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Abstract: The phycobilisome (PBS) is the major light-harvesting apparatus in cyanobacteria and red
algae, a large multi-subunit protein complex of several megadaltons that is found on the stromal
side of thylakoid membranes in orderly arrays. Chromophore lyases catalyse the thioether bond
between apoproteins and phycobilins of PBSs. Depending on the species, composition, spatial
assembly and, especially, the functional tuning of different phycobiliproteins mediated by linker
proteins, PBSs can absorb light between 450 and 650 nm, making them efficient and versatile light-
harvesting systems. However, basic research and technological innovations are needed, not only to
understand their role in photosynthesis but also to realise the potential applications of PBSs.
Synthetic biology provides an innovative approach to expand our understanding of the distinctive
properties that make the PBS such an efficient light-harvesting system and to explore its
heterologous synthesis, photosynthetic functions and potential medical applications. Focusing on
these topics, this review describes the essential components needed for PBS assembly, the functional
basis of PBS photosynthesis and the applications of phycobiliproteins. Moreover, key technical
challenges for heterologous biosynthesis of phycobiliproteins in chassis cells are discussed.
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1. Introduction

The phycobilisome (PBS) was first identified by Gantt and Conti (1966). PBSs are large
chromophore-protein complexes located on the stromal side of thylakoid membranes, consisting of
phycobilin, apoproteins and linker proteins. As a light-harvesting antenna system, PBSs absorb light
between 450 and 650 nm and transmit it efficiently to the reaction centres of the photosynthetic
systems of cyanobacteria and red algae.

The main bricks in the spatial arrangement of phycobilisomes are phycobiliproteins (PBPs),
which have covalently attached linear open-chain tetrapyrroles called phycobilins, and linker
proteins. With the linker proteins, PBPs form the structural backbone of the phycobilisome. Diversity
in the number and spatial structure of lyase-catalysed phycobilin binding varies the spectral
properties of the PBPs. Therefore, phycobilin synthesis, lyase catalysis, and self-assembly of
apoproteins and the auxiliary linker proteins are essential for the assembly of phycobiliproteins and
the structural and functional stability of the PBS.

The primary prerequisite for photosynthetic light reactions is the capture and efficient transfer
of light energy. The unique structure of the phycobilisome determines its function in photosynthesis.
The phycobiliproteins form the overall organisation from high to low energy in the phycobilisome
and contribute to the rapid, efficient and unidirectional transfer of absorbed excitation energy to the
chlorophylls in the reaction centre. The irreversible transfer of energy from the absorption of light
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energy by the PBS to photosystem II (PSII) or partially to photosystem I (PSI) may be achieved by the
formation of the PBS-PSII-PSI complex. Linker proteins play a key role in the formation of the
complex. To counteract photodamage, cyanobacterial cells have evolved non-photochemical
quenching (NPQ) mediated by carotenoids. Moreover, chromatic acclimation (CA) enables PBSs to
regulate the pigment composition to optimise light absorption for photosynthesis, thus adapting to
the fickle light environment (Montgomery 2017).

In addition to their role in photosynthesis, the PBPs possess excellent spectral properties that
can be used in numerous applications. The brightly coloured lustre and fluorescence of the PBP mean
that it can be used as a fluorescent probe in bioscience research. Compared with traditional
fluorescent probes, PBPs are highly hydrophilic and can maintain their fluorescence properties in the
aqueous environment for a longer period. Among them, phycoerythrin (PE) is the most stable PBP
and is, therefore, the most commonly used PBP fluorescent probe. PBPs are also safe and non-toxic
natural products that can be used as a natural colouring for food, cosmetics and dyes (Mysliwa-
Kurdziel and Solymosi 2017).

Phycobilisomes eliminate excess reactive oxygen species, activate antioxidant enzymes, increase
antioxidant enzyme activity, and inhibit lipid peroxidation and DNA damage (Wu, Liu et al. 2016).
Furthermore, phycobiliprotein has anti-inflammatory and anticancer effects (Leung, Lee et al. 2013),
as well as therapeutic and preventive effects on a wide range of diseases in clinical trials (Jiang, Wang
et al. 2018). Based on the antioxidant and optical properties of phycobiliproteins, phycocyanin has
been used in various fields such as food, medicine and cosmetics.

