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Abstract: Peganum harmala is known to have active metabolites such as alkaloids, which can affect
the central nervous system. One of the various alkaloids is thought to be related to their activity as
dopamine receptor antagonists, which can be developed in the therapy of various neurological diseases.
This study aims to determine the alkaloid from P. harmala, which has the highest potential as the
dopamine receptor antagonist. The method used was molecular docking against dopamine receptors
with risperidone as the reference ligand. The results showed that among the known alkaloids from P.
harmala, dipegine, harmalanine, and harmalacinine showed the highest potency in terms of both free
energy of binding and similarity of ligand-receptor interactions. The results of this investigation
anticipate that some alkaloids from P. harmala have the potential as the dopamine receptor antagonist.
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1. Introduction

Peganum harmala L., which is also known as the Syrian rue or African rue, is a
significant species of the family Nitrariaceae and is a perennial, wild-growing shrub that is
mainly widespread in Asia, North Africa, and America [1]. Previously, this plant belonged to
the family Zygophyllaceae, but later, as a result of phylogenetic studies on P. harmala, it was
included in the family Nitrariaceae [2]. Along with this species, P. nigellastrum and P.
multisectum are also found in Central Asia and China, while P. mexicanum is widespread in
the Americas, especially in Mexico [3]. The appearance of the whole plant, flowers, and dried
seeds of P. harmala is presented in Figure 1.

Peganum harmala is more known for its alkaloid content, which is divided into two
groups: B-carboline and quinazoline alkaloids. Previous studies by Li et al. [4] shows that
among several alkaloids that were successfully isolated, harmine, harmaline, harmol, harmalol,
harman, norharman, tetrahydroharmine, tetrahydroharmol, tetrahydroharman,
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tetrahydronorharman, isoharmine, harmalacidine, harmalidine, harmalicine, harmalanine,
harmalacinine, ruine, dihydroruine are B-carboline alkaloids; while vasicine (peganine), I-
vasicinone, desoxypeganine, desoxyvasicinone, peganol, vasicol, pegamine, pegaline,
peganidine, isopeganidine, dipegine, and dipeginol belong to quinazoline alkaloids. Due to the
alkaloids contained in P. harmala, it is presented as a central nervous system (CNS)-
stimulating factor [5].

(@)

Figure 1. Peganum harmala plant; (a) whole plants; (b) the flowers; and (c) dried seeds.

Studies have been conducted on the neuroprotective, anti-paralytic, anxiolytic,
anticonvulsant, analgesic effects of these alkaloids, and positive results have been obtained [4].
Even the German company Merck had produced anti-Alzheimer’s drugs in the form of
injection and suppository of harmine alkaloid, one of the main active ingredient of P. harmala
[6]. It has also benefited from the positive effects of this plant on the nervous system in folk
medicine. Peganum harmala seeds are used traditionally for antidepressant, sedative, analgesic
purposes [7]. Occasionally, poisoning has been observed as a result of the overdose of seeds,
which is accompanied by hallucinations and convulsions [8].

The dopamine receptor is an important target for the development of drugs for
compounds that may affect the CNS [9]. Dopamine receptors are a class of G protein-coupled
receptors that are prominent in the CNS of the vertebrates. Dopamine receptors activate
different effectors not only by G-protein coupling but also by signaling different protein
interactions [10]. Dopamine receptor disorders are believed to play a role in the development
of multiple diseases such as Alzheimer’s and Parkinson’s, but the relationship is still under
investigation [11-14]. Schizophrenia is one of the diseases known to be associated with
dopamine receptor disorders [15]. The D2 dopamine receptor (DRD2), a subtype of dopamine
receptors that specifically inhibits the production of cyclic adenosine monophosphate (CAMP)
by inhibiting the enzyme adenyl cyclase, is the primary target for both typical and atypical
antipsychotic medications and drugs used to treat schizophrenia-like risperidone [16, 17].

