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Abstract

Kappaphycus alvarezii (Doty) Doty ex Silva, a red seaweed widely cultivated for carrageenan
polysaccharide, is also a potential source of the valuable pigment phycoerythrin (PE). Therefore, this
study aims to extract phycoerythrin from K. alvarezii, evaluate its antimicrobial, antioxidant, and
anticancer activities, and identify its biomedical potential for future therapeutic applications. The protein
content of phycoerythrin pigment extracted from K. alvareziiwas found to be 69.84% and showed
excellent antimicrobial activity against Klebsiella oxytoca and Proteus mirabilis, with a minimum
inhibition zone of 11 mm. It showed significant in vitro antioxidant activity, as analyzed using total
antioxidant, hydrogen peroxide scavenging, reducing power, DPPH, and ABTS assays. Further, the
pigment exhibited potent cytotoxicity against a human lung cancer cell line, with an IC¢j value of 131.7

ug mL™. Furthermore, increasing the concentration of phycoerythrin pigment decreased the cell
proliferation and induced apoptosis, as confirmed by Annexin V/PI staining. Comprehensive
characterization using FT-IR, HPLC, and GC-MS analysis revealed the nature of pigment and functional
groups, highlighting its potential for biomedical applications. The molecular docking of K. alvarezii-
derived compounds revealed significant binding affinities with 13 antibacterial target proteins. These
results highlight the potential of K. alvareziibioactive compounds as promising antibacterial agents. The
phycoerythrin extract from K. alvarezii demonstrated potent antimicrobial, antioxidant, and anticancer
properties, with significant cytotoxicity against lung cancer cells and confirmed apoptosis induction.
Structural analysis revealed its bioactive composition, emphasizing its potential as a natural therapeutic
agent. These findings support its potential application in biomedical and pharmaceutical industry.

Introduction

Marine organisms produce a diversified array of bioactive compounds including carbohydrates, lipids,
proteins, polyphenols, minerals, amines, amides, antioxidants, and pigments with unique molecular
structures and varied biological functions [1]. Currently, these bioactive compounds are recognized as
valuable sources for the food and health care sectors [2]. Therefore, there has been a rising attention in
the research and development focusing on commercial exploitation of marine organisms derived
bioactive primary and secondary metabolites as an ecofriendly and effective alternate for synthetic
drugs [3]. In recent years, the discovery of unique bioactive substances with significant dietary,
nutraceutical and medicinal advantages has attracted significant attention to marine algae.

Marine algae are essential components of the food chain, constituting over 70% of the global living
biomass [2]. Marine algae are photosynthetic organisms both macroscopic and microscopic, that have
garnered attention due to theirimmense potential as a sustainable and environmentally friendly source
for several bioactive compounds [4]. Marine algae or seaweed are growing habitually through
autotrophic, mixotrophic, or heterotrophic ways [5]. The potential of marine algae to be cultivated in
fresh, saline and waste waters, along with their fast multiplication, presents them as an attractive
substitute for diverse products, thereby conserving time and resources [6]. Seaweeds are divided into
three categories based on their photosynthetic pigments: green macroalgae, brown macroalgae, and red
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macroalgae. Among these, red macroalgae account for over 60% of the 30,000 tons of algae produced
globally [7]. A variety of red macroalgae are rich in bioactive compounds, making them a preferred
choice for the production of commercially valuable bioproducts such as biofertilizers, biofuels, colorants,
cosmetics, food, hydrocolloids, nutraceuticals, pharmaceuticals, plant stimulants and thickeners [8].

Kappaphycus alvarezii (Doty) Doty ex. Silva (elkhorn sea moss) of family Solieriaceae, is a red seaweed
(macroalgae) and is the primary carrageenophyte, commercially known as “cottoni”. It is mostly
cultivated to produce commercial kappa-carrageenan hydrocolloids in both habitual and non-indigenous
areas and has gained potential economic value in the seaweed industry. This macroalgae is the fifth
most cultivated in the world, especially in various tropical countries of Asia and Africa, including India [7],
due to its fast growing rates, simple cultivation process, high biomass yield in a short time with high
polysaccharide content, and low investment requirements [9]. It also serves as a food source for local
populations in Southeast Asia and is believed to possess various health benefits. The yellowish, reddish,
green, and brown colors of K. alvarezii are based on the levels of phycoerythrin protein pigment [10]. The
highly variable chemical components and quantities in K. alvarezii are influenced by the cultivation
conditions, including water temperature, salinity, radiation, environmental variables, light level, profundity,
and wave strength. On average, K. alvarezii consists of 50.8% carbohydrates, 15.6% ash, 12.4% sulphated
groups, 3.3% proteins, 3.3% lipids, and 3.0% insoluble aromatics [8]. The literature indicates extensive
use of K. alvarezii for carrageenan extraction. Furthermore, reports suggest that extracts of K. alvarezii
possesses a multitude of essential compounds and high-value molecules with antioxidant and anti-
inflammatory, antitumor, antiviral, antidiabetic, antihyperlipidemic activities, and for neural dysfunction
properties [7, 11, 12].

Cancer is a fatal disease that poses a significant risk to individuals worldwide, ranking as the second
most common cause of mortality in numerous countries. In 2022, the global community experienced

20 million new cases of cancer and 9.7 million fatalities associated with this disease [13]. Lung cancer
ranks among the most common cancers and is a primary contributor to cancer-related fatalities
worldwide [14]. Patients diagnosed with lung cancer encounter a higher risk of meeting bacterial
infections, which can vary from mild cases to those that pose significant threats to life. Both bacteria
and viruses have the capability to trigger inflammatory cells and activate inflammatory signaling
pathways. In particular, Escherichia coli (Migula 1895) Castellani and Chalmers 1919, Pseudomonas
aeruginosa (Schroter 1872) Migula 1900, Staphylococcus aureus Rosenbach 1884, and Klebsiella sp. are
gram-negative bacteria that are often found in the lungs of cancer patients [15, 16]. These bacteria are
often found along with other factors like age-related illnesses, large tumors, and rapid clinical decline
[17]. The currently available cancer medications are come with more physical and psychological side
effects like pain, vomiting, diarrhea, exhaustion, and nausea; thus, the cancer therapies cannot be
considered safe [18]. Consequently, it is essential to explore novel anticancer medications sourced from
nature that are safe, affordable, and less detrimental. The anti-cancer capability of K. alvarezii could be
due to polysaccharides, nutrients, and other metabolites with antioxidant potential [19]. The
phycobiliprotein (PBPs) family includes phycoerythrin (PE), which are macromolecular compounds in
most macroalgal species. These proteins assemble to form a super-molecular protein complex called
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phycobilisome, with linkers joining the sub-units [20]. PBPs from red macroalgae species are essential
as anticancer and anti-bacterial drugs. They have the potential to enhance the efficacy of conventional
anticancer medications while simultaneously mitigating their adverse effects. Additionally, they can
function as photosensitizers for the treatment of infected cells [21].

