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Abstract 

Background: Cancer is responsible for high morbidity and mortality globally. Because the overexpression of his-
tone deacetylases (HDACs) is one of the molecular mechanisms associated with the development and progression 
of some diseases such as cancer, studies are now considering inhibition of HDAC as a strategy for the treatment of 
cancer. In this study, a receptor-based in silico screening was exploited to identify potential HDAC inhibitors among 
the compounds isolated from Cajanus cajan, since reports have earlier confirmed the antiproliferative properties of 
compounds isolated from this plant.

Results: Cajanus cajan-derived phytochemicals were docked with selected HDACs, with givinostat as the reference 
HDAC inhibitor, using AutodockVina and Discovery Studio Visualizer, BIOVIA, 2020. Furthermore, absorption, distribu-
tion, metabolism and excretion (ADME) drug-likeness analysis was done using the Swiss online ADME web tool. From 
the results obtained, 4 compounds; betulinic acid, genistin, orientin and vitexin, were identified as potential inhibitors 
of the selected HDACs, while only 3 compounds (betulinic acid, genistin and vitexin) passed the filter of drug-likeness. 
The molecular dynamic result revealed the best level of flexibility on HDAC1 and HDAC3 compared to the wild-type 
HDACs and moderate flexibility of HDAC7 and HDAC8.

Conclusions: The results of molecular docking, pharmacokinetics and molecular dynamics revealed that betulinic 
acid might be a suitable HDAC inhibitor worthy of further investigation in order to be used for regulating condi-
tions associated with overexpression of HDACs. This knowledge can be used to guide experimental investigation on 
Cajanus cajan-derived compounds as potential HDAC inhibitors.
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1  Background
There is an increasing interest in the consumption of 
functional foods since it is believed that beyond sup-
plying the body’s basic nutrients, functional foods 
also contain bioactive compounds that could be 
therapeutically beneficial to the body [1, 2]. Among 
plant foods that have attracted interest as a func-
tional food is Cajanus cajan (pigeon pea) because of 

its popularity in the ethnomedicine of Africa, Central 
America, India and many other countries [3]. Cajanus 
cajan seed is very rich in proteins, carbohydrates, 
minerals, vitamins, and essential amino acids [3, 4]. 
This plant is an important food in many parts of the 
world where the leaves are also eaten fresh in salads 
or as a blanched vegetable. Cajanus cajan is used in 
traditional medicine in some countries for the treat-
ment of various diseases like bed sores, measles, oral 
ulcers, diabetes, dysentery, genital irritations, hepati-
tis, menstrual disorders and urinary tract infections 
[5, 6]. Some of these traditional claims have been sci-
entifically evaluated. For instance, different studies 
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have reported that extracts and compounds isolated 
from C. cajan possess antiinflammatory, antioxida-
tive, antibacterial, hypoglycemic, hypocholesterolemic 
and antiproliferative effects [3, 7, 8]. Such studies 
have reported the antiproliferative effects of C. cajan 
extracts and its bioactive compounds on different can-
cer cell lines, including human breast adenocarcinoma 
(MCF-7), human cervical adenocarcinoma (HeLa), 
human colorectal adenocarcinoma (Caco-2), human 
lung cancer (A549), and human hepatoma (HepG2) 
cells [3, 8–10, 12]. From these studies, some of the 
mechanisms of anticancer action have been identi-
fied. Specific examples include induction of apoptosis, 
arrest of cell cycle in the G2/M phase, upregulation of 
Bax, downregulation of Bcl-2, activation of caspase-3, 
induction BRCA-related DNA damage in breast can-
cer cells, and binding and inhibiting estrogen recep-
tor alpha (ERα) in ERα-positive breast cancer cells by 
cajaninstilbene acid [10, 11]. Other examples include 
arrest of cell cycle at G2/M phase, induction of apop-
tosis through reactive oxygen species-mediated mito-
chondria-dependent pathway in breast cancer cells by 
cajanol [8], modulation of the activity of peroxisome 
proliferator-activated receptor gamma by ethanolic 
extract of C. cajan leaf which have orientin, pinos-
trobin, vitexin, cajaninstilbene acid, and pinosylvin 
monomethylether as the major active compounds [3]. 
The cytotoxicity of cajanstilbenoids A against human 
hepatoma, human breast adenocarcinoma, and human 
lung cancer cells, as well as the cytotoxicity of cajan-
stilbenoids B against human hepatoma have also been 
reported [12]. These studies suggest the anticancer 
potential, as well as the anticancer mechanisms of 
compounds isolated from C. cajan. While the delicate 
control of cell cycle is a crucial regulatory apparatus 
of cell growth, making the blockade of cell cycle a very 
useful strategy in anticancer drug development [13], 
induction of the mitochondria-dependent apoptotic 
pathway, as well as modulation of the activity of per-
oxisome proliferator-activated receptor gamma are 
also strategies in the development of novel antican-
cer therapies [14, 15]. However, some other impor-
tant anticancer mechanisms are yet to be evaluated. 
One of such is the epigenetic modification of DNA 
by histone deacetylases (HDACs), an important fac-
tor in the etiology of some cancers such as breast can-
cer, T-cell lymphoma, and multiple myeloma [16–18]. 
HDACs catalyze one of the most common events 
in post-translational modifications; the removal of 
acetyl group from N-terminal lysine side chain of his-
tone and non-histone proteins. However, studies have 
shown that DNA methylation and posttranslational 

histone modifications are dysregulated in human 
cancer cells, with the serious consequence on gene 
transcription [19]. Specific examples are seen in 
the regulation of cell cycle by HDACs 1, and 3, over 
expression of HDAC1 in gastric, breast, prostate and 
colon cancers [20, 21], over expression of HDAC2 in 
gastric, cervical and colorectal cancers [22, 23], over-
expression of HDAC3 in colon cancer [21], over activ-
ities of HDAC2 and HDAC3 in breast tumors [24], 
over expression of HDAC8 in childhood neuroblas-
toma [25] as well as the involvement of HDAC1 and 
HDAC8 in breast cancer metastasis [17].

