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ABSTRACT: Cholangiocarcinoma (CCA), an aggressive malignancy arising from
the biliary epithelium, exhibits a high incidence in Thailand. CCA usually lacks
specific symptoms and is typically diagnosed in its advanced stages, presenting
significant treatment challenges. Current CCA therapeutic options, including
surgery, chemotherapy, and radiation, have limited success rates and often cause
side effects. Nature-derived compounds hold promise for reducing undesirable
adverse effects and are an excellent source of anticancer drugs. Corosolic acid
(CA), a triterpenoid found in Lagerstroemia speciosa L. leaves, exhibits anticancer
properties; however, the effectiveness of CA against CCA and its molecular
mechanisms remained unexplored. Herein, the anti-CCA and apoptosis-inducing
effects of CA were investigated using various techniques, i.e., the MTT assay, flow
cytometry with FITC-labeled Annexin V (Annexin V-FITC) and propidium iodide
double staining, JC-1 staining, western blot analysis, caspase-3 activity assay, and
molecular dynamics (MD) simulations. CA inhibited the proliferation of KKU-213A and KKU-213B CCA cells and triggered
apoptosis through alterations in mitochondrial membrane potential (ΔΨm), and increases in the Bax/Bcl-2 expression ratio,
cytochrome c release, and caspase-3 activity. As indicated by MD simulations, CA has the potential to bind to Bcl-2 through
hydrogen bonds between amino acid residues R146 and N143. These findings underscore the potential of CA as a promising
candidate for treatment of CCA.

■ INTRODUCTION
Cholangiocarcinoma (CCA), a malignancy originating from
the epithelial lining of the biliary tract, is rare on a global scale;
however, it exhibits the highest incidence in South East Asian
countries, notably Thailand.1 Infection with Opisthorchis
viverrini is identified as an important risk factor for CCA in
Thailand.2 Surgical resection is the most curative treatment
option for CCA, although patients in advanced stages are often
ineligible for surgical therapies.3 The combination of
gemcitabine plus cisplatin (GC) is currently used as a standard
regimen for unresectable CCA and has satisfactory overall
response rates. However, when compared to gemcitabine
alone, the GC regimen only added a few months to disease-
free survival.4 It can result in adverse effects such as
neutropenia, fatigue, and thrombocytopenia.5 As a result,
there is a concerted effort within the field to discover new and
effective drugs for the treatment of CCA. Employing a
naturally produced plant-derived compound with anticancer
properties can provide an alternative therapeutic approach with
fewer adverse effects.
Cancer can resist apoptosis, resulting in uncontrolled

proliferation and tumor formation, highlighting the need to
understand its mechanisms to develop new cancer therapeu-

tics.6 Multiple morphological changes are evident during
apoptosis, such as cell shrinkage, decreased cell volume,
chromatin condensation, vesicle formation, and apoptotic
bodies (ABs) formation.7 Phosphatidylserine translocation to
the outer surface of the plasma membrane has been seen as a
distinctive characteristic of apoptotic cells.8 In addition,
mitochondria play a crucial role in the mechanism of apoptotic
cell death, which typically involves the pro- and antiapoptotic
proteins. Changes in the levels of Bcl-2 and Bax, two
prominent members within the Bcl family, can collapse the
mitochondrial membrane potential (ΔΨm) and the subse-
quent release of cytochrome c, inducing apoptosis.9 Increasing
the Bax/Bcl-2 ratio significantly activates apoptotic signaling
pathway.10,11 The release of cytochrome c from mitochondria
is a crucial mechanism for activating caspases, cysteine
proteases cleaving proteins after aspartate residues. In the
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cytoplasm, cytochrome c combines with caspase-9 and Apaf-1
to form the apoptosome, initiating caspase-9 activation, which,
in turn, triggers caspase-3 for apoptosis execution.12

