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ABSTRACT

Phycobilisomes are the major light-harvesting antenna complex in cyanobacteria and red algae. Phycobiliproteins are of 
three major types based on their color and spectral properties, phycoerythrin (PE) (540-570 nm), phycocyanin (PC) (610-
620 nm) and allophycocyanin (APC) (650-655 nm). The chromophores attached to the phycobiliproteins are 
phycocyanobilin (PCB), phycoerythrobilin (PEB), phycourobilin (PUB) and phycobiliviolin (PXB). Each phycobiliprotein 
is made up of a heteromonomer of two different subunits, α (15-20 kDa) and β (17-22 kDa), which differ in their 
molecular weights, chromophore content and amino acid sequence. CpcBA, cpeBA and apcAB encodes phycocyanin, 
phycoerythrin and allophycocyanin subunits respectively. The phycobiliproteins have very high molar absorption 
coefficients (Є ). They are soluble in aqueous media and may constitute about 50 % of the soluble proteins of the cell.  M

Energy transfer measurements have shown that light energy absorbed by PE is sequentially transferred to PC, then APC 
and finally to chlorophyll a by approaching 100 % efficiency. Phycobilins are biosynthesized from heme by the action of 
heme oxygenase which is catalyzed by ho1, pcyA, pebA and pebB. The last step in phycobilisome biosynthesis is the 
attachment of chromophore to the apoprotein. Phycobilin chromophores are generally bound to the polypeptide, via 
thioether bonds, to conserved cysteine residues. Complementary chromatic adaptation (CCA) is the best characterized 
response of phycobilisomes, which consist of linker proteins and chromophorylated phycobiliproteins, to changing light 
conditions. RcaC, RcaE and RcaF together form a complex phosphorelay system that regulates the transcriptional 
changes necessary for altered pigmentation during CCA. aplA may play a negative role in regulating cpeBA and cpeCDE 
expression and a positive role in controlling cpcB2A2 expression during growth in green light. NblA triggers PBS 
degradation during nutrient starvation. UV-B stress results in loss in linker polypeptides which resulted into the 
disassembly of phycobilisomes and rods are free from core particles. The phycobiliproteins can serve as natural colorants 
in food and cosmetics, antimicrobial, antioxidant, anti-inflammatory, fluorescent neoglycoproteins and as probes.
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INTRODUCTION

The blue-green and red colors of cyanobacterial and red 
algal cells are diagnostic of the key components of the 
light-harvesting antenna complexes in these organisms - 
the phycobiliproteins (Glazer, 1981). Phycobiliproteins 
have four types of linear tetrapyrrole chromophores to 
harvest light in the green gap of chlorophyll absorption 
(Liu et al., 2013; Mullineaux, 2014). The phycobilin 
chromophores of the different phycobiliproteins span an 

absorption range from 460 to 670 nm and transfer 
excitation energy with high quantum efficiency to the 
photosynthetic reaction centers. Phycobiliproteins can be 
divided into three major groups based on their color and 
spectral -properties, -phycoerythrin (PE, λ 540 - 570 nm), max 

phycocyanin (PC, λ  610 - 620 nm) and allophycocyanin max

(APC, λ  650 - 655 nm). Phycobiliproteins are assembled max

with the aid of linker polypeptides into phycobilisomes 
(PBSs), which are organized into two distinct structural 
domains, the core and the rods. The core, composed of 
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discs of APC, forms physical connection with the outer 
surface of the thylakoid membranes and is often associated 
with PSII. Radiating from the core is the series of rods that 
are composed of stacked phycobiliprotein discs. Discs 
proximal to core are PC, while those distal to the core are 
PE. Energy transfer measurements have shown that light 
energy absorbed by PE is sequentially transferred to PC, 
then APC and finally to chlorophyll a by approaching 100 
% efficiency (Sinha and Häder, 2003). The light energy 
absorbed by PE or PEC is transferred by radiation less 
dipole induced dipole resonance energy transfer to PC and 
then to APC and finally transmitted to PSII and PSI 
reaction centers (Suter and Holzwarth, 1987). The 
complex subunit organization of PBSs gives them 
distinctive fluorescent properties that are reliant on each 
PBS type's component phycobiliproteins, chromophores 
and linker proteins. Hemidiscoidal PBSs having a 
tricylindrical core and six rods are found extensively in 
most cyanobacteria and cyanobacterial PBSs changes the 
ratio of PC to PE in rods to improve light harvesting in 
changing habitats (MacColl, 1998). These complexes are 

6highly ordered, supramolecular assemblies of 5-20 × 10  
Da and consist of phycobiliproteins, which carry 
covalently linked bilins and linker peptides, which are 
required for the organization of the PBS. Cyanobacteria 
can regulate their tetrapyrrole content and composition in 
response to environmental signals, such as nutrient 
availability, light intensity, light wavelength and 
temperature (Prassana et al., 2004). A number of structural 
classes of PBSs have been described (Gantt, 1980) the 
most common structural form is composed of a central 
tricylindrical core sub-structure made up primarily of the 
APC. APC trimers in the intact PBSs are arranged into 
hexameric oligomers in a parallel manner in Nostoc 
flagelliforme (Yi et al., 2005). A number of uncolored 
linker polypeptides functions to maintain the overall 
structure of the complex as well as direct its assembly. 
Linker peptides (27-40 kDa) are of two types i.e. LR, 
which takes part in the assembly of rods, and LRC, which 
helps the attachment of rods to the adjacent core (Sidler, 
1994). Some PE-producing cyanobacteria have the ability 
to maximize the absorption of available light by altering 
the composition of their PBS rods in response to the 
wavelength of light under which they are grown. Growth in 
red light (λ > 590 nm) results in rods composed of PC, 
while growth in green light (λ < 590 nm) results in rods 
containing both PC and PE. The color of light also 
determines whether PE- or PC-specific linker polypeptides 
are produced. This phenomenon has been shown to be 
widespread among the cyanobacteria (Bryant, 1982) and is 
termed complementary chromatic adaptation (CCA) (de 
Marsac, 1991). Non-pigmented or linker polypeptides 
serve as structural elements involved in the biosynthesis 
and stabilization of PBSs (Glazer, 1985), but also facilitate 
efficient flow of excitation energy to the photosynthetic 

