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ABSTRACT 
Melanoma is one of the most aggressive types of cancer, which has shown a tremendous surge in the last 50 years. 
Therapy for advanced-type melanoma is still a challenge because of the low response rate and 10-year survival. 
Therefore, drug discovery efforts need to be made to fight this cancer. To date, the development of big data and 3D 
has made it easier for researchers to understand the structure of proteins or enzymes that play an important role as 
receptors in melanoma cancer to be used as specific targets for diagnosis and therapy, for instance, the B-Raf V600E. 
This study examined the potential of active compounds from microalgae for developing melanoma anticancer drugs. 
The database was constructed using data mining from MarinLit and the related publications from 1970 to 2020. In 
silico methods such as molecular docking, virtual screening, and molecular dynamic simulations were used to find 
the most potential candidates. A total of 25 compounds passed the virtual screening stage. The top three compounds 
based on the binding free energy compared to a natural ligand and commercial drug are cholesta-5,7-dien-3beta-ol, 
24-oxocholesterol acetate, lathosterol, and two additional compounds, phycocyanin and phycocyanobilin, were also 
selected due to their massive production from the most commonly cultured microalgae worldwide, Arthrospira sp. 
(previously known as Spirulina sp.). Furthermore, ADME analysis and toxicity tests were also carried out. Molecular 
dynamics simulation showed that phycocyanin was the best potential candidate for melanoma anticancer drugs, with 
free binding energies ranging from −65 to −80 kcal/mol. This result was also supported by root mean square deviation, 
root mean square fluctuation, and distance parameter data. This study may accelerate molecular research in producing 
therapeutic compounds for melanoma cancer, thus allowing it to continue developing pharmaceutical products that 
benefit human health.

INTRODUCTION
Melanoma is the deadliest skin cancer that arises due to 

genetic mutations in cells that produce melanin, called melanocytes 
(Domingues et al., 2018). Melanoma represents less than 5% of all 
malignancies. However, most skin cancer deaths are caused by 
melanoma (Matthews et al., 2017). The mitogen-activated protein 
kinase (MAPK) pathway plays a role in cell proliferation-related 
cancer growth. Among the three isomers of Raf kinase (A-Raf, 
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B-Raf, and C-Raf) in the MAPK pathway, B-Raf kinase is rated 
as the most crucial activator based on its mutation frequency 
(Mercer and Pritchard, 2003). Particularly in skin melanoma, 
the B-Raf kinase mutation rate ranges from 50% to 70%, and the 
most common is the conversion of valine to glutamic acid, known 
as B-RAF V600E (Luebker and Koepsell, 2019; Tuveson et al., 
2003). In addition, several studies have also shown that mutations 
of valine to lysine (V600K) are also common (Jakob et al., 2012; 
Long et al., 2011). Therefore, B-Raf could be a potential target in 
developing anticancer drugs.

B-Raf inhibitors can be an option to treat metastatic 
melanoma (Belter et al., 2017). Two B-Raf inhibitor drugs that the 
FDA has approved for the treatment of B-RAF V600E/K mutant 
melanoma are vemurafenib and dabrafenib (Luebker and Koepsell, 
2019). Administration of vemurafenib to patients with B-Raf V600 
mutant metastatic melanoma showed excellent clinical response, 
and the mean overall survival was about 16 months (Sosman et al., 
2012). Although the use of B-Raf inhibitors in the treatment of 
cancer has shown clinical success, there are side effects that lead 
to drug resistance, so it is necessary to find potential new entities, 
such as a B-Raf inhibitor (Zhang et al., 2017). The use of natural 
products as potential drugs could be an alternative option. More 
than 70% of medicinal products for clinical use come from natural 
products, and this also extends to cancerous cancers, which use 
natural products for chemotherapy drugs nowadays (Carranza and 
Newman, 2012).

The computational-based study is promising to 
be the first step in melanoma drug discovery. Technological 
developments in the field of molecular biology have discovered 
methods to identify protein structures. The discovery of these 
proteins supports computational methodologies to become a 
critical component in drug discovery and development strategies, 
from knowing hits to lead optimization and approaches such as 
ligand-based or virtual screening techniques (Meng et al., 2012; 
Wu et al., 2017). In general, the manufacture of drugs costs more 
than 1 billion USD and takes more than 10 years (Hughes et al., 
2011). The development of computational or in silico methods 
reduces the number of molecules made and tested in vitro and in 
vivo; this kind of method helps relieve the time and costs needed 
(Ekins et al., 2007).

