 �7.6 0.85
Lig-1022 �7.1 0.32 �7.1 0.61 �7.0 1.00 �6.9 0.93
Lig-1392 �7.2 0.36 �7.1 0.28 �7.0 0.82 �7.0 0.77
Lig-2177 �8.5 2.43 �8.5 2.26 �8.3 1.39 �8.0 1.41
Lig-3444 �8.4 3.22 �8.3 4.51 �8.3 4.64 �8.1 5.09
Lig-6199 �7.0 3.16 �7.0 3.17 �6.8 3.05 �6.5 3.09

a The N-[(S)-([(benzyloxy) carbonyl]amino methyl)(hydroxy) phosphoryl]-L-leucyl-4-methyl-L-leucine (5H9) was re-docked with the same docking procedure of the
ligand studied.
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acids into the Thermolysin pocket. As shown in Fig. 1, the phenyl-
dihydroxyl amino group of the Lig2177 present hydrogen bonds
(H-bond) interactions with Glu143 (2,87 Å), Asp226 (3,14 Å) and
Tyr157 (3,04 Å). Moreover, the negative charge density of the O1
and O2 oxygen atoms of the hydroxyl amino group present attrac-
tive electrostatic interaction with the Zn2þ metallic center in the
Thermolysin pocket which enhances the stability of the
Fig. 3. Graphical representation of the ligands binding modes designed in silico into the T
(E) Lig-2177, (F) Lig-3444 and (G) Lig-6199.
Lig2177-thermolysin complex. Additionally, Lig2177 presents the
lowest RMSD value along with the series, which is congruent with
the DGdocking value for the Lig2177-thermolysin complex.

A similar performance is observed for Lig3444, which has the
second most negative binding energy and the second-lowest
RMSD, suggesting great stability for the Lig3444-thermolysin com-
plex. This stability is given by the presence of H-bond interactions
hermolysin pocket: (A) 5H9 reference ligand, (B) Lig-783, (C) Lig-1022, (D) Lig-1392,
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between the pyrrolic ring and Asp150 (2,95 Å) as well as the
hydrophobic interaction between indol-hydroxylamine group,
which is located in a hydrophobic zone of the Thermolysin pocket
constituted by Ala113, Phe114, His146, and Tyr157, as can be
observed from Fig. 3. The Lig783 occupies the third position con-
sidering both, DGdocking and RMSD. Unlike the two compounds
examined above, this ligand establishes weak H-bond interactions
between their phenolic OH and Asp150 (2.81 Å) and Asp165
(3.09 Å), see Fig. 1. The foremost feature of Lig783 is that it can
form hydrophobic interactions with Thermolysin. The fused hydro-
carbon ring skeleton is oriented in a hydrophobic pocket formed by
Phe114, His146 and Tyr157, which confer the relative stability to
Lig783-thermolysin complex (Fig. 3).
Table 3
Ligand efficiency calculation of the firsts ranked Autodock Vina poses of thermolysin
complexes.

Ligand Docking Experiments Ligand Efficiency Calculations

DGdocking (Rank) RMSD Å Kd LE (kcal/mol)

Lig-783 �7.9(1) 0.97 1:58 � 10�6 0.395

Lig-1022 �7.1(1) 0.32 6:12 � 10�6 0.215

Lig-1392 �7.2(1) 0.36 5:17 � 10�6 0.300

Lig-2177 �8.5(2) 2.26 0:57 � 10�6 0.253

Lig-3444 �8.4(1) 3.22 0:68 � 10�6 0.382

Lig-6199 �7.0(1) 3.16 7:25 � 10�6 0.189

Fig. 4. Plots of RMSD values against simulation time corresponding to molecular dyn
between 5H9 and Lig-783 and 1022. B: Represent the comparative study between 5H9
3444 and D: Represent the comparative study between 5H9 and Lig-6199.
The remaining ligands present very similar DGdocking values
around 7.0 kcal/mol. Their relative stability is explained as follows:
Lig1392 form weak H-bond interactions with Trp115 (3.26 Å) and
His146 (3.06 Å); Lig1022 is exclusively stabilized in the Ther-
molysin pocket via hydrophobic interactions of the hydrocarbon
chain and the hydrophobic pocket formed by Asn112, Ala113,
Phe114, Trp115 and Asn116 in Thermolysin; Lig6199 is oriented
in a hydrophobic area formed by Asn111, Asn112, Leu202, and
Leu133, where stablish a unique H-bond with Arg203 (3.18 Å),
see Fig. 3. Owing to the low number of H-bonds formed by
Lig1392, Lig1022, and Lig6199 in the Thermolysin pocket, these
ligands present the highest values for RMSD, as can be observed
in Table 2.
3.2. Ligand efficiency analysis

We use two parameters, Kd and LE (Ligand Efficiency), to com-
pare the affinity of the ligands studied here and Thermolysin, Kd

corresponds to the dissociation constant of a ligand-thermolysin
complex, its values are a measure of the protein-ligand interaction
strength. Thus, very small values indicate that the compound binds
strongly to the protein. LE represents averaged binding energy per
non-hydrogen atoms, resulting in standardized values that allow
us to compare molecules with different sizes (Table 3).