reactions centers. Monomers form disk shaped trimers 
(αβ) , and hexamers (αβ) . These oligomers are the building 3 6

units for the assembly of PBS. The membrane 
phycobilisome association is mediated by a large 
chromoprotein present within the PBS core, which also has 
linker polypeptide features; it is referred to as the anchor 
protein or core-membrane linker polypeptide (MacColl, 
1998; Adir, 2005). From the core, the energy is transferred 
to the chlorophylls of the inner chlorophyll antenna, CP43 
and CP47 and to reaction center II. PBSs can also transfer 
energy to photosystem I (Mullineaux, 1992; 
Rakhimberdieva et al . , 2001). The colors of 
phycobiliproteins originate mainly from covalently bound 
prosthetic groups that are open-chain tetrapyrrole 
chromophores bearing rings named phycobilins . They are 
either blue colored phycocyanobilin (PCB), red colored 
phycoerythrobilin (PEB), yellow colored phycourobilin 
(PUB), or purple colored phycobiliviolin (PXB), also 
named cryptoviolin. These chromophores are generally 
bound to the  polypeptide  chain at conserved positions 
either by one cysteinyl  thioester  linkage through the  vinyl  
substituent on the  pyrrole ring  of the tetrapyrrole or 
occasionally by two cysteinyl thioester  linkages  through 
the vinyl substituent on both pyrrole  rings (Glazer, 1985). 
Isolated intact PBSs exhibit a fluorescence emission 
maximum of around 680 nm (Gantt and Lipschuttz, 1973). 

Phycobiliprotein assets
PBSs are protein complexes (~600 polypeptides) anchored 
to thylakoid membranes. PBSs are arranged in short or long 
rows evenly spaced on the stromal surface of thylakoid 
membranes. They are made of stacks of chromophorylated 
proteins, the phycobiliproteins and their associated linker 
polypeptides. The chromophores attached to the 
phycobiliproteins are PCB, PEB, PUB and PXB. The 
chromophores are linear tetrapyrroles that are bonded to 
apoprotein via thioether linkages. Each PBS consists of a 
core made of APC, from which several outwardly oriented 
rods made of stacked discs of PC and PEs or 
phycoerythrocyanin. Many of the freshwater organisms 
have fairly simple PBS rods solely constituted of PC, most 
Synechococcus sp. (Fuller et al., 2003; Herdman et al., 
2001) possess a much more sophisticated PBS structure 
(Ong and Glazer, 1991; Wilbanks and Glazer, 1993; Six et 
al., 2005). Indeed, their PBS rods often contain two types of 
PE i.e. PEI and PEII, in addition to PC. PEI binds either 
PEB only or both PEB and PUB, while PEII always carries 
both chromophores (Ong and Glazer, 1991; Six et al., 
2005). The spectral property of phycobiliproteins is mainly 
dictated by their prosthetic groups, which are linear 
tetrapyrroles known as phycobilins including PCB, PEB, 
PUB and PXB. Besides C-PC, APC and C-PE, certain 
cyanobacteria possess dual bilin biliproteins, including the 
CU-PE, phycoerythrocyanin, R-PC II and a unique 
p h y c o c y a n i n  h a v i n g  o n e  u r o b i l i n  a n d  t w o  



phycocyanobilins (PC WH8501) (Table 1). Each 
phycobiliprotein has a specific absorption and 
fluorescence emission maximum in the visible range of 
light. APC (bluish green), PC (blue), PE (purple) and 
phycoerythrocyanin (PEC, orange) emit light at 660 nm, 
637 nm, 577 nm and 607 nm respectively (Bryant et al., 
1979). Therefore, their presence and the particular 
arrangement within the PBSs allow absorption and 
unidirectional transfer of light energy to chlorophyll a of 
the photosystem II. The geometrical arrangement of PBS is 
very elegant and results in 95 % efficiency of energy 
transfer. Freeze fracturing showed them to be associated 
with membrane particles, possibly PS II (Bryant et al., 
1991). PBSs are associated with a pair of membrane 
complexes approximately 10 nm in diameter. Different 
morphological types of PBSs have been described in 
cyanobacteria and red algae as hemidiscoidal, 
hemiellipsoidal, bundle-shaped and block-shaped. 
Hemidiscoidal PBSs are the most common and best 
described PBS structure from various cyanobacteria 
(Bryant et al., 1979; Rosinki et al., 1981). Each 
phycobiliprotein is made up of a heteromonomer of two 
different subunits, α and β, which usually occur in equal 
amounts but differ in their molecular weights, 
chromophore content and amino acid sequence. The α 
polypeptides (15-20) kDa are generally smaller and the β 
polypeptides (17-22) kDa are larger molecules each 
containing 1-4 chromophores. Studies on the 
phycobiliproteins aggregation states suggest that the PBSs 
are composed of trimeric [(αβ)3] or hexameric [(αβ)6] 
phycobiliproteins assemblages. The phycobiliproteins 
have very high molar absorption coefficients (Є ). B-M

Mphycoerythrin (545 nm) has an Є   of 2.41 x 106 M  cm  
per hexamer (Glazer and Hixson 1977) and 

M -l -lallophycocyanin (650 nm) has an Є   of 6.96 x 105 M  cm  
per trimer (Cohen-Bazire et al., 1977). The high molar 
extinction coefficients are the result of many 
chromophores per phycobiliprotein complex and are 

6 3therefore higher for α6β  hexamers and α3β  trimers than 
for αβ monomers. Also the extinction coefficients of 
individual phycobilins decrease when hexamers 
disintegrate into trimers and monomers (Edwards et al., 
1997; Thoren et al., 2006). The isoelectric points of 
phycobiliproteins range from 4.7-5.3 (Glazer, 1981). The 
phycobiliproteins are highly water-soluble and show no 
change in spectroscopic or other physical properties on 
storage in aqueous solution for long periods of time. These 
high-molecular-weight proteins have numerous surface 
functional groups (є-NH2 or β- and γ-carboxyl) per 
molecule (Glazer, 1994). The stokes shift (displacement of 
fluorescence spectrum relative to absorption spectrum) of 
phycobiliproteins can be very large, 80 nm or greater. Due 
to the presence of numerous bilins in phycobiliproteins, the 
absorption spectra are broad, allowing efficient excitation 

-l -l

over a wide range of wavelengths. The excitation quanta 
absorbed by the various bilins in a phycobiliprotein are 
transferred by radiation less processes to acceptor bilins 
whose absorption bands lie at the red edge of the 
phycobiliprotein absorption spectrum (Ong and Glazer, 
1991; Glazer and Stryer, 1984). PBS mobility is 
characteristic of all of the cyanobacteria including 
Dunaliella salina (Mullineaux et al., 1997) and 
Synechococcus 7942 (Sarcina et al., 2001) as it is necessary 
for regulation of light harvesting through state transitions, 
for synthesis and turnover of thylakoid membrane 
components and increases the efficiency of light 
harvesting. 