Overexpression of HDACs in the formation and pro-
gression of some cancers have therefore made them 
targets in the development of novel anticancer drug. 
This involves development of HDAC inhibitors (HDIs) 
which bind and inhibit the activity and overexpression 
of target HDACs, as exemplified by the downregula-
tion in the expression of HDAC7 by apicidin in sali-
vary mucoepidermoid carcinoma cells [26]. Therefore, 
targeting HDACs with inhibitors is a major strategy in 
anticancer drug research and discovery. The approval 
of some HDIs by the Food and Drug Administration 
for the treatment of some cancers has generated more 
interest in finding new HDIs as anticancer agents in 
the continuous search for new anticancer drugs. How-
ever, synthetic HDIs have been shown to have some 
undesirable side effects including anorexia, dehydra-
tion, diarrhoea, dehydration, fatigue and nausea [27, 
28]. It is therefore rational to look for new HDIs from 
natural sources as better substitutes for the synthetic 
ones. This approach has resulted in the identification 
of some HDIs, such as apigenin [29], luteolin [30], api-
cidin [26], curcumin [31], linoleic acid, stigmasterol 
and sulforaphane from plant sources [32] with some 
of these compounds at different stages of drug devel-
opment. Therefore, to identify new HDIs as potential 
agents for anticancer drug development, compounds 
isolated from C. cajan were screened for HDAC inhibi-
tory potentials using in silico methods. This is to eval-
uate whether C. cajan-derived compounds exhibit 
similar interaction profile with givinostat (a known 
standard HDAC inhibitor) based on earlier reports of 
their antiproliferative activity. The critical active site 
residues contributing significantly toward the stabil-
ity of these compounds at the binding pockets of the 
selected HDACs were also evaluated, while compounds 
with significant histone deacetylase inhibitory activ-
ity, based on their binding affinities with the selected 
HDACs relative to givinostat were further subjected 
to Absorption Distribution Metabolism and Excretion 
(ADME) drugability test as outlined by Lipinski rule of 
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5. The results and insights from this study could sup-
port further studies on C. cajan-derived compounds 
and the possibility of using these compounds as thera-
pies against abnormalities linked with over activity of 
the selected HDAC isoforms.

2  Methods
2.1  Protein preparation
The crystal structures of HDAC1, HDAC3, HDAC7 and 
HDAC8 (with PDB IDs 4BKX, 4A69, 3C10 and 5FCW 
respectively) were retrieved from the protein databank 
(www. rcsb. org) [33]. All the crystal structures were pre-
pared individually by removing existing ligands and 
water molecules while missing hydrogen atoms were 
added using Autodock v4.2 program, Scripps Research 
Institute. Thereafter, non-polar hydrogens were merged 
while polar hydrogen where added to each enzyme. The 
process was repeated for each HDAC and subsequently 
saved into dockable pdbqt format in preparation for 
molecular docking.

2.2  Ligand preparation
SDF structures of givinostat, trichostatin A (standard 
HDAC inhibitors) and those of 13 phytochemical ligands 
derived from C. cajan (2-hydroxygenistein, betulinic 
acid, biochanin A, cajaninstilbene acid, cajanol, cajanus-
lactone, genistein, genistin, longistylin A, longistylin C, 
orientin, pinostrobin, vitexin), were retrieved from the 
PubChem database (www. pubch em. ncbi. nlm. nih. gov) 
[34]. The compounds were converted to mol2 chemi-
cal format using Open babel [35]. Polar hydrogens were 
added while non polar hydrogens were merged with the 
carbons and the internal degrees of freedom and torsions 
were set. The protein and ligand molecules were further 
converted to the dockable pdbqt format using Autodock 
tools.

2.3  Molecular docking
Docking of the ligands to various protein targets and 
determination of binding affinities was carried out 
using Vina [36]. Pdbqt format of HDACs and ligands 
were dragged into their respective columns. The 
grid center for docking was detected as X = − 62.66, 
Y = 17.19, Z = − 4.97 with the dimension of the grid 
box  72.96 × 76.12 × 66.09 for HDAC1, X = 24.12, 
Y = 58.49, Z = 22.64 with the dimension of the grid 
box  99.81 × 91.84 × 64.94 for HDAC3, X = − 3.08, 
Y = 2.52, Z = 0.05 with the dimension of the grid 
box  56.51 × 58.25 × 70.89 for HDAC7, X = 40.18, 
Y = 16.13, Z = 118.20 with the dimension of the grid 
box 72.18 × 91.64 × 78.49 for HDAC8. Subsequently the 
software was run and a cluster analysis based on root 

mean square deviation (RMSD) values, with reference 
to the starting geometry was performed and the lowest 
energy conformation of the more populated cluster was 
considered as the most trustable solution. The binding 
affinities of compounds for the 4 HDAC isoforms tar-
gets were recorded. The compounds were then ranked 
by their affinity scores. For the sake of comparison 
of in silico performance, the molecular interactions 
between HDACs and compounds with binding affin-
ity equal or greater than standard inhibitor (givinostat) 
were viewed with Discovery Studio Visualizer, BIOVIA, 
2020.