Considering how the alkaloids from P. harmala affect CNS in general, it is likely that
one or several of these alkaloids can have activity on dopamine receptors, specifically as a
DRD?2 antagonist. However, to date, no research has been found that shows the relationship
between the alkaloids of P. harmala and the dopamine receptor. Therefore, this study aims to
determine the alkaloid from P. harmala, which has the highest potential as a DRD2 antagonist.
The approach used is in silico with the molecular docking method, with the observed
parameters are the free energy of binding (AG) and the similarity of ligand-receptor
interactions, to be compared with risperidone as reference ligand.
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2. Materials and Methods

2.1. Materials.

The hardware used was the ASUS A46CB series Ultrabook with an Intel™ Core 15-
3337U@1.8 GHz and Windows 7 Ultimate 64-bit SP-1 operating system. The software used
was ChemDraw 18.0.0.231 and Chem3D 18.0.0.231 for molecular modeling and energy
minimization, OpenBabel 2.4.1 for ligand and receptor format conversion, AutoDockTools
1.5.6 for docking protocol configuration, Autodock Vina 1.1.2 for the docking process,
PyMOL 2.3.1 for docking protocol validation, UCSF Chimera 1.13.1 for the preparation of
docking results, and Discovery Studio Visualizer 19.1.0.18287 for visualization and
observation of docking results. Information on three-dimensional structures of receptor
obtained from the website of Protein Data Bank http://www.rsch.org.

2.2. Ligands preparation.

The test ligands were consisted of 30 alkaloids from P. harmala, while the reference
ligand was risperidone, as shown in Figure 2. The two-dimensional structure was sketched
using ChemDraw 18.0.0.231, and its energy is minimized using Chem3D 18.0.0.231 with
MMFF94. The format of the optimized structure was converted from *.mol to *.pdb using
Open Babel 2.4.1. Then the charge of the ligands then is given the charge and set torque by
default using AutoDockTools 1.5.6.
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Figure 2. The two-dimensional structure of the test and reference ligands.

2.3. Receptors preparation.

The molecular structure of DRD2 in complexed with risperidone (PDB ID 6CM4) was
obtained from the website of the protein data bank (PDB) http://www.rsch.org. The receptors
are prepared for docking with AutoDock Vina 1.1.2 using the same protocol as reported by
Pratama et al. [18]. The used structure of DRD2 is the active site that binds with risperidone as
the reference ligand. Risperidone is known to be a dual DRD1-DRD2 family antagonist, with
70-fold selectivity for the DRD2 family [16].

2.4. Validation of docking protocol.

Before the docking process for test ligands, initially, the validation of the docking
protocol is conducted. The redocking process is performed using the co-crystal ligands of the
receptor. Risperidone from the receptor is extracted and prepared until a ligand in *.pdbqt
format is obtained, according to the procedure reported by Pratama et al. [19]. The reference
ligand was then redocked at the position of the grid box, and the size of the orientation result
was predetermined. The orientation is performed in such a way as to achieve the smallest size
grid box that can accommodate the entire ligand [20, 21]. The parameters observed during the
validation process are the root-mean-square deviation (RMSD) of the reference ligand at the
selected binding site using PyMOL 2.3.1. The docking protocol is valid if an RMSD value of
not more than 2 A is obtained [22].

2.5. Molecular docking.

Molecular docking for both tests and reference ligands conducted in the same way as
the validation process with identical sizes and grid positions. Running for the docking process
is performed by Autodock Vina 1.1.2. The key parameters used during the docking process
with Autodock Vina were AG and the similarity of ligand-receptor interactions [23-25]. , The
similarity in ligand-receptor interactions is measured by averaging the sum of the percentage
in amino acid similarity to the percentage of similarity in the form of interaction that happens.
The higher ligand-receptor interaction similarity suggests a higher chance that the ligand test
will have a similar mechanism of action compared to co-crystal ligands [26]. The docking
method is repeated five times, and the average score for AG is used, while the standard
deviation maximum values should not be higher than 0.2 kcal/mol. Ligand-pose with the lowest
AG is then stored in *.pdb format using Chimera 1.13.1. The two-dimensional structure of the
docking was analyzed using Discovery Studio Visualizer 19.1.0.
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3. Results and Discussion

3.1. Validation of docking protocol.

The RMSD value obtained from the redocking process of the 6CM4 receptor was 0.386
A. This indicates that the docking protocol for the receptor was valid for docking purposes.
Figure 3 shows the visualization of ligand overlays from redocking with reference ligands from
crystallographic results. A total of 23 amino acids are interacting with the 6CM4 receptor.
Among the many types of interactions that exist, the majority (13 of 23) is dominated by van
der Waals interactions, and only one hydrogen bond is formed at the serine residue number 197.
In conclusion, the redocking process indicates that the docking protocol of the receptor can be
used for the docking process. The parameters observed during the validation process are the
AG and amino acid interactions, as well as the size and coordinates of the grid box, as shown
in Table 1.

