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sights for predicting the binding
and selectivity of peptidomimetic plasmepsin IV
inhibitors against cathepsin D†

Lucas Sousa Martins, a Hendrik Gerhardus Kruger, b Tricia Naicker, b

Cláudio Nahum Alves, a Jerônimo Lameira a and José Rogério Araújo Silva *a

Plasmepsins (Plms) are aspartic proteases involved in the degradation of human hemoglobin by P.

falciparum and are essential for the survival and growth of the parasite. Therefore, Plm enzymes are

reported as an important antimalarial drug target. Herein, we have applied molecular docking, molecular

dynamics (MD) simulations, and binding free energy with the Linear Interaction Energy (LIE) approach to

investigate the binding of peptidomimetic PlmIV inhibitors with a particular focus on understanding their

selectivity against the human Asp protease cathepsin D (CatD). The residual decomposition analysis

results suggest that amino acid differences in the subsite S3 of PlmIV and CatD are responsible for the

higher selectivity of the 5a inhibitor. These findings yield excellent agreement with experimental binding

data and provide new details regarding van der Waals and electrostatic interactions of subsite residues as

well as structural properties of the PlmIV and CatD systems.
Introduction

Malaria is a disease caused by parasites of the genus Plasmodium.1

This disease is transmitted to the human host by the female
mosquitoes belonging to the genus Anopheles.2 A large part of the
world's population lives in endemic areas of malaria, mainly in
tropical countries, making this disease a global health problem.3

The progress against this disease remains stagnant, especially in
endemic countries.3 In 2019, the global malaria cases corre-
sponded to 229 million, an annual estimate that has remained
virtually unchanged over the past 4 years, with the disease claiming
around 409 000 lives in the same year.3 These numbers may be
aggravated as the COVID-19 pandemic affects the ght against this
disease.4 In addition, malaria remains a primary cause of child-
hood illness and death in sub-Saharan Africa. More than 260 000
African children under the age of ve die annually from malaria.
Recently, the World Health Organization (WHO) recommends
widespread use of the RTS,S/AS01 (RTS,S) malaria vaccine among
children in sub-Saharan Africa and other regions with moderate to
high P. falciparum malaria transmission. However, RTS,S/AS01
provides incomplete and only short-term protection.5
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tion (ESI) available. See DOI:
Particularly, artemisinin (ATS) is a frontline drug used for
the treatment of malaria disease and ATS combination thera-
pies (ACTs) is used to treat P. falciparum and P. vivax. However,
resistance to frontline artemisinin and partner drugs is now
causing the failure of P. falciparum ACTs in Southeast Asia.6

Thus, it is evident that further development of new antimalarial
drugs with new modes of action are warranted.

Aer the complete sequencing of the genome of P. falcipa-
rum, several new drugs with different forms of action were
proposed, for example, respiratory chain enzymes in the para-
site's mitochondria,7 transport proteins8,9 and proteases.10,11 In
particular, aspartic protease Plms are important targets for
developing drugs against malaria.12–14

Sequencing of the P. falciparum genome has led to the iden-
tication of ten different genes that encode the Plms, these
enzymes are numbered from I to X.15 Plms I–IV are located in the
acid food vacuole and are active during the intro-erythrocytic
stage of the life cycle by providing nutrients for the parasite's
growth.16–18 Since Plms are involved in degrading the host
hemoglobin, they are attractive targets for designing new drugs
against malaria.17

The successful development of Plms inhibitors as drugs
requires optimization of on-target potency and minimization of
undesirable off-target activity, particularly against related host
proteases.12 Noteworthy, vacuolar Plms (PlmsI–IV) are highly
homologous, sharing 50–79% amino acid sequence identity,19 but
are only ∼35% homologous to mammalian enzymes renin and
cathepsin D (CatD).20 Particularly, CatD is an enzyme responsible
for protein digestion and is involved in a range of physiological
processes.21–23 These involve critical roles in protein catabolism
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and retinal function.24,25 Therefore, inhibition of CatD by PlmIV
inhibitors may result in pathophysiological conditions as well as
a decrease in antimalarial efficacy.

Previous studies have suggested that PlmII/CatD selectivity is
dependent on the substituents reaching the S3–S4 subsites.26

According to Johansson et al., the S2 subsite in CatD is smaller
than in PlmII.27 Recently, Zogota et al.12 proposed a set of pep-
tidomimetic PmlV inhibitors with antimalarial activity at
nanomolar concentrations and selectivity against CatD,12 where
some inhibitor substituents occupy the non-prime sub-pockets
(S′ part). Therefore, steric and energetical features can be
related to increasing antimalarial activity and selectivity of
peptidomimetic PmlV inhibitors.

