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Abstract

The study was conducted to find out andrographolide and its derivatives which could interact with
plasmepsin, an aspartic protease enzyme that usually used as target for antimalaria. The study began
with pharmacophore modeling using LigandScout software. Pharmacophores were searched for
plasmepsin I, IT, and IV, with pdb codes were 3QS1, 1ISME, and 1LS5 respectively. Pharmacophores were
generated using structure-based and ligand-based pharmacophore methods and retrospective validation
was used to validate them. Pharmacophore screening was carried out for andrographolide and its
derivatives, then for the hit compounds, continued by molecular docking using AutoDock Vina module in
LigandScout software. Pharmacophores for plasmepsin I, II, and IV consist of hydrogen bond donors,
hydrogen bond acceptors and hydrophobic interactions, with the best validated AUC values for each
model were 0.73, 1.00, and 1.00 respectively. Andrographolide derivatives (AND10 and AND15) had high
fit scores for plasmepsin I, II, and IV pharmacophore. The results of molecular docking showed that
andrographolide and its derivatives (AND10 and AND15) interacted well with the plasmepsin by binding
to important aspartic amino acid residues in the active site. From the binding affinity, AND15 was the
best compound interacted with plasmepsin I, II, and IV with AG values were 1, 2, and 3kcal/mol
respectively. Andrographolide derivative (AND15) was the best compound interacted with plasmepsin, so
it was potential to be developed into new antimalarial drug.

Keywords: Andrographolide, Molecular docking, Pharmacophore screening, Plasmepsin.
Introduction

Malaria is still an influential cause of death to drugs 1is increasingly widespread in

in the world. The number of deaths in the
world caused by malaria reaches 435
thousand [1]. There is 53% of malaria cases
caused by Plasmodium falciparum and
continues to increase until 2017 including in
Indonesia [2]. Indonesia is in the second
place with the most malaria cases after India
in the South-East Asia Region [1].

Anti-malarial drugs grow after stopping the
use of chloroquine in 1969 due to an increase
in mortality and morbidity especially in
Africa, and in 1976 it was known that the
spread of resistance in Papua New Guinea
[3][4]. The spread of P. falciparum resistance
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tropical countries including Indonesia [5].

Therefore, the new alternative medicine for
anti-malarial 1s needed. P. falciparum
attacks erythrocytes and destroys most of the
host cell hemoglobin because the metabolism
of hemoglobin is one of the key metabolic
processes for survival in parasites that are in
human blood.

There are several protease enzymes involved
in this process in parasitic food vacuoles. One
of them is plasmepsin which is the aspartic
protease and is responsible for the initial
cleavage of hemoglobin until followed by
other protease enzymes [6].
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P. falciparum 1is identified as having ten
types of aspartic protease protein and three
of them are plasmepsin I, II, and IV which
play a role in the initial cleavage of
hemoglobin [7]. Andrografolid can inhibit
P.bergei, a type of malaria, with 39-46% [8]
and in P. falciparum malaria [9].

The combination of andrographolide with
chloroquine can reduce the resistance value
from 48% to 12.5%, but this does not increase
its effectiveness in antimalarial activity.
Andrographolide as an antimalarial is
believed to have a short duration of action
due to poor andrographolide activity when at
low doses [10]. In this study, we did
pharmacophore screening to get the
andrographolide derivates that has the best
antimalarial activity. After that, molecular

docking was done to obtain the interaction
between andrographolide derivates and
plasmepsin.

Materials and Method

The plasmepsin I, II, and IV crystal structure
complexed with pepstatin (PDB code: 3QS1,
1SME, and 1LS5) were obtained from the
Protein Data Bank (http://www.rcsb.org/pdb),
can be seen in fig. 1. Database of active
compounds and decoys for aspartic protease
inhibitor was obtained from The Binding
Database (https:/www.bindingdb.org) and
Database of Useful Decoys Enhanced (DUD-
E) (http://dude.docking.org). A total of 50 test
compounds of andrographolide derivatives
namely (AND1-AND50) were obtained from
several research journals whose structure
can be seen in Fig. 2 [11-16].
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Fig. 1: Crystal structure of plasmepsin I, II, and IV
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Fig. 2: Andrographolide derivatives test compounds
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Pharmacophore Modeling

LigandScout 4.1 was used for pharmacophore
modeling [17]. The methods were structure -
based and ligand - based pharmacophore
modeling. In the structure - based method,
pharmacophore was based on the complex
crystal structure of pepstatin bound to the
Plasmepsin I, II, and IV receptors. Each
crystal structure was analyzed for its
interaction with the natural ligands inside.