Figure 3. Overlays of redocking ligands (blue) with co-crystal ligands from X-crystallography data (green) at
receptors 6CM4 with RMSD 0.386 A.

Table 1. Results of the validation process.
Parameters Value
PDB ID 6CM4
Reference ligand Risperidone
Grid box size (A) 18 x 28 x 40
Grid box position x: 9.812
y: -0.257
z: 20.406
RMSD (A) 0.386
AG (kcal/mol) -11.92
Amino acid residues | 91-Val?
94-Leu?
100-Trp¢
110-Phe?
114-Aspf
115-ValP
118-Cyst
119-Thr?
122-Ala?
184-lle?
189-Phe?
193-Ser?
197-Ser®
198-Phe?
382-Phe?
386-Trp¢
389-Phe®
390-Phed
393-His?
408-Tyr®
409-Ser?
412-Thre
416-Tyr?
aVan der Waals interaction; ® Alkyl/Pi-alkyl interaction; ¢ Hydrogen bond; 9 Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked,;
¢ Pi-sigma; f Unfavorable Bump/Donor-donor; 9 Halogen
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The docking protocol is performed with AutoDock Vina default settings, with an energy
range of 3, exhaustiveness of 8, and a number of modes 9. These configurations will usually
provide reproducible and consistent results, although it is not unusual to change a variety of
parameters, such as increasing exhaustiveness to increase the accuracy of the tests. It is
particularly important if there is no repetition of the docking process [27].

The RMSD value of the docking ligand was very small (less than 0.5 A), suggesting a
quite similar position and orientation of the atoms to the crystallographic data. Interestingly,
although the AG value obtained is relatively small, the interactions that occur appear to be
dominated by weak interactions, such as van der Waals. This indicates that many key amino
acids play a significant role in ligand affinity at the binding site of the 6CM4 receptor [28-30].
In particular, some of these key amino acids have high energy interactions, such as the halogen
bond in cysteine 118 and the hydrogen bond in serine 197 [31].

3.2. Molecular docking.

The docking results showed a fairly wide difference in the AG value of each test ligand.
The majority of test ligands (22 out of 30) had AG values between -7 and -8.5 A. Of course,
compared to the risperidone, which has a AG value of almost -12 A, this value is very different.
However, certain ligands, such as dipegine (4), harmalanine (8), and harmalacinine (7), showed
a difference between 1.62 and 2.28 A, which was relatively low compared to other test ligands.
Also, of the three test ligands, harmalanine (8) and harmalacinine (7) also displayed a high
percentage similarity of ligand-receptor interaction to risperidone relative to other ligands,
specifically above 50%. While some other ligands, such as harmalacidine (6), harmaline (11),
harmalol (12), and tetrahydroharmine (25), also displayed a percent similarity above 50%, the
AG values of these ligands varied significantly from risperidone (more than 3.5 A). The overall
docking results of test ligands against the 6CM4 receptor are shown in Tables 2 to 4, whereas
two-dimensional visualization of ligand-receptor interactions of risperidone, dipegine (4),
harmalanine (8), and harmalacinine (7) is presented in Figures 4 to 7.

Table 2. Results of the docking of all test ligands at the binding site of 6CM4 receptor (1).

Ligand 1 2 3 4 5 6 7 8 9 10
AG £ SD 72+ | -822+ | -86+ | -10.3+ | -952+ | -82+ | -964+ | -9.8+ 7.1+ | -742+
(kcal/mal) 0 0.04 0 0 0.04 0 0.05 0 0 0.04