Microalgae have been known to produce various 
secondary and primary metabolites that could be developed 
as anticancer agents. They are considered sustainable aquatic 
resources that contain various active compounds (De Morais 
et al., 2015; Gastineau et al., 2014; Prasetiya et al., 2020, 2021). 
According to preliminary studies, several active compounds 
isolated from both freshwater and marine algae are known to 
repress the growth rate of cancer cells by increasing immunity and 
forming immunity to fight cancer cells (Fu et al., 2017; Gastineau 
et al., 2014; Jin et al., 2017; Martínez Andrade et al., 2018). As 
one of the biggest archipelago countries, Indonesia has numerous 
algae from various species. Unfortunately, they have not been 
used optimally (Hutomo and Moosa, 2005). Therefore, innovation 
is needed to optimize the use of microalgal resources, especially 
as therapeutic agents.

Previous in silico studies regarding inhibitor candidates 
for antimelanoma also used the B-Raf V600E as their target. 
However, these mostly focused on the design and synthesis of drug-

like compounds and are limited to molecular docking simulations 
(Dong et al., 2013; Luo et al., 2008; Umar et al., 2021; Wang et al., 
2017). Recent molecular dynamics studies showed the interactions 
of B-Raf V600E with synthetically designed compounds with 
less than 50 ns length simulations (Kaboli et al., 2018; Wu et al., 
2021), while this research performed 200 ns length of simulations 
to observe their representative characteristics and interactions. 
Our study aimed to obtain insight into the B-Raf kinase receptor’s 
structure and identified which bioactive compounds can be used 
as potential inhibitors of B-Raf from microalgae. In addition, 
we retrieved a list of bioactive compounds from an established 
database and got a lead compound for the development of 
melanoma cancer drugs.

MATERIALS AND METHODS

Software and data collection 
Molecular docking simulations were performed using 

the AutoDock 4.2 software downloaded from the Scripps Research 
Institute website (http://autodock.scripps.edu/). Visualization of 
the docking results was carried out with the BIOVIA Discovery 
Studio Visualizer 2021 and LigPlot+ (Laskowski and Swindells, 
2011). The crystal structure of the B-Raf protein and its natural 
ligand (PDB ID: 4MNF,6Q0K) was retrieved from the Protein 
Data Bank (Haling et al., 2014; Park et al., 2019). The other 3D 
structures of ligands, the candidates of inhibitors, were obtained 
from PubChem. As for the drawing of the 2D structure, the 
ChemSketch 2021.1.2 (ACD/Labs) program was also used. 
Data collection strategies and the structure of compounds from 
microalgae potential as anticancer agents were carried out by 
searching the MarinLit database (http://pubs.rsc.org/marinlit/) and 
searching publications related to active compounds from aquatic 
organisms from 1970 to 2020 (Fig.1) 

Homology modeling of B-Raf V600E
The alignment of the B-Raf V600E mutant protein 

sequence compared to the other B-Raf protein sequence from the 
Protein Data Bank (PDB ID: 4MNF, 6Q0K) has shown a gap in 
the sequence around the mutation. Therefore, this study modeled 
the full length of the native B-Raf receptor and the V600E mutant 
using Modeller 10.1 to investigate further anticancer melanoma 
candidates through molecular docking, virtual screening, and 
molecular dynamics simulation. PROCHECK (Laskowski et al., 
1993) and the DOPE profile comparison of the model and template 
(Webb and Sali, 2016) were used to evaluate the B-Raf V600E 
models (Destiarani et al., 2020). These methods were able to rule 
out the protein structure with imprecise stereochemical features 
such as steric hindrance, improper hydrogen bonds, and distorted 
bond angles.

Ligand preparation and target receptor for molecular 
docking

The B-Raf V600E receptors and all ligands were 
stored in PDB format, including the control ligands, which are 
vemurafenib as a reference drug and GDC0879 as a natural ligand. 
The ligand molecule files were set aside, while the protein files 
were loaded into the AutoDockTools 1.5.6 software for further 
preparation steps. Protein preparation steps include the addition of 
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polar hydrogen and Kollman charge, removing nonpolar hydrogen 
atoms, and converting to pdbqt format (Afriza et al., 2018). File 
conversion to pdbqt format was done to be used for molecular 
docking processes involving AutoGrid and AutoDock (Tao et al., 
2020).