Corosolic acid (CA) is a pentacyclic triterpenoid found
predominantly in the leaves of Lagerstroemia speciosa L.,
commonly known as banaba.13 Accumulating evidence
suggests that CA has anticancer effects through interfering
with several processes, such as cell proliferation, angiogenesis,
invasion, metastasis, and apoptosis.14−18 CA induced apoptosis
in gastric cancer by inhibiting the NF-κB pathway19 and in
colorectal cancer by activating mitochondria-mediated and
caspase-dependent pathways with decreased expression levels
of p65, Fas, caspase -8, -9, and -3, and Bcl-2 and increased
expression of Bax.20 In addition, CA triggered apoptosis by
elevating reactive oxygen species (ROS) levels, lowering Bcl-2
levels in lung cancer,21 and activating caspase-3/7, -8, and -9 in
osteosarcoma.22

This study sought to investigate the anticancer activities of
CA and elucidate its underlying molecular mechanism in CCA.
In KKU-213A and KKU-213B cell lines, the cytotoxic effect of
CA was evaluated using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay. Flow cytom-
etry using Annexin V-FITC/propidium iodide (PI) staining
was used to detect phosphatidylserine externalization on
apoptotic cells. Changes in ΔΨm were assessed using
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbo-
cyanine iodide (JC-1) stanning and confocal microscopy.
Using western blotting, the apoptosis-related proteins Bax, Bcl-
2, and cytochrome c were examined, while the caspase-3
activity was measured using a caspase-3 activity assay kit.
Molecular dynamics (MD) simulations were employed to
determine the probable molecular targets and binding
interactions of CA and Bcl-2.

■ RESULTS AND DISCUSSION
Evaluation of the Cytotoxic Effect of CA. KKU-213A

and KKU-213B cells were exposed to various concentrations of

CA ranging from 0 to 30 μM for 24 and 48 h, and their
cytotoxicity was determined using the MTT assay. The results
showed that CA inhibited CCA proliferation in a dose- and
time-dependent manner (Figure 1A,B). At 24 and 48 h, the
IC50 values for KKU-213A cells were 21.45 ± 0.35 and 16.40 ±
0.53 μM, respectively. Similarly, the IC50 values of KKU-213B
cells for 24 and 48 h were 21.40 ± 0.92 and 17.54 ± 0.73 μM,
respectively. In addition, when exposed to 20 μM CA for 24 h
and 15 μM for 48 h, both cell lines exhibited morphological
changes, including cell shrinkage and the formation of AB, as
observed using an inverted microscope (Figure 1C,D). CA
exhibited comparable IC50 values (approximately 20−40 μM)
to those determined in osteosarcoma,22 glioblastoma,23

hepatocellular carcinoma,15 liver cancer,16,24 breast cancer,25

and prostate cancer.26

Detection of Apoptotic Cells Induced by CA. The
observed morphological changes open up avenues for further
investigation into the mechanisms and pathways involved in
CA-induced apoptosis in CCA cells. Flow cytometric analysis
using Annexin V-FITC/PI double staining was performed.
Annexin V-FITC binds to phosphatidylserine in apoptotic
cells, while PI specifically labels nucleic acids when the plasma
membranes of necrotic cells rupture. The resulting staining
patterns were classified into four categories: viable cells
(Annexin V-FITC-/PI-), early apoptotic cells (Annexin V-
FITC+/PI-), late apoptotic cells (Annexin V-FITC+/PI+), and
necrotic cells (Annexin V-FITC-/PI+). It was found that when
KKU-213A cells were exposed to CA at concentrations of 15,
20, and 25 μM, the early and late apoptotic cell percentages
were 4.90, 4.55, 12.08, and 89.30%, respectively (Figure 2). In
the case of the KKU-213B cell line, treatment with 15, 20, and
25 μM CA resulted in the total percentages of apoptotic cells
as 3.48, 3.45, 16.08, and, 74.65%, respectively. CA induced
apoptosis in both KKU-213A and KKU-213B cell lines in a
dose-dependent manner, as evidenced by increased percen-
tages of early and late apoptotic cells. At a concentration of 25
μM CA, there was a notable and significant increase in

