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            Abstract
Life on Earth depends on photosynthesis for its conversion of solar energy to chemical energy. Photosynthetic organisms have developed a variety of light-harvesting systems to capture sunlight. The largest light-harvesting complex is the phycobilisome (PBS), the main light-harvesting antenna in cyanobacteria and red algae. It is composed of phycobiliproteins and linker proteins but the assembly mechanisms and energy transfer pathways of the PBS are not well understood. Here we report the structure of a 16.8-megadalton PBS from a red alga at 3.5â€‰Ã… resolution obtained by single-particle cryo-electron microscopy. We modelled 862 protein subunits, including 4 linkers in the core, 16 rodâ€“core linkers and 52 rod linkers, and located a total of 2,048 chromophores. This structure reveals the mechanisms underlying specific interactions between linkers and phycobiliproteins, and the formation of linker skeletons. These results provide a firm structural basis for our understanding of complex assembly and the mechanisms of energy transfer within the PBS.
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                    Figure 1: Overall architecture of the PBS from G. pacifica.[image: ]


Figure 2: Rod linker proteins in Rb.[image: ]


Figure 3: Rodâ€“core linker proteins.[image: ]


Figure 4: Core structure.[image: ]


Figure 5: Positions of bilins that are key to energy transfer pathways in the core.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Preparation and characterization of the PBS from Griffithsia pacifica and cryo-EM analysis using Tecnai Arctica microscope and FEI Falcon II direct electron detector.
a, Isolation of PBSs using sucrose density gradient centrifugation. Band 1 is the sample of PBSs used for single particle analysis in this study. Band 2 is disassembled PBSs as evidenced by the fluorescence spectra shown in c. b, Absorption spectrum of band 1. The peaks at 498â€‰nm, 620â€‰nm and 650â€‰nm are from phycourobilins of the LRÎ³ proteins, phycocyanobilins of phycocyanins and phycocyanobilins of allophycocyanins, respectively. The peaks at 540â€‰nm and 565â€‰nm are from phycoerythrobilins of phycoerythrin. c, Fluorescence emission spectra of band 1 and band 2. Band 1 has an emission peak at 674â€‰nm and band 2 has an emission peak at 580â€‰nm, indicating that band 1 contains intact PBSs and band 2 contains disassembled PBSs. d, SDSâ€“PAGE analysis of protein components in PBS from band 1. The gel was stained with Coomassie brilliant blue. The bands of LCM, LR and LRC proteins and PBPs identified by MS analysis are indicated. For gel source data, see Supplementary Fig. 1. e, Protein composition analysis of band 1 by SDSâ€“PAGE stained with ZnSO4 to detect bilin-containing proteins with ultraviolet light by Zn-enhanced fluorescence. The bands of LRÎ³4â€“8 and PBPs were identified by MS analysis and are indicated. For gel source data, see Supplementary Fig. 1. f, MS analysis of purified PBSs. Two batches of sample were analysed. The similar results confirmed the consistency of our purification method. g, A representative motion-corrected electron micrograph of PBSs. Scale bar, 100â€‰nm. h, Typical good, reference-free 2D class averages from single-particle images of PBSs. Scale bar, 20â€‰nm. i, Gold-standard Fourier shell correlation (FSC) curves of the cryo-EM map of PBS with or without C2 symmetry imposed. j, Euler angle distribution of particles contributing to the final reconstruction of PBS. Each cylinder represents one view and the size of the cylinder is proportional to the number of particles for that view. k, The workflow for 3D classification. l, The crystal structure of allophycocyanin (PDB 1B33) can be fitted well with the density map of PBS in different view.