The ligands under study that exhibit the lowest Kd values are
Lig3444 and Lig2177, which means that these ligand-thermolysin
complexes are the most stables in the series. These results are
amics of the ligand-thermolysin complexes. A: Represent the comparative study
and Lig-1392 and 2177. C: Represent the comparative study between 5H9 and Lig-
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consistent with those obtained in the docking experiments in
which these ligand-thermolysin complexes were the most stable
according to their DGdocking values.

The proposed tolerable values of LE for drug candidates are
LE > 0:3kcal=mol HAC. According to this reference value, com-
pounds Lig783, Lig1392, and Lig3444 are excellent prospects to
be used as Thermolysin inhibitors. It must be thought that studies
on medications that are already on sale, present a LE value of 0.39
to 0.52 for oral medications, indicating that the results obtained for
the ligands mentioned above are close to drugs already established
in the market (Cavalluzzi et al., 2017; Hopkins et al., 2004; Hopkins
et al., 2014).
Fig. 5. The number of H-bond between Thermolysin and
3.3. Molecular dynamics simulation

� RMSD
Molecular dynamics (MD) simulation is a very used tool to

obtain trajectories that contain all structural information about
the stability and relevance of molecular interactions on the
ligand-protein complexes and their evolution through time. As a
criterion of stability of the complexes studied in the simulation
time, we analyze the RMSD parameter during the 100 ns of molec-
ular dynamics, after the first 2.0 ns of equilibration. As presented in
Fig. 4, all the complexes studied had RMSD values lower than 1.6 Å
with very similar values with respect to our reference ligand 5H9,
the ligand studied during 100 ns of simulation time.
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indicating that the ligands of this study form time-stable com-
plexes with Thermolysin.

The Lig2177-thermolysin complex is the most stable among the
series since it presents the lowest RMSD values
(0:9035� 0:0786 Å). This result is consistent with those obtained
through docking experiments; therefore, we can expect that this
molecule could be a good candidate as an antihypertensive agent.
On the contrary, the highest RMSD values were obtained for
Lig1392-thermolysin (1:102� 0:1584 Å) and Lig1022-thermolysin
(1:027� 0187 Å) complexes, which indicates that these ligands
were the least stable of all those studied. These results also agree
with previous results from docking experiments.

� H-Bond

According to the results obtained above with respect to the
RMSD parameter, it is necessary to obtain an explanation about
the stability of these complexes at the molecular level and their
evolution through time. For this, we quantify the number of hydro-
gen bonds presented by the ligands designed in the Thermolysin
pocket and their behavior during the 100 ns of simulation, after
the first 2.0 ns of equilibration.

As can be observed in Fig. 5, the number of H-bond interactions
remained low during 100 ns of molecular dynamics simulation. It
should be noted that on average, none of the systems analyzed in
this manuscript exceeded the amount of one H-bond. The highest
amount of H-bonds was presented by the Lig3444-thermolysin
complex with an average of 0:556� 0:77. From these results, we
can conclude that hydrogen-bonds interactions were not stable
over time nor are they responsible for the stability of the systems
studied across the MD simulation time.

To verify this initial approach, an analysis of H-bond occupancy
(%) was performed during the simulation time. The term occu-
pancy refers to the time at which the interaction was maintained
at a distance of 3 Å (cutoff criteria) during the 100 ns of molecular
dynamics. As a criterion of stability of the H-bond, a 50% higher
occupancy was taken.

In none of the complexes studied, the hydrogen bond occu-
pancy exceeded 25%, indicating that h-bond interactions were
not stable over time. The highest occupancy was obtained with
Lig783 through heir OH ��O� Asp150 interaction, which was
maintained at a distance of less than 3 Å for 23.26% of the simula-
tion time. The second highest value was obtained with Lig2177
through their NH ��O� Asp82 interaction with occupancy of
Fig. 6. The number of H-bond and average between Thermolysi
14.16%. These results demonstrate that hydrogen bond interac-
tions were not stable over time and therefore, this type of interac-
tion is not the determinant for the stabilization of the ligand-
thermolysin complexes presented here.

� Radius of Gyration (Rg)

The quantity and occupancy of the H-bond interactions could
not explain the stability of ligand-thermolysin complexes. Thus,
it is necessary to analyze the radius of gyration parameter (Rg) to
understand the level of compaction that Thermolysin structure
presents when the ligands are included inside their active pocket.
The Rg is defined as the mean quadratic distance of the mass of a
collection of atoms from a common center of mass. As can be
observed in Fig. 6, all systems studied exceeded 3.5 Å of Rg . It must
be noted that these values are superior to other systems previously
studied.