Figure 1. Effect of CA on cell proliferation in CCA cell lines. KKU-213A (A) and KKU-213B (B) cells were treated with 5−30 μM CA for 24 and
48 h and subsequently subjected to the MTT assay. Morphological changes in KKU-213A (C) and KKU-213B cells (D) were visually examined
using an inverted microscope. Arrows indicate representative ABs. The images were captured at a magnification of ×50. The presented data
represents the mean ± standard deviation from three independent experiments.
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apoptotic cells in both of the tested cell lines when compared
to the control group. These results supported the morpho-
logical changes, especially the presence of ABs observed
through an inverted microscope, thereby validating the
apoptosis-inducing impact of CA on KKU-213A and KKU-
213B cell lines.
Investigation of the Effect of CA on Mitochondrial

Membrane Potential Change. The effect of CA on the
change in the ΔΨm was evaluated using JC-1 staining and
confocal laser scanning microscopy. In healthy cells with a high
ΔΨm, JC-1 assumes an aggregated state, resulting in red
fluorescence. Conversely, in apoptotic cells, they undergo a
transition to a monomeric form, emitting green fluorescence.
CA induced a reduction in ΔΨm, as indicated by the shift from
red to green fluorescence in CCA cells (Figure 3). When KKU-
213A cells were exposed to increasing CA concentrations (15,
20, and 25 μM), a dose-dependent decrease in the red/green
fluorescence ratio was observed, indicating a gradual decline in
ΔΨm compared to control-untreated cells (Figure 3A).
Exposing KKU-213A cells to CA at both 20 and 25 μM
resulted in a significant increase in the red/green ratio. KKU-

213B cells exhibited a similar trend, where increasing CA
concentrations led to a dose-dependent elevation in the red/
green fluorescence ratio, indicating a progressive loss of
membrane potential (Figure 3B). These findings suggest that
CA caused ΔΨm changes in both KKU-213A and KKU-213B
CCA cells.
Investigation of the Effect of CA on Bax, Bcl-2, and

Cytochrome c Levels. The effect of proteins implicated in
CA-induced apoptosis on CCA KKU-213A and KKU-213B
cells was evaluated using western blotting. Cells were exposed
to 20 μM CA for various durations (6, 12, and 24 h). In a time-
dependent manner, both KKU-213A and KKU-213B cells
treated with CA exhibited an increase in the Bax/Bcl-2 ratio, a
pivotal indicator of the initiation of apoptotic processes
(Figure 4A,B). Additionally, CA enhanced the release of
cytochrome c in both CCA cell lines (Figure 4C,D).
Consistent with previous studies, our results indicated that
elevated Bax/Bcl-2 ratio and increased cytochrome c levels are
associated with apoptosis.27−30 CA-induced increases in the
Bax/Bcl-2 ratio and cytochrome c levels in CCA cells provide

Figure 2. Flow cytometric analysis of apoptosis in CCA cells. (A) Representative data from three independent experiments are shown. KKU-213A
and KKU-213B cells were treated with CA at concentrations of 15, 20, and 25 μM for 24 h. Cells were stained with FITC-Annexin V/PI and
subjected to flow cytometry. The lower left quadrant shows normal cells, the lower right quadrant shows the early apoptotic cells, the upper right
quadrant shows late apoptotic cells, and the upper left quadrant shows necrotic cells. (B) Total apoptotic cell rate was calculated as the rate of both
early and late apoptotic cells in KKU-213A and KKU-213B cell lines. Data are presented at the mean ± SD of three independent experiments, *P <
0.05 and ***P < 0.001 versus control.
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compelling evidence that CA has the capacity to trigger
apoptosis through the mitochondria-mediated pathway.
Assessment of the Caspases-3 Activity. As caspase-3

activation is well established as a critical mediator of apoptosis,
CCA cells were treated with 20 μM CA for 6, 12, and 24 h, and
caspase-3 activity was assessed. CA significantly increased
caspase-3 activity in both KKU-213A and KKU-213B cells
relative to the control group at 0 h in a time-dependent
manner (Figure 5). Therefore, CA induced apoptosis in CCA
cells through mitochondria-mediated apoptotic and caspase-
dependent pathways.
Evaluation of Stability and Binding Hotspot of the