Currently, phycobiliproteins and phycocyanobilin are mainly extracted and purified from
Spirulina through complex steps. However, the heterologous biosynthesis of PBPs and phycobilins in
chassis cells, including Escherichia coli and cyanobacteria, has attracted increasing attention.
Researchers have achieved the efficient synthesis of phycocyanin in E. coli through combinatorial
metabolic engineering (Mukougawa, Kanamoto et al. 2006, Ge, Li et al. 2013). Some groups have also
studied the structure and function of lyase enzymes (Zhao, Hoppner et al. 2017). Moreover, many
investigations have revealed the pharmacological and biological properties of natural or recombinant
PBPs, including antioxidant (Nakagawa, Ritcharoen et al. 2016), anti-inflammatory (Liu, Wang et al.
2015) and anti-tumour (Deniz, Ozen et al. 2016) activities. Synthetic biology and the genetic
engineering of chassis cells have enabled the production of various recombinant PBPs, but the
rational design of synthetic biological components for the assembly and uniform standardisation of
PBPs still faces many challenges.

The structure, function and applications of PBPs have been extensively studied with particular
effort being made on the heterologous biosynthesis and reconstitution of phycobiliproteins. Current
hot issues in the PBS field mainly focus on the following aspects: (1) structure and function mining;
(2) mechanisms of the excitation energy transfer within the PBS; (3) biosynthesis and dynamic
assembly; (4) potential applications, which are critically discussed in this article.

2. Requirements for phycobilisome assembly

The PBS self-assembles from soluble homologous protein subunits that contain conserved
cysteine residues to covalently anchor the phycobilins. The assembly process begins with the
coupling of phycobilins and apoproteins to form phycobiliprotein subunits, in which the lyase
enzyme makes the binding of phycobilins to apoproteins more accurate and catalytically efficient.
This process is followed by the spontaneous aggregation of the subunits to form a trimer (a[3)s. Next,
the trimer binds to the linking polypeptide, which triggers the formation of the phycobilisome
‘nucleus' and the binding of the 'rods' to form the final phycobilisome (Li, Su et al. 2019) (Figure 1).
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Figure 1. Apoprotein assembly of basic PBS cylinders. Both a- and -subunits have a modified
globin fold consisting of eight a-helices. Two additional helices (X and Y) form the association domain
between the two subunits in the formation of the heterologous aff monomer. The monomers
aggregate into the ring-shaped trimer (af3)3in a head-to-tail manner. Two trimeric disks attach to each
other on the a-ring side in a face-to-face manner to form a hexameric (a)s disk, which are connected
by linker proteins. Such hexamers serve as a basic unit for the assembly of the peripheral rod or core
cylinders.

2.1. Phycobiliprotein and PBS structural organisation

Crystal structures of the PBSs from various cyanobacteria and red algae have been resolved (Ma,
You et al. 2020, Dominguez-Martin, Sauer et al. 2022, Kawakami, Hamaguchi et al. 2022). PBPs, the
main component of the PBS supercomplex, are a group of disk-shaped macromolecular proteins with
covalently attached linear open-chain tetrapyrroles known as phycobilins (Apt, Collier et al. 1995).
The basic building block of PBPs is a monomer comprising a- and -subunits, each with a molecular
mass of 15-20 kDa and 160-165 amino acids (Li, Su et al. 2019). The a- and -subunits are encoded
by the genes cpeA and cpeB, respectively. Each subunit carries heterogeneous phycobilins at
conserved cysteine residues. Phycoerythrin subunits mainly use phycoerythrobilin (PEB) or
phycourobilin (PUB) that contribute to the 560 nm light-absorbance. The heterogeneity of the spectral
properties of PBPs enables the PBS to collect excitation energy from the rods and funnel it to the
photosynthetic reaction centre.

