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Bioactive Compounds from Penicillium sp. Inhibit
Antiapoptotic Bcl-2, Bcl-X and Mcl-1: An in silico Study
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Background: Antiapoptotic Bcl-2 proteins are overexpressed in cancer cells, leading to inhibition of apoptosis and the
development of therapeutic resistance. Targeting only one type of antiapoptotic protein may have limited efficacy in
cancer therapy. Anticancer drugs capable of inhibiting Bcl-2, Bcl-X and Mcl-1 simultaneously are necessary to be explored.
Penicillium sp. produces various bioactive compounds with anticancer, antibacterial, and antiviral activities. The aim of this
research was to determine the best bioactive compound candidates for inhibiting Bcl-2, Bcl-X , and Mcl-1 proteins.
Materials and methods: Molecular docking analysis was conducted to estimate the binding affinity of Penicillium sp.
bioactive compounds with Bcl-2, Bcl-X, and Mcl-1 proteins. Compounds with the lowest binding energies were visualized
using PyMol and Ligplot* and further subjected to drug-likeness testing based on Lipinski's rule of five.

Results: Bioactive compounds with the highest binding affinities were verruculogen and wortmannin. Wortmannin complied
with Lipinski's rule of five. Meanwhile, verruculogen violated one out of the five rules by having a molecular weight >500 Da.
Both compounds could be used as oral drugs.

Conclusion: Verruculogen and wortmannin from Penicillium sp. show significant potential as oral anticancer drug candidates.
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with antiapoptotic proteins and promote programmed cell
death is correlated with the Bcl-2 homology (BH)3 domain.®
Mutations in one or more of the key residues in the BH3
domain can abolish binding with Bcl-2 family proteins and
impede the proapoptotic function of a protein.*
Apoptosisfailure ofteninvolves multiple antiapoptotic
proteins, as evidenced by the identification of Bcl-2, Bcl-
X, and Mcl-1 proteins in some myeloma cells. Previous

Introduction

The antiapoptotic B-cell lymphoma protein 2 (Bcl-2)
family members play an important role in the regulation of
apoptosis in various types of cancer cells, including lung
cancer, breast cancer, and acute lymphocytic leukemia® In
cancer cells, Bcl-2 proteins are overexpressed, leading to
inhibition of apoptosis and the development of therapeutic
resistance.2 Thepotential of aproteintofacilitateinteractions
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studies have shown that inhibiting either Mcl-1 or Bcl-X
alone is not sufficient to induce apoptosis in cancer cells.
In fact, inhibition of Bcl-2 and Bcl-X can even increase
Mcl-1 expression, resulting in prolonged survival of
cancer cells. Notably, cancer cells often express three
antiapoptotic proteins, namely Bcl-2, Bcl-X , and Mcl-1,
but their expressions vary greatly depending on the type of
cancer. Therefore, targeting only one type of antiapoptotic
protein may have limited efficacy in cancer therapy.® It is
evident that cancer cells exhibit drug resistance even with
single inhibition of antiapoptotic proteins, indicating their
dependence on multiple antiapoptotic proteins for survival .b

Numerous anticancer drugs have been developed to
target the Bcl-2 protein family. Navitoclax is an oral drug
that binds to Bcl-2 and Bcl-X, but does not bind to Mcl-
1.7 However, strong inhibition of Bcl-X by navitoclax
can result in thrombocytopenia due to decreased platelet
count. As a result, venetoclax was developed as a specific
Bcl-2 inhibitor to reduce its binding to Bcl-X , and thereby
maintaining platelet count.2 Nevertheless, both navitoclax
and venetoclax have been shown to increase the expression
of Mcl-1, leading to the cancer cell resistance to these
drugs.® Therefore, exploration of drugs capable of inhibiting
Bcl-2, Bcl-X and Mcl-1 simultaneously is necessary to
overcome resistance and improve therapeutic outcomes in
cancer treatment.

Penicillium sp. is a fungus known for its role as
a decomposer and has been isolated from various
environments, including terrestrial environments, food
products, and soil.*® Previous studies reported that
Penicillium sp. produced a wide range of bioactive
compounds with potential anticancer, antibacterial, and
antiviral activities. For instance, the culture filtrate of
Penicillium citrinum has been shown to exhibit cytotoxic
effects in A549 and MCF-7 cell lines.®t Additionaly,
bioactive fraction isolated from Penicillium rubens has
been found to induce apoptosis through upregulation of
proapoptotic Bax and downregulation of antiapoptotic Bcl-
2 expression.’2 Other compounds derived from Penicillium
sp., such as L-asparaginase and polyketide derivatives have
demonstrated anticancer activity as well.®* Penicitrine A
produced by P. citrinum from marine sediments has
been shown to induce apoptosis in A-375 cells by
downregulating Bcl-2 and upregulating Bax.** Moreover,
approximately 48 bioactive compounds from Penicillium
sp. have been identified as anticancer agents with
diverse mechanisms of action> Therefore, the am
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of this research was to determine the best bioactive
compound candidates for inhibiting Bcl-2, Bcl-X —and
Mcl-1 proteins.