CA/Bcl-2 Complex. The structural stability and dynamic
behavior of the CA/Bcl-2 complex were determined using
various parameters, including root-mean-square displacement
(RMSD), the number of atomic contacts (#contacts) between
CA and Bcl-2, and the solvent-accessible surface area (SASA)
within 5 Å of ligand. The results showed that the fluctuation of
RMSD values, #contacts, and SASA values were relatively low
with values of approximately 1.5−2 Å, 10−15, and 400 Å2,
respectively, after 20 ns until the end of the simulation period

(Figure 6A), suggesting the high stability of CA/Bcl-2 complex
in an aqueous environment. Based on these results, the last 20
ns MD snapshots were extracted for further analyses.
To evaluate the key binding residues involved in the binding

of CA to the Bcl-2 target, the per-residue decomposition free
energy (ΔGbindresidue) was calculated using molecular mechanics/
generalized Born surface area (MM/GBSA) method. As shown
in Figure 6B, four residues (i.e., F104, Y108, N143, and R146)
were associated with the binding interactions of CA. As
previously reported, Bcl-2 consists of four different domains:
BH1 (residues 136−155), BH2 (residues 187−202), BH3
(residues 97−112), and BH4 (residues 11−30) domains.31
Consequently, N143 and R146 are located within the BH1
domain of Bcl-2, whereas F104 and Y108 reside in the BH3
domain. Among these four residues, the positively charged
R146 exhibited the highest electrostatic contribution to the
binding of CA. It should be noted that CA formed strong H-
bonds with N143 and R146 amino acid residues of Bcl-2
(more than 80% H-bond occupations, Figure 6C). The
residues N143 and R146 of the BH1 domain and F104 and
Y108 of the BH3 domain were reported to be critical for

Figure 3. Assessment of ΔΨm using JC-1 staining in KKU-213A (A) and KKU-213B (B) cells. Representative images of JC-1 staining are shown,
magnification, ×200. Cells were exposed to 15, 20, and 25 μM CA for 24 h and stained with JC-1, a membrane potential sensitive fluorescent dye.
Red channel: JC-1 aggregate form; green channel: JC-1 monomeric form; merged images. Red to green fluorescence intensity was quantified using
ImageJ software (n = 3 for each group). Data are expressed as mean ± SD of triplicate experiments, ** and *** represent P < 0.01 and P < 0.001,
respectively.
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binding with (i) small-molecule Bcl-2 inhibitors, including
TW-37,32 2,3-dicyanophenanone derivatives,33 disarib,34 and
pyrogallol derivatives;35 (ii) p53 tumor suppressor protein; and
(iii) proapoptotic Bax protein.36 All of the aforementioned
compounds depend on the interaction of amino acid residues
located within the BH1 and BH3 domains of Bcl-2. Taken
together, these findings suggested the potential for CA to affect
Bcl-2, causing apoptosis in CCA cells. However, it is crucial to
note the limitations of this work, most notably, the lack of
information regarding the binding activity between CA and
Bcl-2.