PBS consists of several peripheral rods that project radially from the central core subcomplex.
Typically, the central core consists of a bundle of three core cylinders, each composed of two or four
disks of allophycocyanin (APC) trimer. Six rods are bound to the central core and the bundle of core
cylinders lies on the surface of the photosystem complexes. The peripheral rods of the PBS
supercomplex are made up of phycobiliprotein hexamers together with colourless linker proteins
and the bilin chromophores. Generally, the rod subcomplex consists of two or more disks of PBP
hexamers, typically PE, phycocyanin (PC) or phycoerythrocyanin (PEC). These PBP hexamers are
spatially arranged to allow directional energy transfer from PEC or PE to PC within the rod and then
to APC in the core. PBP hexamers covalently bind assorted molecules of linear tetrapyrrole
chromophores including PEB, phycocyanobilin (PCB), PUB and phycoviolobilin (PVB) (Figure 2).
Phycoerythrin disks associated with PEB or PUB are located in the distal part of the rod and PE
absorbs blue-yellow light of 490-560 nm according to the chromophore composition.
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Figure 2. The four main types of phycobilins in algae. Linear open-chain tetrapyrroles make up the
main chemical skeleton of phycobilins. These four pigments are isomers, and the position and number
of double bonds lead to differences in the spectroscopic properties among phytochromes.

In summary, the PBS consists of structurally related PBPs, and variations in the PBP-bilin pairs,
as well as in the spatial arrangement, are precisely determined to optimise energy transfer.

2.2. The synthesis of phycobilin

In the photosynthetic light-harvesting complexes, the main chromophore is the tetrapyrrole
derivative. The abundant light-harvesting pigment in plants is chlorophyll, a cyclic tetrapyrrole
chromophore. However, in cyanobacteria, the pigments are open-chain tetrapyrrole chromophores
called phycobilins. Eight types of phycobilins have been identified (Zhou, Gasparich et al. 1992), of
which four (PEB, PCB, PUB and PVB) are common. The precursor substance of phycobilins is haem,
which can be synthesised by haem oxidase (HO) and ferredoxin-dependent bilin reductases (FDBRs)
(Dammeyer and Frankenberg-Dinkel 2008). Aminolevulinic acid (ALA) is converted to
protoporphyrin, a precursor of phytochrome, through multistep enzymatic reactions.
Protoporphyrin ring chelates Fe?* to produce haem. Subsequently, the haem unravels the closed-
chain tetrapyrrole ring, catalysed by haem oxidase, and removes Fe? to produce the open-chain
tetrapyrrole molecule biliverdin IXa (BV), which is then transformed into phytochromobilins (in
plants) or various phycobilins (in cyanobacteria and red algae) by FDBRs (Figure 3).
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Figure 3. The synthesis pathway of phytochromes. Aminolevulinic acid (ALA) is converted to
protoporphyrin, a precursor of phytochrome, through multistep enzymatic reactions. Protoporphyrin
chelates Fe?* through the ionic bond to form the haem. Haem oxygenase (HO1) catalyses the ring-
opening reaction of haem to the linear and open-chain tetrapyrrole biliverdin IXa (BV). BV is further
reduced by ferredoxin-dependent bilin reductases (FDBRs) to various light-harvesting
chromophores, such as phycoerythrobilin (PEB) or phycocyanobilin (PCB).

Each subunit of PBP can bind one to four phycobilins at conserved cysteine sites (Blot, Wu et al.
2009). Most PBPs covalently couple with phycobilins through the sulphydryl group of cysteine,
generally forming a thioether bond with C31 of the A-ring of PBP. In some phycobiliproteins, C31 of
the A-ring and C181 of the D-ring of phycocyanin can form two thioether bonds with two cysteine
sulphydryl groups simultaneously (Sonani, Roszak et al. 2018). In addition, there are PBP subunits,
such as ApcE, that are coupled to PCB through non-covalent bonds (Miao, Ding et al. 2016).
Normally, multiple conserved cysteine sites of PBPs provide anchorage for certain phycobilins. Due
to variations in the PBP-bilin pairs, as well as in the spatial arrangements, PBPs exhibit a wide range
of spectral properties. Phycocyanin absorbs red light (620-630 nm), PEC absorbs orange light (550
620 nm), and PE absorbs blue-yellow light (500-560 nm) according to the chromophore composition
(Watanabe and Ikeuchi 2013).

