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Cryo-EM and femtosecond spectroscopic
studies provide mechanistic insight into the
energy transfer in CpcL-phycobilisomes

Lvqin Zheng1,2,5, Zhengdong Zhang1,3,5, Hongrui Wang1,3,5, Zhenggao Zheng1,3,5,
JiayuWang 4, Heyuan Liu4, HailongChen 4, Chunxia Dong1,3, GuopengWang1,
Yuxiang Weng 4 , Ning Gao 1,2 & Jindong Zhao 1,3

Phycobilisomes (PBS) are the major light harvesting complexes of photo-
synthesis in the cyanobacteria and red algae. CpcL-PBS is a type of small PBS in
cyanobacteria that transfers energy directly to photosystem I without the core
structure. Here we report the cryo-EM structure of the CpcL-PBS from the
cyanobacterium Synechocystis sp. PCC 6803 at 2.6-Å resolution. The structure
shows the CpcD domain of ferredoxin: NADP+ oxidoreductase is located at the
distal end of CpcL-PBS, responsible for its attachment to PBS. With the evi-
dence of ultrafast transient absorption and fluorescence spectroscopy, the
roles of individual bilins in energy transfer are revealed. The bilin 1Iβ82

2 located
near photosystem I has an enhanced planarity and is the red-bilin responsible
for the direct energy transfer to photosystem I.

The cyanobacteria are one of the earliest groups of organisms to
convert solar energy to chemical energy1,2. They are the first organisms
that created linear electron transfer with two photosystems, photo-
system II (PSII) and photosystem I (PSI), and were responsible for
the rise of oxygen content on earth more than 2.4 billion years ago1–3.
The major light harvesting antennae for capturing solar energy in
cyanobacteria and red algae are phycobilisomes (PBS)4–7, which
transfer the absorbed light energy to either PSII or PSI to drive electron
transfer. PBS consists of phycobiliproteins (PBP), which have cova-
lently attached pigments called bilins, and linker proteins4,8. Two
types of PBS exist in cyanobacteria, the CpcG-PBS and the CpcL-PBS.
CpcG-PBS consist of two parts: a core and peripheral rods, which
are associated with the core through linker proteins CpcG. Recently
determined cryo-EM PBS structures from red algae9,10 and the
cyanobacteria11–13 revealed how linker proteins and PBP are organized
into a highly ordered light harvesting architectures. The CpcL-PBS has
a much smaller size and consists of only one rod without allophyco-
cyanin core14–16. CpcL-PBS, which is attached to thylakoid membranes
through the linker protein CpcL (also called CpcG2 in Synechocystis

6803 and CpcG3 in Anabaena 712017), is associated with PSI18 and able
to transfer absorbed light energy to PSI16,19. CpcL-PBS is also involved in
the formation of NAD(P)H-dehydrogenase (NDH)-CpcL-PBS-PSI (NDH-
PBS-PSI) supercomplex for cyclic electron transfer (CEF)20 and a recent
study shows that the attachment of ferredoxin-NADP+ oxidoreductase
(FNR) to the CpcL-PBS is required for CEF21. Most cyanobacterial FNR
contains three domains: CpcD domain, FAD binding domain, and
NADPH binding domain, and the three-domain FNR (FNR3D) is
attached to the peripheral rods of the cyanobacterial CpcG-PBS and
CpcL-PBS22–24. However, the attachment of FNR3D to the PBS rods has
not been observed in the recently determined cryo-EM structures
CpcG-PBS11–13. To understand themechanism for direct energy transfer
from CpcL-PBS to PSI and its role in NDH-PBS-PSI supercomplex for-
mation, we determine the cryo-EM structures of the CpcL-PBS with an
attached FNR from Synechocystis 6803. Combined with picosecond
spectroscopic evidence, our study reveals the nature of the terminal
emitter-like red-shifted bilin and shed light on how CpcL-PBS could
effectively transfer light energy within PBS and to PSI in the absence of
a PBS core.
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Results
Overall structure of CpcL-PBS complex
CpcL-PBS were prepared from a strain of Synechocystis 6803 lacking
the genes of apcAB24 and the purified CpcL-PBS were analyzed spec-
troscopically and biochemically for its composition and functional
integrity (Supplementary Fig. 1). SDS-PAGE analysis followed by pro-
tein N-terminal sequencing revealed that purified CpcL-PBS contained
phycocyanin (PC) and linker proteins, including CpcA, CpcB, CpcC1,
CpcC2, and CpcL. The CpcL-PBS preparation also contains the three-
domain FNR with a molecular mass of 45 kDa (Supplementary Fig. 1e).
The absorption spectrum of the isolated CpcL-PBS has a maximum
absorption at 620 nm (Supplementary Fig. 1g), typical of a phycocya-
nin absorption. Its fluorescence emission spectrum at room tempera-
ture has two peaks, one at 648 nm and the other at 668 nm, same as
reported previously24,25. The emission peak at 648 nm is similar to the
phycocyanin hexamer with a CpcG linker26,27, while the emission peak
at 668 nm from phycocyanin (PC) has not been observed in other PC
trimer or rods (Supplementary Fig. 1g). At 77 K, one major emission
peak at 670 nm is observed (Supplementary Fig. 1h). Negative-staining
electronmicroscopy (EM) analysis of the CpcL-PBS sample shows that
it contains rod-like structures and the majority of the rods contain
three hexamers. Some particles with more than three αβ hexamers
were also found (Supplementary Fig. 1f), indicating that CpcL-PBS
complexes are heterogenous in nature, which is consistent with a
previous work24. To minimize the PBS complex disassembly during
cryo-grid preparation, samples were treated with 0.012% glutar-
aldehyde and the particles of CpcL-PBS were automatically selected
and classified (Supplementary Fig. 2). A 2.6-Å densitymap of CpcL-PBS