2.4  Molecular dynamics (MD) simulations
To predict the stability of HDAC1, 3, 7, and 8 com-
plexes, molecular dynamics simulations (MDS) were 
performed in GROMACS 2020.5 [37]. The MDS were 
executed on a work station with configuration; Ubuntu 
20.04 LTS 64-bit, 16 GB RAM, Intel ®CoreTM i7-9750H 
CPU with 4 gigabyte dedicated NVIDIA GeForce graph-
ics card. Each ligand was processed by converting the 
docked file to mol2 format by using the Avogadro pro-
gram [38], which was then used to prepare the.STR file 
using the CGenFF server. After that, using the cgenff_
charmm2gmx.py python script, the STR file was used to 
prepare the top, prm and lig_ini file using CHARMM 36 
force field [39]. The resulting lig_ini file was used to pre-
pare the gro file of the ligand g_editconf module. There-
after ligand topologies were rejoined to the processed 
protein structure for building the complex system. Also, 
CHARMM 36 force field for preparing the gro file for 
protein and topol file by using g_pdb2gmx module in 
GROMACS. Thereafter, ligand topologies were rejoined 
to the processed protein structures for building the 
complex system. A water solvated system was built by 
using the TIP3P water model with dodecahedral peri-
odic boundary conditions. Each solvated system was 
neutralized by the addition of  Na+  Cl− ions. Energy 
minimization was done at 10  KJmol−1 with steepest 
descent Algorithm by using the Verlet cut-off scheme 
taking Particle Mesh Edward (PME) Coulombic interac-
tions with a maximum of 50,000 steps. Equilibration of 
the system was obtained in two steps. Firstly, NVT equi-
libration was done in 300 K and 5000 ps of steps, while 
in the second step, NPT equilibration taking Parrinello-
Rahman (pressure coupling), 1  bar reference pressure, 
and 5000  ps of steps. To evaluate the result, the simu-
lation trajectory was saved for every 100 ps. The simu-
lation results were incorporated with the GROMACS 
default script. Finally, MD trajectories were evaluated 
for the measurement of Root-mean-square-deviation 
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(RMSD), Root mean square-fluctuation (RMSF), Radius 
of gyration (Rg), Hydrogen bonds (H-bonds) and Sol-
vent Accessible Surface Area (SASA). This was worked 
out to measure the strength of the protein–ligand inter-
action. In order to get a more accurate MD simulation 
result, each complex was run three times (n = 3) and the 
average result was used for analysis.

2.5  Binding free energy calculation using MM‑PBSA
The binding free energy, including the free solvation 
energy (polar and nonpolar solvation energies) and 
potential energy (electrostatic and Vander Waals inter-
actions) of each protein–ligand complex were calcu-
lated by the Molecular Mechanics Poisson–Boltzmann 
Surface Area (MM-PBSA) method. The MD trajecto-
ries were processed before MM-PBSA calculations for 
10  ns. The MM-PBSA binding free energy calculation 
was done with ‘g_mmpbsa’ [40] (Kumari et  al., 2014) 
script. The binding energy was calculated by using the 
following equation:

where: ΔG binding = the total binding energy of the com-
plex, ΔG  receptor = the binding energy of free receptor, 
ΔG ligand = the binding energy of unbounded ligand.

2.6  Druglikeness and prediction of ADME
In silico methods for the determination of absorp-
tion, distribution, metabolism, and excretion (ADME) 
parameters depends on theoretically derived statisti-
cal models, which have been generated by relating the 
structural characteristics of compounds that have been 
measured in a given assay to their biological responses 
and is now widely used due to its low resource require-
ment [41]. Therefore, compounds that exhibited equal 
or higher binding affinity for at least one of the five 
HDACs were evaluated for their ADME properties 
(drug likeness) using the Swiss online ADME web tool 
[42–44].

3  Results
The binding affinities obtained from the molecular dock-
ing of the 13 C. cajan derived-compounds revealed 
that four compounds have higher binding affinities for 
HDAC1 and HDAC 3 relative to the standard inhibi-
tor, givinostat, with the values indicated in bold values 
(Table 1). The binding affinities of the four compounds; 
betulinic acid, genistin, orientin and vitexin for HDAC1 
are 15.4  kcal/mol, 13.4  kcal/mol, 12.6  kcal/mol and 
12.3 kcal/mol respectively compared to 11.9 kcal/mol for 

�Gbinding = �Gcomplex − (�Greceptor −�Gligand)

givinostat (Table  1). For HDAC3, the binding affinities 
of the four compounds are − 14.8 kcal/mol, − 13.4 kcal/
mol, − 13.4  kcal/mol, − 13.6  kcal/mol compared to 
− 13.3  kcal/mol for givinostat (Table  1). However, only 
two out of the 13 compounds i.e. betulinic acid, and ori-
entin displayed higher binding affinity of − 15.9 kcal/mol, 
− 13.6  kcal/mol respectively for HDAC8 compared to 
− 13.4 kcal/mol for givinostat (Table 1), while two com-
pounds i.e. betulinic acid, and genistin also have a more 
negative or equal binding affinity of − 15.8 kcal/mol, and 
− 14.0  kcal/mol for HDAC7 compared to 14.0  kcal/mol 
for the standard inhibitor (Table 1).