Materials and methods

Protein and Ligand Preparation

The protein structures of Bcl-2 (ID: 6qgh), Bcl-X (ID:
4gnq), and Mcl-1 (ID: 6ne5) were obtained from the
Protein Data Bank (PDB) (www.rcsh.org) and prepared
using PyMol 2.5 (Schroédinger, New York, NY, USA). Any
existing ligands and water molecules were removed, and the
proteinswere converted into a dockable PDB format. Forty-
eight bioactive compounds from Penicillium sp. with known
anticancer properties® were retrieved from the PubChem
database (pubchem.ncbi.nim.nih.gov) in SDF format and
converted to pdbgt format for docking. All compounds were
energetically minimized to increase the accuracy of the
docking process.

Molecular Docking

Molecular docking analysis was conducted using PyRx-0.
9.2. (SourceForge, San Diego, CA, USA) to estimate the
binding affinities of bioactive compounds from Penicillium
sp. with Bcl-2, Bel-X , and Mcl-1. The docking coordinates
for the proteins were set as follows. Bcl-2 — center x=-
2.15, y=2.83, z=8.74; Bcl-X - center x=52.31, y=9.52,
z=-13.96; Mcl-1 — center x=2.38, y=-39.17, z=63.71. The
docking method was validated by redocking the bound
compound from PDB to their respective proteins, and the
root mean square deviation (RMSD) of the crystal and
docked conformation was calculated.’® Compounds with
the lowest binding energies were visualized using PyMol
and Ligplot* V.2.2. (EMBL-EBI, Cambridgeshire, UK) and
further subjected to drug-likeness testing.

Drug-likeness Test

Compounds with the lowest binding energies were selected
and their simplified molecular input line entry system
(SMILES) notations were obtained. These SMILES
notations were then entered into Admetsar 2.0 (http://
Immd.ecust.edu.cn/admetsar?) for prediction of absorption,
distribution, metabolism, excretion, and toxicity (ADMET)
properties. The results were subsequently analyzed
for compliance with Lipinski’s rule of five, which
assesses the drug-likeness of compounds based on their
physicochemical properties.
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Results

Molecular Docking Results

Inthisstudy, atotal of 49 ligandswere examined, comprising
48 bioactive compounds from Penicillium sp. and one
native ligand. Navitoclax was used as a native ligand of
Bcl-2 and Bcl-X , while C,;H_,CI,N,O, was used as anative
ligand of Mcl-1. Among the ligands tested, wortmannin and
verruculogen showed the highest binding affinities for Bel-2,
Bcl-X, and Mcl-1, respectively. However, wortmannin and
verruculogen displayed lower binding affinities compared
with the native ligand of Bcl-2 and Mcl-1. Wortmannin had
a lower binding affinity, while verruculogen had a higher
binding affinity compared with the native ligand of Bcl-
X, (Table 1). The RMSD values for the native ligands of
Bcl-2, Bel-X, and Mcl-1 were 0.315, 0.206, and 0.000 A,
respectively (Figure 1).

Based on docking visualization data, navitoclax was
found to stretch al ong the P2-P4 pocketsin the BH3-binding
groove of Bcl-2 and Bcl-X, . Verruculogen and wortmannin
were bound to the P2 and P4 pockets of Bcl-2, respectively
(Figure 2A). Both navitoclax and verruculogen interacted
with Glul52, Phel53, Met115, Leul37, Val133, Glul36,
Alal49, and Phell2 residues in Bcl-2 through hydrophobic
bonds. Navitoclax and verruculogen aso interacted
with Asp111 through hydrophobic bond and hydrophilic
interaction, respectively (Figure 2B, Figure 2C). Both
navitoclax and wortmannin interacted with Trpl44,

Table 1. Binding affinity of bioactive compounds from
Penicillium sp. with Bcl-2, Bel-X , and Mcl-1 proteins.