Phycobiliprotein biosynthesis
Phycobilins are biosynthesized from heme by the action of 
heme oxygenase, which converts heme to biliverdin IXα 
(BV) and BV to phycocyanobilin (Beale and Carnejo, 
1991a). These in vivo conversions required NADPH, 

+ferredoxin, ferredoxin-NADP  reductase, and either a 
heme oxygenase activity or a phycobilin formation enzyme 
(Beale and Carnejo, 1991b). Bilin synthesis pathways have 
been characterized biochemically (Beale, 1993) and genes 
encoding bilin biosynthetic enzymes from cyanobacteria 
have been identified, cloned and characterized. These 
include HO1 (heme oxygenase), pcyA (encodes the 
enzyme that catalyses the four electron reduction of BV to 
PCB), pebA and pebB, (encode proteins that carry out the 
four electron reduction of BV to PEB) and HY 
(phytochromobilin synthase), cpcEF (catalyzes the 
addition of phycoerythrobilin to apo-αPC) and cpeYZ (as a 
lyase involved in the attachment of phycoerythrobilin to 
the α or β subunit) (Cornejo et al., 1998; Frankenberg et al., 
2001) (Fig.1). The last step in PBS biosynthesis is the 
attachment of chromophore to the apoprotein. Phycobilin 
chromophores are generally bound to the polypeptide, via 
thioether bonds, to conserved cysteine residues: (PCB) and 
(PVB) are singly bound to C-3 at ring A of the tetrapyrroles, 
whereas (PEB) and (PUB) often have an additional bond to 
C-18 at ring D (Nagy et al., 1985; Lagaris et al., 1988; 
Schluchter and Glazer, 1999; Willows et al., 2000). The 
correct attachment of most chromophores is catalyzed by 
lyases that are specific for a certain binding site or 
chromophore type (Fairchild et al., 1992; Fairchild and 
Glazer, 1994; Shen et al., 2006; Zhao et al., 2000, 2006a, 
2007). A chaperone-like action has been proposed for 
lyases, and further explored with PVB:α-PEC lyase (Böhm 
et al., 2007). An increasing number of lyases have been 
identified that catalyze the chromophore addition and are 
specific not only for the chromophore but also for the 
apoprotein and the binding site (Schluchter and Glazer, 
1999; Fairchild et al., 1992; Storf et al., 2001; Shen et al., 
2006; Zhao et al., 2006a). PCB:α-CPC lyase, a member of 
the E/F-type, can bind PCB, and the bound PCB is 
transferred to apo-α-CPC to form α-CPC (Zhao et al., 
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2006b). A group of four genes (cpcS, cpcT, cpcU, and 
cpcV) in Synechococcus PCC 7002 that encode lyases 
which attach PCB to the β-subunits of CPC (Shen et al., 
2004). Phycobilin:Cys84-phycobiliprotein lyase (cpeS1) 
(Shen, 2004; Zhao et al., 2006a, 2007; Tu et al., 2008) 
which catalyzes the attachment of PCB and PEB to 
cysteine-84 of various APC and phycoerythrin subunits 
and to the β-subunits of C-phycocyanin (β-CPC) and PEC 
and cpcT is region specific for the third binding site of 
CPC, namely cysteine-β155 (Shen et al., 2006). Therefore, 
cpeS1 is apparently a universal lyase with respect to the 
protein but is highly specific for a single binding site, 
cysteine-84. Together the three lyases, cpcE/F (pecE/F), 
c p c S  a n d  c p c T  a r e  e n o u g h  f o r  c o m p l e t e  
chromophorylation to the three binding sites of CPC and 
PEC (Zhao et al., 2007). 

Genes encoding phycobiliprotein polypeptides
Clustering of PBS polypeptides on the genome was first 
noted in F. diplosiphon, where genes for PC and AP were 
localized to a large genomic fragment (Lomax et al., 1987). 
Phycobiliprotein and linker polypeptide gene clusters from 
various cyanobacteria and the different-sized mRNAs 
were transcribed from these clusters (Grossman et al., 
1993). In Anabaena sp. PCC 7120, the cpcBA operon is 
followed by cpcC and cpcD (Belknap and Haselkorn, 

1987) and has multiple cpcG (Glauser et al., 1992a) 
whereas others have only a single cpcG (Bryant 1991). In 
some other cyanobacteria, PC linker genes are followed by 
two genes, cpcE and cpcF (Bryant, 1991; Glauser et al., 
1992b, 1992c), that are involved in the attachment of the 
PCB chromophore to αPC. CpcE and cpcF are components 
of a lyase involved in a specific chromophore attachment 
reaction. The specificity of this lyase suggests that there are 
a number of different genes encoding lyases that function 
in site-specific bilin attachment. In Synechococcus sp. PCC 
7002, which have seven different polypeptides to which 
PCB is attached and eight distinct bilin attachment sites, 
the cells may require as many as 16 polypeptides for the 
process of bilin attachment (de Marsac et al., 1990; Zhou et 
al., 1992). 16S rDNA based phylogenetic analyses of 
Prochlorococcus and marine Synechococcus suggested 
that they share common phycobiliprotein containing 
ancestor and may have both diversified at a similar point in 
time (Urbach et al., 1998). Both complete sequence and 
third codon GC base frequencies of cpeB and cpeA were 
correlated with 16S rDNA phylogenetic tree branching 
patterns, with isolates such as MIT9303 and MIT9313 
exhibits the highest GC base content ratios for these 
particular genes. The gene set cpeYZ is located 
downstream of the cpeBA operon. In Prochlorococcus sp. 
SS120, the phycoerythrin genes are part of a larger cluster, 

Legend to figures: Fig. 1: Pathway of phycobilins biosynthesis catalysed by HO1 (heme oxygenase), pcyA (encodes the 
enzyme that catalyses the four electron reduction of BV to PCB), pebA (encode proteins that carry out the four 
electron reduction of BV to PEB), HY (phytochromobilin synthase), cpcEF (catalyzes the addition of 
phycoerythrobilin to apo-αPC) and cpeYZ (as a lyase involved in the attachment of phycoerythrobilin to the α or β 
subunit).



within which other phycobiliprotein-related genes (cpeZ, 
cpeY, mpeX, ppeC) can be found (Hess et al., 1999). Ting 
et al, (2001) suggested that the PE has a different function 
in Prochlorococcus, these results suggest that the cpeB and 
cpeA genes are still under selection, although a different 
type of selection than in Synechococcus. In Synechococcus 
sp. PCC 7002, apcE is not contiguous to the apcAB operon 
(Bryant, 1991). 

