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Abstract

El-Sherouk City, Cairo, Egypt

Secondary metabolites produced by endophytes are an excellent source of biologically active compounds. The newly isolated
natural products terezine E and 14-hydroxyterezine D are endophytic metabolites exhibiting anticancer activity recently
identified by our team (https://doi.org/10.1080/14786419.2018.1489393). In our current study, we evaluated their affinity for
binding to the active site of histone deacetylase (PDB ID: 4CBT) and matrix metalloproteinase 9 (PDB ID: 4H3X) by molecular
docking using AutoDock Vina software after having tested their cytotoxic activities on three cell lines (human ductal breast
epithelial tumor cells (T47D)-HCC1937), human hepatocarcinoma cell line (HepG2)-HB8065), and human colorectal carcinoma
cells (HCT-116)-TCP 1006, purchased from ATCC, USA)). Additionally, their antimicrobial activities were investigated, and their
minimum inhibitory concentration (MIC) values were determined against P. notatum and S. aureus by the broth microdilution
method. Higher cytotoxicity was observed for terezine E against all tested cell lines compared to 14-hydroxyterezine D.
Molecular docking results supported the high cytotoxicity of terezine E and showed higher binding affinity with 4CBT with an
energy score of 9 kcal/mol. Terezine E showed higher antibacterial and antifungal activities than 14-hydroxyrerezine D: MIC

values were 15.45 and 21.73 pg/mL against S. aureus and 8.61 and 11.54 pg/mL against P. notatum, respectively.
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Introduction

The microscopic species known as endophytes inhabit
inter- and intracellular spaces of tissues of advanced
plants without causing harmful effects to their host plants.
They have been recognized as a rich source of bioactive
natural products (1). Investigation of the medicinal plant
Centaurea stoebe for its endophytes (2) resulted in the
isolation of a bioactive mucor species from which terezine
E and 14-hydroxyterezine D (Figure 1) were isolated as
new natural products (3). Both natural products exerted
cytotoxic effects against the HelLa cell line and antiprolif-
erative activities against HUVEC and K-562 cancer cell
lines. Cytostatic effects were exhibited by both natural
products, with 14-hydroxyterezine D showing higher
antiproliferative activity and terezine E exerting higher
cytotoxicity. Furthermore, the isolated compounds were
tested for antifungal activity against A. terreus, and
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terezine E exhibited higher activity than 14-hydroxytere-
zine D (3) (minimal inhibitory concentration (MIC)
43.6 pg/mL for 14-hydroxyterezine D and 39.7 pg/mL
for terezine E) compared with the positive control
nystatin (2), which had a MIC value of 15.63 pg/mL.
Molecular docking is an in silico structure-based
method extensively used in drug discovery, which can
highlight the therapeutic interest of novel compounds or
natural products (4). Molecular docking depends on the
information derived from the 3D structure of a target of
interest and on the ranking databases of molecules
according to the complementary electron and the structure
of ligands to the target protein. Molecular docking is
accomplished first by molecular orientation of a ligand
within a receptor. Second, the complementary ligand is
estimated through the use of a scoring function (5,6).
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Figure 1. Chemical structures of 14-hydroxyterezine D and
terezine E.

In this study, we were interested in a deeper investi-
gation of the biological activities of terezine E and
14-hydroxyterezine. Therefore, they were tested for
antimicrobial activity against several bacterial and fungal
test strains. Since colorectal cancer has been reported to
be the most prevalent type of cancer in Asia (7), while
breast cancer is considered the most common malignancy
among women in Saudi Arabia (8) and hepatocellular
carcinoma is a major worldwide health concern (9), we
were interested in examining the cytotoxicity of terezine E
and 14-hydroxyterezine on human ductal breast epithelial
tumor cells (T47D), human hepatocarcinoma cell line
(HepG2), and human colorectal carcinoma cells (HCT-
116) using the MTT assay. In addition, evaluation of the
potential binding affinity of terezine E and 14-hydroxytere-
zine D to the active site of histone deacetylase enzyme
(PDB ID: 4CBT) and matrix metalloproteinase 9 (PDB ID:
4H3X) was also studied using molecular docking.

Material and Methods

Antimicrobial activity

Terezine E and 14-hydroxyterezine D were tested
against several bacterial (Escherichia coli ATCC 25922,
Bacillus subtilis ATCC 6633, Staphylococcus aureus ATCC
25923) and fungal (Aspergillus terreus ATCC 74135,
Penicillium notatum ATCC 9478, Penicillium chrysogenum
ATCC 10106) test strains in an agar diffusion assay using
nystatin (1 pg/mL) and ciprofloxacin (5 png/mL) as positive
controls for antifungal and antibacterial activities, respec-
tively. The minimum inhibitory concentration (MIC) of each
compound against the test strains P. notatum and S.
aureus was determined by the broth microdilution method
according to the literature (10—13).