containing three layers hexamers was obtained, which enabled us to
build atomic models for all chromophores (bilins) and protein chains
(Supplementary Fig. 3a–d). Notably, the three-layer architecture was
the dominant species as 2D and 3D classifications failed to enrichother
populations. This three-layered CpcL-PBS complex is 160Å in length
and 100Å in diameter (Fig. 1a–c). The complex contains 40 subunits,
including 18 PC αβ monomers (CpcA-CpcB heterodimer) and three
linker proteins, CpcL, CpcC1, and CpcC2 in a 1:1:1 stoichiometry
(Fig. 1d, e). TheCpcDdomainof the FNR3Dcouldbe clearly identified at
the distal end of the CpcL-PBS (Fig. 1d, e). The four linkers are orga-
nized in an order of CpcL-CpcC1-CpcC2-CpcD (of FNR3D) in a
nearly linear manner with CpcL close to the thylakoid membrane and
FNR3D at the distal end (Fig. 1d, e). CpcL-PBS closely resembles the
rod of CpcG-PBS from Synechocystis 680313 with an RMSD of 0.4 Å
between them (Fig. 1f). These linkers form a linker skeleton that pro-
vides a support for CpcL-PBS assembly and its association with
PSI (Fig. 1g).

The linker binding mode defines the CpcL-PBS assembly
The Pfam00427 domain of CpcL was located in the cavity of the bot-
tom hexamer of CpcL-PBS, the membrane-proximal hexamer. The
transmembrane region of CpcL, which was predicted to anchor CpcL-
PBS to the thylakoid membranes15, was not resolved probably due to
its unrestricted movement in the purified complexes. Like CpcC pro-
teins in red algae9,10 and other cyanobacteria11–13, both CpcC1 and
CpcC2 of Synechocystis 6803 have two structural domains, Pfam00427
at the N-terminus and Pfam01383 at the C-terminus. The Pfam01383
domain of CpcC1 interacts with Pfam00427 domains of CpcL while

Fig. 1 | Structure of CpcL-PBS from Synechocystis 6803. a–c Side-view (a),
bottom-view (b), and top-view (c) of the CpcL-PBS, respectively. α-PC, β-PC, CpcL,
CpcC2, and the CpcD domain of FNR are painted in plum, cornflower blue, forest
green, cyan and orange, respectively. d The arrangement of linker proteins (in
ribbon presentation) within CpcL-PBS. From bottom to top: CpcL, CpcC1, CpcC2,
and the CpcD domain of FNR. CpcC1 is in magenta and the other color scheme is
same as in (a–c). e Same as (d) except that the linker proteins are in fill-in

