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Abstract
The phycobilisome (PBS) is an antenna protein complex in cyanobacteria, Glaucocystophytes, and red algae. In the standard 
PBS, the rod-core PBS, the rods are connected to the core by the rod-core linker protein CpcG. The rod-core PBS transfers 
the light energy mainly to photosystem (PS) II and to a lesser extent to PSI. Cyanobacteria assemble another type of PBS, 
the CpcL-PBS, which consists of only one rod. This rod-type PBS is connected to the thylakoid membrane by the linker 
protein CpcL and is a PSI-specific antenna. In the filamentous heterocyst-forming cyanobacterium Anabaena (Nostoc) sp. 
PCC 7120, the CpcL-PBS forms a complex with the tetrameric PSI (PBS-PSI supercomplex). The CpcL-PBS and the rod 
part of the rod-core PBS are identical except for the linker proteins CpcL and CpcG. How cells control the accumulation of 
the two different types of PBS is unknown. Here, we analyzed two mutant strains which either lack the major rod-core linker 
CpcG4 or overexpress the rod-membrane linker CpcL. In both mutant strains, more and larger PBS-PSI supercomplexes 
accumulated compared to the wild type. Our results suggest that CpcL and CpcG4 compete for the same phycobiliprotein 
pool, and therefore the CpcL/CpcG4 ratio determines the levels of PBS-PSI supercomplexes. We propose that the CpcL-PBS 
and the rod-core PBS fulfill distinct functions in light harvesting.
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1 Introduction

Light serves as an essential energy source for life on earth. 
Photosynthesis enables the conversion of light energy into 
chemical energy to support almost all biological processes 
in a phototrophic cell. Light-harvesting antenna systems 
which efficiently collect the light energy are crucial com-
ponents of the photosynthetic apparatus. Many cyanobac-
teria, Glaucocystophytes, and red algae use phycobilisomes 
(PBSs) as light-harvesting antenna complexes. The PBS 
absorbs light and transfers the excitation energy to the pho-
tosystem (PS) complexes, mainly to PSII [1]. Generally, the 
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PBS is a supercomplex composed of a core and protruding 
rod subcomplexes (the rod-core PBS). These core and rod 
subcomplexes are composed of various phycobilin-binding 
proteins connected by several classes of colorless linker 
proteins [2, 3]. The phycobiliproteins can be classified into 
allophycocyanin (APC, λmax = 650–655 nm) which forms the 
core, phycocyanin (PC, λmax = 620 nm) which is the main 
component of the rod, phycoerythrin (PE), and phycoeryth-
rocyanin (PEC), both of which can be assembled into the 
peripheral part of the rods in different species [4, 5]. The 
rod-core linker protein CpcG connects the rods to the core 
complex and is necessary for the assembly of the rod-core 
PBS [3]. In general, CpcG proteins contain a conserved 
N-terminal linker-PBS domain (Pfam00427), located within 
the rod disc, and a C-terminal hydrophilic linker-G domain, 
which interacts with the core [3, 6]. The chromosome of the 
filamentous,  N2-fixing cyanobacterium Anabaena (Nostoc) 
sp. PCC 7120 (hereafter “Anabaena”) contains three copies 
of the rod-core linker CpcG which are designated as CpcG1, 
CpcG2, and CpcG4. It is known that CpcG4 is the rod-core 
linker that makes the connection between rods and the cen-
tral core cylinders of the PBS. CpcG1 and CpcG2 linker 
proteins connect the rods to the so-called half-core cylinders 
which are composed of only one APC hexamer (Fig. 1) [6]. 
These half-core cylinders are located perpendicularly on top 
of the two basal core cylinders in the Anabaena PBS.

Further, another type of PBS has been reported, which 
is called the CpcL-PBS [7–9]. The CpcL-PBS is a rod-type 
PBS composed of a single PBS rod and the rod-membrane 
linker CpcL. Previously, CpcL was called CpcG2 in Syn-
echocystis sp. PCC 6803 and CpcG3 in Anabaena. In the 
following, we use only the name CpcL to designate the 
rod-membrane linker protein in different organisms. CpcL 
has an N-terminal linker-PBS domain, almost identical to 

that of the rod-core linker CpcG proteins, and a C-termi-
nal hydrophobic linker-L domain [3, 9]. The hydrophobic 
linker-L domain enables the direct interaction of the rod 
with the thylakoid membrane [9]. While the rod-core PBS 
serves as a major antenna for PSII, CpcL-PBS mediates 
the energy transfer specifically to PSI [9–11]. The fast and 
efficient energy transfer from CpcL-PBS to PSI is compa-
rable to that from the rod-core PBS to PSII [11].