Cytotoxic assay

Terezine E and 14-hydroxyterezine D were tested for
cytotoxicity against three cancer cell lines (human ductal
breast epithelial tumor cells (T47D)-HCC1937, human
hepatocarcinoma cell line (HepG2)-HB8065, and human
colorectal carcinoma cells (HCT-116)-TCP1006 purchased
from ATCC, USA) using the MTT assay. Dulbecco’s
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modified Eagle’s medium (DMEM) was used to culture
HepG2 and T47D cells. McCoy’s 5a (modified) medium
was used for HCT-116 cells, which were enriched with 100
units/mL streptomycin sulfate, 10% fetal bovine serum, 250
ng/mL amphotericin B, and 2 mM L-glutamine containing
100 units/mL penicillin G sodium. Cells were kept at 37°C in
humidified air (5% CO,) at sub-confluence. After trypsin/
EDTA treatment at 37°C, monolayer cells were harvested
for sub-culturing. The cells were used when confluence
reached 75%. Samples under investigation were dissolved
in dimethyl sulfoxide (DMSO) and diluted one thousand
times. All chemicals were obtained from Sigma-Aldrich
(USA), while cell culture materials were purchased from
Cambrex BioScience (Denmark). Experiments were
repeated four times. The cytotoxic effect was evaluated
against HepG2, T-47D, and HCT-116 cells with the MTT
(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium  bro-
mide) cell viability assay according to the literature
(14,15), which is based on the ability of active mitochondrial
dehydrogenase enzyme of active cells to cleave the
tetrazolium rings of the yellow MTT and produce a dark
blue insoluble formazan crystal. The extent of MTT
reduction was quantified as previously described (14) by
measuring the absorbance at 570 nm. A 96-well microplate
was employed to plate the cells (0.5 x 10° cells/well) in
serum-free media and cells were treated with different
concentrations of each compound for 24 h at 37°C, in a
humidified atmosphere with 5% CO,. The media were
separated after incubation and 40 puL MTT solution/well was
added and incubated for an additional 4 h. The MTT
crystals were solubilized by adding 180 pL of acidified
isopropanol/well, and the plate was agitated at room
temperature, followed by determination of the absorbance
at 570 nm using a microplate ELISA reader (Lonza, USA].
The percentage of relative viability was determined
according to the literature (14,16).

Molecular docking

The structures of compounds used in this study were
drawn in Discovery Studio Visualizer (BIOVIA v. 2021,
Dassault Systemes BIOVIA; https://www.3ds.com) and
saved as SDF format, and the energy of the ligand
minimized and converted to PDBQT file using PyRx (17).
The 3-dimentional crystal structure of histone deacetylase
(PDB ID: 4CBT) and matrix metalloproteinase 9 (PDB ID:
4H3X) were retrieved from the protein data bank database
in PDB format (https://www.rcb.org/). Proteins were
combined with inhibitors: histone deacetylase inhibitor
is (1R,2R,3R)-2-[4-(5-fluoranylpyrimidin-2-yl)phenyl]-N-
oxidanyl-3-phenyl-cyclopropane-1-carboxamide and matrix
metalloproteinase 9 inhibitor is N-2-(biphenyl-4-ylsulfo
nyl)-N-2-(isopropyloxy)-acetohydroxamic acid. The macro-
molecules were prepared using chain A of histone
deacetylase (PDB ID: 4CBT) and chain A along with zinc
ions for matrix metalloproteinase 9 (PDB ID: 4H3X). The
inhibitor, water molecules, and other heteroatoms were
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deleted from the protein, and polar hydrogen atoms were
added using Discovery Studio software v. 2021 and then
saved as prepared proteins files in PDB format for further
analysis. For histone deacetylase, docking was done in a
grid box centered on the co-crystalized ligand with the
following x, y, and z dimensions; 14.4643, 9.8022, and
9.3913 A, respectively. For matrix metalloproteinase 9, the
grid box dimensions used were 7.4149, 6.9369, and
13.7158 A in the x, y, and z dimensions, respectively,
centered on co-crystalized ligand. Docking studies on our
target proteins were also performed for panobinostat, which
is reported to play a significant therapeutic role in targeting
aggressive triple-negative breast cancer cell types (18),
inhibiting hepatocellular carcinoma cell lines (19,20) and is
a pan-deacetylase inhibitor (21). Docking was done using
Autodock Vina (22) using exhaustiveness of 16. Validation
of docking procedure was done through the redocking of
co-crystalized ligands in their corresponding proteins
followed by calculation of RMSD between the crystal and
docked structures using DockRMSD (23). RMSD of less
than two angstroms was considered acceptable. Test
compounds were then docked using the same procedure.