Preparation of the grid and molecular docking parameters
The parameter file grid was prepared with the help of 

AutoDockTools. To adjust the grid and center dimensions, amino 
acid residues located in the range of 5 Å around the residues which 
play an important role in substrate binding are selected. The grid 
box size was set to 20 × 20 × 20, coordinates were set to 18.944, 
−76.64, and 90.261 (as x, y, and z centers of mass, respectively), 
and spacing was set to 1.000 Å. Molecular anchoring was carried 
out using the Lamarck genetic algorithm (GA). A GA was used 
as the search parameter with the number of GA runs of 100, a 
population size of 150, and the maximum number of evaluations 

of 5,000,000 defined in the calculation. Grouping histograms, 
lowest binding energies, and root mean square deviation (RMSD) 
were then analyzed.

Preliminary molecular docking and virtual screening
Redocking and optimization were done using the 

AutoDock program to find the most appropriate coordinates and 
parameters on the active side. The parameters of the redocking 
results observed were amino acid residues and hydrogen bonds, 
and the RSMD value should be less than 2 Å. The Python scripts 
required for the preparation of potential compounds and their 
virtual screening are contained in AutoDockTools/Utilities24 and 
run using PaDEL-ADV. The docking results were then sorted 
based on the binding free energy of these compounds and also 
based on the most histogram groups. Afterward, the compound 
with the lowest binding energy was selected for further analysis 
of the interaction between the ligand compound and its receptor.

Lipinski rules screening
The bioactive compounds that mostly violated Lipinski’s 

rules (in terms of pharmacological characteristics) were discarded. 
According to Lipinski’s rules, a viable candidate for use as an 
orally active medicine should have no more than one violation 
of the following criteria: less than 5 hydrogen bond donors, less 
than 10 hydrogen bond acceptors, molecular weight less than 500 
g/mol, and LogP less than 5 (Yang et al., 2020). The calculation 
of LogP was performed using the SwissADME webserver (http://
www.swissadme.ch/index.php) with the iLOGP algorithm (Daina 
et al., 2014, 2017). However, the two additional compounds 
(phycocyanin and phycocyanobilin) which are produced massively 
from the most cultured microalgae species both in Indonesia 
and worldwide, such as Spirulina platina, Spirulina platensis, 
Spirulina sp., were also used for further analysis.

ADMET analysis
The PreADMET web server (https://preadmet.qsarhub.

com/) was used to analyze anticancer melanoma candidates. 
Several parameters used in this ADMET assessment were HIA and 
Caco2 scores as absorption aspects, PPB and BBB as distribution 
aspects, inhibition ability of CYP2C19, CYP2C9, CYP2D6, and 
CYP3A4 as aspects of metabolism and excretion, and carcinogenic 
and mutagenic potential for aspects of toxicity.

Molecular dynamics simulation
Molecular dynamics simulations were carried out on 

the B-Raf protein system with inhibitor screening results on 
the B-RAF binding site. Molecular dynamics simulations were 
performed by the GPU with the program pmemd.cuda in Amber20 
(Case et al., 2016). The notation of cysteine and histidine residues 
was adjusted according to their chemical environment. The 
TIP3P water molecule model was used as an explicit solvent with 
a minimum distance between the protein and the outer shell of 
10 Å. The system was neutralized and set at a physiological salt 
concentration. Initial minimization was performed using 1,000 
steps of steepest descent. Then, 2,000 steps of conjugate gradient 
minimization were carried out by applying 5 kcal/molÅ2 harmonic 
force resistance. The force resistance was gradually released 
from all heavy atoms (including side chains) to only atoms in 
the mainframe with the same minimization protocol. Finally, 

Figure 1. The in silico method workflow for bioactive compounds screening 
candidates. 
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5,000 steps of unimpeded conjugate gradient minimization were 
performed to eliminate spatial collisions. After that, the system 
was set to 310 K for mimicking the cellular environment in the 
human body, which is around 37°C (Khan et al., 2021; Rizo 
et al., 2022), in increments (0–100 K, 100–200 K, and 200–310 
K for 20 ps each) for 60 ps. Next, the system density and pressure 
were equilibrated for 1,000 ps. The resistance force was released 
gradually during the equilibrium phase. Then, the production stage 
was carried out for 200 ns. The time step in the production phase 
was set to 2 fs. The MD simulation trajectories were then analyzed 
using the cpptraj module in AmberTools21. 