Ligand Scout automatically generated the
pharmacophore for each complex. In the
ligand based method, pharmacophore
modeling was based on a database of ligands
that are known to be active against
plasmepsin I, II, and IV. The database was
taken from The Binding Database website
(https://www.bindingdb.org) with the number
of active compounds for plasmepsin I, II, and
IV. 203, 587, and 11 respectively.
LigandScout would align the active
compound, and automatically generate
several pharmacophore options for each
target.

Pharmacophore Validation

The method wused was retrospective
validation by creating an active ligand
database obtained from The Binding
Database website

(https://www.bindingdb.org) and decoys that
were automatically generated by the engine
on the DUD-E website
(http://dude.docking.org). The active database
used was a collection of ligands that were
known and proven to have activity against
plasmepsin, especially plasmepsin I, II, and
Iv.

The decoys database was a ligand that had a
structure similar to an active ligand but had
no activity or did not cause interactions on
the receptors. The database functions as a
ligand filter to be tested whether it had a
similar pharmacophore structure that was
assessed by the Receiver Operating
Characteristic Curve (ROC Curve) parameter
such as Area under Curve (AUC) and
Enrichment Factor (EF).

Pharmacophore Screening

After obtaining the best and wvalid
pharmacophore model, the model was chosen
for used in screening test compounds. A
collection of test compounds optimized by
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MMFF94  energy  minimization than
converted to screening database [18].Ligand
Scout would process it to produce some of the
best compounds by looking at the level of
similarity or fit score. Test compounds that
had high fit scores would be selected as
compounds that were allegedly having the
same activities and interactions based on the
similarity of the pharmacophores.

Molecular Docking

Molecular docking was carried out for
andrografolid and its derivatives which have
the best results from pharmacophore
screening process before. The docking
program used was Autodock Vina [19] which
was integrated in the LigandScout 4.0
program. The molecular docking protocol was
validated by redocking mnatural ligands
(pepstatin) into plasmepsin I, II, and IV
receptors on each crystal structure. Test
compounds were optimized using the
MMFF94 method, and predicted Lipinski's
Rule of Five parameters using the
LigandScout 4.0 program. Bonding modes,
binding affinity and inhibition constants
were examined for each test compound.

Results and Discussion

Structure - Based Pharmacophore

Modeling

The interaction of pepstatin with plasmepsin
I, II, and IV consist of acceptor or donor
hydrogen bonds, and several hydrophobic
interactions with amino acid residues in the
receptors binding site (Fig. 3).

Pharmacophores models for each plasmepsin
varies can be seen in Fig. 4. Plasmepsin I
pharmacophore consists of five hydrophobic
interactions, three hydrogen donor bonds,
and three hydrogen acceptor bonds.
Plasmepsin II pharmacophore consists of six
hydrophobic  interactions, five  donor
hydrogen bonds, and three hydrogen acceptor
bonds.

Finally, in Plasmepsin IV there are six
hydrophobic interactions, two hydrogen
donor bonds, and one hydrogen acceptor
bond. Differences in pharmacophoric sites in
each plasmepsin certainly occur because of
differences in the macromolecules of each
plasmepsin that affect which groups are
bound to the amino acids that make up the
macromolecules.
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Fig. 3: Interaction of pepstatin with plasmepsin I, IT and IV

Plasmepsin I Plasmepsin I1 Plasmepsin IV

Fig. 4: Structure - Based Pharmacophore Models of Plasmepsin I, II, and IV (Green arrows:
hydrogen bond donors, red arrows: hydrogen bond acceptors, yellow spheres: hydrophobic
interactions)

Ligand - Based Pharmacophore for plasmepsin II produced 1 pharmacophore
Modeling model (Fig. 6), and for plasmepsin IV

Database of active ligand for plasmepsin I produced 10 pharmacophore models (Fig.7).

produced 10 pharmacophore models (Fig. 5),

9

Model 1 Model 2 Model 3 Model 4 Model 5

Model 6 Model 7 Model 8 Model 9 Model 10

Fig. 5: Ligand - Based Pharmacophore Models of Plasmepsin 1
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Fig. 6: Ligand - Based Pharmacophore Models of Plasmepsin II

Model 2

H

Model 6 Model 7 Model 8 Model 9 Model 10
Fig. 7: Ligand - Based Pharmacophore Models of Plasmepsin IV
The yellow circle is a hydrophobic interaction decoys. Efforts were made such as

pharmacophore group, the red circle is the
hydrogen acceptor pharmacophore, and the
green circle 1s the hydrogen donor
pharmacophore. The difference of each model
in these plasmepsin lies in the number of
pharmacophore groups and the types of
pharmacophores that exist.