The genes of Cyanidium caldarium, for APC and PC are 
not contiguous and appear to be transcribed from separate 
promoters resulting in formation of different polycistronic 
mRNA transcripts. The APC genes are contained within a 
single 1.7 kb DraI restriction fragment and the PC genes 
are contained within a single 1.6 kb EcoRI fragment. The 
absence of additional hybridizing bands indicates that the 
arrangement of PBP genes in C. caldarium most likely is 
similar to that in cyanobacteria (Lin et al., 1990). But the 

organization of cpcL29 (phycocyanin linker protein, 
constitutes a single transcription unit) and apcL9.5 
(allophycocyanin linker protein) differs significantly from 
that of cyanobacteria. Valentin et al., (1992) sequenced a 
plastid genome from C. caldarium which is located 
downstream from psbA and cpcL29 and apcL9.5 are 
organized in the form of an operon. Downstream from the 
phycobiliprotein gene cluster two ORFs were found which 
are homologous to ORFs from plastid DNAs and cyanelle 
DNA of Cyanophora paradoxa. In Porphyra purpurea, the 
genes for α and β subunits of a given phycobiliprotein ar e 
allied and co-transcribed. However, the individual 
phycobiliprotein genes are not adjacent. The amino acid 
sequences of the phycobiliproteins from the different red 
algae are highly homologous among themselves, as well as 
to those of cyanobacteria. The linker polypeptide genes 
apcE and cpcG, encoding LCM and LRC, respectively, are 
on the plastid genome of Aglaothamnion neglectum. The 
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Fig. 2: Model for control of phycobiliprotein genes (Rca-dependent control) during chromatic adaptation in 
Fremyella diplosiphon. PCc - constitutive phycocyanin, PCi - inducible phycocyanin, PE - phycoerythrin and AP - 
allophycocyanin (A) In red light, RcaE acts as kinase which autophosphorylates using ATP as a phosphate donor, 
followed by phosphotransfer to RcaF resulting in the upregulation of genes cpcB2A2 operon (phycocyanin 
apoproteins) and pcyA (phycocyanobilin chromophore biosynthetic enzyme) and downregulation the cpeCDESTR 
operon (phycoerythrin linkers, lyases and activator), cpeBA operon (phycoerythrin apoproteins) and pebAB operon 
(phycoerythrobilin chromophore biosynthetic enzymes)which result in PBSs containing PCi in the outer rods.
(B) In green light, RcaE act as phosphatase resulting in the dephosphorylation of the  response regulator RcaF 
resulting in upregulation of cpeCDESTR in operon, cpeBA operon and pebAB operon which result in PBSs 
containing PE the outer rods.

8
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apcE gene is 5' to and in the same operon as apcAB (Apt 
and Grossman, 1993; Houmard et al., 1986; Houmard et 
al., 1988). In A. neglectum the cpcG is 5' to the operon 
encoding the PE subunits but is transcribed from the 
opposite DNA strand. Both proteins encoded by these 
genes are approximately 50 % identical to the analogous 
polypeptides of cyanobacteria. Some of the genes 
encoding the linker polypeptides in eukaryotic algae are 
present on the nuclear genome (Egelhoff and Grossman, 
1983; Grossman et al., 1983). A nuclear gene encoding a γ 
subunit of PE, which thought to possess some functions 
that are analogous to cyanobacterial linker polypeptides, 
was isolated from A. neglectum. The chromophore-
binding sites on the γ subunits were inferred from analyses 
of PE chromopeptides of the red alga Gastroclonium 
coulteri (Klötz and Glazer, 1985). The A. neglectum gene 
sequence for one of the γ subunits predicts a protein with 
four of the five inferred binding sites. 

Complementary chromatic 
adaptation (CCA) in phycobilisomes 
The differences in the composition of the PBS structures 
observed in cells grown in diverse light qualities are a 
consequence of altered gene expression. The primary 
measures that cause changes in phycobiliprotein gene 
expression during chromatic adaptation probably involve 
absorption of light by one or more photoreversible 
photoreceptor molecules that absorb both RL (red light) 
and GL (green light). Low light intensities stimulate the 
synthesis of PBS and the rods may increase in length 
(Lönneborg et al., 1985). CCA is a light-dependent that 
results in alterations of the protein composition of the light-
harvesting PBSs to maximize light absorption for growth 
and development. CCA occurs primarily in response to red 
light and green light in Fremyella diplosiphon (Fig. 2). An 
increase in the size or number of the PBS produced under 
such conditions may help balance the electron flow 

Fig. 3: Schematic representation of phycobilisome degradation during various stresses
A. Loss of the terminal hexamer of the peripheral rods.
B. Continued loss of peripheral hexamers and the elimination of entire rods.  
C. Complete degradation of the PBS.
D. Loss in linker polypeptides resulted into the disassembly of phycobilisomes and rods are free from core particles.
E. Further loss in phycocyanin (αβ)6 which may disintegrate into trimers  (αβ)3 and  monomers (αβ) and finally 

eliminate completely.
F. Extended periods of UV-B irradiation may result in the loss of even phycoerythrin and core particles to break 

down leading to complete degradation of PBSs and hence impaired energy transfer from PBSs to the 
photosynthetic reaction centres.