Among the analyzed complexes, the lowest value of Rg along
the simulation time was obtained for the Lig783-thermolysin com-
plex, as depicted in Fig. 4. This behavior was expected to occur,
since this compound was the one that presented the highest H-
bond occupancy, in addition to being the third most stable com-
plex in the docking experiments. Indicating that Lig783 has the
lowest fluctuations over time being, therefore, the most compact
of all the series. The pattern established by Lig783 across time is
observed for Lig1392 and Lig3444, with 3.9 and 4.1 Å of Rg respec-
tively, being concordant with H-bond interactions established by
this ligand in the pocket of Thermolysin.

The other systems exceeded the value of 4 Å in the Rg . The
higher Rg values were obtained for Lig1022 and Lig2177-
thermolysin complexes indicating less stability of the interaction
into the pocket of Thermolysin. This can be explained as Lig1022
is mainly stabilized via hydrophobic interactions. On the other
hand, Lig2177 establish several H-bond interactions with different
amino acids and electrostatic interactions with Zn2þ, which can be
responsible for the high mobility inside the thermolysin pocket.
These results are consistent with those obtained in the quantifica-
tion and occupancy of H-bonds, indicating that h-bond interactions
are key in the stabilization of ligand-protein complexes.

3.4. MM-GBSA

The results obtained above have not been able to give a com-
pletely satisfactory explanation about the stability of the ligand-
n and the ligand studied during 100 ns of simulation time.



Table 5
ADME molecular descriptors of compounds designed to inhibit Termolysin.

Ligand MW (g/mol) LogP HBA HBD TPSA Å
2 RB

Lig-783 272.38 3.40 2 2 40,46 0
Lig-1022 450.70 8.31 2 0 34.14 14
Lig-1392 375.47 2,60 3 3 74.35 5
Lig-2177 480.58 3.17 5 2 114.67 0
Lig-3444 356.17 2.62 3 3 73.72 0
Lig-6199 510.62 3.49 7 1 88.54 13

MW: Molecular weight; LogP: Octanol/water partition coefficient; HBA: Hydrogen
bond acceptor; HBD: Hydrogen bond donor; TPSA: Topological polar surface area;
RB: Rotatable bond count.

590 D. MacLeod-Carey et al. / Saudi Pharmaceutical Journal 28 (2020) 582–592
thermolysin complexes in the simulation time, Thus, it is necessary
to get a deeper understanding at the molecular level to determine
the factors that contribute to the stabilization or destabilization of
the ligand-thermolysin complexes. For this purpose, we have per-
formed a free energy decomposition analysis using the MM-GBSA
method (Hou et al., 2011; Hou et al., 2011; Saíz-Urra et al., 2013;
Vergara-Jaque et al., 2013) whose results are presented in Table 4.

According to MM-GBSA methodology, first, we calculate the
binding free energy (DGbinding) from the snapshots of the molecular
dynamics trajectories. This binding free energy is then averaged
and decomposed into Van der Waals (DEvdw), electrostatic (DEelect)
and solvation (DGsolv ) contributions for all ligand-thermolysin
complexes.

As can be observed in Table 4, according to DGbinding calculated
values, the most stable ligand-thermolysin complexes are those
that contain Lig3444 and Lig2177. This result is in line with those
obtained through docking experiments and confirms that they are
the most stable complexes among the series. It must be noted that
all other ligand-thermolysin complexes exhibit DGbinding values
>10 kcal/mol, denoting their high stability.

When considering the gas phase interaction energy (DEgas) that
corresponds to the sum of Van der Waals (DEvdw) and electrostatic
terms (DEelect), Lig2177 is the one that exhibits the major stabilizing
contribution to DGbinding , which is followed by Lig783, Lig1392 and
Lig1022 with DEgas alues around � 8 kcal=mol. Ligand-thermolysin
complexes formed with Lig 3444 and Lig 6199 exhibit the lowest
DEgas values. It must be noted that do not exist a clear trend when
analyzing DEvdw and DEelect terms, due to the different topologies of
the studied ligands, where different functional groups establish
different types of interactions in the thermolysin pocket. However
the gas phase-electrostatic interactions DEelect do not favor the
ligand complexation, maybe to a poor desolvation penalty of
charged and polar groups, especially those forming hydrogen-
bonds that can form stabilizing interactions with water molecules
in a solvated media. This explanation can be reinforced, when ana-
lyzing the solvation energy term (DGsolv ), where Lig3444 exhibit
the largest stabilizing contribution to DGbinding , followed by
Lig6199. The rest of the Ligands exhibit similar values around
� 3 kcal=mol, with the exception of Lig1022 where DGsolv is
�4.52 kcal/mol.
3.5. ADME-Tox properties

