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ABSTRACT

Objective: In the present work, docking study was performed for 22 selected alkaloids isolated from the genus Scutellaria to evaluate their affinity 
to bacterial proteins that are known targets for many antibiotics with a different mechanism of action: Inhibitors of cell wall synthesis, inhibitors of 
nucleic acids synthesis and antimetabolites.

Methods: Molecular docking study was carried out using AutoDock 4.2 version and the visualization result using Chimera 1.10 and Discovery 
Studio 4.5.

Result: Among the 22 alkaloids studied, with the DNA gyrase protein 1KZN and a dihydropteroate synthase enzyme 3TYE, the compound 
scutebarbatine E showed a docking score of −8.5 and −8.7 Kcal/mol, respectively, involving with hydrophilic and hydrophobic interactions. With 
respect to MurD ligase involved in cell wall synthesis 1UAG and 2X5O, the compound 6,7,nicotinyl scutebarbatine G fared well with a docking 
score of −10.1 and −10.2 Kcal/mol, respectively. Scutebarbatine G performed well with respect to 3UDI with binding scores of −9.3 K cal/mol.

Conclusion: Overall, it seems that for the selected alkaloids from the genus Scutellaria, the main mechanism of the action is the inhibition of cell wall 
synthesis.
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INTRODUCTION

The classification of antibiotics is based on their mechanism of 
action, and the main groups include inhibitors of cell wall synthesis, 
inhibitors of nucleic acids synthesis and antimetabolites [1]. In general, 
antibiotics inhibit these routes by interacting with specific cell proteins, 
usually responsible for defined activity. Antimicrobials acting at the 
cell wall level are the most selective, being bactericidal and presenting 
a high therapeutic index since inhibition of peptidoglycan synthesis 
leads to cell lysis [2]. There is a large diversity of antibiotics that can 
act in different phases of peptidoglycan biosynthesis, namely, in the 
cytoplasmic, membrane, and parietal phases [3]. β-lactams act entirely 
outside the cell membrane, in the final (parietal) phase of peptidoglycan 
biosynthesis [3,4]. They act in penicillin-binding proteins (PBPs), 
which are responsible for transpeptidation, transglucosylation, and 
carboxypeptidation reactions. These antibiotics have β-lactam rings 
with spatial structures similar to that of the acyl-D-alanyl-D-alanine 
residues in peptidoglycan chains (natural ligand of PBPs) that link with 
and inhibit those proteins [3].

Fosfomycin, D-cycloserine, and other antibiotics such as glycopeptides 
(e.g., vancomycin) and bacitracin, interface between cytoplasmic 
membrane and cell wall. Some antibiotics such as macrolides, 
chloramphenicol, lincosamides, streptogramins, and oxazolidinones 
affect bacteria ribosomes, namely, 30S and/or 50S subunits, inhibiting 
the protein synthesis at the initial phases or inducing the synthesis 
of abnormal proteins [5,6]. Quinolones interfere in DNA replication 
by inhibiting the activity of bacteria Type II topoisomerase (DNA 
gyrase) and Type IV topoisomerase [7,8]. Rifampicin inhibits RNA 
polymerase activity by linking to β-subunit, preventing the synthesis 
of mRNA [2]. Folic acid is essential for the synthesis of nitrogen base 
purines and pyrimidines, and consequently, for the synthesis of DNA. 
Antimetabolites such as sulfonamides, dapsone, and p-aminosalicylic 
acid act synergistically in two different points of folic acid formation, 
exhibiting bacteriostatic activity [2,9,10].

Scutellaria (Lamiaceae) includes about 350 species commonly known 
as skullcaps (Willis, 1966). The genus is widespread and has been 
widely used in local medicine for thousands of years (Jiangsu New 
Medical College, 1977). Modern pharmacology research has confirmed 
that the extracts or monomeric compounds of the genus Scutellaria 
posses anti-tumor, hepatoprotective, antioxidant, anti-inflammatory, 
anticonvulsant, antibacterial [10,11], and antiviral effects. Phenolic 
and terpene compounds, alkaloids, phytosterols, and polysaccharides 
are the major constituents present in Scutellaria genus. Alkaloids have 
been isolated mainly from two species Scutellaria barbata (1-11) and 
Scutellaria flavescens (12-22).