Microorganisms, medicinal plants, and marine algae are the primary sources of most cancer
medications. Although red seaweed proteins and pigments hold significant prospects for the
advancement of nutraceuticals and pharmaceuticals for cancer treatments, substantial gaps in our
understanding remain [11, 22]. Multiple factors, including their source, extraction methods, and human
physiological reactions, effectiveness of algal compounds, requiring a thorough understanding to fully
harness their advantages and commercial exploitation. Furthermore, the uses of these pigments and
their derivatives in the context of cancer treatment remain largely unexamined. The present study aims
to highlight the anticancer effects of phycoerythrin derived from K. alvareziithrough its application in
human lung cancer cell lines. This article examines the potential of phycoerythrin (PE), a red protein-
pigment complex derived from K. alvarezii, as a promising candidate with potential for anticancer drug
with a possible treatment for lung cancer. The purified phycoerythrin was tested in vitro for its
antimicrobial, antioxidant and anticancer activities, and K. alvarezii derived metabolites was evaluated
for the first time through virtual screening and molecular docking analyses.

Materials and methods
Source of seaweed

The red seaweed K. alvarezii was collected alive and healthy from the Mandapam coast (9.2770°N,
79.1252°E) in Rameshwaram, India, and the formal identification was confirmed. We meticulously
cleaned the seaweed samples in seawater to remove any superfluous material, including epiphytes and
non-living matter, before transporting them to the laboratory in plastic containers. Then, they were
thoroughly cleaned and rinsed with sterile distilled water prior to the extraction process.

Extraction of phycoerythrin

K. alvarezii was cut into small fragments, ground using a sterile pestle and mortar, and transferred to a
250 mL beaker. Sodium phosphate buffer (pH 7.4) was prepared using the required chemicals. The
buffer was added to the ground seaweed, and the mixture was subject to a freeze-thaw cycle at -20°C
and 37°C. The sample was subsequently centrifuged at 8000 rpm for 15 min. The pellet was discarded,
and the supernatant was analyzed for phycoerythrin pigments utilizing a UV/ Vis spectrophotometer at
wavelengths of 562, 615, and 652 nm (Beckman, USA) [23].

Purification of phycoerythrin
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The isolated phycoerythrin pigment was saturated with ammonium sulfate 60% concentration by
continuous stirring at 4°C. Ammonium sulfate was slowly added until saturation was achieved. The
phycoerythrin extract was stirred overnight and then centrifuged at 8000 rpm for 15 min at 4°C. The
obtained pellet was collected, dried, and prepared for further analysis. To partially purify the
phycoerythrin, the extract was subjected to dialysis. The pellet obtained from ammonium sulfate
precipitation was placed in a dialysis bag and dialyzed against sterile distilled water until the bag shrank,
and the pigment was purified. Preliminary purification was further conducted using gel permeation
chromatography with a Sephadex G-100 column. To achieve this process, a 30 x 2 cm column was
prepared and equilibrated with 150 mL of sodium phosphate buffer (pH 7). A 10 mL dialyzed and filtered
phycoerythrin sample was loaded onto the column. A linear gradient of sodium phosphate buffer,
ranging from pH 5 to 8.2, was used to elute the sample. Fractions of 5 mL were collected at a constant
flow rate of 20 mL h™'. The absorption spectrum of the purified phycoerythrin was measured using a UV/
Vis spectrophotometer in the wavelength range of 300—750 nm. The total protein concentration was
determined using Lowry's method.

Characterization of phycoerythrin

Fourier transform infrared (FT-IR) spectroscopy analysis

The Perkin-Elmer FT-IR instrument was used to examine IR spectroscopy of phycoerythrin, facilitating the
analysis of various sulfate, carboxyl, and hydroxyl groups contained in the purified phycoerythrin
pigment.

High-performance liquid chromatography (HPLC) analysis

The phycoerythrin was separated using a C18 system column (LC-10VP Shimadzu) and eluted with
sterile distilled water at a flow rate of 1.0 mL min™' at 20°C. A refractive index detector was used to keep
track of the separated components. HPLC was used to examine the sugar composition of the seaweed
extract after it had been hydrolyzed and treated with methanol. The column was calibrated using
molecular mass standards and a standard curve was established.

Gas chromatography—mass spectrometry (GC-MS) analysis

The GC-2010 (GCM-QP 2010) SHIMADZU gas chromatography apparatus, equipped with a flame-
ionization detector (FID) and a split injector, was used to analyze phycoerythrin. High-purity helium
served as the carrier gas at a flow rate of 1.40 mL min™'. The column temperature was maintained at
200°C, while the splitter temperature was set to 240°C. A 1 yL sample of dichloromethane was injected
through a glass-lined splitter with a split ratio of 1:90. Absorption was measured within the mass-to-
charge (m/z) range of 40 to 800. To facilitate visualization by comparing the mass spectra of the
components with those from the NIST 14 mass spectral database.
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Antibacterial activity of phycoerythrin

The antibacterial activity of phycoerythrin was evaluated using the well-diffusion method against seven
clinical pathogens such as Bacillus subtilis (Ehrenberg 1835) Cohn 1872, Escherichia coli, Klebsiella
oxytoca (Fliigge 1886) Lautrop 1956, Proteus mirabilis Hauser 1885, Pseudomonas aeruginosa,
Staphylococcus aureus, and Streptococcus pyogenes Rosenbach 1884. These bacterial strains were
obtained from the Department of Microbiology, Ayya Nadar Janaki Ammal College, Sivakasi, India. Using
a sterile cotton swab, 24-hour-old bacterial cultures were aseptically swabbed on Mueller-Hinton agar
plates. Wells were loaded with phycoerythrin at a concentration of 30 pug, while Ampicillin at 50 pg
served as positive control. The plates were incubated at 35°C for 24 h. After incubation, the diameter of
the inhibitory zones around each well was measured (mm) and recorded.

In vitro antioxidant activity of phycoerythrin

Determination of total antioxidant capacity

The total antioxidant activity of phycoerythrin was assessed using the method described by [24]. A
reaction mixture was prepared by combining 3.0 mL of reagent solution (containing 0.6 M sulfuric acid,
28 mM sodium phosphate, and 4 mM ammonium molybdate) with 0.3 mL of the phycoerythrin sample.
The mixture was incubated in a water bath at 95°C for 90 min. After 15 min of cooling, the absorbance of
all samples was measured at 695 nm, along with ascorbic acid as a control.

Determination of reducing power

The reducing power of phycoerythrin was determined by using the method described by [25]. A 4 mL
reaction mixture, consisting of phycoerythrin samples at various concentrations in phosphate buffer (0.2
M, pH 6.6), was incubated with 1% (w/v) potassium ferricyanide at 50°C for 20 min. The reaction was
stopped by adding 10% (w/v) trichloroacetic acid (TCA) solution. The resulting solution was mixed with
distilled water and 0.1% (w/v) ferric chloride solution. The absorbance was then measured at 700 nm
using a UV/ Vis spectrophotometer.

Hydrogen peroxide scavenging assay

The free radical scavenging activity of phycoerythrin was determined using the hydrogen peroxide assay
[26]. A 10 mM hydrogen peroxide solution was prepared in phosphate-buffered saline (0.1 M, pH 7.4). To
perform the assay, 1 mL of the extract at varying concentrations (100, 250, 500, 750, and 1000 pg) was
mixed with 2 mL of the hydrogen peroxide solution. The mixture was incubated at 37°C for 10 min. The
absorbance was measured at 230 nm using a UV/ Vis spectrophotometer, with a blank (without
hydrogen peroxide) used as the reference.