Computational models based on pharmacokinetic properties
(absorption, distribution, metabolism, and elimination), as well
as toxicological parameters (ADME-Tox) are essential for drug
design (Kauthale et al., 2018; Kumar et al., 2017; Tsaioun et al.,
2016; Speck-Planche and Cordeiro, 2017; Teotia et al., 2018). In
order to assess whether ligands can be selected as potential antihy-
pertensive agents; we have calculated some structural properties
as, molecular weight (MW in g/mol), octanol/water partition coef-
ficient (LogP), hydrogen bond acceptor number (HBA), hydrogen
Table 4
Predicted binding free energies (kcal/mol) and individual energy terms calculated from
complexes.

Ligand Calculated Fre

DGbindind DEvdw

Lig-783 �10:83� 0:03 �15:98� 0:04
Lig-1022 �12:19� 0:06 �28:00� 0:10
Lig-1392 �10:91� 0:02 �19:36� 0:10
Lig-2177 �14:57� 0:07 �23:21� 0:11
Lig-3444 �15:20� 0:15 �10:68� 0:08
Lig-6199 �10:11� 0:23 �17:70� 0:30
bond donor number (HBD), topological polar surface area (TPSA

in Å
2
) and rotatable bond count (RB), see Table 5.

These results were contrasted against Lipinski (Lipinski et al.,
2001), Veber (Veber et al., 2002) and Pfizer toxicity empirical rules
(Hughes et al., 2008). If any of the compounds only comply with
two of the Lipinski rules, we take that compound as a precaution
(Lipinski et al., 2001), if it complies with only one rule then this
molecule is not a good drug candidate. According to the Veber
rules, if a compound does not meet any of the two parameters then
it is not a good drug candidate (Veber et al., 2002). The Pfizer tox-
icity 3/75 rules (Hughes et al., 2008) were also taken into account,
if any of our ligands does not comply with both parameters, then it
is not a good drug candidate.

The analysis performed on ADME-Tox properties presented in
Table 5 shown that Lig2177, Lig3444, and Lig1392 fulfill all the
requirements established by Lipinski Veber and Pfizer 3/75 rules,
indicating that these compounds could be safe compounds to be
used as antihypertensive agents. It should be pointed out that
Lig2177 and Lig3444 were found the most promising compounds
from docking experiments, molecular dynamics simulation and
MM-GBSA decomposition analysis. Compound Lig-783 presents a
violation of Pfizer 3/75 rules, due to their octanol/water partition
coefficient is greater than the admissible limit, making this sub-
stance liposoluble, which suggests a tendency to be more toxic
and less selective to their target. The same behavior was obtained
for Lig1022 and Lig6199, which present violations to Lipinski and
Verber rules.
4. Conclusions

High blood pressure is one of the main causes of cardiovascular
disease around the world. Currently, more than 9 million people
die every year from this cause, which has motivated many
researchers to design safer drugs to treat this condition. Our
research group has designedin silicoseveral compounds as possible
antihypertensive agents using the QSARINS method taking Ther-
molysin as the target for these drug candidates. We have selected
the six most promising candidates from this study. In this article,
we apply a computational biochemistry protocol to determine by
molecular dynamics simulation through the MM-GBSA protocol for Thermolysin

e Energy Decomposition (kcal/mol

DEelect DEgas DGsolv

7:86� 0:03 �8:09� 0:07 �2:74� 1:23
21:33� 0:13 �7:67� 0:27 �4:52� 0:73
11:54� 0:03 �7:82� 0:13 �3:09� 0:73
11:76� 0:07 �11:36� 0:18 �3:12� 1:26
8:59� 0:10 �2:09� 0:18 �13:11� 0:29
14:44� 0:21 �3:26� 0:51 �6:85� 1:17
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means of docking experiments, molecular dynamics, MM-GBSA
and ADMe-Tox properties whether these compounds are suitable
to be employed in a dual antihypertensive therapy.

From the results of this computational biochemistry protocol,
we conclude that these ligands designed in silico present an ade-
quate orientation in the pocket of Thermolysin. Lig2177 and
Lig3444 establish the most favorable interactions with amino acids
Asp150, Glu143 and Tyr157 in addition to interacting with Zn2þ in
the active center of Thermolysin. Although these interactions did
not remain constant over time, it must be pointed out that MM-
GBSA calculations indicate that Van der Waals and solvation inter-
actions were the most stabilizing terms for binding energy across
time. Lig2177 and Lig3444 in conjunction with Lig-1392 were
the only molecules that fulfill all the ADME-Tox requirements.
The information here presented suggests that Lig2177 and
Lig3444 are the most promising candidates to be used as antihy-
pertensive agents.
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