Extended Data Figure 2 Cryo-EM analysis of PBS using Tecnai Krios microscope and Gatan K2 Summit direct electron detector.
a, A representative motion-corrected electron micrograph of PBSs. Scale bar, 100â€‰nm. b, Fourier power spectrum of the micrograph showing the Thon ring extending to 3â€‰Ã…. c, Typical good, reference-free 2D class averages from single particle PBS images. Scale bar, 100â€‰nm. d, Gold-standard FSC curve of the final cryo-EM map with a value of 0.143 at a resolution of 3.5â€‰Ã… and the FSC curve between the refined model and the final map with a value of 0.5 at a resolution of 4.0â€‰Ã…. e, Colour-coded final 3D reconstruction of a PBS showing local resolution in different views. f, The workflow for the 2D and 3D classifications for cryo-EM data processing. g, The masking strategy for dealing with flexible regions of PBS. Several local masks for different parts were applied and further, reduced-size masks were applied to some specific areas, resulting in improved resolution and local map qualities.


Extended Data Figure 3 Overall structure of PBS.
a, 3D cryo-EM density map of PBS. b, Top view of the atomic model of PBS. c, Schematic diagram showing the organization of the rods and core cylinders from three perpendicular views. d, The organization of the rods and core displayed in surface representation. e, The organization of the key structural elements (rods aâ€“c and the core) of PBS displayed in surface representation. The protein components are colour-coded as shown. f, Structures of the 20 well-resolved linker proteins. Atomic models of these linker proteins superimposed with their segmented cryo-EM densities (transparent grey). Domains of Î±LCM, Pfam00427 (00427), Pfam01383 (01383), CBDÎ³, and FAS1 are labelled. g, Schematic drawing of structural elements of the PBS subunits. PBS subunits are classified into four groups according to their positions and functions: phycobiliproteins (PBPs), linkers in the core, rod linkers and rodâ€“core linkers. Different structural elements are separately coloured.


Extended Data Figure 4 Structures and binding partners of rod linker proteins.
a, Comparison of the Pfam00427 domain of LR1 with the crystal structure of the Pfam00427 domain (PDB 3NPH) from linker LR30 from Synechocystis sp. PCC 6803. The two structures are almost identical. b, Comparison of the Pfam01383 domain of LR1 with the crystal structure of the Pfam01383 domain (PDB 1B33) from the PBS of Mastigocladus laminosus. The long Î±-helix and three Î²-strands are labelled. c, LR2 is located in the inner hexamer of rod Rg (Rg1). Its C-terminal extended loop and a small Î²-sheet that is composed of two antiparallel Î²-strands at the very C terminus contact the outer surface of hexamers Rb1 and Rb2. d, LR3 is located in the inner hexamer of rod Rf (Rf1) and its C terminus ends with a long Î±-helix. The N-terminal part of the long helix inserts into the area between hexamers Rc1 and Rf1 and the C-terminal part of the long helix forms a coiled-coil structure (red oval) with its symmetric counterpart LR3â€² located in hexamer Rf1â€². These structures stabilize the rod pair Rf and Rfâ€² by association with each other and anchor them to rods Rc and Rcâ€². e, Structural superimposition of LRÎ³4â€“8 proteins, showing the almost identical CBDÎ³ structures and different conformations outside the CBDÎ³. fâ€“h, LRÎ³6â€“8 with their CBDÎ³ domains located in hexamers Hd, Ha, and Hb, respectively. The C-terminal loop of LRÎ³6 anchors on the outer side of the innermost hexamer of rod Rc (Rc1) (f); the C terminus of LRÎ³7 contains several short Î±-helices and interacts with the surface of hexamers Rd2 and Rg1 (g); and an Î±-helix of the N terminus of LRÎ³8 inserts into the space between the two hexamers Ra2 and Ra3 (h). i, Structural superimposition of the N-terminal domain of LR9 and FAS1 domain (PDB 2LTB). j, LR9 sits between rods Ra, Rb, Rd and Rg and interacts with them. The FAS1 domain is circled by a red dashed line.