The light energy absorbed by phycobilins is converted to chemical energy. Energy is transferred
through fluorescence resonance between subunits, then transmitted uniaxially to inferior PBP rods,
and finally reaches the reaction centre located in the thylakoid. These PBPs are spatially arranged to
allow directional energy transfer from PEC or PE to PC within the rod and then to APC in the core
(Watanabe and Ikeuchi 2013). Chlorophylls capture the energy and transport it to the photosynthetic
electron transport chain at an efficiency of higher than 95% (Sidler 1994, Zhang, Lambrev et al. 2015)
(Figure 4).

d0i:10.20944/preprints202305.0618.v1
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Figure 4. The light energy transfer from peripheral rods and the central core of PBSs to the reaction
centre. The solar energy captured by antenna pigments covalently bound to PBPs is delivered to the
photosynthetic reaction centre, usually the P680 subunit of PSII. Due to differences in the excitation
and absorption wavelengths between phycobiliproteins, the energy is transferred irreversibly from
rod to core cylinders in one direction. Ultimately, the solar energy is captured by chlorophylls and
converted into chemical energy by hydrolysing H2O at the reaction centre, funnelling the
photosynthetic electron transport chain.

2.3. Lyases catalyse the binding of phycobilin to apoproteins

The attachment of phycobilins to PBPs needs to be catalysed by the corresponding lyase, while
some apoproteins can autonomously link with phycobilins at conserved cysteine sites (Zolla,
Bianchetti et al. 2002), such as the core-membrane linkers (ApcE or Lcm) that are capable of
autocatalytically attaching to PCB (Zhao, Su et al. 2005). The covalent bond of phycobilins to
phycobiliproteins may occur spontaneously both in vivo and in vitro. Nonetheless, specific PBP lyases
enable the correct phycobilins to pair with the cysteine residues of PBP subunits appropriately and
efficiently (Figure 5).


https://doi.org/10.20944/preprints202305.0618.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2023 d0i:10.20944/preprints202305.0618.v1

{( Apoprotein

Thioester bond

PEB

S ——

PBP Lyase Lyase:PEB Complex PE

Figure 5. A model for the catalysis of lyases. Particular lyases recognise and combine with
corresponding phycobilins to form the lyase:phycobilin complex. Subsequently, the apoprotein
(usually the PBP monomer) is activated and integrates a bilin molecule at the conserved cysteine
residue via a thioether bond.

To date, three major groups of phycobilin lyases have been characterised: S/U-type, T-type, and
E/F-type (Fairchild, Zhao et al. 1992, Fairchild and Glazer 1994, Saunée, Williams et al. 2008). The
crystal structures of the S/U- and T-type lyases are antiparallel (3-barrel structures similar to lipocalin
(Kronfel, Kuzin et al. 2013, Overkamp, Gasper et al. 2014). In contrast, the crystal structures of E/F-
type lyases adopt a fully helical structure (Kumarapperuma, Joseph et al. 2022).

The first lyase to be discovered that catalyses the covalent linkage of phycocyanin and
phycocyanobilin was CpcE/F (CpcE and CpcF co-catalysis). Fairchild et al. (1992) confirmed that
CpcE/F catalyses PCB attachment to the cysteine at position 84 of the a-subunit of PC (Fairchild, Zhao
et al. 1992, Fairchild and Glazer 1994). Amino acid homology studies revealed many other types of
lyases and that CpcT is homologous to CpeT, which affects the synthesis of PE, and the analysis of
PC from CpcT mutants revealed that CpcT can link PC to Cys-153 on the -subunit of PC (Shen,
Saunée et al. 2006). CpeF is a phycoerythrobilin lyase that ligates the double-chain PEB to (-
haemoglobin in cyanobacteria (Kronfel, Hernandez et al. 2019).

The presence of a chaperone protein is sometimes required for lyase to catalyse the binding of
phycobilin to phycobiliprotein. The activity of CpeT is greatly enhanced when the chaperone-like
protein CpeZ is present (Nguyen, Joseph et al. 2020).

