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Phycobiliproteins (PBPs) are accessory light-harvesting pigment complexes found in cyanobacteria, red algae, and
certain types of cryptophytes. The unique spectral features (strong absorbance and fluorescence), proteinaceous
nature, and some imperative properties such as the anti-oxidative, hepato-protective, anti-inflammatory, and anti-

aging activity of PBPs allow their use in biomedical industries.
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| 1. Introduction

The photosynthetic apparatus of cyanobacteria is composed of three primary light-harvesting systems: two
photosystems common to other photosynthetic organisms and a phycobilisome (PBS). Phycobilisomes (PBSs) are
large antenna complexes found in cyanobacteria that are crucial for photosynthesis. They capture light energy in
the range of 450-650 nm, transfer it within its structure in a unidirectional way, and deliver it to the chlorophyll
molecule of photosystems @, Although the PBSs of cyanobacteria are mainly composed of phycobiliproteins
(PBPs) and linker proteins, their composition may vary from individual organism to different species. PBPs are in
charge of absorbing and transmitting light energy, whereas linkers enable proper PBS assembly and control energy
transmission [&. Cyanobacterial PBPs are large, water-soluble supramolecular protein aggregates that are
important accessory pigments during photosynthesis. Based on their spectrum features, PBPs can be generically
classified into three classes: phycoerythrin (PE), phycocyanin (PC), and allophycocyanin (APC). PBPs are
commercially produced from Spirulina platensis, Anabaena sp., and Galdieria sulphuraria and have been extracted
and purified from Spirulina sp., Synechococcus sp., Oscillatoria sp., etc. Bl The structure, amino acid composition,
abundance, and types of PBPs of cyanobacteria and algae vary depending on the species and the habitat in which
they grow. The spectral properties of PBPs result largely from the environment of the chromophore conferred by
the apoprotein rather than the structural properties of the chromophore itself. PBPs in cyanobacteria account for

50% of total cellular protein 4.

Each PBS has two distinct substructures: the rods and the core B8, The core is made up of APC. Several rods
made up of PE and PC extend from the core in an outward orientation, which further functions as the light-
harvesting antennae. Certain cyanobacteria species, including Spirulina platensis, have rods that solely contain PC
and protein linkers that are nonetheless connected to the PBS core . APC and linker proteins combine to create

the core. This core transfers the energy captured by the rods to the chlorophyll present in the thylakoid membrane
8],
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A growing interest in the study of microorganisms like cyanobacteria has resulted from the search for bioactive
compounds in recent decades. This is because these organisms may have commercial applications in a variety of
fields, including nutrition, animal and human health, wastewater treatment, energy production, and the chemical
and pharmaceutical industries . More specifically, cyanobacterial PBPs have widespread biotechnological
applications due to their potent biological and pharmaceutical properties. PBPs, especially PC, have commercial
and industrial applications due to their primary functions, including nutraceutical and therapeutic values (due to
their pharmacology and biological activities, including anticarcinogenic, antioxidative, and anti-inflammatory
activities, as well as a protective effect against various conditions), over-the-top fluorescent properties (high
quantum yield, high Stokes shift, and an essential insensitivity to quenching), and natural colorants 19, PBPs are
useful fluorescent tags that find wide-ranging uses in immunoassay, reactive oxygen species (ROS) detection, flow
cytometry, and fluorescence-activated cell sorting. These uses take advantage of PBP’s special spectroscopic and
physical characteristics. They have a broad range of biomedical applications, such as in food coloring,