Binding Affinity (kcal/mol)

Compound

Bcl-2 Bel-X, Mcl-1
Cetrimonium -5.3 -5.1 -6.5
Emodin -7.2 -7.1 -7.0
Gliotoxin -7.2 -6.7 -54
Hadacidin -3.9 -39 -3.7
Secalonic acid D -8.0 -7.1 -4.9
Maculosin -7.3 -7.3 -8.1
Penicillide -7.4 -7.9 -75
Mycotoxin 81 -8.7 -8.6 -10.3
Obtusin -6.7 -6.1 -6.2
Chembl305250 -7.8 -7.6 -9.7
Methylenolactocin -6.0 -5.8 -6.1
Griseofulvin -74 -7.2 -7.0
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Table 1. Binding affinity of bioactive compounds from
Penicillium sp. with Bel-2, Bel-X , and Mcl-1 proteins
(cont.).

Binding Affinity (kcal/mol)

Compound

Bcl-2 Bcl-X Mcl-1
Mycophenalic acid -7.2 -6.8 -79
Sch 642305 -75 -7.3 -7.0
Wortmannin -111 -10.3 -11.4
Citromycin -7.1 -6.5 -6.8
5,8-tetradecadiend -5.7 -5.2 -6.6
Duclauxin -84 -8.1 -8.3
Vermistatin -6.8 -7.1 -7.8
Pyrenocine A -5.7 -5.6 -6.2
Chaetoglobosin A -9.7 -10.0 -8.6
Neoxaline -8.4 -7.2 -6.2
Epolactaene -7.2 -75 -75
Isochromophilone IV -7.5 -7.6 -9.0
Leteusin A -7.6 -7.2 -85
Fumagillin -7.6 -7.2 -7.8
Trichodimerol -7.9 -71 -7.0
Topopyrone C -7.9 -7.6 -7.6
Trachspic acid -7.0 -6.3 -6.8
Sequoiatone A -71 -6.3 -7.4
Quinolactacin A -7.6 -7.0 -7.3
Penostatin A -7.6 -6.7 -85
Fellutanine B -8.8 -8.1 -95
Psychrophilin D -9.2 -8.7 -84
Rubratoxin B -8.9 -7.8 -7.3
Oxazine -4.2 -3.7 -3.8
Verruculogen -11.9 -10.5 -11.1
Dehydoaltenusin -75 -6.9 -7.0
Penicillone -5.8 -55 -6.4
Penicillenone -7.0 -6.6 -7.7
Quinolinone A -7.0 -6.5 -8.0
Penochalasin A -9.6 -95 -10.1
5S-HETE di-endoperoxide -6.7 -6.1 -7.7
Phalluside-1 -6.9 -7.0 -6.2
Kurilensoside F -17.7 -75 -7.2
Leptosphaerone -6.7 -6.7 -6.7
Cyclopiazonic acid imine -8.2 -7.8 -7.7
Eupenifeldin -8.3 -8.1 -75
Native ligand -12.3 -104 -13.2

83



Massardi A, et al.

A B

Compounds from Penicillium Inhibit Bcl-2, Bcl-X, and Mcl-1

C

Figure 1. Molecular docking validation of native ligands of antiapoptotic proteins. A: Bcl-2; B: Bcl-X ; C: Mcl-1.

Glu209, Gly145, Val148, Alal00, Phel98, Tyr202 and
Leu201 residues in Bcl-2 through hydrophobic bonds
(Figure 2B, Figure 2D).

Verruculogen bound to the P4 pocket of Bcl-X|
(Figure 3A). Both navitoclax and verruculogen interacted
with Glul29, Val126, Leul30, Phel46, PhelO5, and
Leul08 through hydrophobic bonds (Figure 3B, Figure
3C). Verruculogen aso interacted with Alal04 through
hydrophilic interaction (Figure 3C). Wortmannin, on the
other hand, bound to the Bcl-X amino acid residues in the
P2 pocket (Figure 3A) and interacted with the same amino
acid residues as navitoclax, namely Tyr101, Phe97, Ala93,
Val141, Tyr195, Phel91, and Trp137 through hydrophobic
bonds. Navitoclax and wortmannin also interacted with
Gly138 through hydrophobic bond and hydrophilic
interaction, respectively (Figure 3B, Figure 3D).

Verruculogen and wortmannin were found to bind to
the P2 pocket of Mcl-1 (Figure 4A). Both C,H_.CI,N.O,
and verruculogen interacted with His224, Thr266, Phe228,
Met250, Leu267, Phe254, Val253, and Phe270 through
hydrophobic bonds (Figure 4B, Figure 4C). On the other
hand, C,,H,,CI,N_O, and wortmannin was bound to Phe254,
Val253, Ala227, Phe228, Phe270, and Leu267 through
hydrophobic bonds (Figure 4B, Figure 4D). Verruculogen
interacted with Arg263 through hydrophobic bond, while
C,H,CIN.O, and wortmannin interacted with Arg263

39" 39

through hydrophilic interaction (Figure 4B-D).