As a successful strategy for the process of structure-based
drug design (SDBB), we have applied powerful computational
approaches to investigate a myriad of enzymatic reactions and
binding inhibition mechanisms.29–34 Herein, we used molecular
docking in combination with molecular dynamics (MD) simu-
lations35,36 and subsequent binding free energy calculations
applying the Linear Interaction Energy (LIE) method37 to
investigate the structural and energetic features that contribute
to the binding of peptidomimetic inhibitors of PlmIV that was
previously reported,12 as well as their selectivity against CatD.
We demonstrated that the computational approach applied
here accurately predicts the binding free energy of inhibitors of
PlmIV and CatD that agree with experimental results.12 Overall,
we explain at the molecular level the reason for the selectivity
between PlmIV and CatD and provide insight for rationally
designing new antimalarial drugs.

Materials and methods
PlmIV/CatD and inhibitors preparation and molecular
docking

The initial coordinates for PlmIV and CatD were taken from
Protein Data Bank (PDB) under codes 2ANL38 and 4OD9,39

respectively. As the starting point for inhibitor structures (Table
1), 5a was in silico constructed into catalytic site of enzymes and
then optimized with Gaussian09 40 at QM level using PM6 semi-
empirical method.41 The AutoDockTools 1.5.6 (ADT)42,43 package
was used to prepare all PDBQT les to carry molecular docking
simulations into AutoDock Vina v.1.2.0,44 where only ligands
were considered exibles.

The AutoDock Vina v.1.2.0 44 soware was used to examine the
binding of the PlmIV inhibitors to the target proteins: PlmIV and
CatD. All the receptors were placed inside the grid box and all the
grid information was described in the script le (number of
modes = 10, exhaustiveness = 50 and energy range =

3 kcal mol−1). The grid (Å) that was used to run PlmIV was center-
X= 56.69, center-Y= 10.68, center-Z= 18.84, size-X= 40.00, size-
Y = 40.00, size-Z = 40.00. The grid box information for CatD was
center-X = 0.53, center-Y = 11.96, center-Z = −33.72, size-X =

40.00, size-Y = 40.00, size-Z = 40.00. The grid box was chosen
carefully to be sure that the whole receptors are tted inside the
box. It should be highlighted that all studiedmolecules (see Table
1) used here were initially proposed by GlaxoSmithKline (GSK)
group45 and later studied by Zogota et al.12 (Fig. 1).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Molecular dynamics (MD) simulations

The complexes obtained from molecular docking calculations
were used as starting points for MD simulations performed
using the program Q (version 6).46,47 The OPLS-AA force eld48

and TIP3P water model49 were used as a set of classical
parameters for the solute (enzymes and inhibitors) and solvent
(water), respectively. Particularly, classical parameters for the
inhibitors were obtained through an automatic parametrization
carried out by the MACROMODEL version 10.8.50 Initially, pKa

values of all titratable residues were computed using the
PROPKA method51 as implemented in the PDB2PQR server52 at
neutral pH. It should be noted that the protonation state of the
catalytic aspartates was initially retrieved from a previous study
carried out by ref. 53, where QM/MMMD and potential of mean
force simulations suggest that the proton is located on the
carboxylic group of Asp214 (hereaer referred to as AspH214)
for PlmIV system, while Asp34 was considered into its charged
state. Similarly, the same procedure was adopted for the CatD
system (Asp33 and AspH231). Besides, this protonation model
of PlmIV was applied by Gutiérrez-de-Terán and Åqvist.54

A simulation sphere of 20 Å radius was considered in
simulated systems, centered on the center of mass of each
inhibitor. The sphere was solvated with TIP3P water molecules49

and subjected to polarization and radial constraints according
to the surface-constrained all-atom solvent (SCAAS) model55 at
the sphere surface to describe appropriately the properties of
bulk water. Titratable amino acid residues closer than 3–5 Å to
the boundary, as well as those outside the solvent sphere, were
modeled into their neutral state due to the lack of dielectric
screening.

Initially, each complexed system (bound state) was slowly
heated up to 300 K during 150 ps, which was followed by 1000 ps
for the equilibration stage, in which initial positional restrains
on all solute heavy atoms were gradually released. The subse-
quent production phase for data collection consists of 12 ns of
MD simulations from 3 randomized replicas of 4 ns each for
each simulated system.