■ CONCLUSIONS
Our findings unveil, for the first time, the anticancer activity of
CA in CCA cells. Specifically, CA inhibited cell proliferation

and induced apoptosis primarily through the mitochondria-
mediated apoptosis pathway. Moreover, we elucidate the
molecular mechanism through which CA influences mitochon-
dria-mediated cell death, involving an increase in the
proapoptotic protein Bax-to-antiapoptotic protein Bcl-2 ratio,
enhanced cytochrome c release, and a decrease in ΔΨm, and
subsequent activation of caspase-3. MD simulations suggested
a potential interaction between CA and Bcl-2. By shedding
light on these delicate cellular processes, our study provides a
deeper understanding of the underlying antitumor mechanism
inherent to CA. Overall, this not only establishes a foundation
for potential therapeutic applications of CA in CCA treatment
but also holds the promise of paving the way for future
developments in CA-based therapeutics.

Figure 4. Effects of CA on the Bax/Bcl-2 ratio (A,B) and cytochrome c levels (C,D) in KKU-213A and KKU-213B cells after treatment with 20 μM
CA for 0−24 h detected using western blot analysis. Data are expressed as mean ± SD of triplicate experiments, * and ** represent P < 0.05 and P
< 0.01, respectively. Representative images of three independent western blot experiments are shown.
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■ MATERIALS AND METHODS
Chemicals. CA (CA; ≥98%) was purchased from

ChemFaces (Wuhan, China). Ham’s F12 complete media,
trypsin, fetal bovine serum, penicillin, and streptomycin were
supplied by Gibco (MA, USA). 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT; ≥98%) was
purchased from Merck KGaA (Darmstadt, Germany).
Dimethyl sulfoxide (DMSO; ≥99.9%) was purchased from
RCI Labscan Limited, Bangkok, Thailand. Rabbit anti-Bax
polyclonal antibody and rabbit anti-Bcl-2 polyclonal antibody
were purchased from Proteintech (IL, USA). Rabbit anti-
cytochrome c monoclonal antibody was obtained from Cell
Signaling, MA, USA.
Cell Lines and Cell Culture. KKU-213A (JCRB1557) and

KKU-213B (JCRB1556) CCA cell lines, obtained from the
Japanese Collection of Research Bioresources (JCRB) Cell
Bank and Cholangiocarcinoma Research Institute (CARI),
Khon Kaen University, Khon Kaen, Thailand, were cultured in

Ham’s F12 complete medium (Gibco, MD, USA), which was
supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 μg/mL streptomycin. The cells were
maintained at 37 °C in a humidified atmosphere containing 5%
CO2. The culture medium was changed every other day.
Subculturing was performed when the cells reached an
approximate confluence of 80%.
CA Preparation. To prepare a 50 mM stock solution of CA

in 100% DMSO, CA was dissolved in DMSO, aliquoted, and
stored at −20 °C until use. The stock solution was diluted in
complete medium to reach a final concentration of 125 μM CA
containing 0.25% DMSO. Different concentrations of CA were
prepared by diluting the solution with 0.25% DMSO in
complete medium.
Cytotoxicity Assay. CCA cell lines (3 × 103 cells/well in

100 μL) were seeded in 96-well culture plates. Following a
culture period of 16 h, cells were treated with various
concentrations of CA (5, 10, 15, 20, 25, and 30 μM) in

Figure 5. Caspase-3 activity of CA-treated KKU-213A (A) and KKU-213B (B) CCA for 0−24 h. Data are expressed as mean ± SD of triplicate
experiments, * and ** represent P < 0.05 and P < 0.01, respectively.

Figure 6. (A) Time evolution of RMSD, #contacts, and SASA of the CA/Bcl-2 complex. (B) (top) ΔGbindresidue of CA in complex with Bcl-2 and
(bottom) the vdW (ΔEvdW + ΔGsolv,nonpolar, blue) and electrostatic (ΔEelec + ΔGsolv,polar, red) energy contributions from each residue of Bcl-2 to the
binding of CA. (C) Percentage of H-bond occupation of Bcl-2 contributing to the binding of CA.
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complete medium containing 0.25% DMSO in triplicate for 24
and 48 h. Control-untreated cells were cultured in complete
medium containing 0.25% DMSO. Subsequently, cell
morphology was observed under an inverted microscope
(Zeiss Axiovert 40, Germany). After 24- and 48 h incubation,
the culture medium was removed, and 100 μL of 0.5 mg/mL
MTT reagent was added to each well. The plate was incubated
in the dark at room temperature for 2 h. After removing the
MTT reagent, 100 μL of DMSO was introduced into each
well. The plate was incubated for an additional 10 min, and the
absorbance was measured at 540 nm using an ELISA
microplate reader (Sunrise Tecan, Zurich, Switzerland).
Apoptotic Cell Analysis. CCA cells (8 × 104 cells/well in