Data analysis and visualization
Molecular dynamics simulation trajectories were 

analyzed visually with the help of VMD. RSMD, root mean 
square fluctuation (RMSF), and distance analysis were calculated 
using the cpptraj module in AmberTools21. The stability of the 
ligand in the B-Raf binding site was analyzed using the RMSD 
trajectory, while RMSF was used in the analysis of the stability of 
the B-Raf protein. The binding energy between the ligands in the 
B-Raf binding site was calculated using the program MMPBSA.
py. Visualization of data was performed using the ggplot program 
in JupyterLab.

RESULTS AND DISCUSSION

Database of anticancer melanoma candidates from 
microalgae

A database of active compounds for anticancer 
melanoma candidates was constructed through literature studies 
from various databases such as MarinLit and Marine Drugs. In 
addition, data on active compounds were also obtained from 
international scientific articles on natural materials from marine 
waters (marine natural products) published from January 1970 to 
December 2019. The collected data were further classified based 
on the type of molecule, physical and chemical characteristics, 
microalgae source, and references. As supplementary information, 
the PubChem ID and the 3D structure of each molecule were also 
provided (Supplementary Table S1).

Virtual screening for inhibitors against B-Raf V600E 
candidates

The B-Raf V600E mutation in which the amino acid 
valine was substituted for glutamic acid is found in more than 60% 
of melanoma patients and can enhance MAPK signaling pathways 
independent of RAS activation (Davies et al., 2002; Wan et al., 
2004). One of the first options for treating metastatic melanoma 
is B-Raf inhibitors (Belter et al., 2017). Purified B-Raf V600E is 
more active than fully activated B-Raf wild type, demonstrating 
that higher signaling output is required for transformation, 
according to steady-state kinetic studies. Despite the fact that 
the V600E mutation provides constitutive kinase activation 
independent of an intact side-to-side dimer interface, it has a larger 
possibility of forming oligomers. Furthermore, it avoids inhibitory 
p-loop phosphorylation in order to achieve the required increased 
signaling output for carcinogenesis (Cope et al., 2019). Hence, the 
objective of this study is to identify bioactive compounds from 
microalgae that are potential inhibitors against B-Raf V600E.

The preliminary molecular docking was carried out to 
collect prior data regarding the affinity between the B-Raf V600E 

receptor and its crystal structure ligand, GDC0879, and the generally 
recognized ligand as a melanoma cancer drug, vemurafenib. It has 
resulted in the lowest binding energy value of −8.33 kcal/mol and 
RMSD of 3.14 Å for the GDC0879 ligand and −8.95 kcal/mol and 
3.95 Å for the vemurafenib ligand. Optimization steps are carried 
out to obtain parameter settings that produce the best binding 
energy values. This optimization process includes the variations in 
the volume of the grid box and the preparation of B-Raf receptors 
through minimization using the Amber20 program. The grid box is 
a critical factor for binding energy because it is the volume of the 
area involved in calculating and processing the energy value data 
itself (Feinstein and Brylinski, 2015). Additionally, the receptor 
preparation also aims to ease the structure of the B-Raf protein and 
minimize its energy, based on the literature that native structures in 
nature generally have the lowest free energies (Norn et al., 2021; 
Yu et al., 2020). The optimization of molecular docking with the 
vemurafenib ligand showed that the grid box 20 × 20 × 20:1 Å 
from the homology-modeled receptor resulted in the best binding 
energy value of −8.95 kcal/mol (Supplementary Table S2).