DPPH radical scavenging assay

The free radical scavenging activity of phycoerythrin was assessed using the 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) method using spectrophotometry [27]. DPPH, a simple and reliable reagent, was used to
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evaluate the oxidizable groups in natural or synthetic antioxidants. A 0.1 mM DPPH solution in methanol
was prepared, and 1 mL of this solution was added with 3 mL of varying concentrations of phycoerythrin
(100, 250, 500, 750, and 1000 pg). The absorbance was measured at 517 nm after 10 min.

ABTS inhibition assay

The ability of phycoerythrin to scavenge the 2,2"-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) radical was determined using the method described in [28]. ABTS was made by
combining 5 mL of 7 mM ABTS with 88 pL of 140 mM potassium persulfate, and the mixture was kept in
the dark at room temperature for 16 h. The solution was then diluted with 50% ethanol until its
absorbance at 734 nm reached 0.7 + 0.05. For the assay, 5 mL of the prepared ABTS solution was mixed
with 0.1 mL of phycoerythrin at various concentrations (100, 250, 500, 750, and 1000 pg). The final
absorbance was measured at 743 nm using a UV/ Vis spectrophotometer.

In vitro anticancer activity of phycoerythrin

Cell culture

The human lung cancer cell line (A549) was purchased from the National Centre for Cell Science (NCCS),
Pune, and cultured in liquid Dulbecco's Modified Eagle Medium (DMEM) (Sigma, St. Louis, MO, USA)
supplemented with Fetal Bovine Serum (FBS) 10% (v/v) (Biochrom, Berlin, Germany), penicillin 100
pg/mL, and streptomycin sulphate 100 pg/mL. The cells were maintained in an atmosphere of 5% CO,
and 100% relative humidity at 37°C.

MTT assay for cell cytotoxicity

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphentyltetrazoliumbromide] assay was performed to evaluate
the in vitro cytotoxicity of phycoerythrin on A549 cells, as described in [29]. Cultured A549 cells were
harvested by trypsinization and collected into a 15 mL tube. The cells were then plated into a 96-well
tissue culture plate at a density of 1 x 105 cells mL™ at the rate of 200 pL well"" in DMEM media with 10%
FBS and 1% antibiotic solution for 24—-48 h at 37°C. After incubation, the medium was replaced with
serum-free DMEM, and wells were rinsed with sterile Phosphate Buffer Saline (PBS) and treated with
various doses of phycoerythrin. Each sample was performed in triplicate, and the cells were cultured for
24 h at 37°C in a humidified 5% CO, incubator. Following, MTT (20 pL at 5 mg mL™") was added to each
well after the incubation period, and the cells were incubated for another 2—-4 h until purple precipitates
were visible under an inverted microscope observation. Finally, the medium was aspirated within the
wells together with MTT (220 pL) and rinsed with 200 pL of 1x PBS. The formazan crystals were
dissolved by adding 100 pL of Dimethylsulfoxide (DMSO) to each well, and the plate was gently agitated
for 5 min. Absorbance at 570 nm was measured using a microplate reader (Thermo Fisher Scientific,
USA), and the percentage cell viability and IC5, values were calculated using GraphPad Prism 6.0

software (USA).
Apoptosis assay
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A549 cells were planted at a density of 5x10° cells mL™ in a 96-well tissue culture plate in DMEM media
with 10% FBS and 1% antibiotic solution for 24-48 h at 7°C. After incubation, the medium was replaced
with serum-free DMEM, and wells were rinsed with PBS before being treated with 44.33 uyg mL™ of
phycoerythrin. Then, the plate was incubated at 37°C in a 5% CO, incubator for 24 h. Following the
incubation, 10 yL Alexa Fluor and 10 pL propidium iodide were added to the wells, gently mixed, and
incubated for 15 min. Subsequently, 400 pL of 1x Annexin binding buffer was added and gently mixed.
The plate was centrifuged at 800 rpm for 2 min, and the cells were inspected using a fluorescence
microscope with a fluorescent filter within 1 h [30].

Computational analysis
Target preprocessing

In the present study, the multitargeted proteins were chosen for the antimicrobial activity as Spore coat
polysaccharide biosynthesis protein [PDB Id 1H7L], Staphylococcus aureus tyrosyl-tRNA synthetase
[PDB id 1J1J], Isoleucyl-tRNA synthetase [PDB ID QU3], Transcriptional regulator gacR [PDB ID TRKW],
HTH-Type Transcriptional Regulator MgrA [PDB ID 2BV6], YcgJ protein from Bacillus subtilis [PDB ID
2GLU], Dihydropteroate synthase [PDB ID 2VEG], Processed Glycerol Phosphate Lipoteichoic Acid
Synthase 2 [PDB ID 2W8D], DNA Gyrase Subunit B, DNA Gyrase Subunit A [PDB ID 2XCT], DNA
topoisomerase 4 subunit A [PDB ID 3RAE], Dihydrofolate reductase [PDB ID 3SRW], Penicillin-binding
protein 3 [PDB ID 3VSL], Transcriptional regulator MvfR [PDB ID 4JVC] subjected for the molecular
docking studies. These multitargeted proteins were retrieved from the Protein Data Bank (PDB). The
preprocessing steps involved assigning bond orders, adding hydrogens, creating zero-order bonds to
metals and disulfide bonds, converting seleno-methionines to methionine, and filling missing side chains
using the Protein Preparation Wizard of the Maestro platform. The structures were then refined by
optimizing hydrogen bonds and minimizing the structures using the OPLS4 force field (Maestro,
Schrodinger 2021-2, NY, USA).

Molecular docking

The flexible ligand docking parameter was enabled via Glide's XP (extra precision) function, and the
target proteins and ligand molecules were docked using Maestro's Glide docking module. We determined
the optimistic pose of the ligand-protein complex molecule by examining the interaction between the
ligand and protein during docking using the XP pose viewer. We used the ligand interaction module to
acquire the 2D interaction diagram. We subsequently analyzed the acquired XP pose to investigate the
binding interactions of ligand molecules with the target protein [31, 32].

Ligand preparation

The compound extracted from K. alvarezij, including (1,2-Benzisothiazol-3-amine, 2-Ethylacridine, 2,4-
Dimethylbenzo[h]quinoline, 2-bromobutyloxychalcone), has been analyzed and profiled using GC-MS. We
subsequently examined the 3D structures of the resultant compounds, retrieving them in the 3D
structure data file format from the PubChem databases. We employed the LigPrep module to preprocess
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the structures, using the OPLS4 force field to minimize energy and generate 32 different stereoisomeric
and tautomeric states (Schrodinger Release 2021-2: LigPrep, Schrodinger, LLC, NY, 2021).

Statistical analysis

The differences in the measured mean values between the triplicate observations were assessed for
statistical significance using the student’s two-tailed t test. A p value less than 0.05 was deemed
significant.

Results and discussion

K. alvareziiholds significant importance as a red macroalga due to its bioactive compounds, which hold
significant therapeutic potential. Different fields have utilized their diverse, unique, biologically active
substances. The evaluation focused on the antioxidant, antimicrobial, and anticancer properties of the
extract from K. alvarezii. We conducted a chromatographic examination of its phycoerythrin pigment to
gain a deeper understanding of the metabolic constituents involved.