In Anabaena, PSI forms a tetramer structure, which has 
been confirmed as the dimer-of-dimer in cryo-electron 
microscopy (cryo-EM) [12, 13]. The CpcL-PBS interacts 
with the PSI tetramer to form a PBS-PSI supercomplex 
[9]. The single-particle electron microscopy (EM) struc-
ture of the PBS-PSI supercomplex revealed that CpcL-
PBS is attached to the interface between two monomers 
within the dimer of the PSI tetramer [9]. Theoretically, the 
dimer-of-dimer structure revealed two such binding sites 
within the dimers and two potential binding sites between 
the dimers. However, it is not yet elucidated whether more 
CpcL-PBS could bind to the PSI tetramer.

CpcL-PBS forms a PBS-PSI supercomplex and trans-
fers the light energy to PSI. On the other hand, the rod-
core PBS can also function as a PSI antenna. Here, we 
revealed the role of linker proteins on the amount of dif-
ferent PBS assemblies and supercomplexes. We character-
ized two deletion mutants lacking the linker genes for the 
rod-core PBS (∆cpcG4) or the CpcL-PBS (∆cpcL), and 
a cpcL overexpression mutant. Our results demonstrate 
that the linker proteins compete for the assembly of the 
corresponding PBS. In addition, the similarity of the PBS-
PSI supercomplex assembly in the cpcL overexpression 
and ∆cpcG4 mutants suggests that the CpcL/CpcG4 linker 
ratio determines the amount of PBS-PSI supercomplexes 
in the cell.

RodCore

CpcD

CpcC

ApcC
ApcE

PecC

CpcG1

CpcG2
CpcG4

PC (CpcA/B)

(ApcA/B)
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PEC (PecA/B)
PC (CpcA/B)
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Fig. 1  Model of the rod-core PBS (left) and the CpcL-PBS (right) 
from Anabaena. The rod-core linker CpcG4 connects rods with core 
cylinders, whereas the CpcL rod-membrane linker connects a sin-
gle rod with the thylakoid membrane. The additional rod-core link-
ers CpcG1 and CpcG2 connect rods with the half-core cylinder (HC) 

[6]. In the rod-core PBS, the linker ApcE connects the core with the 
membrane. Anabaena PBSs contain the phycobiliproteins phyco-
erythrocyanin (PEC), phycocyanin (PC), and allophycocyanin (APC) 
and additional linkers which connect the different structures
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2  Materials and methods

2.1  Strains and growth conditions

Wild type and mutants of Anabaena sp. PCC 7120 were 
grown at 31 °C in liquid BG11 medium supplemented with 
20 mM HEPES KOH (pH 8.2) [14] and with bubbling 
with 1%  CO2 under continuous illumination with white 
fluorescent lamps (ca. 20 μmol photons  m–2  s–1). For the 
cultivation of mutant strains, 30 µg  mL−1 neomycin or 
20 µg  mL−1 erythromycin were added.

2.2  Construction of mutants

All primers are listed in Table S1. For the cpcL gene dele-
tion, upstream, downstream-1, and downstream-2 regions 
of the cpcL gene were amplified by PCR using primer 
pairs of cpcG2-1F/cpcG2-2R, cpcG4-1F/cpcG4-2R, and 
all0538-1F/all0538-2R, respectively. Details of the con-
struction of the plasmids are shown in Fig. 2A. PCR prod-
ucts of upstream and downstream-1 were subcloned into 
pPCRScript separately, and the downstream-2 fragment 
was subcloned into pT7Blue. The respective upstream 
and the downstream DNA fragments were digested with 
BamHI/EcoRI or ClaI/XhoI, respectively, and were 
ligated. The neomycin resistance cassette was inserted 
into the EcoRI site between the downstream-1 and 2 DNA 
fragments. The cpcG4 gene was inactivated by the inser-
tion of the neomycin resistance cassette into a HpaI site. 
The XhoI–SacI fragment from pPCRScript_∆cpcL::NmR 
and pT7Blue_∆cpcG4::NmR were subcloned into the 
sacB-vector pRL271 between the XhoI and SacI sites 
[15], resulting in pRL271_∆cpcL::NmR (∆cpcL) and 
pRL271_∆cpcG4::NmR (∆cpcG4). The overexpres-
sion plasmid for the cpcL gene was constructed as fol-
lows. The subcloned cpcL gene in the pPCRScript was 
digested by BglII and SalI and ligated into the BamHI/
SalI digested pAM505-based shuttle vector [16, 17] 
pAM505::ErR creating the pAM505::ErR_cpcL plasmid. 
The pAM505::ErR_cpcL and the trc promoter [18–20] 
were amplified by PCR using primer pairs cpcL-6F/
pAM505-6R and trc-19FpAM505/trc-20RAncpcL and 
combined using the In-Fusion System (Takara).