Nonbonded interactions were calculated explicitly up to a 10
Å cut-off, except for the atoms of ligands, for which no cutoff
was used. In addition, long-range electrostatics were computed
by the local reaction eld (LRF) multipole expansion
method.56,57 A time step of 1.0 fs was set up and the SHAKE
algorithm58 was applied to restrain all solvent bonds and angles.
Nonbonded pair lists and the ligand-surrounding interaction
energies were saved every 25 steps. To estimate binding free
energies by the LIE method,37 in the water (free state) simula-
tions a weak harmonic restraint was applied to the center of
mass of the ligands to keep them centered in the water simu-
lation sphere following the same conditions as for the bound
state.
Linear interaction energy (LIE) for binding free energy
calculations

Binding free energies of every PlmIV/CatD system were calcu-
lated using the LIE method37 as:
RSC Adv., 2023, 13, 602–614 | 603
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Table 1 Inhibitors and its IC50 experimental values (mM) for PlmIV and CatD

Inhibitor R1 R2 R3 IC50 PlmIVa IC50 CatD
a Sb

1a n-Pr n-Pr 0.029 0.043 1.48

1b n-Pr n-Pr 0.024 0.042 1.75

1c n-Pr n-Pr Ph 0.006 0.054 9.00

1d H n-Pr 0.038 0.11 2.90

2a Et Et 0.014 0.250 17.86

2b Me Me 0.087 0.500 5.74

2c HOCH2CH2 HOCH2CH2 0.068 0.270 3.97

2d MeOCH2CH2 MeOCH2CH2 0.037 0.100 2.70

2e CF3CH2CH2 CF3CH2CH2 0.210 0.120 0.57

3a H MeOC(CH3)2CH2 0.048 2.100 43.75

4a n-Pr n-Pr Me 0.023 0.210 9.13
5a H t-BuCH2 H 0.076 3.800 50.00
5b H CF3CH2CH2 H 0.150 4.900 32.66

a Data obtained from ref. 12 and 28. b Selectivity factor between CatD and PlmIV, IC50 “non target”/IC50 “target”.

Fig. 1 Starting structure for antimalarial HTS-based on the GSK
group.45
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DGLIE = a(hVvdWibound − hVvdWifree) + b(hVeleibound
− hVeleifree) + g (1)

The a and b parameters are empirically derived from
nonpolar and polar contributions, respectively.59 The brackets
“h i” refers to the average of van der Waals and electrostatic
(Vele) interaction energies for the “bound” and “free” states of
each inhibitor.37 Particularly, the empirical parameters (a and
b) are usually taken from the literature (a = 0.181 and b = 0.33–
0.50)59,60 or can be appropriately obtained by linear tting the
604 | RSC Adv., 2023, 13, 602–614
ligand-surrounding interaction energies versus experimental
binding affinities. Finally, the last parameter g is a constant
related to the protein environment that does not change the
relative binding free energies61 but is used to equalize the
calculated energies to the experimental binding affinity values
(DGexp

bind), which is calculated from IC50 values as:

DGexp
bind = RT ln IC50 (2)
Results and discussion
Molecular docking calculations

Initially, to evaluate differences in inhibitor recognition for
PlmIV and CatD proteins, we plotted a sequence alignment
based on the structure of each protein (Fig. 2A) highlighting all
prime and non-prime sub-pockets (Fig. 2B). As shown in Fig. 2,
the S3 subsite contains the greatest polarity difference in amino
acid sequence composition between PlmIV and CatD, followed
by the S4 subsite. Furthermore, the S3 subsite of PlmIV was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Sequence alignment based on the structure of the amino acid residues that belong to the Asp-dyad, S1′ and S1–S4 subsites of PlmIV
and CatD. The residues that most differ according to the chain polarity side are highlighted in a box. (B) Surface representation of the Asp-dyad,
S1′ and S1–S4 subsites in PlmIV and CatD.
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more hydrophobic than the S3 of CatD, which can allow us to
expect that the occupation and interactions of inhibitors in the
region of the S3 subsite are essential for the selectivity between
these two proteins. A previous study performed by Rasina et al.62

revealed that a set of non-peptidomimetic Plm inhibitors
showed inhibitory potency at the nanomolar range with
remarkable selectivity against CatD followed by decreasing lip-
ophilicity and increasing solubility.
Fig. 3 Molecular docking overlapping for 5a, 3a and 5b inhibitors into cat
complexes are provided as ESI.†

© 2023 The Author(s). Published by the Royal Society of Chemistry
The binding modes of the 5a, 3a and 5b, depict the highest
selectivity factors (50.0, 43.75, and 32.66, respectively), in the
models of PlmIV and CatD, which were obtained by the
molecular docking calculations as illustrated in Fig. 3 and their
respective affinity scoring values are summarized in Table 2.
Our docking studies indicated that the selected PlmIV inhibi-
tors (Tables 1 and 2) are bound into CatD binding pocket in
a similar mode to PlmIV (Fig. 3). Besides, by comparing binding
alytic site of PlmIV and CatD enzymes. The 3D structures of the docked