The virtual screening process was conducted using 
the PaDEL-ADV and AutoDock Vina programs on 54 active 
compounds derived from microalgae. The drug ligand vemurafenib 
was used as a standard and produced binding free energy of −10.4 
kcal/mol so that only compounds with lower binding energy than 
this value could pass. In general, many of those compounds are 
the steroid group, while other compounds which also passed 
are phycocyanin and phycocyanobilin (Table 1). Based on a 
comparison of the docking scores between the candidate ligand 
for B-Raf V600E inhibitor and its natural ligand and the reference 
drug, the three best compounds are steroids, namely, cholesta-
5,7-dien-3beta-ol, 24-oxocholesterol acetate, and lathosterol. The 
phycocyanin and phycocyanobilin were also analyzed because of 
their abundance as metabolites in Spirulina, one of Indonesia’s 
common cultured microalgae. In addition, some literature has also 
mentioned that phycocyanin has the potential as an anticancer 
drug candidate (Jiang et al., 2017; Liao et al., 2016; Ravi et al., 
2015). If we follow Lipinski’s rule of five, both are not qualified 
candidates because their molecular weights exceed 500 g/mol. 
However, in general, several commercial drugs and potential 
drug candidates also do not pass this rule (Doak and Kihlberg, 
2017; Ganesan, 2008). In fact, natural products are frequently 
mentioned as an exception to Lipinski’s rules, because nature has 
learned to preserve the hydrophobicity and intermolecular H-bond 
donor while producing biologically active molecules with high 
molecular weight and a large number of rotatable bonds (Ganesan, 
2008; Newman and Cragg, 2020). For illustration, the two-
dimensional interaction diagram from the docking of these ligands 
shows that the dominant interactions are hydrophobic (Table 2). 
Moreover, some of the amino acid residues on the binding site 
are also consistent with the predictions of the alanine scanning 
results (Supplementary Table S3). Another interaction involved is 
hydrogen bonds, where some atoms in the ligand can also act as 
hydrogen bond donors or acceptors.

ADME analysis and toxicity prediction
The analysis of ADME and its toxicity properties was 

carried out using the PreADMET program to reduce risks in drug 
development (Lee et al., 2003, 2004). The necessity for early 
assessment of ADME features is also becoming more pressing 
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Table 2. The interactions analysis of B-Raf V600E receptor and the binding of its ligands.

No. Ligand’s name 2D Interactions diagram Docking score 
(kcal/mol)

B-Raf V600E’s residues interacting 
with ligand through H-bonding and 

other interactions

1 GDC0879 −9.4 Ala33, Leu57, Leu66, Ile79, Thr81, 
Gln82, Trp83, Cys84, Ser88, Phe135

2 Vemurafenib −10.4
Ala33, Leu66, Val80, Thr81, Gln82, 
Trp83, Cys84, Gly86, Ser87, Ser88, 
Asn132, Asn133, Phe135

3 Cholesta-5,7-dien-
3beta-ol −10.5

Ala33, Leu57, Leu66, Leu67, Phe68, 
Ile79, Val80, Thr81, Gln82, Trp83, 
Cys84, Gly86, Ser87, Glu85, Phe135, 
Asp146, Phe147

Continued
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No. Ligand’s name 2D Interactions diagram Docking score 
(kcal/mol)

B-Raf V600E’s residues interacting 
with ligand through H-bonding and 

other interactions

4 24_Oxochosterol acetate −10.7 Ala33, Leu57, Leu66, Ile79, Gln82, 
Trp83, Cys84, Phe135

5 Lathosterol −10.4

Ala33, Leu57, Leu66, Leu67, Phe68, 
Ile79, Val80, Thr81, Gln82, Trp83, 
Cys84, Glu85, Gly86, Phe135, Phe147, 
Asp146

6 Phycocyanin −9.0
Ile15, Ala33, Leu66, Thr81, Gln82, 
Trp83, Cys84, Glu85, Gly86, Ser87, 
Ser88, Asn132, Asn133, Phe135, Asp146

Continued
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when combinatorial chemistry and high-throughput screening 
are implemented, which can create a large number of potential 
lead compounds (Boobis et al., 2002; Hodgson, 2001). Based 
on the absorption aspect, all candidates were well absorbed 
in the intestine, but on the Caco2 parameter, the three steroid 
compounds showed the highest permeability values (Table 3). In 
terms of distribution, PPB parameters showed that all candidates 
were soluble in blood and well distributed throughout the body, 
except for phycocyanin. However, naturally, phycocyanin binds to 
protein molecules (Grover et al., 2021; Padyana et al., 2001), so 
the possibility of being soluble in the blood is also high. Based on 
the dataset of 150 compounds, within this range, compounds with 
log BB > 0.40 cross the BBB readily while compounds with log 
BB < 0.40 are poorly distributed to the brain (Lobell et al., 2003; 
Ma et al., 2005). It is shown that the three steroid compounds 
have a high chance of crossing the brain barrier, and the same is 
for vemurafenib. Contrarily, phycocyanin, phycocyanobilin, and 
natural ligands will mostly not cross. 