Analysis of Drug-likeness Properties

Wortmannin complied with Lipinski's rule of five.
Meanwhile, verruculogen violated one out of the five rules,
since its molecular weight (MW) >500 Da (Table 2). The
Lipinski's rule of five parameters were as follows: MW<500
Da, lipophilicity <5, the hydrogen bond donor <5, the
hydrogen bond acceptor <10, partition coefficient (logP) <5,
and the rotational bond count <10.

Discussion

There are approximately 48 bioactive compounds from
Penicillium sp. that have been reported to exhibit anticancer
effects.’® The validity of the molecular docking procedure
was assessed using the RMSD value. The docking pose is
generaly considered to be near native if the RMSD from
the original pose is <2.0 AY, while RMSD values >10 A
can introduce noise in the scoring model*® due to the ligand
being far from the binding site. Further examination of the
docking approach is warranted based on this validation.

Verruculogen and wortmannin exhibited the lowest
binding energies compared with other compounds isolated
from Penicillium sp. Verruculogen showed a lower binding
energy than wortmannin when forming bonds with Bcl-
2. Interestingly, both verruculogen and wortmannin
demonstrated lower binding affinities than navitoclax
when interacting with Bcl-2, despite having relatively
lower binding energies. It is worth noting that substances
with higher binding affinities have greater protein inhibitor
potential .»® The current findings also showed higher binding
affinity of verruculogen with Bel-X, when compared with
the native ligand of Bcl-X , suggesting its potential as a
potent inhibitor for this target.

Navitoclax was found to extend aong the P2-
P4 pockets in the BH3-binding groove of both Bcl-2
and Bcl-X . P2 and P4 pockets of Bcl-2 proteins are
commonly targeted for therapeutic interventions.?
Interestingly, verruculogen and wortmannin were found
to bind to the P2 and P4 pockets of Bcl-2, respectively.
Furthermore, verruculogen was bound to the P4 pocket,
while wortmannin was bound to the P2 pocket of Bcl-X, .
The difference in binding may be attributed to a mutation
in Bcl-2 family proteins that alters the properties of their
active sites. In Mcl-1, the binding of BH3 to the P4 pocket
is less significant compared with Bcl-2 and Bel-X| due to
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Figure 2. Interaction of bioactive compounds from Pencillium sp. with Bel-2. A: Thebinding positions of navitoclax (red),
verruculogen (purple), and wortmannin (blue) in the Bcl-2 pocket; B: Amino acid residues that interacted with navitoclax; C:
Amino acid residues that interacted with verruculogen; D: Amino acid residues that interacted with wortmannin.

mutagenesis in this protein.?* Moreover, wortmannin had
a lower binding energy compared with verruculogen when
interacting with Mcl-1. Additionally, the type of interaction
between the ligands and Arg263?, an amino acid residue
crucial for BH3 binding to Mcl-1, was found to be different
in verruculogen and wortmannin, as revealed by the current
finding. The intermolecular interactions between the ligands
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and the proteins were stabilized by hydrogen bonding®,
which is known to improve the binding affinity of ligands
to proteins?* Verruculogen and wortmannin interacted
with amino acid residues of Bcl-2, Bel-X , and Mcl-1 in
a similar manner with those of the native ligands. These
findings suggest that both substances have the potential to
inhibit Bcl-2, Bel-X , and Mcl-1 from blocking cell death
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Verruculogen
H Ligand bond WM, Non-ligand residuesinvolved in hydrophobic contact(s)

. ‘ Non-ligand bond
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‘ Corresponding atoms involved in hydrophobic contact(s)

Figure 3. Interaction of bioactive compounds from Pencilliumsp. with Bel-X . A: Thebinding positionsof navitoclax (red),
verruculogen (purple), and wortmannin (blue) in the Bel-X | pocket; B: Amino acid residues that interacted with navitoclax;
C: Amino acid residues that interacted with verruculogen; D: Amino acid residues that interacted with wortmannin.

by occupying the BH3-binding groove of the antiapoptotic
proteins, thereby rendering the proteins inactive, ultimately
allowing cells to undergo apoptosis.
Penicilliumbrasilianumand Penicilliumverruculosum
are known to produce verruculogen, a compound with
potential anti-tumor activity. In vitro studies have also
demonstrated that verruculogen reduces the proliferation
of Sf-9 cells with minimal effects on mammalian cells®
as evidenced by its IC_, vaue of 9.8 M.* The effect of
verruculogen in cancer cellsis limited. On the other hand,