3. Heterologous biosynthesis of phycobiliproteins

In the process of heterologous PBP synthesis, the complete pathway can be divided into two
steps. The first stage is the synthesis of phycobilins and apoproteins. The phycobilin synthesis is
derived from haem, which is first broken down into BV by haem oxygenase, and then BV is reduced
to other types of phycobilins by FDBRs. The second stage is the covalent attachment of bilins to
apoproteins, a process that is either catalysed by specific lyases or occurs spontaneously (Biswas,
Vasquez et al. 2010).

In 1985, the a- and B-subunit genes of allophycocyanin were isolated from the cyanobacteria
genome and transferred into Escherichia coli to achieve heterologous expression (Bryant, de Lorimier
et al. 1985). Since then, many researchers have introduced the cpcB/A gene into E. coli to explore the
recombinant phycobiliprotein subunits (Yu, Li et al. 2016, Wu, Yang et al. 2018). The C-phycocyanin
[-subunit gene was introduced into E. coli and its anticancer effect was studied. The results showed
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that the 3-subunit could inhibit the proliferation of cancer cells and induce cell apoptosis, making it
a promising cancer prevention or treatment agent (Wang, Liu et al. 2007). There have also been many
attempts to synthesise phycocyanin in E. coli by genetic engineering (Mukougawa, Kanamoto et al.
2006, Ge, Li et al. 2013); however, the titre of reconstituted PCB in chassis cells remains low due to
the poor catalytic efficiency of the synthetic enzyme and the lack of precursors and cofactors. In a
recent study, the synthesis of PCB could be enhanced by assembling haem oxygenase and ferric
reductase in appropriate proportions, expressing NAD kinase and adding NADPH (Zhao, Gao et al.
2022). In addition to heterologous expression in E. coli, direct expression of PC in mammalian cells
was achieved in 2013 (Miiller, Engesser et al. 2013).

To obtain complete recombinant PBPs, the phycobilins need to covalently bind with the
apoproteins, a process catalysed by self-assembly or lyases. Correct and efficient binding of
phycobilins to apoproteins is catalysed by lyases and, therefore, introducing highly efficient lyases
into chassis cells is the key to the synthesis of complete PBPs in vivo. E/F-type lyases covalently bind
pigments to the a-subunits of phycobiliproteins specifically, and a subclass of E/F-type lyases can
chemically modify chromophores (Zhao, Hoppner et al. 2017). Unlike other lyases, E/F lyase also has
chromophore separation activity. CpcS/U specifically binds PCB to Cys-82 of CpcB and Cys-81 of
ApcA and ApcB (Saunée, Williams et al. 2008). T-lyase is responsible for attaching pigments to Cys-
155 of the phycobilin $-subunit (Shen, Saunée et al. 2006, Zhou, Ding et al. 2014).

Based on the genetic engineering studies above, it should be possible to achieve large-scale
production of low-cost recombinant PBPs and obtain various types of PBPs with improved functions
for future applications through molecular design and recombinant synthesis.

4. Photosynthetic function of phycobilisomes

4.1. Light energy capture and transfer in PBS

Phycobilisomes are large pigment-protein complexes located on the thylakoid of cyanobacteria
and red algae that function as light-harvesting antennae, absorbing light energy through pigment
molecules and transmitting it to the reaction centres of PSII (Sui 2021). The structure of an intact PBS
in complex with PSII from Anabaena sp. strain PCC 7120 was unambiguously resolved using single-
particle electron microscopy (Chang, Liu et al. 2015). Moreover, the research focusing on the in situ
structures of PBS-PSII-PSI-LHC megacomplexes from the red alga Porphyridium purpureum provided
interaction details between PBS, PSII and PSI at near-atomic resolution using cryogenic electron
tomography. All these works contribute a solid structural basis for unravelling the mechanisms of
the PBS-PSII-PSI-LHC megacomplex assembly, the efficient energy transfer from PBS to the two
photosystems, and the regulation of energy distribution between PSII and PSI (You, Zhang et al.
2023).