presentation and there is no PC background. f Structural comparison of CpcG rod
(PDB 7SC8)13 and CpcL-PBS. g Schematic presentation of CpcL-PBS and PSI in the
thylakoidmembranewith the PChexamers in blue and PSI complex in forest green.
The two domains that occupy the central cavities of the hexamers: Pfam00427
(vertical rectangles) and Pfam01383 (horizontal rectangles). PC trimers are num-
bered from bottom to top sequentially.
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the Pfam01383 domain of CpcC2 interacts with Pfam00427 domains
of CpcC1. The binding of CpcC1 to CpcL is mediated by an extensive
interface, involving the long N-terminal loop (G219-G233, LoopC1),
the loop between β1 and β2 (I253-K259, Loop12), and the helix 9 (α9) of
the Pfam01383 domain of CpcC1. These two loops fold towards CpcL
and interact from two opposite sides. This tight interface is mediated
by a large number of residues of CpcC1 and CpcL, including both
polar and hydrophobic sidechains (Fig. 2a, b). Sequence alignment of
CpcC1 and CpcC2 shows that while the overall sequences of the two
proteins are very similar to each other, some residues of CpcC1
involved in the interactions with CpcL are not conserved in CpcC2
(Supplementary Fig. 4a). Superimposition of the Pfam01383 domains
of CpcC1 and CpcC2 (Fig. 2b) shows that CpcC1 could have a more
optimal interaction with CpcL than CpcC2 because of the distinct
conformations of them in the two above-mentioned loop regions.
In fact, sequence comparison shows that CpcC1 has a longer
domain linker (16 residues more) than CpcC2, which is upstream

one of the CpcL-interacting loops (Supplementary Fig. 4a). This para-
logue difference should also contribute to the preference of CpcL for
CpcC1. In the CpcL-PBS structure, the interaction of the Pfam01383
domain of CpcC2with the Pfam00427 domain of CpcC1 in CpcL-PBS is
the same as that in the peripheral rods of CpcG-PBS11–13. Structurally,
due to a shorter inter-domain linker, the two domains of CpcC2 are
differently orientated compared to that in CpcC1: The Pfam01383
domain in CpcC2 is seen to have a 250° rotation (Supplementary
Fig. 4b), leading to a slightly off-axial positionof themiddlehexamerof
CpcL-PBS (Fig. 1a).

At the membrane-distal end of CpcL-PBS, the CpcD domain of
FNR3D is unambiguously identified and it interacts with the Pfam00427
of CpcC2mostly by polar interactions (Fig. 2c–g). This structural basis
of the attachment of the CpcD domain of FNR3D to the Pfam00427
domain of a CpcC protein in a PC hexamer is important for our
understanding of CpcL-PBS’s role in NDH-PSI-PBS supercomplex for-
mation and in cyclic electron flow28–31. The structures of the other two
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Fig. 2 | Interactions between the linker proteins in the formation of linker
skeleton of CpcL-PBS. a Interaction of CpcC1 (magenta) with CpcL (forest green).
The bottom view of CpcC1 (top panel) and the top view of CpcL (bottom panel)
show the spatial distribution of the residues that are involved in the hydrophobic
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superimposed on CpcC1. The lower panel shows the same structures shown in the
upper panel with a 180-degree rotation. c Overall interaction of the Pfam01383
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d The interface area of CpcC2 with the relevant residues shown. e–g Three repre-
sentative areas of interactions between the CpcDdomain of FNR and Pfam00427 of
CpcC2. The distances are in angstrom.
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domains of FNR3D in the CpcL-PBS could not be determined due to the
long flexible inter-domain linker region21,22. We noticed that the CpcD
protein located at distal ends of the peripheral rods of the CpcG-PBS
from Synechocystis 680313 and the CpcD domain of FNR3D possess
a similar binding pattern with the Pfam00427 domain of CpcC2
(Supplementary Fig. 5). Therefore, more study is needed to under-
stand why no FNR3D is observed on the peripheral rods of the cryo-EM
structures of CpcG-PBS.

Chromophore conformation in CpcL-PBS
The overall distribution of bilins in CpcL-PBS is the same as that of a
peripheral rod in CpcG-PBS11,12 (Fig. 3a) and the bilins are in close
contact with linker proteins (Fig. 3b). It has been suggested that
protein-bilin interaction plays a crucial role in unidirectional energy
transfer within the rods of CpcG-PBS11, but the bilin conformations in
the rods in intact PBShave not been carefully examined so far. Because
the CpcL-PBS reported here and by Liu et al.24 has a room temperature
fluorescence emission peak at 668 nm, which is significantly red-
shifted than that from any CpcG-related PC rods26,27, it provides an
excellent system for understanding the structural mechanism of
energy transfer within PBS rods and to PSI. The high resolution of the
cryo-EM CpcL-PBS structure allows us to compare the bilin con-
formation changes brought by protein-bilin interactions, which has
been observed in the terminal emitter ApcD32 and the phycobilipro-
teins from far-red light adapted species33.