Mutation of Anabaena was achieved by triparental con-
jugation using strain J53 bearing RP4 and cargo strain 
HB101, bearing the helper plasmid pRL623 [21]. The 
selection of double recombinants was performed using 
sacB as a negative selection marker [22]. The correct 
genome modification and the complete segregation of 
mutant alleles in ∆cpcL and ∆cpcG4 mutants were veri-
fied by PCR using the primer pairs cpcG2-1F/cpcG4-2R, 

and cpcG4-1F/cpcG4-2R, respectively. Primer pair cpcL-
4R/trc-19FpAM505 was used for PCR to verify the pres-
ence of the plasmid in the cpcL overexpression mutants.

2.3  Isolation of phycobilisomes

PBSs were isolated as previously described [9]. Briefly, 
cells were harvested, washed twice with 0.9 M potassium 
phosphate buffer (pH 7.0), and broken with zirconia beads 
with a bead beater (Micro Smash MS-100R; TOMY). The 
cell extract was treated with 2% (v/v) Triton X-100 in 0.9 M 
phosphate buffer (pH 7.0) for 30 min and centrifuged at 
20,000×g for 20 min at 18 °C to separate the upper green 
Triton X-100 layer from the lower blue aqueous phase. The 
blue phase was loaded onto a 10–50% (w/v) linear sucrose 
density gradient with 0.9 M phosphate buffer and centri-
fuged at 130,000×g for 16 h at 18 °C.

2.4  Isolation of photosystem complexes

PS complexes were isolated as described in a previous 
report [9]. Cells were harvested, resuspended in buffer A 
containing 50 mM 4-morpholineethanesulfonic acid sodium 
hydroxide (pH 6.5), 10 mM  MgCl2, 5 mM  CaCl2, and 25% 
(w/v) glycerol, and disrupted with zirconia beads with a bead 
beater (Micro Smash MS-100R; TOMY). After removing 
unbroken cells, the resulting supernatant was centrifuged at 
300,000×g for 30 min at 4 °C to separate thylakoid fractions 
and soluble proteins. Thylakoid fractions were adjusted to 
a concentration of 1 mg chlorophyll (Chl)  mL–1 with buffer 
A and solubilized with 1% n-dodecyl-β-d-maltoside (DM) 
(Sigma-Aldrich) on ice for 30 min, followed by centrifuga-
tion at 300,000 × g for 30 min at 4 °C. The supernatant was 
diluted with three volumes of buffer B (50 mM 4-morpho-
lineethanesulfonic acid sodium hydroxide (pH 6.5), 10 mM 
 MgCl2, and 5 mM  CaCl2), loaded onto a 10–30% linear 
sucrose density gradient in buffer B containing 0.01% DM, 
and centrifuged at 130,000×g for 6–8 h at 4 °C.

2.5  SDS‑PAGE and Western blot analysis

Proteins were separated by SDS-urea-PAGE with a 16–22% 
(w/v) linear gradient of polyacrylamide containing 7.5 M 
urea [23], followed by Coomassie or silver staining [24]. 
The bilin fluorescence of the phycobiliproteins was detected 
through a 605 nm filter with excitation at 532 nm (FMBIO 
II, TaKaRa) before silver staining. Western blot analysis was 
performed as described before [9]. The peptide antibodies 
for CpcL, CpcG4, and CpcG1 were produced by Takara Bio 
and used for immunodetection.
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2.6  Absorption and 77 K fluorescence spectroscopy

Absorption spectra were measured at room temperature 
(UV-2400PC; Shimadzu). Fluorescence excitation spectra 

were measured with a fluorescence spectrophotometer (RF-
5300PC; Shimadzu) equipped with a Dewar vessel con-
taining liquid nitrogen. Samples were excited from 400 to 