Givinostat binds to HDAC1 pocket consisting of 
TYR15, HIS39, ARG55, TYR333, ASP332, VAL198, 
ARG36, ASP16, GLY17, MET329, PHE25 and LYS260 
(Fig. 1a) having hydrogen bond interaction with ASN40, 
ASP248 and ILE249 (Fig. 2a), while betulinic acid inter-
acted via hydrogen bond with GLU287 and hydrophobic 
interactions (π-alkyl) with TYR15, ARG36, HIS39, and 
PHE252 (Fig.  2b) in the same binding pocket (Fig.  1b). 
Conventional hydrogen bond was predominant in the 
interaction between genistin and ASN40, THR196 and 
ASP256 of HDAC1 (Fig. 1c and 2c). Orientin, and vitexin 
occupy similar binding site in HDAC1 (Figs. 1d and 1e) 
with both having a hydrogen bond interaction with ARG 
residues at positions 36 and 55. However, vitexin had 
three hydrophobic interactions with TYR15, ARG55 and 
VAL198 (Fig. 2e) which was not found in orientin’s bind-
ing mode (Fig. 2d).

Table 1 Binding affinity of Cajanus cajan derived compounds to 
HDAC1, HDAC3, HDAC8 and HDAC7

Bold indicates phytocompounds from C. cajan with binding scores greater HDAC 
known inhibitor (Givinostat)

Binding affinity (Kcal/mol)

S/N Compounds HDAC1 HDAC3 HDAC8 HDAC7

S Givinostat (inhibitor)  − 11.9  − 13.3  − 13.4  − 14.0

S Trichostatin A (inhibitor)  − 10.9  − 12.8  − 10.1  − 11.8

1 2-hydroxygenistein  − 10.5  − 10.8  − 10.0  − 10.8

2 Betulinic acid  − 15.4  − 14.8  − 15.9  − 15.8
3 Biochanin A  − 10.6  − 10.2  − 10.1  − 11.2

4 Cajaninstilbene acid  − 10.2  − 11.1  − 9.7  − 10.0

5 Cajanol  − 10.9  − 10.9  − 10.3  − 11.1

6 Cajanuslactone  − 11.2  − 11.0  − 11.8  − 10.9

7 Genistein  − 10.3  − 10.2  − 10.1  − 10.4

8 Genistin  − 13.4  − 13.4  − 12.7  − 14.0
9 Longistylin A  − 11.2  − 11.0  − 11.9  − 10.9

10 Longistylin C  − 10.9  − 11.1  − 10.8  − 10.3

11 Orientin  − 12.6  − 13.4  − 13.6  − 13.4

12 Pinostrobin  − 10.5  − 10.5  − 10.2  − 11.0

13 Vitexin  − 12.3  − 13.6  − 13.0  − 13.2
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Fig. 1 3D view of the interaction between a givinostat b betulinic acid c genistin d orientin e vitexin and the binding sites in histone deacetylase 1
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Fig. 2 2D view of the interaction between a givinostat b betulinic acid c genistin d orientin e vitexin and amino acids in the binding sites in 
histone deacetylase 1
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Fig. 3 3D view of the interaction between a givinostat b betulinic acid c genistin d orientin e vitexin and the binding sites in histone deacetylase 1
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Fig. 4 2D view of the interaction between a givinostat b betulinic acid c genistin d orientin e vitexin and amino acids in the binding sites in 
histone deacetylase 3
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Givinostat binding pocket in HDCA3 consist of resi-
dues LYS437, LYS159, THR469, TYR470, TYR160, 
MET445, LYS449, PHE444, PHE440, ARG441 (Fig. 3a). 
In addition to two hydrogen bond formed with LYS159 
and TYR160, givinostat bind to HDAC3 via hydropho-
bic interactions with LYS437, ARG441, and LYS474 
(Fig.  4a). Betulinic acid binds to a separate binding 
site in HDAC3 (Fig.  3b) with a single hydrogen bond 
formation with ASP92 (Fig.  4b). Genistin formed two 

hydrogen bonds with ALA20 and ASN413 in addi-
tion to hydrophobic interaction with PRO98 (Fig.  4c). 
Hydrogen bond formation (with GLY19, VAL96, 
LYS121, and PRO448) was the only means of inter-
action visualized in orientin’s binding to HDAC3 
(Fig. 4d). Vitexin interacted with HDAC3 via hydrogen 
bond formation with GLY91, and ASN413, in addition 
to hydrophobic interaction with two ILE residues at 
positions 46 and 122 (Fig. 4e).