Extraction and purification of phycoerythrin pigment

Phycoerythrin was successfully extracted from microalgae using cell disruption methods such as
sonication, mechanical maceration, and lysozyme treatments [21]. The centrifuged phycoerythrin
pigment extracted from a K. alvarezii exhibited a red color. The purification and recovery involved four
steps. The purity ratio of phycoerythrin, successively with ammonium sulfate (151.24 ug mL™, purity
2.24, recovery 74%) dialysis (338.71 pg mL™, purity 3.39, recovery 35%), and column chromatography
yielded highest concentration and purity (554.12 pg mL™, purity 5.63, recovery 11%) when compared to
crude pigment were reported in Table 1. K. alvarezii phycoerythrin was found to have a protein content of
69.84%. Similar findings were seen by previous researchers [33, 34]. The purification of R-phycoerythrin
from the crude extract of Gracilaria gracilis was achieved using a one-step chromatographic method
with a phosphate buffer of 20 mM at pH 7.1 [35], resulting in a high purity index, with an A565/A280 ratio
of 3.25. This was accomplished through DEAE Sepharose fast flow column on anion-exchange
chromatography, utilizing the fraction obtained at 200 mM NaCl. Compared to this study, our sequential
purification process improves both phycoerythrin purity and concentration. Still, there is a trade-off
between purity and recovery, with significant losses arising at each stage. Further, process optimization
may be necessary to balance recovery efficacy with required purity levels. The selection of the
appropriate cell disruption strategy significantly influences the recuperation of the entire process. Gel
filtration expanded bed absorption chromatography, hydroxyapatite chromatography, and ion exchange
chromatography are among the chromatographic technologies employed for purification.
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Table 1
Phycoerythrin pigment purification and recovery steps

Step Volume PE (pg Purity Recovery
(mL) mL) (A620/A280) (%)

Crude pigment 100 78.43 0.95 100

Ammonium sulfate precipitation of 15 151.24 2.24 74

pigment

Dialysis of pigment 10 338.71 3.39 35

Sephadex G-100 Column 5 554.12 5.63 11

chromatography of pigment

Characterization of phycoerythrin

FT-IR analysis

The phycoerythrin bond and functional group analysis of FT-IR is shown in Fig. 1. The peak 3446.56 cm’’
shows in O—H stretch and H-bonded stretching vibration presence of alcohols and phenols. The peak
3130.25 cm™ was present in the O—H stretching vibration functional group of carboxylic acids. The peak
was 2920.99 cm™ C-H stretching vibration presence of alkanes. The peak 1719.42 cm™ C = O stretching
vibration presence of alpha, beta—unsaturated esters. The peak 1610.45 cm™, 1528.48 cm™" and 1443.62
cm™ C-C stretch (in—ring) presence of aromatics. The peak 1383.83 cm™, 1264.25 cm™, 1139.85 cm’”
and 1056.92 cm™ C-0 stretch presence of alcohols, carboxylic acids, esters, ethers. The peak 994.24
cm™,951.81 cm™, 865.01 cm™, 816.80 cm™, 761.83 cm™ and 619.11 cm™ =C—H bend alkenes. The peak
535.21 cm™' C-Br stretching vibration presence of alkyl halides. The FT-IR spectra is used to examine
functional groups or chemical bonds within a molecule of an interaction system; it is used to analyze the
functional groups or chemical bonds present in that molecule. Prior to extraction, the spectra display the
absorption bands of DES at 1472 cm~" and dialyzed R-PE at 1074 cm~". FT-IR analysis of C-phycoerythrin
(CPE) showed significant changes in the amide lll, indicating interactions within the side chains. The
protein backbone, on the other hand, seemed to have stayed mostly the same [36].

HPLC analysis

HPLC analysis of phycoerythrin showed in Fig. 2. The obtained peaks were 2.110 (kaempferitrin), 2.823
(y- tocopherol), 3.060 (B-sitosterol) and 4.353 (corilagin). Similar types of compounds were detected in a
rapid two-step chromatographic technique for the purification of B-phycoerythrin from Porphyridium
cruentum (S.F.Gray) Nageli is presented [37]. The separation of its a-, B-, and y-subunits was successfully
accomplished using a reversed-phase HPLC gradient semipreparative approach. This involved a C4
large-pore column, and a solvent system made up of 0.05% trifluoroacetic acid (TFA) in water and 0.05%
TFA in acetonitrile.
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GC-MS analysis

GC-MS analysis of the phycoerythrin revealed the following compounds such as 16.832 (-2-
bromobutyloxychalcone), 17.024 (2-Ethylacridine), 17.072 (1,2-Benzisothiazol-3-amine) and 17.148
(Benzolh]quinoline, 2,4-dimethyl-) within the peaks shown in Fig. 3. According [38], researchers collected
Gracilaria corticata from Mandapam and subsequently identified and characterized it using GC-MS.
Researchers prepared and analyzed the methanol extract using GC-MS to identify the various bioactive
compounds present in the seaweed. The analysis identified a variety of bioactive compounds, including
undecane, 2-decyloxirane, methyl n-tridecanoate, n-hexadecanoic acid, eicosanoic acid, nonanoic acid,
oleic acid, pentadecanoic acid, bicycle [3.2.1] oct-3-en-2-one, 3,8-dihydroxy-1-1methoxy-7-(7-methoxy-1, 3
benzodioxol-5-yl)-6-methyl-5, N-(5-chloro-2-hydroxyphenyl) dodecanamide, and cholesta-8,24-dien-3-ol, 4-
methyl. This research work examined the bioactive compounds derived from the methanol extract of
seaweed through GC-MS analysis, highlighting their significant antimicrobial and free radical scavenging
activities.

Antibacterial activity of phycoerythrin

The antibacterial activity of phycoerythrin (30 pg) was evaluated against seven clinical pathogens. The
maximum zone of suppression was found on Klebsiella oxytoca (20 mm), followed by Escherichia coli
(17 mm), and Pseudomonas aeruginosa (18 mm), though generally less effective than Ampicillin (50 pg),
which exhibited inhibition zones of 17-23 mm shown in Table 2. Similarly [39], the phycoerythrin of
Microchaetes has antibacterial activity against human pathogens. Increasing the concentrations of
phycoerythrin to 0.1 mg mL-" resulted in a higher percentage of inhibition across all bacterial strains
tested. The antibacterial action of macroalgae involves changing the permeability of pathogen cells. This
alteration leads to the loss of macromolecules, disrupts membrane functions, and ultimately results in
the destruction of the bacterial cells [40, 41]. Research has demonstrated the effectiveness of seaweeds
such as K. alvarezii, Kappaphycus striatum, and Ulva lactuca L. with antagonistic effects against human
pathogenic bacteria [42].
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Table 2
Antibacterial activity of phycoerythrin

S.No Bacterial pathogens Ampicillin 50 pg (mm)  Phycoerythrin 30 pg (mm)
1 Bacillus subtilis 17 12
2 Escherichia coli 20 17
3 Klebsiella oxytoca 23 20
4 Proteus mirabilis 19 11
5 Pseudomonas aeruginosa 21 18
6 Staphylococcus aureus 21 13
7 Streptococcus pyogenes 18 15