Fig. 2  a Scheme of the cpc 
operon in Anabaena and a 
map illustrating the construc-
tion of the ∆cpcL and ∆cpcG4 
mutants. The arrows show the 
putative transcription start sites 
as predicted by RNA-seq data 
[29]. For ∆cpcL mutant con-
struction, to avoid polar effects 
on the downstream cpcG4 gene 
expression, the complete ORF 
of the cpcL gene was deleted, 
and the kanamycin/neomycin 
resistance cassette was inserted 
into an intergenic region after 
the whole cpc operon. For 
∆cpcG4 construction, the 
kanamycin/neomycin resistance 
cassette was inserted into the 
cpcG4 gene. b Verification of 
complete segregation of mutant 
alleles in ∆cpcL and ∆cpcG4 
mutants and presence of the 
cpcL overexpression plasmid by 
PCR. Wild type (WT) served 
as a negative control. Expected 
product sizes are 1755 bp or 
2475 bp for ∆cpcL mutant and 
WT, 2281 bp or 931 bp for 
∆cpcG4 mutant or WT, and 
982 bp for cpcL overexpression 
mutant. Clone 1 was used each 
time for the analyses in this 
study
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700 nm and fluorescence was monitored at the PSI emission 
peak at 725 nm.

3  Results

3.1  Construction of Anabaena mutants lacking 
the linker proteins CpcL and CpcG4

In order to evaluate the assembly of PBS-PSI supercom-
plexes in the absence of CpcL and CpcG4, we constructed 
the respective mutant strains ∆cpcL and ∆cpcG4. In Ana-
baena, the cpcL gene locates upstream of cpcG4 in an operon 
including genes encoding other PBS subunits (Fig. 2a). To 
avoid polar effects of a cpcL mutation on the downstream 
cpcG4 gene expression, we deleted the complete ORF of 
the cpcL gene and inserted the neomycin resistance cassette 
into an intergenic region after the whole operon (Fig. 2a). 
We verified the correct genome modification and the com-
plete segregation of mutant alleles in ∆cpcL and ∆cpcG4 
mutants by PCR (Fig. 2b), and used one completely segre-
gated clone for further analyses. In addition to the gene dele-
tion mutants, we also created a cpcL overexpression mutant 
in Anabaena. The cpcL gene was inserted together with a 
synthetic trc promoter into a self-replicating plasmid [20]. 
The presence of the plasmid in conjugated cells was verified 
by PCR (Fig. 2b).

3.2  Isolation of PBS fractions from ∆cpcL 
and ∆cpcG4 mutants

To investigate the effects of the disruption of cpcL and 
cpcG4 genes, we isolated PBSs by linear sucrose density 
gradient centrifugation from wild type, ∆cpcL, and ∆cpcG4 
mutants grown under standard conditions (Fig. 3a). Distribu-
tions of CpcL-PBS and the rod-core PBS in the gradients 
were analyzed by Western blot analysis using an anti-CpcL 
antibody for CpcL-PBS, anti-CpcG4, and anti-CpcG1 anti-
bodies for the rod-core PBS, respectively (Fig. 3b). In the 
wild type, CpcL and CpcG4 were detected in fractions 2–10 
and 5–10, respectively (Fig. 3b). Similarly to a previous 
study [9], we detected the rod-core PBSs in several frac-
tions (Fig. 3a, b). Fraction 4 did not correspond to a clearly 
visible band but rather to a pale blue region in the sucrose 
gradient (Fig. 3a). This fraction mainly contained CpcL and 
did not show prominent APC absorption (650 nm) in the 
spectra (Fig. 3c), indicative of the presence of CpcL–PBS 
complexes only. In the ∆cpcL mutant, no colored region 
corresponding to fraction 4 of the wild type was observed, 
whereas the rod-core PBS fractions (fractions 5–10 in the 
wild type) are clearly visible in this mutant (Fig. 3a, frac-
tions 15–19 in ∆cpcL). We took the non-colored region 
of the ∆cpcL gradient (fraction 14) and measured the 