between the two photosystems (Manodori and Melis, 
1986). Chromatically adapting cyanobacteria can be 
grouped according to the pattern of PC and PE regulation 
they display (de Marsac, 1983). Group I organisms 
synthesize PE but do not regulate its synthesis in response 
to light wavelength. Group II organisms (Synechocystis sp. 
PCC 6701), differentially adjust the synthesis of PE only in 
response to red and green light, while Group III organisms 
(Calothrix sp. PCC 7601 and Pseudanabaena sp. PCC 
7409), and differentially control the synthesis of both PC 
and PE (Bryant, 1982). The action spectra for PE synthesis 
during chromatic adaptation are akin for chromatic 
adapters of both Groups II and III (de Marsac, 1983). The 
studies that have been conducted into CCA have yielded 
assets of data about the regulatory components that are 
implicated in controlling the protein composition of the 
PBSs in response to red light and green light exposure. 
These studies have resulted in the finding of specific genes 
encoding the structural phycobiliproteins and their 
associated linkers that together make up the PBSs, in 
addition to the discovery of genes encoding regulatory 
proteins, including CCA photoreceptor RcaE, a sensor 
kinase class protein and downstream response regulators 
RcaF and RcaC (Kehoe and Gutu, 2006). RcaC, RcaE and 
RcaF together are predicted to form a complex 
phosphorelay system that regulates the transcriptional 
changes necessary for altered pigmentation during CCA 
(Kehoe and Grossman, 1997; Kehoe and Gutu, 2006). 
RcaE, a phytochrome-class photoreceptor, is also a sensor 
histidine kinase family member (Kehoe and Grossman, 
1996; Vierstra, 2003; Terauchi et al., 2004). RcaF is 
composed of a solitary receiver domain and acts after RcaE 
(Kehoe and Grossman, 1997). RcaC acts after RcaF in the 
phosphorelay and contains two receiver domains, a 

histidine phosphotransfer domain and a DNA binding 
domain (Chiang et al., 1992; Kehoe and Grossman, 1997). 
The cis-acting promoter elements through which the 'Rca' 
system operates have not yet been defined, although it has 
been demonstrated that the CCA responsive region of the 
cpc2 promoter is between -76 and +25 relative to 
transcription start, a region that contains a 13 bp direct 
repeat (Casey and Grossman, 1994). RcaC appears to bind 
with greater affinity to the cpc2 (CCA controlled) than to 
the pcyA, and with lesser affinity to the cpeC. For cpc2 and 
pcyA, these differences in apparent binding affinity are due 
to variation in the sequences flanking or separating the 
repeats, as the direct repeat sequences in these two are 
identical. In Synechococcus sp. PCC 7335, RcaC may 
downregulate pebAB expression in red light through a 
mechanism similar to that used to downregulate the 
expression of the cpeC gene in red light in F. diplosiphon 
(Li et al., 2008). The transcriptional element has the 
consensus sequence 5′-TTGCACANNNNTTGCACA-3′, 
is a cis-acting element that consists of direct repeats 
distinctive of binding sites of OmpR-class transcriptional 
factors and are found upstream of cpcB2, pcyA and cpeC. 
Transcription of cpcB2 and pcyA is regulated in an 
opposite manner to transcription of cpeC, the 
transcriptional element upstream of cpeC is in the inverse 
orientation as compared to the transcriptional element 
upstream of cpcB2 and pcyA (Alvey et al., 2007). 
However, unlike cpc2, pcyA mRNA accumulation also 
occurs during growth in GL, a finding that might have been 
expected based on the fact that both AP and PC1 are 
synthesized during GL growth and use PCB as their 
chromophore (Conley et al., 1986). In Synechococcus sp. 
PCC 7335, identification of transcriptional element 
upstream of red light-induced genes and in inverse 
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Fig. 4: Role and regulation of nblR, ntcA, nblA and nblB in PBS degradation during nitrogen, sulphur and 
phosphorus starvation. 
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orientation upstream of a gene not expressed during red 
light, suggests a common CCA regulatory mechanism 
among diverse cyanobacteria. RcaC acts as a DNA-
binding transcription factor that regulates expression of 
cpcB2, pcyA and cpeC in response to red light. Under red 
light conditions expression of cpcB2 and pcyA is 
upregulated, while expression of cpeC is downregulated. 
Therefore, RcaC acts as both an activator and repressor of 
transcription in red light (Li et al., 2008). Fremyella 
diplosiphon exhibits elongated, brick-shaped cells when 
grown in green light, whereas red light-grown cells are 
round in shape (MacColl, 1998; Bordowitz and 
Montgomery, 2008). Results from recent studies 
established that RcaE is the biliprotein photoreceptor that 
regulates these cellular phenotypes in response to green 
light and red light (Bordowitz and Montgomery, 2008). In 
red light, RcaC and RcaF are likely downstream of RcaE in 
this response (Bordowitz and Montgomery, 2008). Thus, 
RcaE is the photoreceptor responsible for the light-
dependent changes in pigmentation (Kehoe and Grossman, 
1996; Terauchi et al., 2004) as well as the changes in cell 
shape and filament length in response to green light or red 
light (Fig. 2). 

A remarkable cluster of proteins that is mainly closely 
linked to the APC members of the phycobiliprotein 
superfamily has been identified. Each of these proteins, 
which have been named APC-like (Apl) proteins, 
apparently contains a 28-amino acid annex at its amino 
terminus relative to APC. Apl family members possess the 
residues decisive for chromophore interactions, but 
substitutions are present at positions apprehensive in 
maintaining the proper α-β subunit interactions and tertiary 

structure of phycobiliproteins, signifying that Apl proteins 
are able to bind chromophores but fail to adopt distinctive 
APC conformations. AplA isolated from 
diplosiphon contained a covalently attached chromophore 
and even though present in the cell under a number of 
circumstances, was not detected in PPBSs. Thus, Apl 
proteins are a novel class of photoreceptors with a different 
cellular site and structure than any formerly described 
members of the phycobiliprotein superfamily 
(Montgomery et al., 2004). Also, one of the two genes 5' of 
aplA, named cotB, was critical for usual expression of PE 
and the PE linkers during growth in green light (Balabas et 
al., 2003). Thus, the arrangements of aplA and cotB 
homology are almost identical in Fremyella diplosiphon 
and Nostoc punctiforme, that both endure chromatic 
adaptation (de Marsec, 1977). The only difference is the 
presence of an additional open reading frame between aplA 
and cotB in F. diplosiphon genome. Downstream of the N. 
punctiforme aplA gene and transcribed in the same 
direction are homology of cpeE, cpeS, cpeT, and cpeR 
(Cobley et al., 2002). In F. diplosiphon, cpeE encodes a PE 
linker peptide (Federspiel and Scott, 1992) and is also 
located upstream of cpeS, cpeT, and cpeR. The roles of 
CpeS and CpeT are unknown, but cpeR is essential for 
cpeBA operon expression (Cobley et al., 2002; Seib and 
Kehoe, 2002). Thus, as in F. diplosiphon, the N. 
punctiforme aplA gene is not near a partner AP-encoding 
gene and is flanked by genes encoding regulators of 
phycobiliprotein gene expression. Whole-cell spectral 
analyses of aplA null mutants demonstrated that aplA does 
not play a major role in controlling CCA. However, 
overexpression of aplA in an FdBk mutant background 
during growth in GL did result in decreased levels of both 