Plasmepsin II does not have a large variety of
pharmacophore choices; there is only one
model of pharmacophore features that is
predicted to have good affinity. This is due to
the fact that ligand clusters do not have an
effect on variations in the pharmacophore
feature model.

Pharmacophore Validation

The results obtained from the structure -
based pharmacophore modeling validation
process, none of the compounds from the
database were hit with the pharmacophore
model either the active ligand database or
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eliminating some pharmacophore features to
ease the work of Ligand Scout if indeed the
effect was too much pharmacophores of
pepstatin  and differences 1in position,
number, to the type of pharmacophore, but
the results remained unchanged.

This means that there are no compounds that
are really similar to the pharmacophore
model, so the pharmacophore model produced
from this structure based method is
declared invalid and cannot be used to screen
the test compound.

From the ten pharmacophore models
obtained from the ligand - based
pharmacophore modeling in plasmepsin I,
model 1 is the best model because from ROC
curve in Fig. 8, the highest AUC value of 0.73
and EF is 1.1. Pharmacophore is valid
because AUC value more than 0.7 [20], so
screening of test compounds for plasmepsin I
can be carried out using the model 1
pharmacophore.
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Fig. 8: ROC Curve Pharmacophore Model 1 on Plasmepsin I

From the only one available pharmacophore
model obtained for plasmepsin II, ROC curve
in Fig. 9 show AUC 1.00 and EF 2.3 is

LA O

EAEY O3y
75
-1
L
3
8.
;,‘; CH %0
S
o
&
. A O
- —
&
o)
an SO O
L ]

O O A

LS R ) 0 O v

obtained; pharmacophore 1is valid so

screening test compounds can be carried out
using that particular model for plasmepsin
I1.
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Fig. 9: ROC Curve Pharmacophore Model 1 on Plasmepsin I1

From the ten pharmacophore models
obtained from the ligand - based
pharmacophore modeling in plasmepsin IV,
model 2 is the best model because from ROC
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curve in Fig. 10, the highest AUC value of
1.00 and EF is 5.0. Pharmacophore is valid,
so screening test compounds could be carried
out using model 2 for plasmepsin IV.
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Fig. 10: ROC Curve Pharmacophore Model 2 on Plasmepsin IV
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Pharmacophore Screening

The results of pharmacophore screening of
test compounds can be seen in table 1. For
plasmepsin I, II, and IV total hit compounds
obtained are 28, 32, 17 respectively. From the
overall results of the test compound with the
highest hit there is a difference in each
plasmepsin, but at the relationship of
compounds in the three plasmepsin tested,

there are several test compounds related to
the three plasmepsin. Looking at the 10 best
sequences of test compounds, there are two
compounds namely AND10 and AND15 that
were hit with plasmepsin I, II, and IV.
Therefore, AND10 and AND15 are predicted
to have pharmacophores suitable for the
three plasmepsins and can be candidated for
multi-target drugs.

Table 1: The pharmacophore fit score of test compounds

Plasmepsin
No. 1 v
Compound Fit Score Compound Fit Score Compound Fit Score
1 ANDO5 40.59 AND30 51.15 AND10 43.44
2 AND15 39.44 ANDI10 50.57 AND28 43.34
3 AND16 39.01 AND36 50.34 AND36 43.27
4 AND13 35.67 ANDO1 44.11 AND27 37.85
5 AND43 35.55 AND11 44.01 AND30 37.79
6 AND10 34.96 AND15 43.71 AND15 37.59
7 ANDO3 34.94 ANDO7 43.27 AND43 37.36
8 AND23 34.80 AND27 43.15 AND47 37.30
9 AND24 34.56 AND33 43.13 AND45 36.91
10 AND20 34.50 ANDO09 43.13 ANDOS8 36.47
11 AND39 34.46 ANDO4 42.95 AND33 36.34
12 AND36 34.26 AND32 42.53 ANDO09 35.99
13 ANDO09 34.23 ANDO03 42.52 AND12 35.97
14 AND45 34.08 AND14 42.47 ANDO03 35.97
15 AND33 33.85 AND16 42.46 AND16 35.81
16 AND34 33.73 AND26 42.39 AND13 35.53
17 AND12 33.71 AND13 42.34 AND11 35.16
18 AND26 33.57 AND25 42.27
19 AND27 33.54 AND22 42.27
20 AND38 33.40 AND24 42.25
21 ANDO07 33.30 AND23 42.25
22 ANDO6 33.17 AND47 42.19
23 AND25 32.94 AND35 42.18
24 AND28 32.93 AND42 36.34
25 AND40 32.76 AND34 36.34
26 ANDO02 32.65 AND43 36.26
27 AND11 32.53 AND12 26.19
28 AND31 32.28 AND45 36.17
29 AND28 36.17
30 AND29 36.16
31 ANDOS8 36.16
32 AND49 36.15
Molecular Docking bound by the C-14 hydroxyl group in the