biotechnology, medicines, cosmetics, and nutraceuticals 11,

2. Spectroscopic and Structural Characteristics of
Cyanobacterial Phycobiliproteins

Based on their absorption, PBPs have been divided into three major categories: APC (Ajax = 650—-660 nm), PC
(Amax = 610-625), and PE (A\pax = 490-570) 12 The most diverse chromophores among PBP are found in PE,
which has a vibrant pink color. PE can be found in the PBS rods’ distal region. At 542 nm, C-PE exhibits a single
absorption maximum. At a maximum emission value of 575 nm, the fluorescence emission of the various types of
PE does not demonstrate significant variations 3. To date, Phycoerythrocyanin (PEC) is exclusively reported in
the photosynthetic membrane of Mastigocladus laminosus. It is a PBP with a purple-blue tint. One of the primary
features of PEC is that during growth, its production is highly dependent on the kind and intensity of light. A
significant increase in abundance was seen under low light conditions with green light [141. The proximal portion of
PBS rods contains the bright blue protein known as PC. There is just a single absorption maximum at 615 nm
(Figure 1) 13, APC, which is only present in the PBS core, is a bright turquoise color with a maximum absorption
of 650 nm 8. A highly effective energy transfer in the PBS is made possible by these spectroscopic features of

PBP absorption and emission.
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Figure 1. The absorption spectrum of PBPs: PE maximum at 565 nm and PC maximum at 615 nm.

2.1. Subunits and Heterodimers (of3)

The basic component of PBPs is its subunits, specifically a and  subunits, which stabilize each other to form an
of heterodimer. The self-assembly of all PBPs appears when two subunits, o and 3, dock together L8IT This o
and (3 heterodimer is known as the fundamental component of PBPs’ monomeric structure. It subsequently comes
together to form trimeric discs (af)s. Monomer subunits are primarily distinguished from native trimeric units by
dissociated subunits, which are usually less intense in color. In various PBPs, native trimeric and hexameric units
have different molecular weights. When it comes to capturing solar light energy, the hexamer assembly is more
functional and stable. On the other hand, the trimeric form of the majority of PCs has demonstrated an intriguing
rod structure assembly without a requirement for linker polypeptides 28, Four trimers of APC biliproteins come
together to form core cylinders when they are assembled. A full functional structure is then formed by the
subsequent assembly of two to five core cylinders into the core substructure with the help of linker polypeptides, as

in Figure 2.
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Figure 2. Schematic diagram of phycobilisome located on the thylakoid membrane.

Ultimately, a complete PBS is formed by the association of both core cylinders and rods (Figure 3). When it comes
to high-resolution views of proteins, X-ray crystallography has emerged as an extremely valuable instrument.
Initially, the entire structure of PBS was explored at low resolution through electron microscopy. PBS crystal
structures have also significantly improved our potential to analyze the tertiary, or hexameric, structure of proteins

as well as their stability and functionalities in a range of environmental circumstances 12,
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Figure 3. Diagrammatic illustration of the three-dimensional intact PBS with the PC/PE rod organized in a parallel
orientation around the APC core (A), Dimension of PBP and associated linker polypeptides and, (B) schematic

arrangement of cylindrical core (APC).

2.2. PBPs Chromophore

Chromophores are open-chain tetrapyrroles covalently linked to cysteine via thioether bonds. PBPs can vary in the
number of chromophores they contain. Based on their structural characteristics, the chromophores can be
categorized into the following categories: phycocyanobilin (PCB), phycoerythrobilin (PEB), phycoviolobilin (PVB),
or phycourobilin (PUB) (Figure 4) 29 Each biliprotein consists of the a and B subunits that are linked through
covalent bonds to the apoprotein’s cysteines through a thioether bond to C-3 on ring A, and occasionally through
an extra thioether bond to C-18 on ring D. The chromophore that is developed from heme is joined to the
apoproteins of bilin by an ethylidene bond, which adds a thiol group (21 A single cysteinyl thioester linkage via the
vinyl substituents on the pyrrole ring A of the tetrapyrrole, or periodically two cysteine linkages through the vinyl
substituents on both the A and D pyrrole rings, are typically responsible for binding chromophores to the
polypeptide chain at the conserved position. The assembly of chromophores within the clearly identified geometries
of proteins’ cores determines the properties of light-harvesting PBPs in photosynthetic cyanobacteria 22 The
electronic state of chromophores and related apoproteins plays a major role in the establishment of the stable
chemical structure of proteins. Consequently, the chromophore serves as a report on the integrity of the protein