RSC Adv., 2023, 13, 602–614 | 605
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Table 2 Molecular docking binding affinity values (kcal mol−1) for 5a,
3a and 5b inhibitors

Inhibitor PlmIV CatD

5a −9.2 −8.6
3a −9.2 −9.1
5b −9.1 −9.1
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affinity values for both systems, no suitable structural differ-
ences could be found between 5a, 3a and 5b into PlmIV/CatD
binding pockets. In general, the sub-pocket S3 accommodates
R1 and R2 substituents of PlmIV inhibitors while the R3 group
occupies the sub-pocket S4 in the PlmIV model. In the CatD
model, R1 and R2 substituents occupy the same sub-pocket S3.
Particularly, for 3a, the R3 is positioned to sub-pocket S2.
MD simulations and structural analysis

Plms systems have shown great enzymatic exibility in all re-
ported crystal structures.63,64 So, MD simulations was used to
avail the structural exibility of Plm-peptidomimetic systems.
In this study, each Plm system was submitted to a total of 12 ns
of classical MD simulations. Previous computational studies
demonstrated that peptidomimetic inhibitors promote inter-
actions which stabilize the ap loop of Plm complexes.63,65–67

Whereas, nonpeptidomimetic compounds greatly affect the ap
loop dynamics, requesting a larger MD scale.63 The time-
evolution of RMSD values of the inhibitor atoms complexed to
PlmIV and CatD is shown in Table 3. In all systems (a total of
26), the RMSD values are smaller than 2.0 Å, which indicates
that these systems are quite stable during the production phase
of MD simulations for data collection, as expected for Plm-
peptidomimetic systems.13,68

The protonation state of the catalytic aspartates in aspartic
proteases is still an unsolved and challenging question. Some
different computational53,69–74 and experimental75–78 techniques
have addressed this question. Then, we could conclude that the
Table 3 Root-Mean-Square Deviation (RMSD) values (in Å) of inhibitor
structure during the production phase of MD simulations. The RMSD
plots for all systems are provided as ESI (Fig. S1 and S2)

Inhibitor

RMSD (Å)

PlmIV CatD

1a 0.52 � 0.09 0.74 � 0.27
1b 0.68 � 0.18 0.92 � 0.32
1c 0.78 � 0.18 0.74 � 0.24
1d 0.84 � 0.16 0.59 � 0.13
2a 0.72 � 0.14 0.75 � 0.19
2b 0.75 � 0.18 0.72 � 0.20
2c 0.58 � 0.20 0.71 � 0.24
2d 0.90 � 0.13 0.56 � 0.15
2e 1.15 � 0.24 0.70 � 0.16
3a 0.57 � 0.14 0.73 � 0.21
4a 0.55 � 0.17 0.56 � 0.23
5a 0.90 � 0.22 1.49 � 0.41
5b 0.74 � 0.17 0.97 � 0.40

606 | RSC Adv., 2023, 13, 602–614
position of the proton(s) into the carboxylic groups of catalytic
Asp can be changed by the presence and chemical nature of the
ligand-bound and that more than one model could occur. Here,
we chose to consider the model proposed by Silva et al.53 ob-
tained by QM/MM79 and umbrella sampling80 methods which
suggest the carboxylic group of Asp214 as neutral (containing
a proton in the oxygen atom, named as AspH214) while Asp34
has its carboxylic group charged (without proton and formal
charge equal to −1). A similar procedure was adopted for the
CatD system (Asp33 and AspH231).

Therefore, to avail the inhibitors' stability at each protein's
binding site, their interactions with catalytic aspartates
(aspartic acid dyad) were monitored during the production
phase of MD simulations (Fig. 4). To this end, the averages of
the distances between the hydroxyl group of the base structure
of the inhibitors and the oxygen atoms of the carboxylic group
of the catalytic Asp on each protein are summarized in Table 4.

As observed in Table 4, the average distances between the
hydroxyl group of 1a, 1b, 1c, 1d, 2a, 2c, 2d, 2e, 3a and 5a
inhibitors show that they are positioned to form a hydrogen
bond with catalytic Asp34 in PlmIV (Table 4), where this residue
was considered in its anionic form.53,54On the other hand, it was
found that inhibitors 1b, 1c, 1d, 2a, 2b, 2e, 3a, 4a, 5a and 5b
tend to hydrogen bond with the Asp33 in the active site of CatD.
Binding free energy by LIE method