Analysis of candidate compounds as substrates for CYP 
or cytochrome P450, a class of enzymes involved in various drug 
metabolism processes, is needed to estimate possible metabolic 
processes (Lynch and Neff, 2007; McDonnell and Dang, 2013). 
As a substrate, candidate compounds could act as inducers that 
stimulate CYP and increase the activity of these enzymes. It can 
increase the metabolism of other substrates for CYP enzymes by 
reducing exposure to candidate compounds. Contrastingly, as an 
inhibitor that inhibits the activity of the CYP enzyme, it reduces 
the metabolism of other drugs that are substrates for the CYP 
enzyme to increase exposure to the candidate compound itself. 
Vemurafenib is a commercial drug that can act as a substrate for 
three of four types of CYP enzymes. The natural ligands and the 
three steroidal compounds can act as substrates for two types of 
enzymes, while phycocyanin and phycocyanobilin are only for one 
type. However, some drugs may not be metabolized by the CYP 
enzyme pathway (Dixit et al., 2017; Ghosal, 2020). The extensive 
use of metabolic stability screening in drug development, on the 
other hand, has resulted in the identification of new bioactive 

compounds that rely on non-CYP enzymes for clearance and also 
a rise in the number of pharmaceuticals that undergo metabolism 
via these enzymes (Gan et al., 2016). According to the most 
recent data, non-P450 enzymes play a substantial role in the 125 
drugs’ metabolism. Around 30% of those drugs are metabolized 
by the specific non-P450 enzymes, which are aldehyde oxidase 
(1.1%), carbonyl reductases (2.4%), hydrolases (10.8%), and 
glucuronosyltransferases (11.7%) (Cerny, 2016).

Toxicity prediction is critical for public health. Among 
its numerous uses, it could significantly reduce the cost and labor 
of a medication’s preclinical and clinical trials, as many drug tests 
(cellular, animal, and clinical) can be avoided owing to projected 
toxicity (Wu and Wang, 2018). A toxicity test was carried out based 
on the mutagenicity predictions through the Ames test simulation 
and a 2-year simulation of the carcinogenicity test on mice and 
rats. The results showed that all candidate compounds except the 
natural ligand GDC0879 were non-mutagenic. Then, there are also 
positive results for vemurafenib, cholesta-5,7-dien-3beta-ol, and 
24-Oxocholesterol acetate in terms of carcinogenicity. However, 
as genotoxicity test research progresses, it becomes clear that 
many of the drug candidates presently resulting in positive findings 
are either not carcinogenic or carcinogens with a nongenotoxic 
mechanism of action. This implies that many compounds have 
favorable genotoxicity information that is irrelevant to assess 
cancer risk. Some of them might be beneficial medications 
(Friedrich and Olejniczak, 2011; Walmsley and Billinton, 2011).

Molecular dynamics simulation assessment
RMSD analysis shows the average distance between 

atoms (usually the main chain) from the initial state, so it can 
be used to compare changes or shifts in protein conformation. 
Simulation results on the B-Raf V600E complex system with 
GDC0879 and vemurafenib showed a slight change in distance 
(Å) that is not too far from the initial conformation, which was 
approximately 2–3 Å. Stable conformation can be obtained if there 
is a strong enough interaction between the amino acid residues on 
the receptor and the functional groups on the ligands to keep the 

No. Ligand’s name 2D Interactions diagram Docking score 
(kcal/mol)

B-Raf V600E’s residues interacting 
with ligand through H-bonding and 

other interactions

7 Phycocyanobilin −9.4
Ile15, Ala33, Leu66, Thr81, Gln82, 
Trp83, Cys84, Glu85, Gly86, Ser87, 
Ser88, Hie91, Asn132, Phe135, Gly145
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protein molecule compact so that the conformation is not much 
different from the initial state.

Generally, the system’s movement with ligands 
belonging to the steroid group (cholesta-5,7-dien-3beta-ol, 
24-Oxocholesterol acetate, and lathosterol) is much higher than 
that of other systems, as indicated by an RMSD value of about 
5–10 Å. Two other compounds, phycocyanin, and its derivative, 
phycocyanobilin, showed lower RMSD values, where the RMSD 
value pattern of phycocyanin was similar to the receptor system 
with its natural ligands. This shows that for 200 ns of dynamic 
simulation, a strong interaction occurs between the B-Raf V600E 
receptor and phycocyanin ligands (Fig. 2).