Water presents a unique light environment and different species of small cyanobacteria and red
algae can survive by absorbing a wide range of wavelengths. Phycobilisomes exhibit various and
flexible absorption peaks to ensure the efficiency of capturing and transmitting light energy in deep
water, in particular, the blue—green light that can penetrate deep water. In addition, PBSs form huge
arrays on the thylakoid membranes as antennae. The arrangement of phycobilisomes on the
thylakoid membranes is light intensity-dependent, and their arrangements may be both disordered
and ordered. At a light intensity of 15 Wm? (medium light), the PBSs on the thylakoid membrane
are clustered in discrete regions, while at a light intensity of 6 W-m?2 (low light), uniformly sized PBSs
on the thylakoid membrane are orderly arranged in parallel (Folea, Zhang et al. 2008).

Interestingly, cyanobacteria exhibit a form of photomorphogenesis termed chromatic
acclimation (CA), and one of the characteristics of CA is the regulation of the pigment composition
of PBPs to optimise light absorption for photosynthesis, thus adapting to the light environment in
water (Montgomery 2017). The proximity of chromophores in adjacent PBSs suggests that there
might also be light energy transfer between PBSs (Zheng, Zheng et al. 2021).

In the PBS structure, the energy is first received by the PE or PEC at the distal part of the rod
and transmitted to the APC core through the PC. Finally, it is transferred to PSII or PSI through the
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multidomain core-membrane linker (LCM) at the end of the core complex. There are two possible
energy transfer pathways in this process: direct energy transfer from PBS to PSI (PBS—PSI transfer)
and indirect transfer through PSII (PBS—PSII—-PSI transfer) (Ueno, Aikawa et al. 2017). In terms of
the energy level of light absorption, these four PBPs can be further divided into three types: high
energy (PE and PEC), medium energy (PC) and low energy (APC). According to the arrangement of
PBPs in the PBS, the PBPs form an overall organisation from high to low energy in PBS. Through this
holistic organisation, the absorbed excitation energy can be transferred to the auxiliary chlorophyll
of the photosystem quickly, efficiently and directionally. In addition, APC contributes to the
excitation of energy from peripheral rods of the PBS or from directly absorbed red light to auxiliary
chlorophyll in the photosystem (Soulier and Bryant 2021).

These large protein complexes capture incident sunlight and transfer the energy to PSII or
partially to PSI. This process is achieved by forming PBS-PSII-PSI complexes. Linker proteins play a
key role in the formation of modified complexes. ApcE and ApcF are responsible for forming
protrusions at the base of the PBS core that fit with the pores on one side of the PSII cell membrane,
allowing the PBS and PSII to be tightly connected, which is necessary for the transmission of light
energy from PBS to PSII (Chang, Liu et al. 2015). The abundant aromatic amino acid benzene rings
on the linker proteins can also form m-m interactions with the tetrapyrrole rings of surrounding
pigment molecules, which are involved in regulating the energy state of the pigment molecules to
ensure efficient unidirectional energy transfer (Ma, You et al. 2020).

4.2. Light acclimation of PBS

The structure and specialised function of the PBS allows the captured light energy to be
transferred to the photosynthetic reaction centres with more than 95% efficiency (Zhang, Lambrev et
al. 2015). However, excessive light harvesting can also cause damage to cyanobacteria, so
cyanobacteria have evolved a photoprotection mechanism called non-photochemical quenching
(NPQ) that rapidly converts excess excited energy into heat before it causes damage. However, this
process leads to a reduction in the efficiency of light energy conversion. A photoprotection mode
mediated by orange carotenoid protein (OCP) is known to change from OCP® to OCPR after
absorbing redundant blue-green light, and then four OCPR form two dimers which are bound to PBS
respectively, leading to NPQ. Notably, not every PBS is equally sensitive to NPQ, and only one of the
three PBS conformational states reported associations with the OCP® (Dominguez-Martin, Sauer et
al. 2022). The difference in the conformational state is generated by switching the position of the two
rods, which regulates light harvesting.