Considering the current increase of antibiotic resistance, the 
identification of new natural compounds that can be used to treat 
infections with lower secondary effects than existing antibiotics is 
becoming crucial to guarantee the health of future generations [12]. 
In this regard, the alkaloids from Scutellaria genus have proved to be 
particularly interesting sources of bioactive compounds although their 
mechanisms of action are not yet fully described. Herein, we intended 
to extend the knowledge on target proteins of standard antibiotics to 
the antimicrobial alkaloids from Scutellaria genus to predict possible 
interactions between the alkaloids and target proteins that would allow 
understanding and describing the mechanism of action. Therefore, 
docking studies were performed for 22 antimicrobial compounds 
(Fig. 1) to evaluate their affinity to bacterial proteins that are known 
targets for some antibiotics.

METHODS

Experimental
Molecular docking studies
Molecular docking studies have been carried out using the AutoDock 
Tools (ADT) version 1.5.6 and AutoDock version 4.2.5.1 docking 
program.
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Protein preparation
Target proteins were downloaded from Protein Data Bank (PDB 
ID:1KZN, 1UAG, 2X5O, 3TYE, and 3UDI).

Ligand preparation
Ligand two-dimensional (2D) structures were drawn using ChemDraw 
Ultra 8.0 (ChemOffice 2002). Chem3D Ultra 8.0 was used to convert the 
2D structure into three-dimensional (3D), and the energy minimized 
using semi-empirical AM1 method. Minimize energy to the minimum root 

mean square gradient of 0.100 was set in each iteration. All structures 
were saved as pdb file format for input to ADT. All the ligand structures 
were then saved in SDF file format, to carry out docking in Autodock Vina.

Grid formation
A grid box with dimension of 40 × 40 × 40 A3 with 0.375A spacing and 
centered on 29.470, 47.997, and 8.863 was created around the binding 
site of protein using ADT. The center of the box was set at ligand center, 
and grid energy calculations were carried out.

Fig. 1: Chemical structures of the alkaloids subjected for docking studies against antibacterial target proteins
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Docking protocol
For the AutoDock docking calculation, default parameters were used 
and 10 docked conformations were generated for each compound. The 
energy calculations were done using genetic algorithms. The outputs 
were exported to Chimera 1.10 and Discovery Studio 4.5 for visual 
inspection of the binding modes and interactions of the compounds 
with amino acid residues in the active site [13].

RESULT AND DISCUSSION

A docking study of target proteins involved in antibacterial mechanisms 
was performed to extend the knowledge on standard antibiotics to 
alkaloids from Scutellaria genus with reported antibacterial activity. 
The proteins used were the following: A DNA-Gyrase (PDB id 1KZN), 
an enzyme MurD ligase (PDB id 1UAG, 2X5O, and 3UDI) involved in 
cell wall synthesis and dihydropteroate synthase enzyme (DHPS; PDB 
id 3TYE). To validate the docking approach for the protein structures 
used, the respective ligands (alkaloids) were docked to the active site 
of each protein using AutoDock4. Some protein structures presented 
natural substrates as a co-crystallized ligand, whereas in others the 
co-crystallized ligand was a known inhibitor, in both cases the same 
docking and scoring validation process were used. Each co-crystalized 
ligand was previously removed from the respective protein binding site. 
The predicted docking pose was compared with the experimental co-
crystallized binding pose (Table 1).

The results are presented in Table 1. The docking score, hydrogen 
bonded residues, and hydrophobic interactions such as alkyl and pi 
alkyl, Vander Waals interactions were provided. Most of the alkaloids 
showed very good interactions with the studied proteins. Among 
the 22 alkaloids studied, with the protein 1KZN and 3TYE, the 
compound 5 showed a docking score of −8.5 and −8.7 Kcal/mol with 
hydrophilic and hydrophobic interactions. With respect to 1UGAG and 
2X5O, the compound 9 fared well with a docking score of −10.1 and 
−10.2 Kcal/mol. Compound 7 performed well with respect to 3UDI with 
binding scores of −9.3 K cal/mol (Fig. 2).