Results and Discussion

Investigation of antimicrobial activity

The minimum inhibitory concentration (MIC) of tere-
zine E and 14-hydroxyterezine D against the test strains
P. notatum and S. aureus were determined by the broth
microdilution method according to the literature (11,12,24).
MIC values of 15.45 and 20.73 ng/mL against S. aureus
and 8.61 and 11.54 ug/mL against P. notatum were
exhibited by terezine E and 14-hydroxyrerezine D,
respectively (Table 1). The reference nystatin exerted a
MIC value of 15.63 pg/mL and ciprofloxacin 0.43 pg/mL.
Their MIC values were also examined against the plant
pathogen Fusarium oxysporum and results revealed a
MIC value of 54 pg/mL for terezine E and 65.81 pg/mL for
14-hydroxyterezine D compared to the positive standard
amphotericin B, which showed a MIC value of 2.39 pg/mL
against F. oxysporum.

Investigation of cytotoxic activity

The cytotoxicity of terezine E and 14-hydroxyterezine
D was tested against three cancer cell lines (human ductal
breast epithelial tumor cells (T47D), human hepatocarci-
noma cell line (HepG2), and human colorectal carcinoma
cells (HCT-116) using the MTT assay. The cytotoxic effect
was evaluated by employing the MTT (3-[4,5-dimethylthia-
zole-2-yl]-2,5-diphenyltetrazolium bromide) cell viability
assay according to the literature (14,15), which is based
on the ability of mitochondrial dehydrogenase to cleave
tetrazolium rings of the yellow MTT and produce blue
insoluble formazan crystals. The extent of MTT reduction
was quantified as described previously (14) by measuring
the absorbance at 570 nm. Accordingly, the effect of
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Table 1. Minimum inhibitory concentration (MIC) values of the
antifungal and antibacterial activities of terezine E and 14-
hydroxyterezine D against Staphylococcus aureus, Fusarium
oxysporum, and Penicillium notatum using nystatin, ciprofloxacin,
and amphotericin B as positive controls.

MIC (ng/mL)
S. aureus F. oxysporum P. notatum
Terezine E 15.45 54.00 8.61
14-Hydroxyterezine D 21.73 65.81 11.54
Nystatin - - 15.64
Ciprofloxacin 0.43 - -
Amphotericin B - 2.39 -

terezine E and 14-hydroxyterezine D on the proliferation
of the three cancer cell lines was studied after 24 h of
incubation. Different degrees of cytotoxicity were exerted
by each compound on each cell line. Results revealed
high cytotoxicity of terezine E against all tested cell lines.
IC5o values of 40, 43, and 42 ug/mL were observed for it
against Hep-G2, T-47D, and HCT-116 cell line, respec-
tively. 14-Hydroxyterezine D, on the other hand, exerted
rather weak cytotoxicity by exhibiting ICsq values of 195,
425, and 190 ng/mL against Hep-G2, T-47D, and HCT-116
cell lines, respectively (Figure 2).

Molecular docking

The validation of the docking protocol was done by
redocking of the co-crystallized ligands for both proteins:
histone deacetylase (PDB ID: 4CBT) and matrix metallo-
proteinase 9 (PDB ID: 4H3X). For histone deacetylase,
the root-mean-square deviation (RMSD) between the
crystal and docked ligands was 0.82 A, indicating the
validity of the docking protocol. A similar value (0.80 A)
was also obtained for the other protein (matrix metallo-
proteinase 9).

Docking of the test compounds is reported as binding
energies (kcal/mol) (Table 2). Results obtained from the
docking study of our target compounds, 14-hydroxyter-
ezine D and terezene E, demonstrated that both com-
pounds had similar docking scores against histone
deacetylase, which was weaker compared to its co-
crystalized ligand. When docked in the active site of matrix
metalloproteinase 9, 14-hydroxyterezine D showed a
docking score similar to that of terezine E and was similar
to the co-crystalized ligand.

The docking results of the target compound 1 (14-
hydroxyterezine D) in histone deacetylase crystal struc-
ture protein (Figure 3) showed some similar interactions
between the co-crystalized ligand and similar amino acids
in the active site of the protein. The aromatic ring in
compound 1 interacted with two amino acids in the active
site, PHE:812 and PHE:871, by pi-pi stacked bond, and
two aromatic rings in the co-crystalized ligand interacted
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Figure 2. A, Cytotoxicity of terezine E against Hep-G2 cell line. B, Cytotoxicity of 14-hydroxyterezine D against Hep-G2 cell line.
C, Cytotoxicity of terezine E against T47-D cell line. D, Cytotoxicity of 14-hydroxyterezine D against T47-D cell line. E, Cytotoxicity of
terezine E against HCT-116 cell line. F, Cytotoxicity of 14-hydroxyterezine D against HCT-116 cell line. Results are reported as means
+ SE of at least three independent experiments (3 replications each). Student’s t-test was used for statistical analyses.