structure; the protein possesses a stunning dark blue color when it is in its native form, but this color disappears
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when it is denatured 23, PBPs have been studied using fluorescence techniques because, when detached from
reaction centers, they show strong fluorescence. The fluorescence quantum yield of the tetrapyrrole chromophore
in C-PC is roughly 60%, with a maximum fluorescence of 650 nm when it is maintained in a linear alignment by the
protein scaffolding 24!,
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Figure 4. A molecular structure illustrating the distinguished colors of the cysteine-linked chromophores in PBP

complexes.

The heterodimeric (af) protomer of C-phycocyanin (C-PC) contains three PCB chromophores at cysteines a-84,
-84, and (-155. This residue is also conserved in the (3 subunit of the C-PC chromophore, where it is classified as
Asp39 in the B-155 chromophore and Asp87 in (3-84. It is present in both C-APC and C-PE. The chromophore’s
electronic state is established by an important amino acid called the Asp87 residue 2. Position Cys84 on the a
subunit contains a single PVB chromophore, while positions Cys82 and Cys153 on the [3 subunit contain two PVB
chromophores. PEB comprises a set of two to three covalently linked tetrapyrrole chromophores integrated with the

a (164 amino acid) and B (177 amino acid) subunits of C-PE, respectively 28],

2.3. Linker Polypeptides

The PBP structure involves the non-pigmented linker polypeptides [ZZ. The polypeptides have molecular masses

varying between 8 and 120 kDa. Two possible functions of linker polypeptides in the PBS have been proposed: (1)
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maintain the PBS structures and establish structural links between the nearest PBPs, and (2) adjust both the
properties of absorption and fluorescence to support or directly take part in the energy transfer from the rod to the
core and ultimately to the thylakoid membrane of the photosynthetic cells, which contain chlorophyll 28, The two

basic subunits (a and B) of PBPs along with its heterodimer, i.e., a3 are represented in Figure 5.

Figure 5. Protein model of PBPs. (A) a subunit, (B) 3 subunit, and (C) aff heterodimer.

The standard acronym for linker polypeptides is Ly", where X represents the location and Y represents the
molecular mass of the linker polypeptide (L) PBS complex. In addition, X can be assigned either to the letter R
(rod) or C (core) for the main chain, while RC (rod-core) and CM (core-membrane) are used to represent junctions.
In class | and Il of R-PE, the y-subunits and the core-membrane linker (LCM) PCB-ApcE are two of the linker
polypeptides that contain covalently attached chromophores, while the majority of them are colorless 22, Based on
their location and functional characteristics, the linker polypeptides are divided into four groups. PBS: Group |
consists of Lg polypeptides (27-35 kDa) involved in the peripheral rod assembly, together with a small number of
10 kDa rod linker polypeptides (LR1°, LR33, and LR3®, for example, which connect trimeric or hexameric PC/PE
structural components into rod segments); Group Il Lgc polypeptides, which are between 25 and 27 kDa, take part
in establishing the peripheral rods to the core subunits; LC polypeptides (8 kDa) belonging to Group Il are
essential for joining core components and ensuring their functional properties; and the main terminal energy emitter
for PSIl is Group IV, LCM (70-120 kDa), with a greater molecular weight of polypeptides that connects PBS to the
photosynthetic membrane [B%. Six conserved domains (N-terminus) in rod linker polypeptides have been
recognized by structural motif analysis as being crucial for the packing and assembly of rod discs into hexamers
(Figure 3). There are connections between PBPs and linker polypeptides because the surfaces of linker

polypeptides possess a positive charge, while the majority of globular proteins are probably hydrophobic [28],
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