Molecular docking was carried out to determine the binding mode of 
the inhibitor within the MurD active site. Here, the inhibitor moiety 
occupies the same site as the D-Glu residue of the product UMAG of 
the enzymatic reaction catalyzed by MurD. The benzene ring of the 
compound 9 with 1UAG protein forms a pi-alkyl interaction with Lys348 
and had Van Der Waals interaction with Thr321. The carbonyl group 

of the α,β-unsaturated-γ-lactone moiety forms hydrogen bonds with 
Ser415 and Phe422. Furthermore, the oxygen atom of the lactone moiety 
forms hydrogen bond with Leu416. The carbonyl group of the benzoyl 
group forms a hydrogen bond with His183. Further, the molecule is well 
placed within the hydrophobic pocket which consists of the amino acids 
Gly73, Asn138, Phe161, Arg37, Thr16, and Ser71. The interactions are 
similar to the interactions present in MurD-(R)-32 complex reported 
by Zidar et al. [14]. With 1UAG protein, the carbonyl group of the α,β-
unsaturated-γ-lactone moiety of 4 showed hydrogen bonds with the 
key amino acids Lys 348 and Phe422 exhibiting a docking score of −8.8 
Kcal/mol. Compound 5 forms hydrogen bonds with the Ser415, Arg302, 
Lys319, and Leu416 and exhibited a score of −9.2 Kcal/mol. Similarly, 
compound 6 and 8 also forms hydrogen bonds with Ser415, Arg37, 
Gly73, and Leu416. The hydrogen bonds are due to the carbonyl group 
and the oxygen atom of the α,β-unsaturated-γ-lactone moiety. The 
alkaloids reported from the S. barbata [1-11] exhibited comparatively 
higher scores than the alkaloids reported from S. flavescens (12-22). 
This may be attributed to the reason that the alkaloids from S. barbata 
contain α,β-unsaturated-γ-lactone moiety to form hydrogen bonds and 
aromatic rings and alkyl group for hydrophobic interactions.

Furthermore, compound 9 with 2X5O protein forms hydrogen bond 
with Thr16, Leu15, and a good number of Van der Waals interaction 
was present. In compounds 4 and 5, the oxygen and the carbonyl group 
of the α,β-unsaturated-γ-lactone moiety forms hydrogen bonds with 
the key residues Ser415, Thr16, and Leu13.

Compound 5 was the best-scored compound for the protein 3UDI. This 
compound interacts with 3UDI by forming hydrogen bonds with Gly709 
and Thr672, Thr654, Ser470, and Arg486 explaining the high affinity 
for this protein and suggesting a possible mechanism of the action. All 
the above three proteins prevent the cell wall synthesis by inhibiting 
MurD. So, all the alkaloids reported from the S. barbata which contains 
the α,β-unsaturated-γ-lactone moiety act as very good MurD inhibitors 
and prevents the cell wall synthesis.

Further with the DHPS, compound 5 showed a high docking 
score of −8.7 Kcal/mol. The oxygen and the carbonyl group of the 
α,β-unsaturated-γ-lactone moiety form hydrogen bonds with Ser221 
and Phe222, respectively. Furthermore, the hydroxyl group presents 
in compound 5 forms hydrogen bond with Ala190 and the NH group 
forms a hydrogen bond with Asp149. Further, it forms hydrophobic 
interaction with Met151.

Table 1: Docking scores (kcal/mol) of the 22 alkaloids with the five antibacterial proteins