All bilins inCpcL-PBS arephycocyaninbilin (PCB),which is anopen
chain tetrapyrrole covalently linked to PC at ring A. The conformation
of a bilin is defined by the planes of its four pyrrole rings and the three
angles between rings. Seven different representative bilins, four from
the CpcL-PBS and three from CpcG-PBS, are compiled for conforma-
tional comparison (Fig. 3c, d and Supplementary Fig. 3e–h). The
majority of bilins in CpcL-PBS have a conformation like the bilin 2IIβ82

3

(Fig. 3c, d and Supplementary Fig. 3h): the angle between rings A and B
is between 26°−30°; the angle between rings B and C is smaller than
10°; the anglebetween ringsC andD is larger than35°. For the three β82

bilins at the bottom trimer of CpcL-PBS, the conformations are dif-
ferent from that of 2IIβ82

3: the angles between rings C and D are sig-
nificantly reduced, which indicates that the planarity of these bilins is
greatly enhanced. Because the ring A in these three bilins is near their
β-PC and away from residues of CpcL, the angles between ring A and
ring B remain almost unaltered. Themost flattened bilin in CpcL-PBS is
1Iβ82

2. Its angles between rings A and B, B andC, andC andD are 26°, 7°,
and8°, respectively (Fig. 3c, d andSupplementaryFig. 3f). The terminal
emitter ApcD has a fluorescence emission peak at 680nm and its rings
B, C and D are nearly coplanar with the three respective angles of 25°,
7°, and 2°, respectively32 (Fig. 3c, d). Therefore, the bilin 1Iβ82

2 is
expected to have a significant red-shift in absorption and fluorescence
emission peaks. The bilins 1Iβ82

1 and
1Iβ82

3 are less but still significantly
flattened and the angles between rings C and D are 21° in 1Iβ82

1 and 25°
in 1Iβ82

3. Since the bilin 1Iβ82
1 has extensive interaction with CpcL

(Fig. 3b), it is expected to have a significant red-shift in absorption and
fluorescence emission. The flattened bilins reported here is not limited
to CpcL-PBS. The bilin 1Iβ82

1G (“G” for CpcG) from the peripheral rod of
Synechocystis CpcG-PBS, which is equivalent to the bilin 1Iβ82

1 of CpcL-
PBS, has the three respective angles of 30°, 11°, and 15°, very similar to
that of the bilin 1Iβ82

1 of CpcL-PBS (Fig. 3d and Supplementary Fig. 3e).
The bilin 1Iβ82

2G, which is equivalent to the bilin 1Iβ82
2 in position, has the

three respective angles of 32°, 10°, and 20°, significantly less flattened
than 1Iβ82

2 of CpcL-PBS (Fig. 3c, d). The bilin 1Iβ82
1G of CpcG-PBS is likely

the energy trap of the peripheral rods for energy transfer from rods to
core11 while 1Iβ82

2 of CpcL-PBS is a candidate as the trap for energy
transfer from CpcL-PBS to PSI.

Interactions of CpcL with chromophores
Each αβ monomer of CpcL-PBS has three covalently attached chro-
mophores, one on α subunit (α84) and two on β subunits (β82 and β152),
similar to the PC αβ monomers of the peripheral rods of CpcG-PBS4.
Located in the center of the PChexamer near the thylakoidmembrane,
CpcL is close to four bilins and extensively interacts with the three
bottom β82 bilins (1Iβ82

1,
1Iβ82

2, and
1Iβ82

3) (Fig. 3b). Spectroscopic studies
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Fig. 3 | Distribution of bilins in CpcL-PBS and the conformation of some key
bilins in PBS. aOverall distribution of bilins in CpcL-PBS with the bilins 1Iβ82

1,
1Iβ82

2,
1Iβ82

3, and
1IIβ82

1 highlighted in pink. b The spatial relationship between the linker
proteins (CpcL and CpcC1) and the highlighted bilins in squares. c The conforma-
tion of the bilins from either CpcL-PBS or CpcG-PBS of Synechocystis 6803. From
top to bottom: 1Iβ82

1,
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2,
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3, and
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3 of CpcL,
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1G (G indicates that the bilin

is fromCpcG-PBS) and 1Iβ82
2G of the peripheral rod1, and the bilinα84 of the terminal

emitter ApcD of the CpcG-PBS core. The coordinates of bilins from CpcG-PBS of
Synechocystis 6803 were from a recent cryo-EM study13. d Schematic presentation
of bilins from rings A to D in panel (c). The angles between the adjacent pyrrole
planes are shown.