Extended Data Figure 5 Extensive interactions between rod linker proteins and PBPs in rod Rb.
a, b, Expanded views of interactions between the CTR of LR1 and trimer Rb1II, corresponding to Fig. 2c. câ€“e, Expanded views of interactions between the intertwined NTE and CTE of the N-terminal region of LR1 and trimer Rb2I, corresponding to Fig. 2d. f, g, Expanded views of interactions between the Pfam00427 domain of LR1 and trimer Rb2I, corresponding to Fig. 2f. h, Expanded view of interactions between the Pfam00427 domain of LR1 and trimer Rb2II, corresponding to Fig. 2g. iâ€“k, Expanded views of interactions between the CBDÎ³ of LRÎ³4 and trimer Rb3I, corresponding to Fig. 2i. l, Expanded view of interactions between the CBDÎ³ of LRÎ³4 and trimer Rb3II, corresponding to Fig. 2j. Helix X is labelled and highlighted. Residues involved in atomic interaction sites are shown in the stick representation. Î±, Î² and H denote Î±-subunit, Î²-subunit and helix, respectively. m, CBDÎ³ contacts the inner face of the rod hexamer in a symmetrical fashion. When the first repeat of CBDÎ³ of LRÎ³4 (LRÎ³4-CBDÎ³-1Rep) is aligned with the second repeat of CBDÎ³ of LRÎ³4 (LRÎ³4-CBDÎ³-2Rep), the trimers (Rb3I and Rb3II) that they interact with are also aligned well.


Extended Data Figure 6 Sequence alignment of LRÎ³4â€“8 and the Î³-subunits from different red algal species and the bilins in rod b.
a, Amino acid sequence alignment. The predicted transit peptides deduced from the sequence alignment and the CBDÎ³ domains based on the structures are labelled. Conserved cysteine residues covalently attached to chromophores are highlighted in blue. Note that one of the cysteine residues in the CBDÎ³ of LRÎ³7 is replaced by serine (highlighted in yellow), consistent with the fact that only four chromophores are found in LRÎ³7 as compared with other CBDÎ³ domains, which have five chromophores. P34784, P92928, Î³-subunits from Aglaothamnion neglectum; R7Q9W8, R7QDA3, Î³-subunits from Chondrus crispus; Q7XZS8, P83592, Î³-subunits from Corallina officinalis. b, Distances between some bilins in Rb. Magenta, bilins of LRÎ³; orange, bilins of Î²-subunits in phycoerythrin hexamers; yellow, bilins of Î±-subunits in phycoerythrin hexamers; dark green, bilins of Î²-subunits in phycocyanin hexamer; cyan, bilins of Î±-subunits in phycocyanin hexamer; pink, bilins nearest to the core in phycocyanin hexamer. The numbers near the dashed lines indicate the distances (Ã…) between bilins on linker proteins and adjacent bilins on PBPs. câ€“f, Cryo-EM densities (mesh) of bilins (stick) in the phycoerythrin trimer Rb2II (c), the phycocyanin trimer Rb1II (d), the LRÎ³4 protein (e) and the LRÎ³5a protein (f).


Extended Data Figure 7 Interactions between LRC1â€“3 and the core.
a, Superimposition of the Î±APC subunits and the spatial positions of their interacting LRC proteins. The alignments were performed using the Î±APC subunit as a reference. Note that the contacting helices of all LRC proteins (black arrow) are also aligned very well. Inset shows the groove formed by helices B and E of the Î±APC subunit. b, c, Interactions between the Î±APC subunit and the helices of LRC2 (b) and LRC3 (c). The residues involved in the interaction of LRC proteins are coloured green and shown in stick representation. The Î±APC are shown in surface representation, and the residues involved in the interaction are red. d, e, Sequence alignment of LRC1â€“3 (d) and Î±APC (e) from different red algal and cyanobacterial species. The residues involved in the interaction are indicated by asterisks and highlighted yellow.