To adapt to changes in environmental conditions, the composition and function of PBSs would
change accordingly. Light intensity has the greatest influence on the composition of the rod and the
ratio of PC:APC so as to yield a maximum production of PC under optimal photon flux. Other
environmental factors also change the composition of the rods. For example, light colour and
temperature can change the PC:PE ratio (Chenu, Keren et al. 2017). The photosynthetic electron
transfer rate of PSII also affects the structure of the PBS. The ratio of PBS to chlorophyll protein
content is influenced by the electron transfer rate when the required phytochrome is sufficient.
Changes in copper ion concentration affect the stability of PBS, and changes in the structural stability
of PBS follow the same trend as changes in the rate of electron transfer associated with copper ion
concentration, and the structural stability of PBS decreases with the decrease of electron transfer rate,
which may be related to structural changes in the rods. Iron deficiency inhibits PBS synthesis but
does not affect the stability of PBS.

Degradation of PBS plays an important role in photoprotection, cell maintenance, growth and
development in a constantly changing environment. During nitrogen limitation, PBSs in cells are
degraded to avoid excessive light uptake and to allocate effective nitrogen to functions essential for
growth and survival (Yoshihara and Kobayashi 2022). As a large nutrient reserve, the degradation of
PBSs can provide essential amino acids for metabolic processes, and low levels of photosynthesis and
loss of pigments are essential for cell survival during nitrogen, sulphur or phosphorus depletion.
NbIB and NblA are essential components for phycocyanin degradation under starvation conditions,
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during which NbIB levels decrease approximately twofold and directly mediate pigment degradation
through chromophore segregation. In contrast, NblA is highly expressed during starvation and may
bind to one or two PBS complexes, destabilising the PBS complex and initiating proteochrome
degradation (Nagarajan, Zhou et al. 2019). NblB-dependent PC degradation did not occur in the
absence of NblA, so NblB has a dependent effect on NblA (Levi, Sendersky et al. 2018). Recent studies
have found that NblD plays a critical role in the coordinated catabolism of PBSs and thus is a factor
in the genetically programmed response to nitrogen starvation (Krauspe, Fahrner et al. 2021).

5. Prospects

In the past decades, great progress has been made in the understanding of PBSs and PBPs. High-
resolution crystal structures of PBSs associated with the photosynthetic apparatus are now available.
Phycobilisomes have a more complex structure and a more flexible type of assembly than other
protein structures involved in photosynthesis. Although the interplay of multiple disciplines,
including structural biology, biochemistry, genetic engineering and bioinformatics, gave us the
molecular structures of PBSs and a pathway for recombinant PBPs, investigations on the dynamic
assembly and energy transfer process of PBPs have progressed slowly because of the complex
changes in the chromophore conformations and the intricate interactions among PBPs. With
increasing knowledge of PBP assembly and the structural organisation of chromophores, it should
be possible to simulate the assembly and energy-delivery route in the future. More in-depth studies
on the structure and energy transfer of PBSs with techniques across the physical and life sciences
would help not only to understand the process of PBP self-assembly but also to illustrate the
spectroscopic properties of the phycobilin binding region. Research on the structure of PBPs would
also deepen the understanding of their fine-tuned light-harvesting and energy-delivery capabilities.
Zhang et al. (2017) reported the three-dimensional structure at near-atomic resolution of an intact
PBS, which provides the basis for revealing the PBS assembly and light-transfer processes.

With the sequencing of the genome of algal species complete, more PBPs, linker proteins and
chromophore lyases would be identified. Through the construction of genetically engineered chassis
cells (bacteria or cyanobacteria), producing reconstituted PBPs, including recombinant PC or PE, at a
large scale would be possible, thus broadening the scope of their application. For example, the
biosynthesis and assembly of PE into the light-harvesting apparatus of other species may expand the
wavelength range of absorbance and improve the efficiency of light-trapping devices under unique
light conditions. The highly efficient utilisation of solar energy under low light might be accelerated
by establishing artificial light-harvesting antennae. Research into genetically recombinant PBPs has
also laid the material and technical foundations for the construction of PBP-based artificial solar
energy capture devices.
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