The calculation of RMSF is different from RMSD because 
it is carried out on each amino acid residue, each of which composes 
the structure of the native and mutant ND4L-ND6 protein subunits. 
The results of the RMSF analysis can provide information about the 
extent of the fluctuation of each residue during the simulation. This 
can describe the conformational shift of the amino acid residues that 
contributes to the flexibility of the protein. The RMSF value of steroid 
and vemurafenib ligands in certain residue areas is relatively higher 
than the B-Raf V600E receptor system with its natural ligand. On 
the other hand, both the phycocyanin and phycocyanobilin ligands 
showed lower RMSF values. Although in general, the RMSF value 
pattern of each ligand is similar to GDC0879, the natural ligand 
system, the drastic difference in RMSF values occurs in the residual 
region of the loop at the end of the chain so that the movement is 
much more accessible than in other regions (Fig. 3). The difference 
in the relatively higher RMSF value in the area at residues numbers 
30–50 and 160–175 remained below the six range. This indicates 
that the overall dynamics of amino acid residues at the B-Raf 
V600E receptor tend to be stable. Based on the results of the alanine 
scanning analysis, several amino acid residues that are thought 
to have an important role are as follows: Lys35, Leu57, Leu66, 
Ile79, Trp83, Cys84, Phe135, and Phe147 (Supplementary Table 
S3). Some of these residues are also in the range of regions with 
relatively different RMSF values ​​when compared to their natural 
ligand system.

The calculation of the binding free energy (ΔG°) between 
the B-Raf V600E receptor and each of its ligands was carried out 
using the molecular mechanics generalized born surface area 
(MMGBSA) method at every 20 ns interval during the molecular 
dynamics simulations. In addition, the calculation of the standard 
deviation and standard error was also included for each data 
collection. Estimating the correct binding mode and affinity of 
a ligand to its target protein can be done using the MMGBSA 
method. Molecular docking can introduce poses with the correct 
binding mode, and it also can be identified using other methods. 
However, a comparative analysis carried out on the binding free 
energy yields of molecular docking and MMGBSA showed that 
MMGBSA could improve the identification of different binding 
conformations by docking (Ahinko et al., 2019).

Based on the results of the binding free energy values​
obtained, the phycocyanin ligand is considered to be the best 
candidate as an inhibitor because it has the lowest and most stable 
value, which is around −65 to −80 kcal/mol. As for natural ligands, 
commercial drugs and steroid-class ligands generally have almost 
the same value, which is around −40 to −60 kcal/mol, while 
phycocyanobilin has an even higher value of -40 to -30 kcal/mol 
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(Fig. 4). The lower binding free energy value indicates that the 
binding that occurs is getting stronger and more favorable. Based 
on the analysis results, the interaction that generally plays a role in 
binding the ligand to the B-Raf V600E receptor is a hydrophobic 
interaction, where the binding site is also a hydrophobic region.

Distance analysis using the cpptraj program on 
AmberTools21 was carried out to show the average distance 
between the center of mass at the B-Raf V600E receptor and the 
center of mass of the ligands (Fig. 5). During the 200 ns molecular 
dynamics simulations, there will be a shift in the distance between 
the two, which is directly proportional to the stability of the 
binding. Our result demonstrated that the natural ligand GDC0879 
and the phycocyanin ligand have a stable average distance of ~13 
Å, where the density is almost close to one. Vemurafenib and 
the three steroid compounds tend to experience a distance shift 
throughout the simulation, while for phycocyanobilin, the distance 
is relatively stable but much further, which is around ~15 Å. The 
closer the average distance, the more stable the binding between 
the ligand and the receptor. Therefore, according to the binding 
free energy calculation results, phycocyanin also shows the closest 
distance.

The findings of this study have to be seen in the light 
of some limitations. For instance, the database size for bioactive 
compound candidates for antimelanoma is limited. This study 
presented the screening and prediction schemes to lead the 
examination of drug candidates. However, further in vitro analysis 
will be a proven concept and indeed complement these current 
results. 

Previous molecular dynamics studies of B-Raf V600E 
revealed the destabilization of the B-Raf V600E inactive 
conformation but not in B-Raf wild type. The investigation of the 
interaction energies inside the catalytic region shows the presence 
of repulsive electrostatic forces acting on the activation loop of 
the mutant enzymes, commuting from inward to outward (Moretti 
et al., 2006). The V600E mutation disrupts the hydrophobic 
interactions in the wild-type structure, whereas the active state 
is maintained by forming a salt bridge between Glu600 and 

Lys507 (Maloney et al., 2021). The analysis of genes using the 
Comparative Toxicogenomics Database (CTD) depicted that B-Raf 
is one of 221 genes related to the specific melanoma disease and 
involved in activating the MAPK pathway and fibroblast growth 
factor receptor signaling pathway (Davis et al., 2021). Further, 
a more detailed analysis, such as the relations of the compounds 
to transcription factors and miRNAs involved, could be obtained 
using CTD, MicroRNA ENrichment TURned NETwork (http://
userver.bio.uniroma1.it/apps/mienturnet), and the microRNA 
sponge generator and tester (http://www.med.muni.cz/histology/
miRNAsong) (Duc Nguyen et al., 2022; Nguyen and Kim, 2022).