Extended Data Figure 8 Structures and assembling roles of LRC4, LRC5 and LRC6.
a, Overview of LRC4 and LRC5 wrapping their target protein components. S1â€² and S2â€² are single Î±- and Î²-subunits, respectively. b, The long Î±-helix at the middle of LRC4â€² spans across one Î±-subunit of core trimer B1. c, The long Î±-helix at the middle of LRC5 spans across one Î±-subunit of the trimer B2. d, The N-terminal extension of LRC4â€² meanders at the surface of trimer Rb1â€²I and LRC1bâ€². e, The C-terminal extension of LRC5 interacts with core layer B2, rod trimer Rb1â€²I, and LRC1bâ€². f, The N-terminal extension of LRC5 wraps around the surfaces of trimers Rc1I and B1, and also contacts LRC1c. g, The structure of LRC6. h, Structural superimposition of the FAS1 domain of LRC6 and the known FAS1 domain (PDB 2LTB). Î±-helices and Î²-strands are labelled. i, LRC6â€², like a wedge, is inserted into the area between trimers Rd1â€²I and Re1I and layer Aâ€²3 of the core, and makes extensive contacts with the surrounding protein components, including Aâ€²3, LCMâ€², LCâ€², LRC2â€², Rd1â€²I and Re1I with its extended loops on both sides of the FAS1 domain.


Extended Data Figure 9 Structure of the core.
a, Structure of the core in four perpendicular views shows the assembly and arrangement of the core layers. The bottom view (the same as the view of Fig. 4c) shows the surface electrostatic potential distributions of the core. The surfaces of Î±LCM molecules are circled. The surface electrostatic potentials were calculated in PyMol. Red, negative electrostatic potential; blue, positive electrostatic potential; grey, non-polar. b, A cartoon model of the core of a hemidiscoidal PBS (adapted from ref. 1). Note that the basal cylinder has four trimers. c, The inter-cylinder interaction in the core is symmetrical: trimers B1, A2 and Aâ€²1 interact with one another and trimers B2, Aâ€²2 and A1 interact with one another. The association is mediated by the interaction between three Î±-subunits (red circle) and two pairs of Î±âˆ’Î² subunits (black circle). d, Comparison of the three regions of LCM with the crystal structure of the Pfam00427 domain. The structures of the three regions of LCM (LCM-Reg1â€“3) are displayed as indicated and they plus the crystal structure of the Pfam00427 domain (PDB 3NPH) are aligned with one another. eâ€“g, Close-up views of three PCB pockets of the Î²-subunits boxed by dashed lines in Fig. 4d: Î²1 (a), Î²2 (b) and ApcF (c). The bilins and their surrounding residues are shown in ball-stick representation and stick representation, respectively. Their cryo-EM densities (mesh) superimposed with the respective atomic models (stick) are shown in the lower panels. h, Structural superimposition of ApcF and Î²APC shows that ApcF has an extension at the tip of the Gâ€“H helix hairpin. i, j, Cryo-EM densities (mesh) of the bilins in Î±LCM and the Î±3 subunit of core layer A2, and their surrounding residues, corresponding to Fig. 4f, superimposed with their respective atomic models (stick; coloured as in Fig. 4).


Extended Data Figure 10 Identification of the APC subunits.
Cryo-EM densities (mesh) of representative regions of the APC subunits, superimposed with respective atomic models (stick). Note the different densities of the residues labelled in red.


Extended Data Figure 11 Plausible energy transfer between the individual hexamer and rods; between rods Rd and Re and the core; and between rods.
a, Distances (Ã…) between bilins at the interfaces of the individual hexamer Ha and rod Rd (left), and Hb and Ra (right). b, Plausible energy transfer paths from bilins on Rd and Reâ€² to the core. Inset panels indicate the distances (Ã…) between two adjacent bilins. c, Plausible energy transfer paths between bilins on Rd and Rb. Inset panels indicate the distances (Ã…) between two adjacent bilins. d, Plausible energy transfer from bilins on Re to Ra or Rc. Inset panels indicate the distances (Ã…) between two adjacent bilins.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table


Extended Data Table 2 Summary of model validation for the phycobilisome componentsFull size table
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