Fremyella 

Fig. 5: Absorption spectra showing the degradation of PBSs in Nostoc sp. HKAR-2 during UV-B stress.



PE protein and cpeBA and cpeCDE RNA and increased 
levels of PC protein and cpcB2A2 RNA. These data 
suggest that aplA may play a negative role in regulating 
cpeBA and cpeCDE expression and a positive role in 
controlling cpcB2A2 expression during growth in GL, but 
whether or not this role is photosensory remains to be 
determined. If Apl proteins play a sensory role, they would 
be expected to require a heterologous dimerization partner 
in order to function, since they lack an obvious signal 
output domain. Such a dimerization partners, if any, is 
currently unidentified. The sequence divergence between 
Apl family members would appear to be sufficient to 
accommodate diversity in both function and partnering 
(Montgomery et al., 2004).

Phycobilisomes and stress conditions
Cyanobacteria respond to environmental stress conditions 
by degrading their PBSs, the light harvesting complexes 
for photosynthesis. Macronutrient limitation results in 
extensive PBS breakdown (Fig. 3A, B, C) and a chlorosis 
or bleaching response (Allen, 1984; Collier and Grossman, 
1992; Bhaya et al., 2000) is observed. The breakdown of 
the PBS under these conditions may allow for recycling of 
amino acids into proteins that aid in the acclimation process 
or may be important in preventing cellular damage via 
photo-oxidation. Various cyanobacteria can alter the 
composition of the PBS in response to light quality 
(Grossman, 1990). The elimination of nutrients from the 
growth medium initially provokes the rapid degradation of 
the terminal hexamer of the PBS rods and its associated 30 

12 1-2, 2019PHYCOBILISOMES: STRUCTURE, ROLE IN REGULATION.....

Table 1: Phycobiliproteins and their properties. 

Biliproteins Absorption Fluorescence  
maximum emission double location of bilins

 (nm) maximum (nm) bonds

C-Phycocyanin 616 643 Phycocyanobilin 8 6α84, 6β84, 6β155 Duerring et al.,
1991; Sun et al.,
2003

R-Phycocyanin 547, 616 638 Phycocyanobilin 8 3α84, 3β84 Sidler, 1994;
 phycoerythrobilin 6 3β84 Sun et al., 2003

R-Phycocyanin II 533, 554, 615 646 Phycocyanobilin 8 2β84 Sidler, 1994; 
4α84, 2β 155 phycoerythrobilin 6 Ong and Glazer, 

1987 

C-Phycoerythrin 548 573 Phycoerythrobilin 6 6α84, 6α140, 6β50/61, MacColl, 1998; 
6β84, 6β155 Swanson et al.,

1991

CU-Phycoerythrins-I 491, 563 573 Phycoerythrobilin 6 3α84, 3α140, 6β84, Ong and Glazer,
6β155 1991;

phycourobilin 5 6α75, 6β50/61 Wilbanks et al.,
1991  

β84CU-Phycoerythrins-II 492, 543 565 Phycoerythrobilin 6 12 Ong and Glazer, 
75 84 140 50WH8103 phycourobilin 5 6α ,6 α ,6 α , 3β / 1991;

15561, 3β Wilbanks and
Glazer, 1993 

CU-Phycoerythrins 491, 547 565 Phycoerythrobilin 6 12α84, 12β84, β155 MacColl, 1998; 
Wh8020 phycourobilin 5 6α140,6 β50/61 Wilbanks and

Glazer, 1993
84 155CU-Phycoerythrins 495, 543 565 Phycoerythrobilin 6 3β ,3 β Swanson et al., 

Wh8501 1991;
75 84 140 50/61phycourobilin 5 3α ,6α ,3α ,12β Wilbanks et al.,

1991 
84 140 84B-phycoerythrin 545, 563 575 phycoerythrobilin 6 6α , 6α , 6β , Ficner et al., 1992; 

155 9412β , 2γ
133 209phycourobilin 5 1γ  ,1γ Gantt, 1980 
84 140 84R-phycoerythrin 498, 538, 567 578 phycoerythrobilin 6α , 6α , 6β , Rowan, 1989; 
155 946β , 1γ Chang et al., 1996; 
0/61 133 209 297phycourobilin β5 , 1γ  ,1γ ,1γ Sun et al., 2003

Allophycocyanins 650 663 phycocyanobilins 8 3α84, 6β84 Brejc et al., 1995; 
Liu et al., 1999; 
Sun et al., 2003

Phycoerythrocyanin 575 635 phycocyanobilin 6β84, 6β155 Sidler, 1994; 
phycoviolobilin 6α84 Duerring et al.,