2 mL) were seeded into six-well culture plates in triplicate.
After culturing for 16 h, cells were treated with various
concentrations of CA (15, 20, and 25 μM) in complete
medium containing 0.25% DMSO and incubated for 24 h.
Control-untreated cells were cultured in complete medium
containing 0.25% DMSO. Cellular suspensions were collected
and subjected to centrifugation at 2000 rpm for 5 min. Cell
pellet was resuspended in 100 μL of binding buffer, pH 7.5.
Annexin V-FITC and PI were added as per the manufacturer’s
instructions (Annexin-V-FLOUS Staining Kit, BD Biosciences,
NJ, USA). Cell suspensions were incubated in the dark at room
temperature for 15 min. The stained cells were analyzed using
flow cytometry with a FACSCanto II instrument (BD
Biosciences, NJ, USA) and FlowJo Software version 10 (BD
Biosciences, NJ, USA).
Mitochondrial Membrane Potential (ΔΨm) Measure-

ment. CCA cells (3 × 104 cells/well in 200 μL) were seeded
into 24-well culture plates in triplicate. After culturing for 16 h,
cells were treated with different concentrations of CA (15, 20,
and 25 μM) in complete medium containing 0.25% DMSO for
24 h. Control-untreated cells were cultured in complete
medium containing 0.25% DMSO. Subsequently, cells were
stained with JC-1 dye, a component of the JC-1 mitochondrial
potential assay kit (Cayman Chemical, MI, USA). Changes in
ΔΨm were assessed under a confocal laser scanning micro-
scope (Zeiss LSM 980 with Airyscan 2, Jena, Germany) at an
excitation/emission wavelength of 485/535 nm. Their red/
green fluorescence intensities were quantified by ImageJ
software.
Caspase-3 Activity Detection. To detect caspase-3

activity, a colorimetric assay was performed (caspase-3 assay
kit; Abcam, Cambridge, UK) following the manufacturer’s
instructions. Briefly, CCA cells (approximately 3 × 106 cells)
were seeded into a 10-cm culture dish and incubated for 16 h.
Cells were exposed to 20 μM of CA for 6, 12, and 24 h. The 0-
h time point was utilized as a control. Cells were trypsinized
and resuspended in 50 μL of chilled cell lysis buffer and
incubated on ice for 10 min before centrifuging at 10,000 g for
1 min. The supernatant (cytosolic extract) was collected.
Protein concentration was measured using the Pierce
bicinchoninic acid (BCA) assay kit (Thermo Scientific, MA,
USA) and adjusted to 100 μg protein per 50 μL of cell lysis
buffer. The supernatant was then added to a mixture of 50 μL
of 2× Reaction buffer containing 10 mM dithiothreitol
(DTT).DEVD (aspartic acid, glutamic acid, valine, aspartic
acid)-p-nitroaniline (5 μL, 4 mM) was introduced to the
mixture, which was incubated at 37 °C for 1 h. Absorbance at
405 nm was measured using an ELISA microplate reader
(Sunrise Tecan, Zurich, Switzerland).