Amino acid 91- 91- 91- 91- 91-
residues ) ) Val? Val® Val? ) ) ) ValP Val
94- 94- 94- 94- 94-
Leuf LeuP Leu? ) ) ) Leu® Leu®
95- 95- 95- 95-
Glu® Glu? ) ) ) ) Glu? Glu
98-
Gly? )
100- 100- 100- 100- 100- 100- 100-
Trp¢ TrpP Trp® Trp? Trp? Trpd TrpP
110- 110- 110-
Phe? ) ) ) ) ) Phe? Phe?
114- 114- 114- 114- 114- 114- 114- 114-
Asp? Asp? Asp? Asp? j Asp? Asp? Asp? Asp°®
115- 115- 115- 115- 115-
ValP ValP ) ) ) ValP Val? Vale
118- 118- 118- 118-
Cys® ) ) ) Cys® Cys® Cys®
119- 119- 119- 119-
Thre ) ) ) Thre Thre Thre
122- 122- 122- 122-
AlaP ) . ) Ala? Ala? Ala?
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Ligand 1 2 3 4 5 6 7 8 9 10
) ) 184- 184- 184- 184- 184- 184- 184- 184-
lle? lle® lle? lle? lleb lle? lle? lle?
] 189- ] 189- | 189- | 189- | 189- | 189- ] ]
Phe? Phe? Phe? Phe? PheP Phe?
] ] ] 190- ] ] 190- ] ] ]
Val? Val®
] 193- ] ] ] 193- | 193- | 193 ] ]
Ser? Ser? Serf Ser?
] 197- ] ] ] 197- | 197- | 197 ] ]
Ser® Ser® Ser¢ Ser¢
] 198- ] ] ] 198- | 198- | 198- ] ]
PheP Phe? Phe? Phe?
] 382- ] ] ] 382- ] 382- ] ]
Phe? Phe? Phe?
386- | 386- ] ] ] 386- | 386- | 386- ] ]
Trp® Trp° Trp® | Trp? Trp®

389- 389- 389- 389- 389- 389- 389- 389-
Phe? Phe? Phed Phe? Phe? Phed Phed Phe?

390- 390- 390- 390-
) Phed ) ) ) Phed Phed Phed ) )
393- 393- 393-

) ) ) His? His¢ ) His? ) ) )
405-

) ) Pro? ) ) ) ) ) ) )
408- 408- 408- 408-

) ) Tyrd Tyr® Tyrd ) ) ) Tyr? )
409- 409- 4009- 409- 409-

) ) Ser¢ Ser¢ Ser? ) ) ) Ser@ Ser@
412- 412- 412- 412- 412- 412- 412-

) ) Thre Thre Thra ) Thr? Thr? Thre Thra
413- 413- 413- 413- 413-

) ) Trp? Trp® Trp® ) ) ) Trp? Trp?
416- 416- 416- 416- 416-

) ) Tyre Tyr? ) ) Tyr? ) Tyre Tyr?

The similarity of
amino acids with
co-crystal ligand
(%)
The similarity in
the type of
interaction with 4.35 26.09 21.74 17.39 21.74 | 47.83 30.43 39.13 21.74 17.39
co-crystal ligand
(%)
The similarity of
ligand-receptor 8.7 41.3 34.78 34.78 32.61 54.35 52.17 54.35 34.78 26.09
interaction* (%)
aVan der Waals interaction; ® Alkyl/Pi-alkyl interaction; ¢ Hydrogen bond; ¢ Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked;
¢ Pi-sigma; T Unfavorable Bump/Donor-donor; ¢ Pi-cation/anion/attractive charge; ™ (Similarity of amino acids + similarity in
type of interaction)/2.

13.04 56.52 47.83 52.17 43.48 60.87 73.91 69.57 47.83 34.78

Table 3. Results of the docking of all test ligands at the binding site of the 6CM4 receptor (2).

Ligand 11 12 13 14 15 16 17 18 19 20
AG = SD -79+ 1.7+ -8.0% 1.7+ 1.7+ 81+ | -694%+ | -82+% 5.6+ -7.8+
(kcal/mol) 0 0 0 0 0 0 0.05 0 0 0