Article https://doi.org/10.1038/s41467-023-39689-7

Nature Communications |         (2023) 14:3961 4



have shown that the β82 bilins, which are located interior of the PC
trimer rings, function as acceptors of excitons while the other two
bilins of a PC trimer act as donors4. When PC trimers form PBS rods
with the help of linker proteins, especially the CpcG linker, the fluor-
escence emission is red-shifted26,27, suggesting that the linkers could
modulate the energy state of bilins. Cryo-EM structures of cyano-
bacterial CpcG-PBS show that the CpcG linker provides aromatic
residues surrounding the bilin 1Iβ82

1, which transfers absorbed light
energy from rods to PBS cores11.

Comparison of the surrounding residues of the 1Iβ82
1 bilin from

CpcG-PBS rod and CpcL-PBS shows that more interactions could be
observed between the bilin 1Iβ82

1 and CpcL than that between the bilin
1Iβ82

1G and CpcG (Fig. 4a, b and Supplementary Fig. 6a), and the inter-
actions of the bilin 1Iβ82

1 with CpcG and CpcL are slightly different,
especially in the vicinity of ring D (Supplementary Fig. 6a). Sequence
alignment also reveals the divergence of the residues around ring D,
such as Q57 and R178 of CpcL (Supplementary Fig. 6d). Three posi-
tively charged arginine residues (R178, R112, and R181) of CpcL are
within 4 Å from the bilin 1Iβ82

1 (Fig. 4b and Supplementary Fig. 6a), and
they either interactwith the carboxylic acid groups on rings B and C or
the oxygen on ring D. In addition, N55, Q57, Q58, and Y182 are capable
of forming hydrogen bonds with either the nitrogen or oxygen atoms
of 1Iβ82

1 (Fig. 4b and Supplementary Figs. 6a, 7a). The interaction
between the bilin 1Iβ82

3 and CpcL is also extensive and involve three
arginine residues (R16, R163, and R169) (Fig. 4c and Supplementary
Figs. 6b, 7c). In contrast, the interactions between CpcL and 1Iβ82

2 do
not involve any arginine residues (Fig. 4d and Supplementary Figs. 6c,
7b). The residues of CpcG that interact with 1Iβ82

2 and
1Iβ82

3 are highly
conserved or invariant in CpcL (Supplementary Fig. 6b, c).

The CpcL-PBS has the fluorescence emission peaks at 648 nm and
668 nmat room temperature24,25 (Supplementary Fig. 1g), the former is

at the same position of isolated PC rods with linkers, while the latter is
significantly red-shifted compared to any PC fluorescence emission. As
mentioned above, the bilin 1Iβ82

2 but not 1Iβ82
1 may account for the

redshift of fluorescence emission, since the bilin 1Iβ82
2 is flattened the

most in CpcL-PBS. The environment of the bilin 1Iβ82
2 provided by β-PC

is the same in CpcG-PBS rods and CpcL-PBS (Supplementary Fig. 7b),
the difference in bilin conformation (Fig. 3c, d) between the bilins 1Iβ82

2

from CpcG-PBS and CpcL-PBS is probably generated by subtle differ-
ence of their surroundings created by CpcGor CpcL. Interestingly, key
residues that are involved in the interaction of the bilins 1Iβ82

2 with
CpcG and CpcL are identical (Fig. 4d and Supplementary Fig. 6c).
Superimposition of the two bilins using the CpcB subunit as the
reference of alignment reveals an RMSD of 0.5 Å for the ring D of the
bilins and an apparent rotation for the ring D (by ~10°) (Fig. 4e).
Compared to CpcG, no significant difference was observed in CpcL
except for a region of two connected helices next to 1Iβ82