absorption spectra. Fraction 14 showed almost no absorp-
tion (Fig. 3c). In the ∆cpcG4 mutant, CpcL was detected 
in fractions 21–25 (Fig. 3b, lower panel). In the gradient, 
fraction 23 was at the same position as fraction 4 of wild 
type and was clearly colored (Fig. 3a). This fraction did not 
include the rod-core linker CpcG1 (Fig. 3b, lower panel). 
Absorption spectra revealed that fraction 23 includes PC 
and APC (Fig. 3c). These results suggest that this fraction 
is a mixture of the CpcL-PBS and detached discs from the 
rod-core PBS and that the assembly of CpcL-PBS was 
not affected in the ∆cpcG4 mutant. These results confirm 
that CpcL is a specific linker of the CpcL-PBS. The rod-
core linker CpcG1 was detected in fractions 24 and 25 of 
the ∆cpcG4 mutant preparation, indicating that these two 
fractions contain the rod-core PBS (Fig. 3b). Absorption 
spectra showed a high APC-to-PC ratio in fractions 24 and 
25, suggesting that these fractions contain a low amount of 
PBS rods (Fig. 3c). This result is consistent with previous 
analyses [6, 25], which showed that CpcG4 is the central 
rod-core linker in the rod-core PBS, and CpcG1 or CpcG2 
cannot replace CpcG4.

3.3  Effect of cpcL deletion on PBS‑PSI supercomplex 
formation

Next, we separated the PS complexes from the solubilized 
thylakoid fraction of the ∆cpcL mutant in sucrose gradients 
(Fig. 4a). In the ∆cpcL mutant, a green fraction which would 
correspond to the PBS-PSI supercomplex was not detected 
(fraction 4 of wild type). Therefore, we collected the fraction 
from the gradient of the ∆cpcL mutant which had a similar 
position in the gradient as the PBS-PSI in the wild type 
(fraction 4* in Fig. 4a) and performed SDS-PAGE and meas-
ured absorption spectra (Fig. 4b, c). Fraction 4* from the 
∆cpcL mutant contained PSI, but no CpcL and PC subunits 
(Fig. 4b). The absorption spectrum confirmed that the frac-
tion 4* did not contain PC (Fig. 4c). These results indicate 
that the CpcL linker is crucial for the PBS-PSI supercomplex 
assembly.

3.4  Isolation of PBS‑PSI supercomplexes from a cpcL 
overexpression mutant

Overexpression of cpcL generated two blue-green bands 
(fractions 5 and 6), which appeared below the typical dense 
bands (fractions 3 and 4) in the gradient (Fig. 5a). We ana-
lyzed the subunit composition of the larger supercomplexes 
(fractions 5 and 6) by SDS-PAGE. Bilin fluorescence image 
and silver-staining demonstrated that they include PSI as 
well as PC subunits, which were nearly identical to the pro-
file of fraction 4 (Fig. 5b). Absorption spectra confirmed the 
presence of PC in the fractions 5 and 6. Notably, the PC con-
tent of fraction 6 was prominent compared with fraction 5.
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Fig. 3  Isolation of CpcL-PBSs and rod-core PBSs by centrifugation 
with a linear sucrose gradient under high-salt conditions. a Separa-
tion patterns of PBS fractions from wild type, ∆cpcL, and ∆cpcG4 
after centrifugation at 130,000×g for 18 h at 18 °C. (B) Western blot 
analysis of CpcL, CpcG4, and CpcG1 linker proteins with specific 
antibodies in the different fractions from wild type and the ∆cpcG4 

mutant. The same volume of samples was applied to the SDS-PAGE 
gel. Lane numbers correspond to the fractions numbered in (a). c 
Absorption spectra of PBS fractions from wild type and mutant sam-
ples. Fractions were directly used for the measurement without fur-
ther dilution. Sample numbers correspond to the numbered fractions 
in (A). WT, wild type
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Fig. 4  Isolation of PBS-PSI supercomplexes of wild type, ∆cpcL, and 
∆cpcG4 mutants by centrifugation using a linear sucrose gradient. a 
Separation patterns of thylakoid membranes from wild type, ∆cpcL, 
and ∆cpcG4 after centrifugation at 130,000×g for 6  h at 4  °C. b 
Coomassie staining following SDS-PAGE of the fractions. The sam-
ples of wild type fractions 3 and 4; 5.0 µg Chla/lane, ∆cpcL fraction 
3; 5.0  µg Chla/lane, fraction 4; 3.4  µg Chla/lane, ∆cpcG4 fraction 
3; 5.0 µg Chla/lane, fraction 4; 4.3 µg Chla/lane, fraction 5; 3.0 µg 