Amino acid 91-
residues ) ) ) ) ) ) ValP ) ) )
94-
) ) ) ) ) ) Leu? ) ) )
100-
) ) ] ] ] ] Trpd ) ) )
110-
) ) ) ) ) ) Phe? ) ) )
114- 114- 114- 114- 114- 114- 114- 114- 114- 114-
Asp? Asp? Asp® Asp? Asp? Asp? Asp® Asp? Asp® Asp®
115- 115- 115- 115- 115- 115- 115- 115- 115-
Val? Val? Valb Val? Valb Val? ) ValP Val? ValP
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Ligand 11 12 13 14 15 16 17 18 19 20
118- 118- 118- 118- 118- 118- 118- 118- 118-
Cys? Cys® Cys? Cys® Cys® Cys? j Cys® Cys? CysP
119- 119- 119- 119- 119-
Thra Thra ) ) ) ) ) Thra Thre Thre
122- 122- 122- 122- 122- 122-
) Ala? Ala? ) Ala? ) ) Ala? Ala? AlaP
184- 184- 184- 184-
lle? ) ) [le ) [le le2 ) ) )
189- 189- 189- 189- 189- 189- 189- 189- 189-
Phe? Phe? Phe? Phe? Phe? Phe? Phe? Phe? ) Phe?
193- 193- 193- 193- 193- 193- 193- 193- 193-
Serf Ser2 Ser? Serf Ser? Serf ) Ser? Ser? Ser?
197- 197- 197- 197- 197- 197- 197- 197- 197-
Ser® Ser? Ser? Ser° Ser? Ser? ) Ser¢ Ser¢ Ser¢
198- 198- 198- 198- 198- 198- 198- 198- 198-
Phe? Phe? Phe? Phe? Phe? Phe? ) Phed Phe? Phe?
382- 382- 382- 382- 382- 382- 382-
) Phe? Phe? ) Phe? Phe? ) Phe? Phe? Phe?
386- 386- 386- 386- 386- 386- 386- 386- 386-
Trp¢ Trp¢ Trpe Trp¢ Trp¢ Trpe ) Trpe Trp? Trpe
389- 389- 389- 389- 389- 389- 389- 389- 389-
Phe? Phed Phed Phe? Phed Phe? Phe? Phe? ) Phe?
390- 390- 390- 390- 390- 390- 390- 390- 390-
Phed Phed Phet Phet Phet Phet ) Phet Phe? Phet
393- 393- 393-
His? ) ) His? ) ) His? ) ) )
408-
) ) ) ) ) ) Tyre ) ) )
409-
) ) ) ) ) ) Ser? ) ) )
412- 412- 412- 412- 412- 412- 412- 412-
Thre Thre Thra Thra Thra Thra Thre ) ) Thre
416- 416- 416- 416- 416- 416- 416- 416-
Tyr? Tyr? Tyr? Tyr? Tyr? Tyr? Tyr? ) ) Tyr?
The similarity of
amino acids with
co-crystal ligand 65.22 65.22 60.87 60.87 60.87 60.87 56.52 56.52 47.83 65.22
(%)
The similarity in
the type of
interaction with 39.13 39.13 34.78 34.78 39.13 26.09 39.13 34.78 21.74 34.78
co-crystal ligand
(%)
The similarity of
ligand-receptor 52.17 52.17 47.83 47.83 50 43.48 47.83 45.65 34.78 50
interaction™ (%)

aVan der Waals interaction; ® Alkyl/Pi-alkyl interaction; ¢ Hydrogen bond; ¢ Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked;
¢ Pi-sigma; T Unfavorable Bump/Donor-donor; ¢ Pi-cation/anion/attractive charge; ™ (Similarity of amino acids + similarity in
type of interaction)/2.

Table 4. Results of the docking of all test ligands at the binding site of the 6CM4 receptor (3).

Ligand 21 22 23 24 25 26 27 28 29 30
AG = SD -71.2+ -8.3+ -85+ | -7.02+ | 7.1+ 7.3+ -8.6 = -80+ | -8.08+ | -7.7%
(kcal/mol) 0 0 0 0.04 0 0 0 0 0.04 0.07