Molecular docking is a computationally fast, efficient, and low-
cost technique,35 however, its predictions of binding poses and,
mainly, binding affinity energies as measured by docking scores
do not have high accuracy81–83 and it has difficulty to distinguish
compounds with similar binding affinities. Some computa-
tional alternatives to overcome these limitations are the use of
Alchemical Free Energy (AFE) methods84,85 such as Free Energy
Perturbation (FEP)86,87 and Thermodynamic Integration (TI)88,89

that can be used to predict the binding free energy involving
biochemical systems, however, they require extensive sampling
of several non-physical intermediate states and then their
applications into high-throughput scenarios may not be
useful.90 Therefore, a suitable alternative in terms of efficacy
and efficiency to compute the binding free energy are end-point
free energy (EPFE) methods,91 which are based on the congu-
rations of the nal states of a system, and therefore, computa-
tionally less expensive than AFE methods and more accurate
than most docking scoring functions.91,92 Among the most
popular EPFE methods, we chose the Linear Interaction Energy
(LIE)37 which offers advantages to AFE methods (in terms of
efficiency) and docking scoring functions (in terms of accu-
racy).93,94 Furthermore, it has been successfully used for PlmIV
systems.54,73

Herein, all peptidomimetic inhibitors were thermodynami-
cally evaluated by computing their respective binding free
energy (DGLIE) by applying the LIE method. The sampling for
each state of the computed system was obtained through the
average of the production phase of MD simulations, as
described previously. Table 5 shows the DGLIE values
(in kcal mol−1) for each PlmIV/CatD system considering their
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A representative snapshot from MD simulations of 5a (C atoms in pink color) into the binding site of (A) PlmIV and (B) CatD systems
highlighting their respective aspartic acid dyad (hydrogen atoms were omitted).
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respective averages of electrostatic (DVele) and van der Waals
(DVvdW) contributions, as well as the experimental binding free
energy (DGEXP) values according to eqn (2), by using experi-
mental data from the literature.12,28 The empirical parameters
a and b of the LIE equation (eqn (1)) were obtained directly from
the literature (a= 0.181 and b= 0.5, 0.43, 0.37 and 0.33),59 while
g parameter was set to zero,95 as proposed by Gutiérrez-de-Terán
and Åqvist.54 The empirical LIE parameters used for each
system are better described in Table S1 of ESI.†

Interestingly, in all systems, an unusually high contribution
from the van der Waals (non-polar) component of the binding
free energy was observed. In other words, the electrostatic
interactions are not the most important contributions to the
binding process of peptidomimetic inhibitors into the binding
site of PlmIV and CatD proteins. This can be explained because
both proteins' S1–S4 and S1′ pockets are predominantly
hydrophobic.12,28 These results are in concordance with the
experimental proposal of Zogota et al.12 and the computational
evidence from Gutiérrez-de-Terán.54
Table 4 Average distances (in Å) from MD simulations between the hydro
of the aspartic acid dyad of PlmIV and CatD systems

Inhibitor

PlmIV

Asp34 (OD1) Asp34 (OD2) Asp214 (OD1) Asp214 (O

1a-(OH) 3.64 � 0.24 2.66 � 0.18 4.33 � 0.51 5.27 � 0.5
1b-(OH) 3.02 � 0.32 3.27 � 0.41 3.22 � 0.32 4.92 � 0.3
1c-(OH) 3.69 � 0.21 2.81 � 0.22 3.59 � 0.33 3.15 � 0.2
1d-(OH) 3.80 � 0.21 2.70 � 0.11 3.83 � 0.23 3.25 � 0.2
2a-(OH) 2.96 � 0.32 3.37 � 0.40 3.17 � 0.36 3.08 � 0.3
2b-(OH) 3.95 � 0.63 4.52 � 0.30 5.74 � 0.70 3.74 � 0.3
2c-(OH) 3.23 � 0.33 2.80 � 0.22 2.97 � 0.39 3.23 � 0.2
2d-(OH) 3.71 � 0.22 2.71 � 0.15 3.69 � 0.36 3.42 � 0.3
2e-(OH) 3.23 � 0.50 2.98 � 0.25 3.33 � 0.59 3.20 � 0.2
3a-(OH) 3.74 � 0.21 2.66 � 0.14 3.86 � 0.37 5.03 � 0.3
4a-(OH) 3.32 � 0.33 3.08 � 0.26 4.07 � 0.46 3.09 � 0.2
5a-(OH) 4.15 � 0.34 2.75 � 0.15 3.82 � 0.33 3.38 � 0.3
5b-(OH) 3.65 � 0.51 3.26 � 0.63 3.58 � 0.42 3.21 � 0.3