Chla/lane, fraction 6; 1.0  µg Chla/lane were loaded. Lane numbers 
correspond to the numbered fractions in (a). Bands are assigned 
according to a previous report based on N-terminal sequencing [9]. c 
Absorption spectra of fractions containing PSI tetramers and potential 
PBS-PSI supercomplexes. Fractions were directly used for the meas-
urement without further dilution. Spectra were normalized relative to 
the Chl peak at 678 nm
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Fig. 5  Isolation of PBS-PSI supercomplexes from the wild type (WT) 
in comparison to the cpcL overexpression  (cpcL ox) mutant by cen-
trifugation using a linear sucrose gradient. a Separation patterns of 
thylakoid membranes from wild type and cpcL overexpression mutant 
after centrifugation at 130,000× g for 6  h at 4  °C. b Silver staining 
and bilin fluorescence image (lower panel) following SDS-PAGE of 
the protein fractions. The same volume of samples was applied to the 

SDS-PAGE gel. 3.3  µg Chla of thylakoid membranes were loaded. 
Lane numbers correspond to the numbered fractions in (a). Bands are 
assigned according to a previous report based on N-terminal sequenc-
ing [9]. c Absorption spectra of PSI tetramer and supercomplex frac-
tions of cpcL overexpression mutant. Fractions were directly used for 
the measurement without further dilution. Absorption spectra were 
normalized relative to the Chl peak at 678 nm
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The structure of Anabaena PSI tetramer is dimer-of-
dimer, and CpcL-PBS is attached to the interface between 
the two monomers within the dimer [9, 12, 13]. Theo-
retically, the dimer-of-dimer structure revealed two such 
binding sites within the dimers and two potential binding 
sites between the dimers. According to the assumption, 
two more blue-green bands (fractions 5 and 6) may cor-
respond to the second binding site within the dimer and 
a first binding site between the dimers.

Absorption spectra showed that the fractions 3 and 4 
in cpcL overexpression mutant had a higher PC content 
than the PBS-PSI supercomplex (fraction 4) in the wild 
type when normalized to the Chl content (Fig. 5c, peak 
at 625 nm). Fractions 3 and 4 in the cpcL overexpression 
mutant correspond to the fractions 3 and 4 in the wild 
type and should have the same PC content. CpcL-PBSs 
which are present in fractions 5 and 6 may dissociate and 
therefore contaminate fractions 3 and 4 during ultracen-
trifugation. This could be the reason why the PC content 
in fractions 4 and 5 was similar in the cpcL overexpres-
sion mutant.

Our results suggest that the larger supercomplexes are 
PBS-PSI assemblies, which contain more CpcL-PBS, and 
that the cpcL expression level determines the amount and 
the PBS-to-PSI stoichiometry of this complex.

3.5  Isolation of PBS‑PSI supercomplexes 
from the ∆cpcG4 mutant

Further, we investigated the effect of the cpcG4 deletion 
on the PBS-PSI supercomplex organization. The ∆cpcG4 
mutant showed two additional larger blue-green bands 
below the PBS-PSI band 4 in the sucrose gradient (Fig. 4a, 
fractions 5 and 6). SDS-PAGE revealed that these fractions 
include the subunits of PSI and the CpcL-PBS (Fig. 4b). The 
ratio of CpcL to PsaA/B was higher in the supercomplex 
fractions 5 and 6 in ∆cpcG4 than in the PBS-PSI fraction 4 
in the wild type (Fig. 4B). Absorption spectra confirmed that 
the supercomplex fractions 5 and 6 of ∆cpcG4 had a higher 
PC-to-Chl ratio than the PBS-PSI fraction 4 of the wild type 
(Fig. 6a). Fractions 4–6 of ∆cpcG4 showed almost the same 
absorption spectra. This may suggest a dissociation and con-
tamination of the PC discs from the lower fractions to the 
upper fractions during centrifugation. Further, we measured 
the energy transfer from CpcL-PBS to PSI by 77 K fluores-
cence excitation spectroscopy (Fig. 6b). PSI fluorescence 
(excitation at ~ 620 nm) was increased in the supercomplex 
fractions 4–6 of ∆cpcG4 compared to the PBS-PSI super-
complex in the wild type. PSI fluorescence excited around 
620 nm in fraction 6 was slightly higher than in fractions 4 
and 5, which showed almost identical spectra. These results 
suggest that the PBS-PSI supercomplexes of ∆cpcG4 con-
tain more CpcL-PBS than the ones from the wild type and 
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Fig. 6  Absorption and 77 K fluorescence spectra of PSI tetramer and 
supercomplex fractions of ∆cpcG4 mutant. Fractions were directly 
used for the measurement without further dilution. a Absorption 
spectra were normalized relative to the Chl peak at 678 nm. b Fluo-
rescence excitation spectra were measured to investigate the energy 