Amino acid 41-
residues ) ) Leu? ) ) ) ) ) ) )
91- 91- 91-
Val? ) Val® ) ) Val? ) ) ) )
94- 94- 94-
Leu? i Leu? ) i Leu® i ) i i
95- 95- 95-
Glu? ) Glue ) ) Glue ) ) ) )
98-
- - Gly? ) - - - - - -
100- 100- 100-
Trp® ) Trp? . ) Trp? ) ) ) )
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Ligand 21 22 23 24 25 26 27 28 29 30
110- 110- 110-
Phe? ) Phe? ) ) Phe? ) ) ) )
114- 114- 114- 114- 114- 114- 114-
i Asp? Asp? Asp? Asp® i j Asp? Asp? Asp®
115- 115- 115- 115- 115- 115- 115-
) ValP ) Val? Val? ) Val? ValP ValP ValP
118- 118- 118- 118- 118- 118- 118-
j CysP j CysP CysP i CysP CysP CysP Cys®
119- 119- 119- 119- 119- 119-
) Thr? ) ) Thre ) Thre Thre Thre Thre
121-
) ) ) ) ) ) ) Ser? ) )
122- 122- 122- 122- 122- 122-
) Ala? ) ) Ala? ) Ala® Ala? Ala? Ala?
184-
Ile? ) ) ) ) ) ) ) ) )
189- 189- 189- 189- 189- 189- 189-
) Phe? ) Phe? Phe? ) Phe? Phe? Phe? Phe?
193- 193- 193- 193- 193- 193- 193-
) Ser¢ ) Ser? Ser? ) Ser Ser@ Ser@ Ser@
197- 197- 197- 197- 197- 197-
) Ser@ ) Ser? Ser? ) Ser@ ) Ser¢ Ser@
198- 198- 198- 198- 198- 198- 198-
) Phe? ) Phe? Phe? ) Phe? Phe? Phe? Phe?
382- 382- 382- 382- 382- 382- 382-
) Phe? ) Phe? Phe? ) Phe? Phe? Phe? Phe?
386- 386- 386- 386- 386- 386- 386-
) Trp? ) Trp® Trp¢ ) Trp? Trp° Trp° Trp?
389- 389- 389- 389- 389- 389- 389- 389- 389-
Phe? Pheb Phe? Phe? Phe? ) Phe? Phe? Phe? Phe?
390- 390- 390- 390- 390- 390- 390-
) Phed ) Phed Phed ) Phe? Phed Phed Phe?
393-
) ) ) ) ) ) ) ) ) His?
405-
) ) Pro? ) ) ) ) ) ) )
408- 408-
Tyr® ) Tyrd ) ) ) ) ) ) )
409- 409- 409-
Ser? ) Sere ] ) Ser? ) ) ) )
412- 412- 412- 412-
Thre ) Thra ) Thra Thra ) ) ) )
413- 413- 413-
Trp? ) Trp? ) ) Trp® ) ) ) )
416- 416- 416- 416- 416-
Tyr? ) Tyre ) Tyr? Tyre ) ) ) Tyr?
The similarity of
aminoacids with |y 4o | 565> | 4348 | 47.83 | 6522 | 3043 | 5217 | 5217 | 5652 | 6522
co-crystal ligand
(%)
The similarity in
the type of
interaction with 34.78 39.13 8.7 26.09 39.13 13.04 21.74 34.78 39.13 34.78
co-crystal ligand
(%)
The similarity of
ligand-receptor 39.13 47.83 26.09 36.96 52.17 21.74 36.96 43.48 47.83 50
interaction* (%)

aVan der Waals interaction; ® Alkyl/Pi-alkyl interaction; ¢ Hydrogen bond; ¢ Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked;
¢ Pi-sigma; T Unfavorable Bump/Donor-donor; 9 Pi-cation/anion/attractive charge; ™ (Similarity of amino acids + similarity in
type of interaction)/2
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Figure 4. Interactions of risperidone in amino acid residues from the 6CM4 receptor
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Figure 5. Interactions of dipegine (4) in amino acid residues from the 6CM4 receptor.
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Figure 6. Interactions of harmalanine (8) in amino acid residues from the 6CM4 receptor.
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Figure 7. Interactions of harmalacinine (7) in amino acid residues from the 6CM4 receptor.