1990

Bilins Conjugated Number and References
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kDa linker polypeptide which is followed by degradation 
of the next PC hexamer and its associated 33 kDa linker 
polypeptide and a decrease in the number of rods 
associated with the PBS core (Collier and Grossman, 
1992). The loss of these components results in a decrease in 
the PBS sedimentation coefficient and a reduction in the 
ratio of PC to AP. The smaller PBS can still harvest light 
energy. After the loss of the rods, the entire complex is 
destroyed. Studies have focused on the role of nblA and 
nblB polypeptides in the degradation of the PBSs of 
Synechococcus sp. PCC 7942 and Synechocystis sp. PCC 
6803 during nitrogen starvation (Collier and Grossman, 
1994; Dolganov and Grossman, 1999). NtcA and nblA 
activation was found to be nitrogen specific and did not 
take place under sulphur stress (Luque et al., 2001). NblA 
triggers PBS degradation during nitrogen starvation. Its 
gene nblA was first identified in Synechococcus 7942 
which is expressed at a very low level in nutrient replete 
medium, but is highly up-regulated under nitrogen and 
sulfur starvation and to a lesser extent, during phosphorus 
starvation. NblA may activate a PBS degrading protease 
(Collier and Grossman, 1994)) or could tag or disrupt the 
PBS, rendering it susceptible to degradation. NblA binds to 
phycobiliproteins, preferentially to the α-subunits of 
phycocyanin, phycoerythrin or phycoerythrocyanin 
(Luque et al., 2003). The predicted size of the proteins 
ranges over 54-65 amino acids, corresponding to about 
6.9-7.5 kDa. In Synechocystis 6803, two nblA homology 
are present (Kaneko et al., 1996), both of which are 
required for PBS degradation (Baier et al., 2001). But in 
Synechocystis 6803, the induction of NblA expression 
occurs only upon nitrogen starvation and not upon sulfur 
starvation (Richaud et al., 2001; Li and Sherman, 2002). 
NblR has been identified as a response regulator belonging 
to the OmpR/PhoR family in two-component systems, 
under nitrogen and sulfur deprivation conditions, it plays a 
critical role in the bleaching process via transcriptional 
activation of nblA (Schwarz and Grossman, 1998; Luque 
et al., 2001; Kato et al., 2008) (Fig. 4). In the genome 
database of Anabaena sp. PCC 7120, two nblA homology 
ORFs exist: ORF asr4517 on the chromosome and ORF asr 
8504 on plasmid Delta (Kaneko et al., 2001). Karradt et al., 
(2008) reported that the NblA may act as an adapter protein 
that guides a ClpC. ClpP complex to the phycobiliprotein 
disks in the rods of PBSs, thereby initiating the degradation 
process. The sll1961 gene was reported to encode a 
regulatory factor of photosystem stoichiometry in the 
cyanobacterium Synechocystis sp. PCC 6803. Therefore, 
sll1961 gene is also essential for the PBS degradation 
during nitrogen starvation. The defect in PBS degradation 
was observed in the sll1961 mutant despite the increased 
expression of nblA, a gene involved in phycobilisome 
degradation during nitrogen starvation. Photosystem 
stoichiometry is not affected by nitrogen starvation in the 
sll1961 mutant nor in the wild-type. The results indicate 

the presence of a novel pathway for PBS degradation 
control independent of nblA expression (Sato et al., 2008).

The effect of light intensity at different experimental 
2irradiance showed 25µmol photons/m /s as best for 

phycobiliprotein production in Anabaena NCCU-9 
(Hemlata and Fatma 2009). Light irradiance of 25µmol 
photons/m2/s was also reported to be optimal for 
Synechococcus NKBG 042902 (Takano et al., 1995), 
Spirulina subsalsa, S. maxima (Tomasseli et al., 1995; 
1997) and Synechocystis (Hong and Lee, 2008). Light 

2intensity of 12.5 µmol photons/m /s was found to be 
optimal for Nostoc UAM 206 (Poza-Carrion et al., 2001) 
and N. muscorum (Ranjitha and Kaushik, 2005). Red algae 
generally prefer higher irradiance i.e. 40 µmol 
photons/m2/s by Gracilaria tenuispitata (Carnicas et al., 

21999), 65 µmol photons/m /s by Audounella, 
Batrachospermum and Comsopogon (Zucchi and Neechi, 

22001). A high light intensity 150 µmol photons/m /s was 
found to be optimum for phycobiliprotein production in the 
cyanobacterium Arthronema africanum (Chaneva et al., 
2007). It has been suggested that cyanobacteria prefer low 
light intensities and stimulate phycobiliprotein synthesis 
(Grossman et al., 1993) because of their low specific 
maintenance energy rate and their pigment composition 
(Mur and Elema, 1983). UV-B radiation destroys the 
complex organization within phycobilisomes because their 
aromatic amino acids absorbs in the range of UV-B. In 
cyanobacteria, more than 99 % of the UV-B is absorbed by 
chlorophyll-binding proteins and phycobilisomes (Lao and 
Glazer, 1996; Sinha et al., 2005). Exposure of 
Synechocystis cells to moderate intensity of UV-B (1.8 
Wm-2) induces loss of β-phycocyanin and the 37 118-rod 
linker, which may be due to the two bilins present in β-
phycocyanin whereas the other biliproteins contain single 
bilin (Zolla et al., 2002). Phycobilisomes of 
Synechococcus sp. PCC 7942 when exposed to UV-B 
radiation, showed photodestruction of both α- and β-
phycocyanin (Sah et al., 1998). The change in structure and 
function of phycobilisomes may result in less transfer of 
energy to the reaction centres, hence it is a protective 
mechanism to cope up with the UV-B stress (Jiang and Qiu, 
2005). Photochemical instability of the structure and a 
controlled adjustment by the cell to reduce light harvesting 
complex are the two possible mechanisms which were 
suggested by Donker and Häder (1991) for the sensitivity 
of phycobilisomes to UV-B radiation. In cyanobacteria, 
light is not captured by LHCII, but by large membrane-
extrinsic complexes, the PBSs, which are attached to the 
outer surface of thylakoid membranes. Dissociation of PBS 
components in response to UV-B radiation had been 
reported in various cyanobacteria such as Anabaena sp. 