Antioxidant activity of phycoerythrin pigment

The phycoerythrin pigment showed a total antioxidant capacity of 73.27 + 0.43%, reducing power of
71.09 + 0.23%, hydrogen peroxide scavenging activity of 67.54 + 0.41%. Also, it showed 58.13 + 0.99%
activity in the DPPH, and 61.92 + 0.34% in the ABTS assay, portraying its antioxidant potential (Table 3).
Previous studies also proved the antioxidant potential of phycoerythrin from multiple seaweed sources.
According to [43], hydrophilic PBPs from red macroalgae, have antioxidant activity against free radicals
and selenium in vitro and in vivo. According to [44], phycoerythrin has antioxidant, anti-inflammatory, and
hepatoprotective effects that are advantageous to human health. Algal antioxidants are divided into two
types [45]. The water-soluble antioxidants include vitamins, PBPs, and polyphenols, while the fat-soluble
antioxidants consist of carotenoids and tocopherol. The scavenging amount of DPPH radical by purified
phycoerythrin varied with concentration, showing a concentration-dependent relationship, with an ICs,

value of 0.043 mg mL™, in contrast to 0.031 mg mL"" for ascorbic acid [39]. This indicates that
phycoerythrin serves as an effective free radical scavenger, exhibiting DPPH scavenging properties
comparable to those of ascorbic acid. The scavenging percentage of the ABTS radical by natural

phycoerythrin varies with concentration. Phycoerythrin exhibited an ICs, of 0.023 mg mL™, in contrast to
Standard Butylated Hydroxyl Toluene (BHT), which had an IC<, of 0.031 mg mL™. Phycoerythrin exhibits
comparable ABTS scavenging activities to BHT and serves as a potent free radical scavenger [39]. The

radical scavenging capacity of extracts of Nostoc linckia at 5 mg ' improved with increasing PBPs
content [46]. PBPs inhibits the generation of reactive oxygen species and hence the risk of diseases
including cancer, diabetes, inflammation, and neurological diseases [47].
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Table 3
Percentage of in vitro antioxidant activity of phycoerythrin

S.No Antioxidant activity Phycoerythrin
1 Total antioxidant capacity 73.27 £0.43%
2 Reducing power 71.09+£0.23%
3 Hydrogen peroxide scavenging assay 67.54+0.41%
4 DPPH 58.13+0.99%
5 ABTS 61.92+0.34%

Anticancer action of phycoerythrin pigment
Cytotoxicity of cells by MTT assay

This study utilized the MTT assay to investigate the ways phycoerythrin affects the growth of A549
cancer cells. The cells endured culture for a duration of 24 h across a range of phycoerythrin
concentrations. The viability of the cells was assessed through the MTT assay following a 24-hour
incubation period. The alterations in the morphology of human lung cancer cells were observed
following treatment with varying concentrations of phycoerythrin, as detailed in Table 4. The test showed
a clear relationship between dosage and the level of toxicity in A549 human lung cancer cells. The cell
viability showed a decline from 91.24 + 0.09% at a concentration of 50 ug mL™ to 46.36 + 0.16% at 500
pg mL". Significant reductions were also observed at 200 pg mL™" (74.29 + 0.07%) and 400 ug mL"™
(54.85 + 0.11%), emphasizing its promise as a potential anticancer agent. The concentrations of
phycoerythrin at 50 pg mL™ and 100 pg mL" indicated the presence of viable human lung cancer cells.
The concentration of 100 pg mL™" of phycoerythrin showed the existence of both viable and non-viable
cells. The levels of phycoerythrin between 200 and 400 ug mL™" indicated a minimal count of visible cells

(Fig. 4).
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Table 4
Viability of human lung cancer cells on cytotoxicity of

phycoerythrin

S.No  concentration (ugmL") ~ Cell viability (%)
1 Control 100 +£0.02

2 50 91.24+0.09

3 100 82.59+0.12

4 200 74.29+0.07

5 300 69.04+0.14

6 400 54.85+0.11

7 500 46.36+0.16

Human lung cancer cells treated with phycoerythrin experience growth inhibition. The tested sample
exhibited an IC5 value of 131.7 uyg mL-". Ultimately, as the concentration of phycoerythrin increased, the

presence of the cell steadily reduced. It is important to note that phycoerythrin demonstrates a more
potent effect against human lung cancer cells shown in Table 5. Similarly, the various solvent extracts of
Gracilaria edulis were evaluated against cancer cell lines for their anti-proliferative capabilities [48]. The

G. edulis ethyl acetate extract (GEEA) at a concentration of 100 ug mL™ demonstrated a notable and
highly significant reduction in growth within the A549 lung cancer cell line model. Additionally, when
assessing a control group against a GEEA extract-treated group at different dosages (40, 60, 80, and 100

pg mL") after 48 h, a minimal level of LDH release was observed. The cell cytotoxicity assay [39],
revealed that phycoerythrin extracted from Michrochaete acts as an anticancer agent in the Hep G2 cell

line at specific doses (20-160 g mL™"), demonstrating an ICz, value of 105.77 g mL™. In a similar way,
anticancer efficacy of Gracilaria cortica phycoerythrin was reported against the HepG2 cell line [49].
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Table 5
Tested phycoerythrin shows IC5j values

Log (inhibitor)

Best-fit values

LogICsg

HillSlope

Std. Error

LoglICsq

HillSlope

95% Confidence Intervals

LOgICSO

HillSlope
ICsg

Goodness of Fit

Degrees of Freedom

R square

Absolute sum of squares
Sy.x

Number of points

Analyzed

Phycoerythrin (ug mL™)

2.119

-1.017
131.7

0.05416

0.1334

2.008 t0 2.230

-1.290 t0 -0.7434
102.0t0 170.0

0.8809
3584
11.31

30

Phycoerythrin induces apoptosis in cancer cells

The evaluation of apoptotic cells involved staining phycoerythrin with human lung cancer cells, as
illustrated in Fig. 5. The control cells exhibited the highest number of viable cells, as indicated by green-
coloured fluorescence. The percentage of apoptotic cells that tested positive for Annexin V/Pl in human
lung cancer cells treated with varying dosages of phycoerythrin (203.4 ug mL™) increased in accordance
with the dosage levels. Cells treated with fluorouracil demonstrated the presence of both viable and non-
viable cells. In addition to identifying the morphological changes associated with apoptosis, we also
assessed the apoptosis rate using the annexin V test. Annexin V has a strong and specific attraction for
damaged and compromised plasma membranes, making apoptotic and necrotic cells stand out. The
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recent study demonstrated that phycoerythrin-induced apoptotic cell death in A549 lung cancer cells.
Cell apoptosis [50], refers to a form of programmed cell death that relies on energy. Caspase belongs to
the family of enzymes known for their specificity to aspartic acid and homocysteine proteases. These
enzymes play a crucial role in degrading antiapoptotic proteins, leading to the release of mitochondrial
cytochrome C.