Fig. 5 3D view of the interaction between a givinostat b betulinic acid c orientin and the binding sites in histone deacetylase 8



Page 10 of 22Adewole et al. Beni-Suef Univ J Basic Appl Sci            (2022) 11:9 

Similar binding pocket in HDAC8 was occupied by 
givinostat, betulinic acid and orientin in HDAC8 (Fig. 5). 
Hydrophobic interaction was the predominant mode of 
interaction between betulinic acid and HDAC8 (Fig. 6a). 
A single hydrogen bond (with HIS180) and a single 

π-sigma interaction (with PHE208) were the only bonds 
formed between betulinic acid and HDAC8 (Fig.  6b) 
while a π-sulphur interaction was observed between ori-
entin and HDAC8 (Fig. 7c).

Fig. 6 2D view of the interaction between a givinostat b betulinic acid c orientin and amino acids in the binding sites in histone deacetylase 8
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Givinostat and betulinic acid occupied similar bind-
ing pocket formed majorly by TRP629, and LEU resi-
dues at positions 604, 607, and 608 (Fig. 8a and b). The 
mode of interaction between givinostat and HDAC7 
was mainly hydrophobic with only a single hydrogen 

bond formed with THR591 (Fig.  7a). However, only a 
single hydrogen bond was formed between betulinic 
acid and HDAC7 (Fig.  7b). For genistin, 5 hydrogens 
were formed with amino acid residues in the bind-
ing site of HDAC7 in addition to a π-alkyl interaction 

Fig. 7 2D view of the interaction between a givinostat b betulinic acid c orientin and amino acids in the binding sites in histone deacetylase 8
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with LYS818 and π-cation interaction with ASP771 and 
GLU869 (Fig. 7c).

The MD simulations of HDAC1, HDAC3, HDAC8, 
and HDAC7. All the trajectories were analyzed to 
understand the stability and the fluctuations of these 
complex structures through RMSD, RMSF, RG and 
MM-PBSA calculations. For HDAC1, all complexes 
recorded a low RMSD compared to native HDAC1. 

However, more stability was observed towards the last 
2 ns for the test compounds compared to HDAC1-givi-
nostat complex (Fig. 9a). For HDAC3, a relative stability 
was observed as from 3 ns to the end of the simulation 
with the exception of HDAC3-betulinic acid complex 
where a spike in RMSD at 6 ns (Fig. 9b). HDAC8-givi-
nostat, HDAC8-betulinic acid and HDAC8-orientin 

Fig. 8 3D view of the interaction between a givinostat b betulinic acid c genistin and the binding sites in histone deacetylase 7
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were relatively stable during the last 6  ns of simula-
tion (Fig.  9c). HDAC7-betulinic acid with an average 
RMSD of 0.23 nm (Table 2) showed more stability dur-
ing simulation compared to HDAC7-givinostat complex 
(Fig. 9d).

RMSF specifies flexible region of the protein and 
analyzes the regions of structures that fluctuate with 
regards to the overall structure. A higher RMSF value 

suggests greater flexibility during the MD simulation, 
while the lower value of RMSF indicates the system’s 
good stability. HDAC1-complexes showed fluctuations 
around Arg8, Pro81-Glu86, Gly202, Asp230, Asp264 
and Ala376 (Fig. 10a). Similarly, slight fluctuations were 
observed around His27, Thr82, Tyr207, Phe269 and 
Asn350 (Fig.  10b). For HDAC8 complexes, significant 
fluctuations were observed around Leu14, residues 

Fig. 9 RMSD study plot of HDAC1, HDAC3, HDAC8 and HDAC7 complexes during 10 ns of MD simulations
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between position 76 and 87 and Ala266 for HDAC8-
orientin complex (Fig. 10c). HDAC7 complexes showed 
fluctuations at Met528, Leu555, His 581, Val621- Val 
623, Phe650, while HDAC7-givinostat fluctuated signif-
icantly between Asp733-Phe738 in addition to moder-
ate fluctuations at Gly811 and Asp865 (Fig. 10d).

The average radius of gyration (Rg) values obtained 
for HDAC1 complexes (Table  2) were relatively simi-
lar to those obtained for native HDAC1 (Fig.  11a). 
Also, HDAC3 complexes were relatively stable over 
the simulation period compared to native HDAC3 
(Fig.  11b). HDAC8-givinostat, HDAC8-betulinic 
acid, HDAC8-orientin had a lower Rg compared to 
native HDAC8 and were all relatively stable over time 
(Fig.  11c). Of the four HDACs, HDAC7-complexes 
elicited the lowest Rg (Table 2). HDAC7-betulinic acid 
and HDAC7-genistin were relatively more stable com-
pared to HDAC7-givinostat (Fig.  11d). HDAC1-gen-
istin, HDAC1-orientin and HDAC1-vitexin had 5,4, 4 
hydrogen bonds respectively Table  2). The number of 
hydrogen bonds in HDAC3-orientin, HDAC3-vitexin 
(3 and 4 respectively) is comparable to the refer-
ence (HDAC3-givinostat). HDAC8-orientin had the 
highest number of hydrogen bonds (5) compared to 
HDAC8-givinostat. Equal number of hydrogen bonds 

was formed in givinostat and genistin complex with 
HDAC7 (Fig.  12). For all class I HDACs studied i.e. 
HDAC1, HDAC3, and HDAC8, a significant solvent 
accessible surface area (SASA) was recorded (Figs. 13a, 
b and c). However, HDAC7-givinostat, HDAC7-betu-
linic acid, HDAC7-genistin had a higher SASA com-
pared to native HDAC7 (Fig. 13d).