transfer efficiency from CpcL-PBS to PSI. The spectra were normal-
ized relative to the Chl peak at 673 nm. PSI fluorescence was meas-
ured at 725 nm. Numbers relate to the fraction numbers of the gradi-
ents shown in Fig. 3a
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that these antennae are functional. These properties of the 
supercomplexes are very similar between ∆cpcG4 and the 
cpcL overexpression mutant. Therefore, we suggest that not 
the CpcL protein levels but the CpcL/CpcG4 linker ratio 
determines the supercomplex assembly.

4  Discussion

A high CpcL/CpcG4 ratio in cpcL overexpression and 
∆cpcG4 mutants led to an increased level of PBS-PSI super-
complexes and also larger supercomplexes below the typi-
cal PBS-PSI supercomplex fraction in the sucrose gradient 
(Figs. 4 and 5). Our results suggest that these larger PSI 
supercomplexes contain more CpcL-PBS per PSI than typi-
cal PBS-PSI supercomplexes. The single particle EM struc-
ture of the PBS-PSI supercomplex revealed that CpcL-PBS 
is attached to the interface between two monomers within 
a dimer of the PSI tetramer [9]. According to the cryo-EM 
structure of the PSI tetramer, there are two types of mon-
omer–monomer interfaces [12, 13]. There are two poten-
tial CpcL-PBS attachment sites within the dimers and two 
additional potential binding sites between dimers in the PSI 
tetramer. The two faster migrating bands below the PBS-PSI 
supercomplex band might represent  PBS2-PSI and  PBS3-PSI 
supercomplexes. This means that a PBS is associated with an 
interdimer interface in addition to the two intradimer inter-
faces in  PBS3-PSI supercomplexes. At the moment, we could 
not see a band corresponding to  PBS4-PSI supercomplexes 
in the gradient. This may be partly due to the disintegration 
of PBSs from PBS-PSI supercomplexes during the experi-
ment. This might suggest that the fourth attachment site has 
only a low affinity for the binding of CpcL-PBS. Further, the 
bands in the sucrose gradients of fraction 6 of ∆cpcG4 and 
the cpcL overexpression mutant were less colored than the 
bands of the upper PBS-PSI supercomplex bands (Figs. 4a 
and 5a), suggesting that the third attachment site of the PSI 
tetramer has also a lower affinity for CpcL-PBS. We sug-
gest that there might be two types of interaction affinities 
between CpcL-PBS and the two types of monomer–mono-
mer interfaces in the PSI tetramer. In the previously pub-
lished structure of the PBS-PSI supercomplex, CpcL-PBS 
was attached to the monomer–monomer interface within 
the one PSI dimer [9]. This might suggest that the affinity 
of CpcL-PBS binding to the position within the dimer is 
higher than its affinity for binding between the dimers in the 
PSI tetramer. In the wild type, there were no larger super-
complexes, suggesting that the binding of one CpcL-PBS to 
PSI tetramer occurs preferentially. The first CpcL-PBS bind-
ing to the PSI tetramer may induce the structural changes 
of the PSI tetramer and reduce the binding affinity of the 
other three potential binding sites. Structural analysis of the 
supercomplexes will reveal the structural changes of the PSI 

tetramer by the binding of the CpcL-PBS. Overexpression 
of CpcL and our methods improvements, such as the use of 
other detergents or the use of the GraFix method [26], might 
have led to the recovery of more CpcL-PBS attached to the 
supercomplex.

77 K fluorescence excitation spectra showed a greater 
extent of the energy transfer from CpcL-PBS to PSI in the 
larger supercomplexes (Fig. 6b), suggesting that there is an 
increased number of functional CpcL-PBS to harvest and 
transduce more light energy to the PSI. Further investiga-
tions on the energy transfer from CpcL-PBS to the PSI in 
the supercomplexes by time-resolved fluorescence spectros-
copy may reveal differences in the energy transfer efficiency 
between the two types of CpcL-PBS and PSI interaction in 
the larger supercomplexes.