© 2023 The Author(s). Published by the Royal Society of Chemistry
By comparing DGLIE and DGEXP values (Table 5), we obtain
the coefficients of determination (r2) equal to 0.93 (Fig. 5) and
0.94 (Fig. 6) for PlmIV and CatD systems, respectively; demon-
strating that our results are in agreement with experimental
data reported in previous studies.12,28 Particularly, DGLIE for 1a
in the PlmIV corresponds exactly to the DGEXP value
(−10.30 kcal mol−1). In general, all inhibitors calculated here
were also in excellent agreement between DGEXP and DGLIE,
which reect the strong correlation coefficients, as it is assumed
that the typical precision of the method shows the root mean
square errors (RMS) of the experimental binding free energies of
less than 1 kcal mol−1,13,96 which is better than the average
performance of the scoring functions (2–2.5 kcal mol−1).97

Initially, for molecular docking procedures, we choose 5a as
a starting point to design other inhibitors, the reason for that is
due to its highest selectivity factor value (S = 50.00, Table 1).
Interestingly, it showed an excellent concordance between
DGLIE and DGEXP values for PlmIV (−9.07 and −9.73 kcal mol−1,
respectively) and CatD (−7.65 and −7.41 kcal mol−1, respec-
tively). The same conclusion can be observed in 2e, which has
xyl group of inhibitors (1a–5b) and oxygen atoms of carboxylic groups

CatD

D2) Asp33 (OD1) Asp33 (OD2) Asp231 (OD1) Asp231 (OD2)

9 4.37 � 0.31 3.81 � 0.31 4.18 � 0.60 2.87 � 0.81
8 3.80 � 0.81 2.81 � 0.92 4.19 � 0.59 3.08 � 0.51
0 3.22 � 0.40 3.01 � 0.34 2.80 � 0.33 3.36 � 0.22
9 3.51 � 0.25 2.49 � 0.24 2.73 � 0.10 3.19 � 0.10
4 3.93 � 0.56 2.64 � 0.46 3.72 � 0.52 3.03 � 0.35
5 3.79 � 0.28 2.62 � 0.22 3.47 � 0.25 3.03 � 0.10
6 4.65 � 0.43 4.52 � 0.52 4.16 � 0.50 2.88 � 0.87
7 3.11 � 0.32 3.02 � 0.33 4.05 � 0.57 2.99 � 0.55
8 3.73 � 0.21 2.74 � 0.38 3.85 � 0.50 2.83 � 0.36
8 2.77 � 0.42 3.16 � 0.34 4.19 � 0.25 4.07 � 0.33
1 3.25 � 0.11 2.86 � 0.25 3.25 � 0.25 3.45 � 0.10
1 2.94 � 0.28 3.00 � 0.27 3.23 � 0.22 3.61 � 0.22
1 4.37 � 0.20 2.88 � 0.22 3.99 � 0.31 2.96 � 0.27
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Table 5 Calculated (DGLIE, from eqn (1)) and experimental (DGEXP, from eqn (2)) binding free energy for PlmIV and CatD systems

Inhibitor

PlmIV CatD

DVvdW (kcal
mol−1)

DVele (kcal
mol−1)

DGLIE (kcal
mol−1)

DGEXP (kcal
mol−1)

DVvdW (kcal
mol−1)

DVele (kcal
mol−1)

DGLIE (kcal
mol−1)

DGEXP (kcal
mol−1)

1a −31.75 � 0.34 −12.41 � 1.08 −10.30 � 0.39 −10.30 −41.27 � 0.52 −7.63 � 0.42 −10.24 � 0.15 −10.07
1b −30.99 � 0.61 −13.49 � 0.98 −10.56 � 0.99 −10.42 −39.12 � 0.40 −8.46 � 0.21 −10.16 � 0.23 −10.08
1c −32.48 � 0.89 −14.51 � 1.09 −11.21 � 0.54 −11.24 −39.40 � 0.16 −7.27 � 0.35 −9.78 � 0.08 −9.94
1d −27.10 � 0.82 −13.85 � 0.57 −10.00 � 0.29 −10.14 −34.37 � 0.69 −8.53 � 0.37 −9.34 � 0.08 −9.51
2a −34.90 � 0.27 −11.64 � 0.21 −10.65 � 0.19 −10.74 −36.65 � 0.47 −6.44 � 0.11 −8.98 � 0.14 −9.02
2b −31.26 � 0.57 −10.82 � 1.04 −9.63 � 0.74 −9.65 −30.97 � 0.14 −7.93 � 0.37 −8.50 � 0.12 −8.61
2c −29.43 � 0.47 −13.40 � 0.63 −9.72 � 0.12 −9.80 −40.64 � 0.11 −4.54 � 1.89 −8.82 � 0.44 −8.98
2d −31.55 � 0.66 −11.85 � 0.97 −10.07 � 0.91 −10.16 −37.01 � 1.05 −7.49 � 1.79 −9.44 � 0.90 −9.57
2e −30.78 � 0.32 −9.08 � 0.89 −8.90 � 0.68 −9.13 −36.92 � 0.55 −8.94 � 0.50 −8.95 � 0.31 −9.46
3a −30.54 � 0.27 −12.17 � 1.04 −10.00 � 0.70 −10.01 −31.82 � 0.89 −6.65 � 0.70 −8.17 � 0.65 −7.76
4a −32.38 � 0.74 −11.88 � 0.99 −10.23 � 0.54 −10.44 −35.59 � 1.22 −6.86 � 1.00 −8.94 � 0.24 −9.13
5a −23.16 � 0.21 −13.23 � 0.70 −9.07 � 0.52 −9.73 −28.14 � 0.23 −7.00 � 0.33 −7.65 � 0.50 −7.41
5b −31.71 � 0.33 −9.12 � 0.40 −9.08 � 0.37 −9.33 −26.42 � 1.01 −7.64 � 1.21 −7.58 � 0.91 −7.26