HDAC1 complexes exhibited a relatively lower bind-
ing energy (Table 3) during the 10 ns simulation. Also, 
HDAC3 complexes with the exception of HDAC3-Gen-
istin had a lower binding energy compared to HDAC3-
givinostats’s − 86.82 KJ  mol−1.

The structures of the 4 compounds with equal or 
higher binding affinity for HDACs 1, 3, 8 and 7 are 
shown in Fig. 14.

3.1  ADME study
The compounds, betulinic acid, genistin, orientin and 
vitexin, based on their remarkable docking properties, 
were considered as top compounds suitable for further 
studies and were therefore filtered for druglikeness. 
The results obtained from the ADME studies revealed 
that orientin violated Lipinski rule of 5 with more than 
2 violations (Table  4); orientin has 11 hydrogen bond 
acceptor and 8 hydrogen bond donor contrary to 10 

Table 2 The average values of RMSD, RMSF, RG, SASA, H-Bond and Gibbs Energy of HDAC complexes

S/N Complex Average RMSD (nm) Average RMSF (nm) Average Rg (nm) Average SASA  (nm2) H‑bond

1 HDAC1 0.33 ± 0.04 0.20 ± 0.02 2.03 ± 0.07 183.15 ± 6.32 –

2 HDAC1-Givinostat 0.35 ± 0.12 0.23 ± 0.05 2.07 ± 0.09 183.87 ± 4.13 2

3 HDAC1-Betulinic acid 0.31 ± 0.01 0.21 ± 0.01 2.04 ± 0.02 185.02 ± 2.18 1

4 HDAC1-Genistin 0.37 ± 0.09 0.24 ± 0.08 2.09 ± 0.01 172.07 ± 4.11 5

5 HDAC1-Orientin 0.26 ± 0.02 0.21 ± 0.04 2.02 ± 0.03 171.64 ± 3.95 4

6 HDAC1-Vitexin 0.30 ± 0.05 0.26 ± 0.07 2.06 ± 0.07 188.27 ± 4.39 4

7 HDAC3 0.25 ± 0.07 0.36 ± 0.05 2.02 ± 0.01 176.25 ± 3.54 –

8 HDAC3-Givinostat 0.28 ± 0.03 0.29 ± 0.02 2.05 ± 0.01 183.41 ± 6.24 3

9 HDAC3-Betulinic acid 0.37 ± 0.04 0.49 ± 0.03 2.06 ± 0.03 178.37 ± 5.08 1

10 HDAC3-Genistin 0.24 ± 0.01 0.31 ± 0.02 1.98 ± 0.04 175.28 ± 5.22 1

11 HDAC3-Orientin 0.27 ± 0.03 0.37 ± 0.06 2.00 ± 0.01 162.11 ± 7.37 3

12 HDAC3-Vitexin 0.29 ± 0.07 0.21 ± 0.03 2.04 ± 0.07 181.24 ± 4.33 4

13 HDAC8 0.42 ± 0.01 0.32 ± 0.05 2.06 ± 0.03 174.22 ± 8.15 –

14 HDAC8-Givinostat 0.29 ± 0.04 0.21 ± 0.01 2.00 ± 0.01 165.41 ± 4.58 3

15 HDAC8-Betulinic acid 0.23 ± 0.04 0.35 ± 0.03 2.02 ± 0.07 177.63 ± 7.12 1

16 HDAC8-Orientin 0.21 ± 0.06 0.38 ± 0.01 2.03 ± 0.02 170.98 ± 5.32 5

17 HDAC7 0.27 ± 0.02 0.35 ± 0.03 1.93 ± 0.11 65.23 ± 2.87 –

18 HDAC7-Givinostat 0.30 ± 0.01 0.33 ± 0.02 1.96 ± 0.08 164.22 ± 4.19 5

19 HDAC7-Betulinic acid 0.23 ± 0.04 0.37 ± 0.05 1.91 ± 0.10 157.17 ± 6.02 2

20 HDAC7-Orientin 0.38 ± 0.02 0.32 ± 0.01 1.95 ± 0.13 156.11 ± 4.12 5
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and 5 respectively as stated by Lipinski’s rule. However, 
betulinic acid, genistin and vitexin all are within the 
acceptable limit of violation (i.e. one violation each).

4  Discussion
Thirteen compounds isolated from C. cajan have been 
docked with HDAC1, HDAC3, HDAC8 and HDAC7. 
And for comparison, the standard HDACs inhibitor, 
givinostat, was also docked with the selected HDACs. 
The goal of docking studies is to predict the binding ten-
dency of ligands with proteins of interest in order to get 

useful information whether such ligands could be possi-
ble inhibitor of the target protein, and interestingly, many 
potential inhibitors have been identified through such in 
silico studies. In this current docking investigation, the 
phytochemical ligands with remarkable docking ener-
gies are highlighted in Table 1. Of the 13 C. cajan derived 
ligands examined, 4 compounds; betulinic acid, genistin, 
orientin and vitexin showed remarkable docking prop-
erties for HDAC1 and HDAC3 compared to givinostat. 
However, while 2 compounds (betulinic acid, and orien-
tin) showed remarkable affinity for HDAC8, whereas 2 

Fig. 10 The graphs reflecting the RMSF values of C-alpha atoms for HDAC1, HDAC3, HDAC8 and HDAC7 complexes
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compounds (betulinic acid and genistin) showed remark-
able affinity for HDAC7 compared to givinostat.