Ligand Number 1KZNa 1UAGb 2X5Ob 3UDIb 3TYEc

Scutebarbatine A 1 −7.8 −8.8 −8.1 −7.7 −8.2
Scutebarbatine B 2 −8.0 −8.2 −8.1 −7.9 -
Scutebarbatine C 3 −8.4 −9.1 −8.6 −8.5 −8.6
Scutebarbatine D 4 −7.4 −8.8 −8.2 −8.0 −8.5
Scutebarbatine E 5 −8.5 −9.2 −8.4 −8.7 −8.7
Scutebarbatine F 6 −7.4 −8.6 −8.0 −7.8 −7.6
Scutebarbatine G 7 −8.2 −9.2 −8.8 −9.3 −8.5
Scutebarbatine H 8 −7.9 −8.5 −7.7 −8.6 −7.7
6, 7-O-nicotinyl scutebarbatine G 9 −8.3 −10.1 −10.2 −8.6 −8.5
6-O-nicotinyl-O-acetyl scutebarbatine G 10 −7.8 −9.5 −8.7 −8.2 −7.7
7-O-nicotinyl scutebarbatine H 11 −7.7 −9.4 −8.4 −8.5 −8.3
Sopharnol 12 −7.1 −7.1 −6.8 −7.4 −7.1
Sophoridine 13 −7.5 −7.1 −6.7 −7.4 −6.6
Allmatrine 14 −6.5 −6.2 −5.9 −7.0 −6.1
Anagyrine 15 −6.7 −7.0 −6.8 −7.6 −7.4
Cytosine 16 −6.2 −7.1 −6.7 −7.2 −6.8
Isomatrine 17 6.4 −6.4 −5.9 −6.8 −6.1
Matrine 18 - −1.7 - −1.8 -
N-methyl cytosine 19 −7.4 −7.0 −7.4 −7.7 -
Oxymatrine 20 −7.0 −7.2 −7.3 −7.6 −6.1
Osysocarpine 21 −6.2 −6.9 −6.8 −.4 −6.2
Sophocarpine 22 −6.2 −5.9 −5.7 −6.0 −6.7
aInhibitors of nucleic acid synthesis, bInhibitors of cell wall synthesis, cAntimetabolites inhibitor
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The docking results obtained from AutoDock showed that the studied 
compounds can be accommodated in the binding pocket of BaDHPS 
with a comparable orientation to the one observed in the streptozotocin 
(STZ)-dihydropterin pyrophosphate (DHPP) covalent adduct in 
the reported crystal structure18. The top-ranked docking poses 
reproduce the key interactions observed in the STZ-DHPP–BaDHPS 
complex (Fig. 2a). Most notably, the α,β-unsaturated-γ-lactone moiety 
in all predicted binding modes interacts with Ser221 via H-bonding 
between its oxygen atom and the backbone NH group, while the phenyl 
ring packs against the side chains of Lys220 and Pro69. Moreover, 
the central phenyl moiety in the studied compounds makes face to 
edge interaction with Phe189. As shown in Fig. 2, this characteristic 
orientation of the α,β-unsaturated-γ-lactone is common among all 
studied compounds indicating that all of them can occupy the para-
aminobenzoic acid (PABA) pocket preventing the key substrate from 
binding, which is the basis of the inhibitory action of all sulfa drugs 
against DHPS [15-17].

In addition to the distinctive interactions in the PABA-binding pockets, 
the studied compounds exhibit interactions with residues in the pterin-
binding pocket of DHPS that vary slightly between compounds. For 
instance, the compound 9 exhibits cation – interaction between its 
phenyl ring and the charged side chain of Lys220, as well as a hydrogen 
bond with the side chain of Arg254, which could further stabilize its 
interaction with DHPS.

In the present investigation, an attempt was made to understand the 
ligand-receptor interactions of the alkaloids against bacterial DNA 
gyrase as a target enzyme. For scute barbatine E, the obtained pose 
showed four hydrogen-bond interactions with Arg76, Arg36, and 
Asp49. It also showed hydrophobic interactions with Ala53, Pro79, 
and Ile78. And exhibited the highest score of −8.5 Kcal/mol among 
the tested compounds. All the other compounds also showed similar 
interactions.

Molecular docking studies showed that the synthesized compounds 
could act as inhibitors for the DHPS, DNA gyrase, and MurD ligase. This 
study is a platform for the future design of more potent antimicrobial 
agents. Moreover, docking studies indicated that the target compounds 
could occupy both the PABA and pterin-binding pockets of DHPS.

CONCLUSION

The data presented herein highlighted some conclusions regarding the 
affinity of different mushroom compounds to protein targets related 
to the antibacterial action. However, several compounds indicated that 
main mechanism of their action is the inhibition of cell wall synthesis, 
being MurD is a probable protein target. However, some relevant 
affinities of compounds were observed in the docking study, which 
could indicate possible mechanisms.
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