Fig. 5 Linear regression model between the calculated (DGLIE) and
experimental (DGEXP) binding free energy (in kcal mol−1) for the
selected peptidomimetic inhibitors bound to PlmIV.

Fig. 6 Linear regression model between the calculated (DGLIE) and
experimental (DGEXP) binding free energy (in kcal mol−1) for the
selected peptidomimetic inhibitors bound to CatD.
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the lowest selectivity factor value (S = 0.57, Table 1), where
DGLIE and DGEXP values for PlmIV are −8.90 and
−9.13 kcal mol−1, respectively, and CatD for −8.95 and
−9.46 kcal mol−1, respectively. Overall, both inhibitors with
high selectivity and low selectivity factors have DGLIE in excel-
lent agreement with the DGEXP values. Also, it was possible to
obtain the calculated (SCALC) and experimental (SEXP) selectivity
factor for each of the inhibitors (Table S2, ESI†), the r2 value
found is equal to 0.90 (Fig. 7). All results demonstrate that the
LIE parameterization used for both models is a robust method
that reproduces the experimental affinities of inhibitors in
complex with PlmIV and CatD as well as their selectivity factors.
Per-residue decomposition analysis

A computational study performed by Valiente et al.66 identied
by structural analysis seven important amino acid residues:
Tyr17, Val105, Thr108, Leu191, Leu242, Gln275 and Thr298
608 | RSC Adv., 2023, 13, 602–614
(according to PlmII numbering). For PlmIV system, their results
demonstrated a smaller uctuaions in the ap loop region
when compared with PlmII system. Here, to further quantify the
contribution of amino acids from prime and non-prime sub-
pockets towards selectivity between PlmIV and CatD, the elec-
trostatic and van der Waals contributions for 5a and 2e com-
plexed with PlmIV and CatD were computed to identify which
residues are important for binding as well as how they can
explain each selectivity factor. Therefore, only energetic
contributions for 5a and 2e at the binding site of both proteins
will be presented.

Initially, by considering the interaction between each
inhibitor and aspartic protease dyad for PlmIV and CatD
(Fig. 8), respectively, the electrostatic contribution of Asp34
from PlmIV and Asp33 from the CatD system is themost evident
component of binding free energy. For 5a, a decrease of elec-
trostatic of Asp34 from PlmIV (−10.09 kcal mol−1) to Asp33
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Linear regression model between the calculated for SCALC and
SEXP involving all simulated systems.
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from CatD (−13.01 kcal mol−1) is observed, resulting in
a change of about −2.92 kcal mol−1. Similar behavior can be
observed for 2e, where the electrostatic energy decreases by
1.48 kcal mol−1 from PlmIV to CatD. On other hand, the
Fig. 8 Per-residue decomposition of the binding free energy into contrib
(A) 5a bound to PlmIV (left) and CatD (right) and (B) 2e bound to PlmIV (lef
in ESI.†

© 2023 The Author(s). Published by the Royal Society of Chemistry
protonated Asp of PlmIV and CatD system does not contribute
signicantly to the binding free energy of 5a or 2e.

When we consider each prime and non-prime sub-pockets
for 5a and 2e into PlmIV and CatD, the most important
contributions are provided by vdW interactions (Fig. 9 and 10).
For 5a bound to PlmIV, the vdW contributions for subsites S1′,
S1, S2, S3 and S4 are −3.55, −15.33, −6.25, −7.41 and
−5.32 kcal mol−1, respectively. Whereas for CatD, the values of
vdW contributions are −6.75, −18.71, −7.46, −9.27 and
−4.43 kcal mol−1, respectively. Then, a suitable change can be
observed for subsites S1′ and S1 where vdW contributions
decrease by about 3.00 kcal mol−1 for each subsite from PlmIV
to CatD. Particularly, for subsite S1′ the decreasing of vdW
contribution can be related replacement of Val312
(0.01 kcal mol−1, in PlmIV) by Leu320 (−2.44 kcal mol−1, in
CatD). Interestingly, for subsite S3 the replacement of Leu14,
Met15 and Leu114 (in PlmIV) by Ala13, Gln14 and Thr125 (in
CatD), respectively, promotes suitable changes in the vdW
interactions (from −0.11, −0.69 and −3.32 kcal mol−1 to −1.42,
−2.28 and −1.30 kcal mol−1, respectively).