Molecular docking analysis

Computational biology combines computational techniques with biological systems to tackle disease-
related challenges. Virtual screening, a key tool, reduces drug development costs and time by predicting
receptor-ligand binding and affinities through docking and scoring. Molecular docking enhances drug
discovery by accurately identifying ligand orientations in protein binding sites and predicting interaction
strengths, significantly advancing the field [32]. By utilizing molecular docking, targeting the presence of
antibacterial proteins in these compounds for the first time with the K. alvarezii extracted bioactive
compounds. The 13 antibacterial multitarget proteins were docked with 4 compounds detected in GC-
MS analysis of the phycoerythrin, revealing that a lower docking score corresponds to higher binding
affinity (Table 6; Fig. 7-19). Molecular docking of K. alvarezii-derived compounds revealed significant
binding affinities with 13 antibacterial target proteins. Among the results, the protein DNA gyrase
subunits A (GyrA) and B (GyrB) showed a binding score of -1.13 kcal/mol with 1,2-Benzisothiazol-3-
amine. Staphylococcus aureus tyrosyl-tRNA synthetase protein scored - 2.86 kcal/mol with 1,2-
Benzisothiazol-3-amine, while dihydropteroate synthase and transcriptional regulator gacR scored - 1.17
kcal/mol and - 1.21 kcal/mol, respectively, with 2-bromobutyloxychalcone. Penicillin-binding protein 3
(-1.41 kcal/mol), DNA topoisomerase 4 subunit A (-1.66 kcal/mol), and isoleucyl-tRNA synthetase (-3.10
kcal/mol) also showed strong interactions with 1,2-Benzisothiazol-3-amine. Other substantial
interactions included HTH-type transcriptional regulator MgrA (-2.39 kcal/mol) and processed glycerol
phosphate lipoteichoic acid synthase 2 (-3.51 kcal/mol) with 2,4-dimethylbenzo[h]quinoline, and YcgJ
protein from Bacillus subtilis (-2.52 kcal/mol) with 2-bromobutyloxychalcone. Particularly, transcriptional
regulator MvfR (-4.88 kcal/mol) interacted strongly with 1,2-Benzisothiazol-3-amine, and dihydrofolate
reductase exhibited the highest binding affinity (-5.24 kcal/mol) with 2-ethylacridine. In general, 1,2-
Benzisothiazol-3-amine and 2-bromobutyloxychalcone demonstrated strong interactions with multiple
targets, while 2-ethylacridine showed the highest affinity with dihydrofolate reductase (-5.24 kcal/mol),
emerged as the most potent compound.
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Table 6
The molecular docking of the antimicrobial target proteins with the compounds

Compound Compound Name Amino acid Bond Length Glide Glide
ID Interaction Score  Energy

TH7L - Spore coat polysaccharide biosynthesis protein SpsA

89966 1,2-Benzisothiazol-3- HIS 159, [2.03]; [4.21, 3.70]. -3.44 -20.03
amine
TYR 77.
610161 2-Ethylacridine PHE 233, [5.03]; [5.49]; -3.90 -24.14
TYR 11, [5.21, 5.84, 5.45];
[5.31].
TYR 77,
ARG 76.
610182 2,4- ARG 76, [5.17]; [4.81]. -4.95 -27.35
Dimethylbenzo[h]quinoline
LEU 80.
91733949 2-bromobutyloxychalcone THR 9, [2.21]; -4.63 -37.07
ASP 99, [2.50, 2.59];
TYR 11, [5.55]; [5.18, 5.12];
[5.24].
ARG 76,
TYR77.

1JIJ - Staphylococcus aureus tyrosyl-tRNA synthetase

89966 1,2-Benzisothiazol-3- ALA 39, [4.38,4.23]; -2.86 -22.97
amine [2.74,1.94].
ASP 40.
610161 2-Ethylacridine ASP 195, [4.51]; [5.31]; -3.82 -27.65
TYR 36, [2.94,5.17,5.04];
CYS37, [2.80,2.92].
GLY 192.
610182 2,4- ASP 80, [4.45]; [5.26]; -3.94 -32.71
Dimethylbenzo[h]quinoline
TYR 36, [3.81]; [4.05].
LEU 70,
CYS 37.
91733949 2-bromobutyloxychalcone LEU 70, [4.80]; [2.08]; -4.79 -46.30
GLN 190, [4.93]; [3.08];
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Compound

ID

Compound Name

1QUS3 - Isoleucyl-tRNA synthetase (IleRS)

89966

610161

610182

91733949

1,2-Benzisothiazol-3-
amine

2-Ethylacridine

2,4-
Dimethylbenzo[h]quinoline

2-bromobutyloxychalcone

TRKW - Transcriptional regulator gacR

89966

610161

610182

1,2-Benzisothiazol-3-
amine

2-Ethylacridine

2,4-
Dimethylbenzo[h]quinoline

Amino acid
Interaction

CYS 37,
GLY 193,
GLN196.

GLU 554.

GLY 554,
TRP 562,
TRP 528,
PRO 56,
GLU 554,
TRP 562,
ASP 557,
HIS 64.
TRP 528,
GLY 555,
GLU 554,
ASN 70,
HIS 67,
PRO 57.

HIS 42,
GLU 52.
GLU 52,
LYS 115,
LYS 118,
LEU 119.
LYS 115,
GLU 52.
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Bond Length Glide
Score

[2.77].

[1.73]. -3.10

[1.64]; [5.41, 4.94]; -7.92

[4.78].

[5.26]; [2.41]; -6.25

[5.97,5.13];

[4.46, 5.22];

[5.47].

[5.97]; [2.14]; -4.71

[2.84]; [2.68];

[4.24]; [5.37].

[1.93]; -1.98

[3.67, 3.49].

[4.52];[4.21, 4.58, -2.95

5.17,4.00, 4.21];

[4.31];

[5.16].

[4.24]; [4.40, 3.62, -1.80

3.70].

Glide
Energy

-22.76

-35.62

-30.45

-40.99

-16.57

-31.49

-19.45




FDompound Compound Name

91733949 2-bromobutyloxychalcone

Amino acid
Interaction

ASN 55,
LYS 118,
LYS 115.

2BV6 - HTH-type transcriptional regulator MgrA

89966 1,2-Benzisothiazol-3-
amine

610161 2-Ethylacridine

610182 2,4-

D'imethylbenzo[h]quinoline

91733949 2-bromobutyloxychalcone

2GLU - YcgJ protein from Bacillus subtilis

89966 1,2-Benzisothiazol-3-
amine
610161 2-Ethylacridine

ALA 63,
LEU 62,
LEU 42,
PRO 39,
TYR 38.
LEU 42,
PRO 39,
LEU 62,
ALA 63.
ALA 63,
LEU 62,
LEU 42,
PRO 39,
TYR 38.
VAL 116,
TYR 38,
GLN 19,
LEU 134,
PHE 41,
LEU 42.

PRO 119,
TYR117.
LEU 145,
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Bond Length

[2.32]; [4.36];
[3.08,4.92].

[2.19, 4.96];
[2.81, 4.48];
[5.42]; [4.90];
[5.50].

[4.91]; [4.84];

[5.01]; [2.26, 5.12,
5.03].

[5.10, 4.93, 3.95,
2.25]; [5.37];

[5.13]; [5.28, 4.88];
[5.30]

[4.94]; [3.00];
[2.05, 2.98];
[4.23]; [4.32];
[4.99].

[5.12]; [2.08].