The RMSD pattern of phycocyanin against B-Raf V600E 
is consistent with the preceding simulations using aknadicine 
and 16beta-hydroxy-19svindolinine N-oxide as ligands; the 
most potent inhibitor will have the lowest RMSD value, which 
is the evidence of binding capability (Tang and Chen, 2015). 
Phycocyanin is indicated to have the activity to repress the growth 
of cancer cells as well as trigger an increase in immunity (Liu et al., 
2016). Moreover, it is extracted from marine microalgae, which 
could be a good solution for the demand for sustainable products 
worldwide. Not to mention, Indonesia, as an archipelagic country, 
is rich in marine resources. As the major pigment compound in 
Spirulina, it is responsible for around 50% of light uptake in 
photosynthesis (Mishra et al., 2012; Queiroz et al., 2020) and 
has been shown to have reactive capacity against oxygen species, 
such as hydroxyl radical, alkoxyl radical, and peroxyl radical, that 
presents anti-inflammatory (Tripathi et al., 2021), neuroprotective, 
and hepatoprotective (Fernández-Rojas et al., 2014; Hamouda 
and El-Naggar, 2021) properties. Previous studies showed that 
phycocyanin was also valuable in managing diverse types of 
cancers. For example, it exhibited antitumor activity in carcinoma 
cells, triggering apoptosis by CD59 protein expression in HeLa 
cells (Yang et al., 2014). In addition, high-purity phycocyanin can 
induce the proliferation and differentiation of progenitor cells, also 
activating the macrophage function with the production of IL-I for 
the phagocytic process (Cherng et al., 2007). Thus, it becomes a 
favorable lead compound for drug development. 

Figure 2. RMSD analysis of 200 ns MD simulation of the B-Raf V600E receptor and each of its ligands, the natural ligands (GDC0879), commercial drugs (vemurafenib), 
and candidate inhibitor compounds calculated by cpptraj program in Amber20. Data visualization was created using the ggplot program on JupyterLab.
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Figure 3. RMSF analysis of the 303 amino acid residues making up the B-Raf V600E receptor during the 200 ns simulation. The difference between the native 
and mutant RMSF is indicated by the residue areas 30–50 and residues 160–175, as well as the end of the chain, namely, residues 280–303. Data visualization 
using the ggplot program in JupyterLab.
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CONCLUSION 
The candidates for active compounds produced by marine 

microalgae that have the potential to inhibit the growth of melanoma 
cancer cells have been collected in a new database. The prediction 
of the bioactivity of active compounds from marine algae as B-Raf 
receptor inhibitors on melanoma cancer cells using a virtual screening 
method resulted in the top three candidate compounds based on their 
docking score and the Lipinski rule, which are cholesta-5,7-dien-
3beta-ol, 24-oxocholesterol acetate, and lathosterol. Phycocyanin 
and phycocyanobilin were also further examined because of their 
abundance in Spirulina sp., one of the most cultured microalgae 
in Indonesia. The molecular dynamics simulation showed that 
phycocyanin is the best candidate for melanoma anticancer drugs with 
free binding energy around −65 to −80 kcal/mol. It is also supported 
by the data of RMSD, RMSF, distance parameters, and many previous 
studies. This research provides a lead compound candidate that is 
expected to accelerate molecular research in developing therapeutic 
molecules for melanoma cancer. 
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Figure 4. The binding free energy of the B-Raf V600E receptor and each of its ligands, the natural ligands (GDC0879), commercial drugs (vemurafenib), and candidate 
inhibitor compounds calculated using MMGBSA method during 200 ns molecular dynamics simulations. Data visualization using the ggplot program in JupyterLab.

Figure 5. Histogram of the distance between the B-Raf V600E receptor and its respective ligands for 200 ns of molecular dynamics simulation. The data was obtained 
based on calculations through the cpptraj program and visualized with the ggplot program on JupyterLab. 
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