PCC 7120 (Lao and Glazer, 1996), Synechococcus sp. PCC 
7942 (Sah et al., 1998), Synechocystis sp. PCC 6803 
(Rinalducci et al., 2006) and Nostoc sp. HKAR-2 (Fig. 5). 
UV-B radiation is one of the most detrimental 
environmental factors for photosynthetic organisms 
(Painter, 1993; Bowker et al., 2002; Zhou et al., 2009). 
Because of its high energy, it leads to the production of 
reactive oxygen species (ROS) in the evolution of 
photosynthetic processes in plant cells (Apel and Hirt, 
2004). UV-B exposure inhibits O2 evolving, induces 
perturbations of energy transfer and degradation of APC 
and PC (Lao and Glazer, 1996; Rajagopal and Murthy, 
1996; Pandey et al., 1997; Sinha et al., 1995; Rajagopal et 
al., 1998; Sah et al., 1998; Rinalducci et al., 2006). He et 

2al., (1997) suggested that 1O  is generated from PE, PC and 
APC on photosensitization and participates in the 
photobleaching of these proteins. Sah et al., (1998) had 
found the effect of UV light on the anchor linker 
polypeptide (LCM). UV-B stress results in loss in linker 
polypeptides which resulted into the disassembly of PBSs 
and rods are free from core particles. Further loss in 
phycocyanin (αβ)6 which may disintegrate into trimers  
(αβ)3 and monomers (αβ) and finally eliminate 
completely. Extended periods of UV-B irradiation may 
result in the loss of even phycoerythrin and core particles to 
break down leading to complete degradation of PBSs and 
hence impaired energy transfer from PBSs to the 
photosynthetic reaction centres (Fig. 3D, E, F).

Biotechnological perceptive of phycobilisomes
Phycobiliproteins which are a group of colored proteins 
commonly present in cyanobacteria and red algae 
possessing a spectrum of applications. PBSs are the natural 
source of the phycobiliproteins phycocyanin, PE and APC. 
These dyes are widely used as labeling reagents for a 
variety of fluorescence detection applications, including 
flow cytometry (Oi et al., 1982; Yeh et al., 1987). The 
prices of phycobiliproteins products are US$ 3 to US$ 25 
mg-1 for native pigment but they can reach US$ 1,500 mg-
1 for certain cross linked pigments. In the near future its 
price are likely to grow by 20 % annually (Sekar and 
Chandramohan, 2008). For biotechnological purposes 
there is a need to purify phycobiliproteins, Moares and 
Kalil (2009) had developed a simplified method for 
purification of C-phycocyanin from Spirulina platensis as 
it employs only one chromatography step, ion exchange 
chromatography and a precipitation step. The final product 
obtained was of analytical grade and had a purity of 4.0 
with a purification factor of 6.35. They are extensively 
commercialized for fluorescent applications in clinical and 
immunological analysis. The fluorescence quantum yield 
for B-phycoerythrin is 0.98 (λFmax 575 nm) and that for 
APC is 0.68 (λFmax 660 nm) (Grabowski and Gantt, 
1978). These values should be compared to those for two 

exceptionally good, widely used synthetic fluorescent 
molecules - fluorescein and the cyanine dye Cy5.18. For 

4 -1fluorescein in aqueous solution, ЄM (490 nm) is 8 x 10  M  
- lcm  and ΦF is 0.9 (λFmax 530 nm). For Cy5.18, ЄM (650 

5 -1 -1nm) is 2.5 x 10  M  cm  and ΦF is 0.27 (λFmax 667 nm) 
(Waggoner et al., 1993). They are also used as colorant and 
their therapeutic value has also been categorically 
demonstrated (Sekar and Chandramohan, 2008). There is 
an increasing demand for natural colors which are of use in 
food, pharmaceuticals, cosmetics, textiles and as printing 
dyes. Phycobiliproteins are used as natural protein dye in 
the food industry (c-phycocyanin) and in cosmetic industry 
(C-phycocyanin and R-phycocyanin) (Santiago-Santos et 
al., 2004). In addition to its coloring properties, PC 
possesses a yellow fluorescence (Dufosse et al., 2005). 
Phycobiliproteins play an important role in fluorescent 
based detection systems, particularly for flow cytometry. 
Synthetic energy transfer complexes between 
phycobiliproteins and low molecular weight synthetic 
fluorochromes, including PE-Cy5, PE-Cy7 and APCCy7, 
are commonly used in flow cytometry. These tandem 
conjugates fluoresce at longer wavelengths than 
phycobiliproteins alone, thereby broadening the selection 
of compatible dyes for multicolor flow cytometry 
(Landsdorp et al., 1991; Waggoner et al., 1993; Beavis and 
Pennline, 1996; Roederer et al., 1996). PBXL-3L (far red-
emitting Spirulina platensis-derived complex) is an 
effective immunophenotyping fluorochrome for flow 
cytometry. PBXL-3L was more sensitive than APC for the 
immunodetection of weak surface markers, both in cell 
lines and in primary lymphoid cells. PBXL-3L was also 
found to be spectrally compatible with a wide variety of 
commonly used fluorescent tags, including: 1) the blue-
green excited fluorochromes FITC, PE, PE-Cy5, PE-Cy7 
and PerCP-Cy5.5, 2) the yellow-orange excited 
fluorochromes Crypto-Fluor-5, Texas Red, lissamine 
rhodamine, Alexa Fluor 568 dye and Alexa Fluor 594 dye, 
and 3) The red-excited tandem conjugate APC-Cy7 
(Telford et al., 2001). Efficient excitation energy coupling 
among the chromophores in the phycobiliprotein 
trimer/hexamer and among the phycobiliproteins in the 
PBS gives them some special spectroscopic properties 
which make them become promising fluorescent probes 
used in various fields of biological investigations (Sun et 
al., 2003). The pharmacological property attributed by PC 
includes antioxidant, anti-inflammatory, neuroprotective 
and hepatoprotective activity (Benedetti et al., 2004; 
Bermejo et al., 2008). The primary potential of these 
molecules are as natural dyes but a number of 
investigations have shown on their health-promoting 
properties and broad range of pharmaceutical applications. 
Thus, one of the applications of PC is to use as food 
pigment replacing current synthetic pigments. They are 
used as colorant in chewing gum, ice sherbets, popsicles, 
candies, soft drinks, dairy products and cosmetics like 
lipsticks and eyeliners. In addition, phycobiliproteins are 
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widely used in clinical and immunological research 
laboratories (Spolaore et al., 2006). They serve as labels 
for antibodies, receptors and other biological molecules in 
a fluorescence-activated cell sorting and they are used in 
immunolabelling experiments, fluorescence microscopy 
and diagnostics. The major organisms exploited for 
production are the cyanobacterium Spirullina for PC and 
the red alga Porphyridium for PE (Roman et al., 2002). PC 
from various species of cyanobacteria and red algae are 
largely reported mainly for its anti-inflammatory, anti-
hepatotoxicity, anti-carcinogenic, and nutritious values 
(Qureshi et al., 1996; Romay and Gonzalez, 2000; Vadiraja 
et al., 1998).
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