[5.27]; [4.96];

Glide
Score

-1.21

-3.06

-2.75

-2.39

-3.89

-2.85

-2.61

Glide
Energy

-26.36

-17.13

-20.26

-19.83

-30.05

-15.11

-18.78




Compound
ID

610182

91733949

Compound Name

2,4-
Dimethylbenzo[h]quinoline

2-bromobutyloxychalcone

2VEG - Dihydropteroate synthase

89966

610161

610182

91733949

1,2-Benzisothiazol-3-
amine

2-Ethylacridine

2,4-
Dimethylbenzo[h]quinoline

2-bromobutyloxychalcone

Amino acid
Interaction

LEU 167,
PRO 168,
GLN 149.
TYR 159,
GLN 149,
LEU 145,
GLU 120.
PRO 168,
GLU 120,
PRO 119.

ASP 221,
GLN 276,
ARG 275,
LLE 272.
ARG 275,
LLE 272,
ASP 221.
ARG 275,
ASP 221.
ARG 275.

Bond Length

[5.12, 4.86];
[2.14,2.82].

[5.35];[1.94];
[4.48, 5.09];
[4.21, 4.48].

[4.42]; [2.90];
[2.57, 4.82].

[1.92]; [3.06];
[4.15,4.13];
[5.42].

[3.88, 5.36, 3.95];
[4.85]; [2.07].

[4.39, 4.59];
[3.87, 3.68].
[5.45, 4.01].

2W8D - Processed glycerol phosphate lipoteichoic acid synthase 2

89966

610161

1,2-Benzisothiazol-3-
amine

2-Ethylacridine

TRP 350,
ASN 478,
HIS 479,

PHE 413.
TRP 350,
ASN 478,
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[5.23, 4.85, 3.53,
4.21]; [3.02];

[2.45]; [5.04].

[4.97,4.03, 5.01,
3.78, 4.46]; [3.10];
[4.79, 4.07].

Glide
Score

-3.35

-2.52

-3.22

-4.24

-2.71

-1.17

-4.05

-4.58

Glide
Energy

-20.95

-30.91

-16.19

-2312

-23.28

-26.44

-21.07

-24.35




Compound
ID

610182

91733949

Compound Name

2,4-
Dimethylbenzo[h]quinoline

2-bromobutyloxychalcone

Amino acid
Interaction

HIS 479.

HIS 479,

PHE 349,
ASN 478,
TYR 380,
PHE 413,
TRP 350.
TPO 297,
TRP 350,
TYR 380,
PHE 349,
ASN 478,
PHE 413.

2XCT - DNA gyrase subunit B, DNA gyrase subunit A

89966

610161

610182

1,2-Benzisothiazol-3-
amine

2-Ethylacridine

2,4-
Dimethylbenzo[h]quinoline

LLE 1452,
LYS 1375,
ALA 1378,
GLU 1382,
LEU 1449.
GLU 1382,
LEU 1449,
LYS 135,

LLE 1452.
LLE 1452,
LYS 1375,
ALA 1378,
LEU 1449,
GLU 1382.
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Bond Length

[4.31]; [4.74];
[2.68]; [5.09];
[504]; [4.19, 5.08,

5.15,4.87,4.48,
3.44].

[4.02]; [2.27];
[5.64]; [4.32];
[2.07]; [4.76].

[5.16]; [3.55, 4.20];
[5.32];

]

[1.92]; [5.07].

[1.52];[5.13, 4.76];
[3.97];

]

[4.17].

[5.16]; [5.14];
[3.65]; [4.97, 4.57];
[5.51].

Glide
Score

-3.51

-7.16

-0.97

-2.69

-2.86

Glide
Energy

-18.95

-36.62

-11.96

-27.77

-22.49




Compound

ID
91733949

Compound Name

2-bromobutyloxychalcone

3RAE - DNA topoisomerase 4 subunit A

89966

610161

610182

91733949

1,2-Benzisothiazol-3-
amine

2-Ethylacridine

2,4-
Dimethylbenzo[h]quinoline

2-bromobutyloxychalcone

3SRW - Dihydrofolate reductase

89966

610161

1,2-Benzisothiazol-3-
amine

2-Ethylacridine

Amino acid

Interaction
LLE 1452,
LEU 1449,
ASN 474.

PRO 113,
ARG 117,
MET 116,
ALA 115.
PRO 112,
TYR 82,
ALA 115,
MET 116.
ASP 83,
MET 116,
ALA 115.
ALLA 115,
MET 116,
ARG 117.

LLE 15,
LEU 21,
ALA S8,

PHE 93.
LEU 21,
LEU 29,
PHE 93,
LLE 15.
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Bond Length

[4.97]; [5.28, 5.38];
[2.11]

[2.95]; [4.72];
[5.45]; [4.13, 3.91].

[5.02]; [4.42];
[4.68]; [4.39].

[4.01]; [5.52];
[4.71, 4.65].

[4.76]; [5.30];
[2.40].

[2.07]; [5.15, 5.43];
[2.14,2.27,5.13];

[5.18, 5.63].

[4.46, 4.35]; [5.14];
[5.28];

]

[4.70].

Glide
Score

-1.13

-1.66

-2.95

-3.64

-2.79

-6.08

-5.24

Glide
Energy

-26.97

-24.21

-31.49

-29.51

-34.49

-22.26

-278994




Compound
ID

610182

91733949

Compound Name

2,4-
Dimethylbenzo[h]quinoline

2-bromobutyloxychalcone

3VSL - Penicillin-binding protein 3

89966

610161

610182

91733949

1,2-Benzisothiazol-3-
amine

2-Ethylacridine

2,4-
Dimethylbenzo[h]quinoline

2-bromobutyloxychalcone

4JVC - Transcriptional regulator MvfR

89966

1,2-Benzisothiazol-3-
amine

Amino acid
Interaction

PHE 93,
LLE 15,
LEU 21.
VAL 132,
VAL 17,
LLE 15,
ALA S8,
LEU 21,
ASN 19.

ASN 501,
VAL 493,
LYS 494.
LYS 494,
ASN 501,
PRO 500,
TYR 278.
LYS 494,
ASN 501,
PRO 500.
TYR 278,
LYS 494,
HIS 259,
LEU 576.

LEU 197,
GLN 194,
ARG 209,
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Bond Length

[4.87]; [5.36];
[4.51,5.10].

[5.43];[2.61];

[5.28]; [1.99, 5.32];

[4.84];
[2.59].

[1.94]; [5.34, 3.25];
[4.87,3.98, 4.27].

[4.91
[3.01

[4.97].

]

N W
10
©ON

[4.76, 5.38];
[2.76,2.15];
[5.30, 5.45].
[4.61]; [1.98];
[5.56]; [5.06].

[2.63]; [2.90];
[2.07]; [2.58];
[2.81, 3.98];

YN
Yo

N A

Glide
Score

-5.63

-7.13

-1.41

-3.22

-2.75

-4.66

-4.88

Glide
Energy

-29.9

-41.79

-19.70

-24.34

-22.93

-35.39

-27.06




Compound Compound Name Amino acid Bond Length Glide Glide

ID Interaction Score  Energy
LEU 207, [4.77,5.14].
LLE 236,
LEU 208.
610161 2-Ethylacridine LLE 236, [4.92,3.87,4.17]; -6.71 -19.70
[4.27];
ALA 102,
[4.16,3.25];
ALA 168,
[4.95, 4.05];
LLE 149,
[4.99, 4.94].
LEU 208.
610182 2,4- LLE 1409, [5.32]; [4.52]; -6.71 -28.29
Dimethylbenzo[h]quinoline
ALA 168, [4.54,3.98,4.12,
5.45]; [5.48];
LLE 236,
[4.80,4.87].
VAL 211,
LEU 208.
91733949 2-bromobutyloxychalcone ALA 102, [4.37]; [4.96] -7.26 -34.37
PRO 238, [3.22]; [5.29, 2.87];
[4.31];
ALA 168,
[5.14]; [4.02];
LLE 236,
LLE 149,
LEU 208,
ARG 209.