To aid the comparison of AG values and the % similarity of all test and reference ligands
on the two receptors, a scatter diagram was created, as displayed in Figure 8. The diagram
contrasts the difference in AG value between test and reference ligands with the % similarity
of ligand-receptor interaction, where the line 0 on the x-axis represents the position of the
reference crystal ligand at the receptor. The area to the left of the O line shows a negative value,
which means that the AG value of the ligand is lower than the reference ligand, and vice versa.
While on the y-axis, it shows the % similarity of ligand-receptor interaction compared to
reference ligand at the receptor. The further to the left and the higher the ligand position in the
diagram, the stronger probability that the ligand has the potential to be a receptor inhibitor. In
Figure 8, it appears that all test ligands are in the right area of the diagram. However, the
diagram shows that dipegine (4), harmalanine (8), and harmalacinine (7) are predominantly in
the upper left area of the diagram, confirms the prediction that all three have the best potential
as DRD?2 antagonists among other test ligands.
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Figure 8. Diagram of the relationship between the difference in the value of free energy of binding and the
percentage of similarity of ligand-receptor interactions compared to reference ligands on the 6CM4 receptor.

In contrast to that shown by risperidone, the interactions shown by harmalanine (8) and
harmalacinine (7) tend to have many high-energy interactions, such as more hydrogen bonds.
The two ligands also have interactions with key amino acids from 6CM4 receptors, such as
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cysteine 118 and serine 197. Uniquely, the two ligands show higher AG values than dipegine
(4), which do not show any interactions with these two key amino acids. The number of
interactions with the amino acid residues of dipegine (4) is also less than the two ligands. In
fact, both in terms of interacting amino acids and types of interactions that occur from dipegine
(4), it is not much different from other test ligands. This shows that there are steric factors that
provide an advantage in the interaction between dipegine (4) and the binding site of DRD2
[32].

Unlike harmalanine (8) and harmalacinine (7), dipegine (4) exhibits a relatively similar
ratio of interaction types to risperidone, albeit in smaller amounts. After being first reported on
P. harmala by Faskhutdinov et al., studies related to dipegine (4) itself have been relatively
rare [33]. Another study by Shakhidoyatov & Elmuradov that specifically discussed the various
potential activities of some quinazoline alkaloids also did not report the potential activity of
dipegine (4) [34]. Therefore, the results of this study open up exploration opportunities for
dipegine to be developed as a DRD2 antagonist, including for use in schizophrenia therapy.
However, there are still other points that must be considered, particularly the relatively low
ligand-receptor similarity compared to risperidone as the reference ligand. This is a concern
because there is a possibility that the affinity of dipegine (4) to DRD2 not as an antagonist [35,
36]. Further research with molecular dynamic simulation can be performed to confirm it [37].
It is also important to compare ligand-receptor interactions between dipegine (4) and other
reference ligands, which often function as DRD2 antagonists since it is probable that the
dipegine-DRD2 interaction does not mimic risperidone but resembles other ligands of
comparable behavior [38].

Similar to dipegine (4), harmalanine (8) and harmalacinine (7) also showed a higher
AG than risperidone. The difference is that both harmalanine (8) and harmalacinine (7) show
higher ligand-receptor similarity to risperidone, which is more than 50%. Considering the
shape, size, and pharmacophore profile that differ significantly between risperidone and the
two, a similarity of more than 50% is sufficient to say that it is high [39]. Thus, there is a chance
that both harmalanine (8) and harmalacinine (7) could provide a similar activity to risperidone
as a DRD2 antagonist, of course, taking into account other parameters such as ADMET
properties. These results are consistent with previous studies that reported that alkaloids from
P. harmala are known to have activity against CNS, including dopamine receptor antagonists
[40-42]. However, the potential shown by both of them is still lower than that of risperidone.
In order to improve the efficacy of both, it is possible to modify the structure of various
pharmacophores of harmalanine (8) and harmalacinine (7) [43].

Overall, this study reveals that while certain P. harmala alkaloids have the potential to
develop as DRD2 antagonists, development is required to improve their potency. This research
also has some limitations; not all P. harmala alkaloids have been reported to be included in the
study. The approach used is limited to predictions and has to be retested experimentally in vitro
[44]. Further research of ADMET analysis and molecular dynamic simulation of the three
potential ligands can be performed to provide more comprehensive information prior to starting
in vitro testing.

4. Conclusions

This study shows that among other alkaloids from P. harmala, dipegine, harmalanine,
and harmalacine show the potential to be developed as DRD2 antagonists. Although the

potential shown by the three is still lower than risperidone, the difference is not too large. The
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modification of the chemical structure of the compound is expected to increase its potential as
a DRD2 antagonist. Further research can be done by conducting an ADMET analysis of P.
harmala alkaloids, in particular those that show potential as DRD2 antagonists.
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