Western Blot Analysis. KKU-213A CCA cells (2 × 107
cells) and KKU-213B CCA cells (3 × 107 cells) were seeded in
10-cm culture dishes, cultured for 16 h, and exposed to 20 μM
CA for 6, 12, and 24 h. The 0-h time point was used as a
control. Cells were washed with PBS and lysed with
radioimmunoprecipitation assay buffer, which contained a
protease K inhibitor cocktail [0.5 M NaF, 0.2 M NaVO4, 1 M
Tris-HCl at pH 7.5, 0.5 M EDTA, 2.5 M NaCl, 10% sodium
dodecyl sulfate (SDS), and deionized water]. Protein
concentration was measured using the Pierce BCA assay kit
(Thermo Scientific, MA, USA). Subsequently, 20 μg of protein
was separated by 10% SDS-polyacrylamide gel electrophoresis,
transferred to a polyvinylidene fluoride membrane (Bio-Rad,
CA, USA), and blocked with Tris-buffered saline with 0.1%
Tween 20 (TTBS) containing 5% skim milk for Bax and Bcl-2
or 5% bovine serum albumin (BSA) for cytochrome c for 1 h at
room temperature to prevent nonspecific binding. The
membrane was incubated with anti-Bax in 1% skim milk
(1:2000) anti-Bcl-2 in 5% skim milk (1:2000) or anti-
cytochrome c in 5% BSA (1:1000). After overnight incubation
at 4 °C, the blot was probed with the corresponding
horseradish peroxidase-conjugated secondary antibodies (anti-
rabbit at 1:4000 dilution in TTBS for Bax, antirabbit at 1:4000
dilution in 5% skim milk for Bcl-2, and antirabbit at 1:2000
dilution in TBS for cytochrome c) for 1 h and rinsed with
TTBS. The signals were detected using enhanced chemilumi-
nescence reagent (GE Healthcare UK Ltd., UK) using a
Biomolecular imager/ImageQuant 800 (Cytiva, Amersham,
UK).
MD Simulations. System preparation: the crystal structure

of Bcl-2 (PDB ID: 6GL8)37 was downloaded from the Protein
Data Bank. The structure of CA (ID 6918774) was obtained
from the PubChem database. The protonation states of CA
were determined at pH 7.4 using MarvinSketch, while those of
all ionizable amino acids of Bcl-2 were characterized at the
same pH using the PROPKA 3.0 web server. The CA/Bcl-2
complex was prepared using the CDOCKER module
implemented in Accelrys Discovery Studio 2.5Accelrys Inc.. The
partial atomic charges and parameters of CA were computed
using the semiempirical AM1-BCC charge model. The force
fields AMBER GAFF2 and ff14SB were applied for the ligand
and protein, respectively. The LeaP module was employed to
add missing hydrogen atoms and TIP3P water molecules38 to
the system. After that, the whole system was energetically
minimized using 1500 steps of the steepest descent and 1500
steps of conjugated gradient methods.
MD simulations were run under periodic boundary

conditions with the isobaric-isothermal (NPT) ensemble
using pmemd.cuda in AMBER20. The particle mesh Ewald
summation method was employed to treat long-range
electrostatic interactions, while a 10 Å distance cutoff was
applied for the short-range nonbonded interactions. The
SHAKE algorithm was utilized to constrain covalent bonds
involving hydrogen atoms. The system was heated from 10 to
298 K over 100 ps. Then, an MD simulation with a time step
of 2 fs was performed at 298 K and 1 atm until 100 ns. The
CPPTRAJ module39 of AMBER20 was used for structural
analysis, including the RMSD, #contacts, SASA, and hydrogen
bond (H-bond) formation. The ΔGbindresidue value based on the
MM/GBSA method was calculated on the last 20 ns of the
simulation.
Statistical Analysis. Three independent triplicates were

performed for each experiment. Data were presented as mean
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± standard deviation. Statistical significance between groups
was evaluated using Student’s t test. A p-value of <0.05 was
considered statistically significant. All statistical analyses were
conducted using GraphPad Prism 8.0.2 (GraphPad Software
Inc., USA).
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