Conclusions

The scope of the present paper was to assess the potential of seaweed as a novel source for marine
pharmaceuticals. This study successfully isolated and purified phycoerythrin from K. alvarezii using a
process that included ammonium sulfate precipitation, dialysis, and column chromatography. In the FT-
IR test, many different functional groups were found. In the HPLC test, bioactive compounds such as
kaempferitrin, B-sitosterol, and 2-bromobutyloxychalcone were found. The antioxidant activity of
phycoerythrin was very high, with a total antioxidant capacity of 73.27% and strong scavenging abilities
in the DPPH and ABTS tests. Its antibacterial activity was most effective against K. oxytoca (20 mm) and
moderately active against other pathogens. MTT assays verified that cytotoxicity against A549 human
lung cancer cells was dose-dependent, and Annexin V/PI staining revealed increased apoptotic activity.
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Molecular docking further emphasized the potential of phycoerythrin as a natural source of bioactive
compounds for therapeutic applications, highlighting its potential in antimicrobial target protein
interactions. The outcome of this study demonstrates the potential of the red seaweed K. alvarezii
against cancer cell lines, supporting the way forward for the development of phycoerythrin as anti-
cancer drug with pharmaceutical prospective.
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Figures

Figure 1

Kappaphycus alvarezii
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FT-IR analysis of phycoerythrin
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HPLC analysis of phycoerythrin
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Figure 4

GC-MS analysis of phycoerythrin
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Figure 5

The morphological view of human lung cancer cells assesses the proliferation of cell inhibitory
concentrations (50, 100, 200, 300, 400, and 500 pg mL™") of phycoerythrin pigment.

Figure 6

Phycoerythrin produces programmed cell death in human lung cancer cells. (a) Control cells exhibited a
green color, signifying that the cells were alive; (b) Cells treated with phycoerythrin at a concentration of

Page 34/48



203.4 ug mL-" displayed live cells (green color), dead cells (red color), and apoptotic cells (yellow color).
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Figure 7

The target protein Spore coat polysaccharide biosynthesis protein SpsA docked with the compound of
three- and two-dimensional structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-

Dimethylbenzo[h]quinolone (g, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 8

The target protein S. aureus tyrosyl-tRNA synthetase docked with the compound of three- and two-
dimensional structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-
Dimethylbenzo[h]quinoline (g, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 9

The target protein Isoleucyl-tRNA synthetase docked with the compound of three- and two-dimensional
structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-Dimethylbenzo[h]quinoline
(e, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 10

The target protein Transcriptional regulator gacR docked with the compound of three- and two-
dimensional structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-
Dimethylbenzo[h]quinoline (g, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 11

The target protein HTH-Type Transcriptional Regulator MgrA docked with the compound of three- and
two-dimensional structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-
Dimethylbenzo[h]quinoline (g, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 12

YcgJ protein from Bacillus subtilis [PDB ID 2GLU] with the compound of three- and two-dimensional
structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-Dimethylbenzo[h]quinoline
(e, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 13

The target protein Dihydropteroate synthase docked with the compound of three- and two-dimensional
structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-Dimethylbenzo[h]quinoline
(e, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 14

The target protein Processed Glycerol Phosphate Lipoteichoic Acid Synthase 2 docked with the
compound of three- and two-dimensional structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-
Ethylacridine (c, d), 2,4-Dimethylbenzo[h]quinoline (g, ), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 15

The target protein DNA Gyrase Subunit B, DNA Gyrase Subunit A docked with the compound of three-
and two-dimensional structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-
Dimethylbenzo[h]quinoline (g, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 16

The target protein DNA topoisomerase 4 subunit A docked with the compound of three- and two-
dimensional structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-
Dimethylbenzo[h]quinoline (g, f), 2-bromobutyloxychalcone (g, h) respectively.
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Figure 17

The target protein Dihydrofolate reductase docked with the compound of three- and two-dimensional
structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-Dimethylbenzo[h]quinoline
(e, f), 2-bromobutyloxychalcone (g, h) respectively.

Page 45/48



VAL

B:493
. -
7N
A ; |
™ H
PRO ARG
A:500 B:504
ARG
e d an B:504 :
' “1Ys
8:4 GLU
- A:502
A0
- TYR 501
: A ’ LYs
' R Ao 28 g A7434
- Val493
Lys494
\
A560
LEU :
Leu256 ASEe A(?—‘I)'glg
e \ f i
0
| GIn279 Ai43a )
- Tyr278
LYs A5
B:434 @
P - N
; 5%
Li
7 .
{ysd94 a%483
Val4 PRO
i A:500
Arg504
= Adre
g h
Apggo AAg'Ol
Arg546 o 2 ] P Y}
G255 QB'_-S_‘Q‘ 8:434
LeuST6 .
Leud  Giuzss
Lys273 3 GIRS4B @ e 0000 s N e
iR hggess] 1+ KH
Ser274 :
h Gly498-
= = a373 LEU. g4 B - _}" elky
L peestd o -
) e, - “B:546 8548
h:259 LEU

S S

Figure 18

The target protein Penicillin-binding protein 3 docked with the compound of three- and two-dimensional
structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-Dimethylbenzo[h]quinoline

(e, f), 2-bromobutyloxychalcone (g, h) respectively.

Page 46/48



K186

a b
~_ lletdg L _ @ ol
My, A58 @ @
; G
® e 255
s, wH
ot = \.iﬁﬁggf i H__ .HP:E.‘:DU
T Ser108 e AT
o 5
: ity '
g A:238
Ath
C “Met224 d
, ey A
~GIn194 JPhe22t & W o T
%
kl‘.l 7
A
S 2
a6 »
VAL ﬁ&
A:211
LE
€ ez At 5,
e,
_ AiEs alfhs £5%
nStunor i
X v '] G
He238 . ﬁﬁ’é‘?ﬁ%ﬁ ATR A'.i'&
: % A:168
Ala168
X £186
o7 le149 a'%i','
" 1hr265 ey
- | o opg O
£5% A
g“.Metz?i.s h m i o
| Phe221 '59 Kl % &
f A2I0 :
_GIn194 Ala2 S
238
L Se[1g5 o St |
s 1 ys167 55 L
I hr 166 o J—E&'%"'
Aids 0995
althe &
Al

Figure 19

The target protein Transcriptional regulator MvfR docked with the compound of three- and two-
dimensional structure such as 1,2-Benzisothiazol-3-amine (a, b), 2-Ethylacridine (c, d), 2,4-
Dimethylbenzo[h]quinoline (g, f), 2-bromobutyloxychalcone (g, h) respectively.
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