On the other hand, for 2e inhibitor bound to PlmIV the same
subsites have vdW contributions equal to −3.62, −17.33, −5.90,
−10.22 and −6.02 kcal mol−1, for subsites S1′, S1, S2, S3 and S4,
respectively. Whereas for CatD, these values are −6.45, −17.21,
−8.49,−7.28 and−7.41 kcal mol−1, respectively. Here, the most
utions from electrostatic (Ele) and van der Waals (vdW) interactions for
t) and CatD (right). The detailed contribution values for each residue are

RSC Adv., 2023, 13, 602–614 | 609
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Fig. 9 Per-residue decomposition of the binding free energy into contributions from electrostatic (Ele) and van der Waals (vdW) interactions for
5a compound bound to PlmIV (left) and CatD (right) considering only (A) subsite S1′, (B) subsite S1, (C) subsite S2, (D) subsite S3, (E) subsite S4. The
full contribution values for each residue are in ESI (see Tables S3 and S4).†
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relevant changes can be observed for subsite S1′, where the vdW
contribution decreases by 2.83 kcal mol−1, and subsite S3,
where the vdW interaction increases by 2.94 kcal mol−1, from
PlmIV to CatD. In the subsite S1′, the replacement of Val312 (in
PlmIV) by Ile320 (in CatD) promote a vdW interaction
decreasing about 2.35 kcal mol−1 (which means 65% of total S1′

interaction). In the subsite S3, the replacement of Leu14 and
Met15 (in PlmIV) by Ala13 and Gln14 (in CatD), respectively,
show more relevant changes into vdW interactions (from −0.60
and −2.61 kcal mol−1 to −1.27 and −1.06 kcal mol−1).
610 | RSC Adv., 2023, 13, 602–614
Therefore, our results suggest that vdW interactions driven
by subsite S3 can differentiate between the highest and lowest
selective factor of 5a and 2e inhibitors into the binding site of
PlmIV and CatD, where the decreasing of vdW interactions
favors the high selectivity factor, while its increasing favors the
low selectivity factor. Particularly, the selectivity could be
related to replacement of Leu114 (in PlmIV) by Thr125 (in
CatD), due to its larger vdW changes be observed only for 5a
inhibitor. These ndings agree with the experimental proposal
of Zogota et al.12
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Per-residue decomposition of the binding free energy into contributions from electrostatic (Ele) and van derWaals (vdW) interactions for
2e compound bound to PlmIV (Left) and CatD (Right) considering only (A) subsite S1′, (B) subsite S1, (C) subsite S2, (D) subsite S3, (E) subsite S4.
The full contribution values for each residue are in ESI (see Tables S5 and S6).†
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Conclusion

The structural and energetic investigation for the selectivity of
non-peptidomimetic PlmIV over CatD provided binding models
for both enzymes that quantitatively describe the main inter-
actions at the active sites, which were improved by MD simu-
lations followed by binding free energy calculations applying
the LIE approach. All computed models were supported by the
availability of the experimental data of inhibition for both
PlmIV and CatD systems. Utilizing the energetic information,
our results suggest that vdW interactions are the most
© 2023 The Author(s). Published by the Royal Society of Chemistry
important term to differentiate the highest and lowest selective
factor of non-peptidomimetic inhibitors into the binding site of
PlmIV and CatD. Particularly, the selectivity difference found
for 5a and 2e inhibitors can be related to the increasing vdW
contributions promoted by the replacement of Leu114 (in
PlmIV) by Thr125 (in CatD) into subsite S3 of both enzymes. The
enzyme–inhibitor interactions, largely non-polar, highlight the
main role of the hydrophobic interactions in the recognition of
inhibitors into subsites of both aspartic proteases. Therefore,
our results may contribute to the development of novel potent
and selective PlmIV inhibitors.
RSC Adv., 2023, 13, 602–614 | 611
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39 U. Grädler, P. Czodrowski, C. Tsaklakidis, M. Klein,
D. Werkmann, S. Lindemann, K. Maskos and B. Leuthner,
Bioorg. Med. Chem. Lett., 2014, 24, 4141–4150.

40 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J. J. A. Montgomery,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
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