Betulinic acid is a naturally occurring triterpenoid with 
several pharmacological activities including antiviral, 
antidiabetic, antihyperlipidemic, antiinflammatory and 
antitumor effects. The cytotoxic ability of betulinic acid 
on several cancer cells, such as melanoma, neuroblas-
toma, medulloblastoma, glioblastoma, glioma, head and 
neck squamous cellular, acute leukemia cells, ovarian 
carcinoma, colon, breast, hepatocellular, lung, prostate, 
renal cell and cervix carcinoma cells have been reported 

by several studies with the major anticancer mechanism 
of action being induction of direct cell death via mito-
chondrial apoptosis and modulation of epigenetic tran-
scription [45–48]. In this study, results revealed that 
betulinic acid exhibited a higher binding tendency for 
all the selected HDACs relative to givinostat, and well 
passed Lipinski’s drugability test, suggesting that betu-
linic acid may be a potent HDACs inhibitor and a good 
drug candidate for further studies on conditions associ-
ated with overexpression of these HDACs.

Fig. 11 Radius of gyration plots reflecting the changes observed in the conformational behavior of HDAC1, HDAC3, HDAC8 and HDAC7 complexes
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Genistin is one of the popular components of soy 
beans, but has also been isolated in C. cajan [49] Tang 
et  al. 2017; [50] Zhu et  al. 2018). Genistin showed 
strong docking to all the selected HDACs except 
HDAC8. The antiproliferative capacity of this com-
pound have been reported by many studies includ-
ing breast cancer cells [50, 51] and prostate cancer 
cells by inducing apoptosis via increased Bax expres-
sion [52]. The results from this in silico study suggest 
that inhibition of HDAC may be a possible anticancer 
mechanism of this compound and qualifies for further 
studies. More so, the compound passed the Lipinski’s 

drugability test. Orientin is a flavonoid which has been 
isolated from a number of plant species such as Ficus 
thonningii (Blume, Moraceae), Ocimum sanctum Linn. 
and C. cajan [53–55]. The antiproliferative activity of 
orientin against colorectal and breast carcinogenesis 
by modulating NF-κB mediated inflammatory response 
as well as suppressing MMP-9 and IL-8 expression 
has been reported [56, 57]. From the results obtained 
in this study, orientin showed strong docking to all 
the selected HDACs (except HDAC7), however, it vio-
lated the Lipinski rule of 5 of drug likeness. Vitexin 

Fig. 12 The 2-D diagram describing the dynamics observed in the hydrogen bonding patterns for HDAC1, HDAC3, HDAC8 and HDAC7 complexes
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(apigenin-8-C-glucoside) has been found in various 
medicinal plants, such as pearl millet, hawthorn, mung 
bean, bamboo, mimosa, wheat leaves and C. cajan, with 
a range of pharmacological effects, including antioxi-
dant, anti-inflammatory, neuroprotective and antican-
cer effects [58]. The reported anticancer effects are due 
to the promotion of apoptosis, autophagy and inhibi-
tion of proliferation and migration [58]. In this study, 
vitexin not only displayed remarkable binding affinity 
with HDAC1 and HDAC3 compared to givinostat but 

also passed the drugability test suggesting that this 
compound qualifies for further HDAC inhibitory stud-
ies using other experimental model since inhibition of 
HDACs might be part of the mechanisms via which this 
compound executes its anticancer effect.

The molecular docking study was substantiated with 
molecular dynamics study on the 4 HDAC targets to 
predict the secondary structure elements and confor-
mational changes through the root mean square devia-
tion and fluctuation in protein structures compared 

Fig. 13 Solvent accessible surface area (SASA) value vs. time at 300 K for HDAC1, HDAC3, HDAC8 and HDAC7 complexes
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to the apo-form. By and large, the accommodation 
of inhibitor at HDAC catalytic sites is due to certain 
conformational changes in this vicinity [59, 60]. The 
RMSD results of HDAC1 and HDAC3 except around 
4–6  ns and 4–8  ns respectively revealed less variabil-
ity suggesting stable backbone [61, 62]. Interestingly, 
betulinic acid and orientin covered the narrow tun-
nel of HDAC1 while HDAC3 is spanned by genistin, 
orientin and vitexin. This pattern of conformational 
changes suggested a reflection of trichostatin A bind-
ing mode [63]. In addition, the RMSF results indicated 
that vitexin and orientin complexes fluctuate within 
the residues 80–92 in HDAC 1 and 3 respectively. 
However, between 370–380 of HDAC1 and at exactly 
on residue 200 in HDAC3, betulinic acid increased the 
fluctuation of the HDACs compared to their respec-
tive apo-forms. The observed HDAC8 fluctuation as 
revealed in the HDAC8 complexes RMSF values within 
210–220 and 273–275 due to betulinic acid and ori-
entin interactions respectively suggested flexibility in 
these regions [64]. The Rg is an effective parameter to 
understand the level of compactness in the structure of 
the protein with or without ligand indicating the fold-
ing and/or unfolding stability during the MD simula-
tion. The HDAC7 and its complexes had the least Rg 
(< 1.95  nm) compared to others. Also, only the apo-
HDAC8 showed higher Rg value than all its complexes 

indicating that the hydrophobic structure of HDAC8 
was opened from the beginning to the end of the simu-
lation. This result corresponds to the finding of Noor 
et al. [65] on HDAC8 stability. However, betulinic acid, 
orientin and vitexin increased the Rg between 6000 
and 8000 ps suggesting the opening of the hydrophobic 
structure of HDAC3 [66]. SASA is a plot accounting for 
bimolecular surface area that is assessable to solvent 
molecules. It is evident from Fig. 13 that the observed 
rise in SASA values at the beginning in HDAC1 and 8; 
and at the end in 3 of the simulation could contribute 
to the stability of the complexes.