Docking result can be seen in table 2.
Interaction  of  andrographolide  with
plasmepsin I, II, and IV show bonds with
essential amino acids aspartate in binding
site (Fig. 11). ASP215A and ASP293 are
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lactone ring, ASP214 is bound by the C-19
hydroxyl group, and ASP130 is bound by the
C-3 hydroxyl group. Some aspartates have
similarities with previous pepstatin in
pharmacophore modeling. As with
plasmepsin I, ASP215 and plasmepsin IV,
ASP214.
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Table 2: Docking result of test compounds with plasmepsin I, II, and IV

Plasmepsin I

Plasmepsin II

Binding Affinity (kcal/mol) Inhibition Constant (uM)
Test Compounds Plasmepsin Plasmepsin
1 11 v I 11 v
Andrografolid -7.70 -7.70 -6.30 2.28 2.28 24.21
AND10 -8.50 -8.50 -7.60 0.59 0.59 2.70
AND15 -8.80 -8.80 -8.30 0.36 0.36 0.83
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AND10 docking result in to plasmepsin I, II,
and IV show bonds with essential amino

acids aspartate in binding site (Fig. 12).

Fig. 11: Interaction of Andrographolide with Plasmepsin I, II, and IV

AND10 has better binding affinity than
andrographolide in plasmepsin I, II, and IV.
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AND15 docking result in to plasmepsin I, II,
and IV also show bonds with essential amino
1s the same as

andrographolide and pepstatin before, that

acids aspartate which

are ASP34, ASP214, and ASP215 (Fig. 13).
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Fig. 12: Interaction of AND10 with Plasmepsin I, I, and IV

AND15 has a lowest binding affinity if
compare to andrographolide and ANDIO0,
which means ANDI15 interacts better with
plasmepsin I, I, and IV.
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Fig. 13: Interaction of AND10 with Plasmepsin I, II, and IV

According to Lipinski rules, a good drug
molecule requires for consumption via the
oral route with log P value < 5, molecular

weight < 500, donor hydrogen group < 5, and
hydrogen acceptor group < 10 [10]. Properties
of standard compounds and test compounds
based on Lipinski's Rule of Five can be seen
in Table 3.

Table 3: Physicochemical predictions based on Lipinski's Rule of Five

Compound Molecular Log P Hydrogen Bond Hydrogen Bond
Weight Acceptor Donor
Pepstatin 685.904 1.467 9 7
Andrographolide 368.385 3.370 1 1
AND 10 440.536 3.609 5 2
AND 15 456.535 3.054 5 2

Andrographolide, AND15, and AND10 all of them meet the Lipinski's Rule of Five requirements which means all three can be
made as oral drugs. Log P values indicate the lipophilicity of a compound. The greater the values of Log P, the more hydrophobic
compounds are and the easier it will be to penetrate lipid bilayers. Large mass molecules will find it more difficult to penetrate
lipid bilayers and tend to experience a first pass effect, i.e. metabolic breakdown before it reaches the systemic blood circulation
which can cause the drug to lose its effectiveness. Hydrogen bonding will affect the pharmacophore group which will give biological

activity to a compound

Conclusion

Ligand - based pharmacophore method is
better than structure - based pharmacophore
in modeling a valid pharmacophore that used
to screen test compound in plasmepsin.
Pharmacophore in plasmepsin I consist of 2
hydrophobic groups, 1 hydrogen bond donor
and 1 hydrogen bond acceptor group.
Pharmacophore in plasmepsin II consist of 2
hydrogen bond donor and 3 hydrogen bond
acceptor groups. Pharmacophore in
plasmepsin IV consist of 2 hydrophobic
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