Table 2. Results of the docking study.

Compounds Docking score (kcal/mol)
Histone deacetylase (4CBT) Matrix metalloproteinase 9 (4H3X)
14-Hydroxyterezine D -8.9 -8.7
Terezine E -9.0 -7.7
Co-crystalized ligand -10.8 -8.7
Panobinostat -8.4 -6.5

with PHE:871 by pi-pi stacked bond. The co-crystalized
ligand and compound 1 interacted with His:842 in the
active site of the protein with two different types of
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interactions; the aromatic ring in the co-crystalized ligand
interacted by pi-pi stacked bond and the pyrrolidine ring in
compound 1 interacted by Van der Waals bond.
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Figure 3. I: Docking results of our compounds against histone deacetylase (4CBT). a, Validation; crystal (green), docked (blue).
b, Compound 1 docking pose and interactions. ¢, Compound 2 docking pose and interactions. d, Panobinostat docking pose and
interactions. II: Docking results of our compounds against matrix metalloproteinase 9 (4H3X). a’, Validation; crystal (green), docked
(blue). b’, Compound 1 docking pose and interactions. ¢’, Compound 2 docking pose and interactions. d’, Panobinostat docking pose

and interactions.

The docking results of compound 2 (terezine E) in
histone deacetylase crystal structure protein (Figure 3)
showed similar interactions between the co-crystalized
ligand and similar amino acids in the active site of the
protein. The indole ring in compound 2 interacted with
PHE:871 by pi-pi stacked bond and the same type of
interaction was obtained by two aromatic rings in the co-
crystalized ligand with the same amino acid in the active
site. The co-crystalized ligand interacted with PHE:812
by pi-alkyl bond while the aromatic ring in the target

Braz J Med Biol Res | doi: 10.1590/1414-431X2023e12404

compound 2 interacted by pi-pi stacked bond with the
same amino acid in the active site.

The docking results of 14-hydroxyterezine D in matrix
metalloproteinase 9 crystal structure protein (Figure 3)
showed also similar interactions between the co-crystal-
ized ligand and similar amino acids in the active site of the
protein. Interestingly, compound 1 coordinated with zinc
atom (ZN:301) by pi-cation bond as the co-crystalized
ligand of the protein. Indole ring in compound 1 interacted
with HIS:226 by pi-pi stacked bond, which is the same
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interaction obtained with the two aromatic rings in the co-
crystalized ligand with the same amino acid in the active
site of the protein. The amino acid HIS:236 in the active
site of the protein interacted with compound 1 and the co-
crystalized ligand had a different type of interaction with a
different group. The aliphatic side chain in the co-crystal-
ized ligand interacted by pi-alkyl bond with HIS:236, while
the pyrrolidine ring in compound 1 interacted by pi-pi
stacked bond with HIS:236.

The indole ring in compound 2 interacted in the active
site of the matrix metalloproteinase 9 (Figure 3) with
HIS:236 by pi-pi stacked bond and the aliphatic side chain
in the co-crystalized ligand interacted with the same amino
acid by pi-alkyl bond.

Several studies proved that panobinostat has a thera-
peutic role in targeting aggressive triple-negative breast
cancer cell types (18) and is a pan-deacetylase inhibitor
(21). In addition, panobinostat is an effective inhibitor for
hepatocellular carcinoma cell lines (19,20). Docking studies
for panobinostat in our target proteins showed promising
results, and similar interactions were obtained between
panobinostat and the target proteins 14-hydroxyterezine D
and terezine E. The affinity scores for docking results of
panobinostat in histone deacetylase (PDB ID: 4CBT) and
matrix metalloproteinase 9 (PDB ID: 4H3X) are shown in
Table 2. Interestingly, docking studies of panobinostat in the
target protein histone deacetylase (PDB ID: 4CBT) showed
that the bicyclic system in panobinostat interacted by pi-pi
stacked bond with the amino acid PHE 871. Our target
compounds 14-hydroxyterezine D and terezine E also
showed similar interactions with the same amino acid in the
binding site of the protein (Table 2). The docking studies of
panobinostat in the target protein matrix metalloproteinase
9 (PDB ID: 4H3X) showed that the aromatic ring of the
bicyclic system in the compound interacted by pi-alkyl bond
with the amino acid (LEU 188) in the active site of the
protein. Similarly, the aromatic ring of the bicyclic system of
14-hydroxyterezine D interacted with the amino acid LEU
188 in the active site of the protein by covalent bonding.
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