Penicillium funiculosum is known to produce wortmannin.
Treatment with wortmannin at a dose of 50 nM has been
shown to inhibit the growth of MCF-7 cells and trigger
apoptosis after 24 hours of exposure?* A study has also
reveal ed that wortmannin can block the phosphatidylinositol
3-kinase (PI3K)/protein kinase B (Akt) signaling pathway,
thereby preventing the expression of Bcl-2 and Bcl-X| in
primary acute myeloid leukemia (AML) cells.® The PI3K/
Akt/mammalian target of rapamycin (MTOR) signaling
pathway plays a crucia role in cell survival, growth,
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Figure 4. Interaction of bioactive compounds from Pencillium sp. with Mcl-1. A: The binding positions of C_H,.Cl_N.O

39 3972 574

(red), verruculogen (purple), and wortmannin (blue) in the Mcl-1 pocket; B: Amino acid residues that interacted with

CH,CI.N.O

39 3972 5 4;
wortmannin.

and proliferation in various tumor cells, as well as in
physiological settings.?” In vivo studies have shown that
wortmannin treatment increases apoptotic cells and inhibits
autophagy through the PI3K pathway.?

A crucial step in developing a compound into a
potential drug candidate is drug-likeness assessment.?® This
assessment isbased on parametersderived from the structure
and physicochemistry of the drug candidates themselves.®
Lipinski's rule of five is widely used to differentiate between
drug-like compounds and non-drug molecules.® Lipinski's
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C: Amino acid residues that interacted with verruculogen; D: Amino acid residues that interacted with

rule of five criteria includes MW<500 Da, lipophilicity
<5, hydrogen bond donors <5, hydrogen bond acceptors
<10, and logP<5. A compound should adhere to three or
more rules, so it can be considered as a drug candidate.®2%
Lipinski's rule of five is well-known for predicting the
performance of absorption, distribution, metabolism, and
excretion (ADME) properties of drug candidates.®

The concentration of a molecule and its intestinal
absorption are inversely correlated with its MW, which
is indicative of its size.® High molecular size may hinder
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Table 2. Drug-likeness test results of verruculogen and wortmannin against the

Lipinski's rule of five.

H-Bond H-Bond Rotatable
Compound MW (D& logP
ompo (ba) d Acceptor Donor Bonds
Verruculogen 511.58 2.86 8 2 2
Wortmannin 428.44 254 8 0 3

the absorption of a molecule in the intestine. Verruculogen
(MW=>500 Da) might have a lower intestinal absorption
compared with wortmannin (MW<500 Da). To enhance
solubility in water and optimize absorption, the logP value,
which determines the solubility factor of a compound,
can be increased.® Verruculogen and wortmannin both
exhibited lipophilic characteristics, as per the test result. A
logP value in the range of 0 to 3 (O<logP<3) corresponds
to the optimal oral biocavailability for both compounds.®
However, excessively high logP vaues result in poor
solubility in water, while very low logP values hinder the
penetration of the compound through the lipid bilayers of
the cell membranes.®

Our findings revealed that both verruculogen and
wortmannin exhibited a low number of hydrogen bond
acceptor (<10) and hydrogen bond donor (<5). Inalipophilic
environment, an excess of hydrogen bond acceptor and
hydrogen bond donor can decrease permeability.® The
number of bond rotations in a molecule can serve as an
indicator of its flexibility and oral absorption potential.
A reduced number of bond rotation signifies a modest
conformational change in the protein upon ligand binding.*
Notably, both wortmannin and verruculogen exhibited a
favorable number of rotatable bonds (<10).

Wortmannin complied with Lipinski's rule of five,
as determined by drug-likeness evaluations. However,
verruculogen violated one out of the five rules by having
a MW>500 Da. Nevertheless, compounds that violate
fewer than two of Lipinski’s rule of five criteria can still
be considered as potential oral drugs.*? Therefore, these
compounds may have potential applications as ora
anticancer drugs.

Conclusion

Verruculogen and wortmannin, bioactive compounds
derived from Penicillium sp., show significant potential
as anticancer drug candidates. These compounds could
inhibit antiapoptotic Bcl-2, Bcl-X , and Mcl-1 by binding

to the BH3-binding groove, thereby inducing apoptosis.
Furthermore, both verruculogen and wortmannin exhibit
potential as oral drugs, making them attractive candidates
for further investigation in anticancer drug devel opment.
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