Here we demonstrate that the ratio of the rod-core linker 
CpcG4 to the rod-membrane linker CpcL determines the 
assembly of the PBS-PSI supercomplexes. We previously 
showed that the ratio of CpcL/CpcG4 proteins is higher in 
heterocysts than in vegetative cells in Anabaena [9]. There-
fore, we speculate that heterocysts may contain an increased 
amount of the PBS-PSI supercomplex and also  PBS2-PSI 
and  PBS3-PSI supercomplexes. In heterocysts, which are the 
specialized cells for nitrogen fixation, PSI activity is neces-
sary to generate ATP for the nitrogenase reaction. It has 
been reported that CpcL is important for nitrogen fixation 
in Anabaena [13].  PBS2-PSI and  PBS3-PSI would allow an 
efficient nitrogen fixation activity in heterocysts.

We could detect the PSI tetramer without CpcL-PBS 
binding even in the sucrose gradient of ∆cpcG4 and cpcL 
overexpression mutants, which showed the larger PBS-PSI 
supercomplexes. This might suggest that the PSI tetramer 
without CpcL-PBS has a different function than organiz-
ing the PBS-PSI supercomplex. It is reported that PSI is 
assembled into a PBS-PSII-PSI supercomplex with the rod-
core PBS [27]. The PSI tetramers without CpcL-PBS in the 
sucrose gradient might correspond to the dissociated PSI 
from the PBS-PSII-PSI supercomplex. This may suggest 
different functions of the PSI between the PBS-PSI super-
complex and the PBS-PSII-PSI supercomplex. Since PSI is 
involved in both the cyclic and linear electron transfer path-
ways, PBS-PSI supercomplex and PBS-PSII-PSI supercom-
plex may correspond to each function. Future physiological 
analysis of ∆cpcL and ∆cpcG4 may reveal differences in the 
functions of each PBSs as a PSI antenna.

Our results suggest that CpcL and CpcG4 compete for 
the same rod component pool for the assembly of the two 
different types of PBS structures. For optimal photosynthesis 
under changing environmental conditions, it is necessary 
to regulate the expression of the two linker genes. In Ana-
baena, the cpcL gene is located in the cpc operon together 
with cpcG4. The whole cpc operon is transcribed from the 
promotor in front of cpcB (Fig. 2a) [28]. RNA-seq analysis 
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[29] suggests additional individual transcriptional start sites 
(TSS) for cpcL and the cpcG4 genes in the cpc gene clus-
ter. Further, the activity of the TSS for the cpcG4 gene is 
repressed under nitrogen starvation conditions, whereas that 
for cpcL is not [29]. However, cpcL is also expressed under 
nitrogen repletion and in vegetative cells in which CpcL-
PBS can function as a PSI antenna as well. Therefore, the 
ratio of CpcL to CpcG4 could also be important for regulat-
ing the energy transfer and linear and cyclic electron trans-
fer pathways in vegetative cells. There may be some other 
conditions that increase the ratio of CpcL to CpcG4. Besides 
nitrogen starvation conditions, other conditions, such as high 
salt concentration, which require more cyclic electron trans-
fer [30, 31], may also alter the ratio of CpcL to CpcG4 in 
vegetative cells.

In Synechocystis sp. PCC 6803, the cpcL gene expression 
is regulated by a two-component system consisting of the 
histidine kinase/response regulator pair, CcaS/CcaR, in a 
light color-dependent manner [7, 32, 33]. Green light acti-
vates autophosphorylation of the cyanobacteriochrome-type 
photoreceptor CcaS, and CcaS transfers a phosphate to the 
OmpR-type response regulator CcaR. The phosphorylated 
transcription factor CcaR induces cpcL expression. In con-
trast, red light converts CcaS to its ground state, and cpcL 
expression is not induced. It was reported that the PBS-PSI 
supercomplex level is increased under green light conditions 
in Synechocystis sp. PCC 6803 [34]. This suggests that an 
increased level of CpcL induces the supercomplex assembly 
under green light conditions in this cyanobacterium. Future 
work on the regulation of cpcL and cpcG4 genes in Ana-
baena will clarify how the photosynthetic electron transfer 
is optimized by employing the two different PBS antennae 
under changing environmental conditions.
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