5  Conclusions
Of the 13 phytochemical ligands evaluated in this work, 
four compounds (betulinic acid, genistin, orientin and 
vitexin) showed strong docking properties to selected 
HDACs, compared to givinostat, the standard HDAC 
inhibitor besides their drug likeness properties. How-
ever, the compounds displayed considerable stability 
during molecular dynamics simulation with few fluc-
tuations observed for selected residues. Therefore, the 
results from this in silico study provide useful struc-
tural information that can be useful in the discovery or 
design of HDACs inhibitors for treatment of conditions 
associated with their overexpression.

Table 3 Binding free energies of selected protein–ligand complexes

ΔGvdw = van der Waal energy, ΔGelec = electrostatic energy, ΔGpolar sol = polar solvation energy, ΔGsasa = solvent accessible surface area energy, ΔGbind = Binding 
energy

S/N Complex ΔGvdw ΔGelec ΔGpolar sol ΔGsasa ΔGbind  KJmol−1

1 HDAC1-Givinostat  − 43.22 ± 1.11  − 10.19 ± 2.17 50.27 ± 3.14  − 17.27 ± 1.02  − 31.49 ± 1.21

2 HDAC1-Betulinic acid  − 45.61 ± 2.10  − 15.14 ± 3.22 61.33 ± 1.05  − 24.32 ± 1.47  − 23.74 ± 2.11

3 HDAC1-Genistin  − 31.53 ± 3.11  − 17.37 ± 1.15 44.59 ± 2.15  − 31.52 ± 6.98  − 35.83 ± 2.19

4 HDAC1-Orientin  − 51.62 ± 4.20  − 17.43 ± 2.01 63.12 ± 1.15  − 37.10 ± 3.47  − 43.03 ± 2.57

5 HDAC1-Vitexin  − 45.21 ± 3.25  − 21.47 ± 1.87 71.09 ± 2.47  − 41.02 ± 1.28  − 36.61 ± 3.21

6 HDAC3-Givinostat  − 62.25 ± 2.45  − 35.52 ± 2.21 52.21 ± 2.16  − 41.26 ± 3.15  − 86.82 ± 3.15

7 HDAC3-Betulinic acid  − 52.57 ± 3.15  − 42.02 ± 1.14 55.25 ± 3.14  − 31.41 ± 2.14  − 70.75 ± 2.05

8 HDAC3-Genistin  − 63.17 ± 2.11  − 42.52 ± 1.47 49.27 ± 1.14  − 39.52 ± 1.59  − 95.94 ± 2.45

9 HDAC3-Orientin  − 72.15 ± 2.32  − 46.23 ± 1.58 63.16 ± 2.28  − 20.32 ± 3.47  − 56.39 ± 5.20

10 HDAC3-Vitexin  − 82.15 ± 4.25  − 32.17 ± 2.58 89.55 ± 4.87  − 10.22 ± 1.11  − 34.99 ± 4.17

11 HDAC8-Givinostat  − 59.32 ± 4.17  − 36.26 ± 2.08 75.20 ± 3.17  − 21.22 ± 3.33  − 41.60 ± 4.20

12 HDAC8-Betulinic acid  − 63.42 ± 2.56  − 54.10 ± 3.39 85.85 ± 3.33  − 19.45 ± 2.78  − 51.12 ± 5.01

13 HDAC8-Orientin  − 71.67 ± 2.89  − 32.54 ± 4.32 79.21 ± 3.71  − 27.19 ± 6.42  − 52.19 ± 4.22

14 HDAC7-Givinostat  − 69.23 ± 5.17  − 43.87 ± 3.83 83.22 ± 2.17  − 15.20 ± 5.29  − 45.08 ± 4.57

15 HDAC7-Betulinic acid  − 33.11 ± 4.44  − 52.12 ± 3.15 89.52 ± 5.26  − 34.26 ± 4.09  − 29.97 ± 3.84

16 HDAC7-Genistin  − 68.55 ± 6.03  − 44.11 ± 4.18 91.22 ± 5.29  − 24.28 ± 2.74  − 45.72 ± 2.98
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Fig. 14 Structure of five potential HDAC inhibitor from Cajanus cajan a betulinic acid b genistin c orientin d vitexin

Table 4 ADME properties of Cajanus cajan derived compounds that showed inhibitory activity HDACs

MLOGP: octanol/water partition coefficient

S/N Compounds Molecular Weight H‑bond 
acceptor

H‑bond donor MlogP Rotatable bonds Lipinski 
violation

1 Betulinic acid 456.7 2 3 5.82 2 1

2 Genistin 432.38 10 6 − 1.61 4 1

3 Orientin 448.38 11 8 − 2.51 3 2

4 Vitexin 432.38 10 7 − 2.02 3 1
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Abbreviations
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