2 (α6 and α7)
(Fig. 4f). In fact, the α6 of CpcG or CpcL and the α6 of CpcB clamp the
bilin 1Iβ82

2 and should be able to modulate the conformation of ring D
(Fig. 4g, h). In this region, an important difference is between I129 of
CpcL and I127 of CpcG. Both residues are located next to the ring D of
1Iβ82

2 in their respective PBS structures (Supplementary Fig. 7b), but
I129 of CpcL in CpcL-PBS has a ~0.6 Å shift towards the ring D com-
pared to I127 of CpcG in the CpcG-PBS (Fig. 4g, h). In this helical turn
region (W125-L141 of CpcG and W127-L143 of CpcL), a few residues
differ in identity between CpcL and CpcG, including L136, P137, and
F139 of CpcL (Fig. 4i and Supplementary Fig. 6d). These residues are
located in the turning region of the two helices, and the equivalent
positions of them in CpcG are Y134, Q135, and L137, respectively
(Fig. 4i). Apparently, these sequence differences (Supplementary
Fig. 6d), especially a proline P137 in CpcL, generate local conforma-
tional differences to impact on the orientation of α6, which in turn

Fig. 4 | Interactions of CpcL with the bilins β82 at the bottom trimer of CpcL-
PBS. a–d Bottom view of CpcL-PBS, showing the CpcL (green) and the three β82

bilins, 1Iβ82
1 (square b), 1Iβ82

2 (square c), and 1Iβ82
2 (square d), of CpcL-PBS. Interac-

tion of key amino acid residues of CpcL (green) with 1Iβ82
1 (panel b) 1Iβ82

2 (panel c)
and 1Iβ82

3 (panel d). The bilins (open chain tetrapyrrole) are in pink with the four
pyrrole rings labeled A through D. Oxygen atoms are in red, nitrogen atoms are in
blue. The dashed lines indicate interactions and the distances between the atoms
are in Angstroms. e Structural comparison of bilin 1Iβ82

2 from CpcG-PBS rod (PDB
7SC8)13 andCpcL-PBS. Alignmentwas donewith the CpcB subunit as reference, and

the RMSD of all non-hydrogen atoms on the ring D is 0.5 Å between two bilins.
f Structural comparison of CpcG-CpcB (PDB 7SC8) and CpcL-CpcB complexes by
aligning their subunit CpcB. The environment around bilin 1Iβ82

2 is highlighted in
brown solid rectangle box. g Zoom-in view of the environment around bilin 1Iβ82

2.
The difference between CpcL and CpcG lies in α6 and α7 helices. h A 45° rotated
view of (g). The distance between the residues that regulate the conformation of
their bilin 1Iβ82

2 are highlighted in red. i Residues that are responsible for mod-
ulating the conformation of this α6-α7 region.
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modulates the conformation of the bilin 1Iβ82
2. Therefore, it is our

suggestion that these key residues in CpcL are responsible for pro-
viding spatial restriction on the bilin, leading to a rotation of the ring D
and reduction of the angle between rings C and D.

The CpcL extends into the upper half of the bottom hexamer of
CpcL-PBS and interacts with the bilins in the second trimer layer. For
example, S70 andQ71 of CpcL could form hydrogen bonds with ring D
while K73 could form hydrogen bond with ring C of 1IIβ82

1 (Supple-
mentary Fig. 8). Besides CpcL, the linker proteins CpcC1, CpcC2 and
theCpcDdomain of FNR also participate interactionswith bilinswithin
CpcL-PBS (Supplementary Fig. 8) and these interactions could be
important to bilin stabilization and energy transfer.

Ultrafast spectroscopic study of energy transfer within
CpcL-PBS
Ultrafast fluorescence spectroscopy has been used to study energy
transfer within CpcL-PBS of Synechocystis 680325 and energy transfer
from CpcL-PBS to PSI of Anabaena 712034, and both studies revealed
the importance of the “red PCB” species of CpcL-PBS in energy trans-
fer. To understand energy transfer dynamics, exciton migration
among the bilins of CpcL-PBS and identity of the red PCB,
femtosecond time-resolved transient absorption spectroscopy was
performedwith intactCpcL-PBS (Fig. 5a–c). In the transient absorption
experimental setup, the excitation wavelength was set at 590 nm with
a pulse duration of 100 fs. The as-acquired transient absorption
spectra at different time delay are presented in Fig. 5a. Both ground
state bleaching and stimulated emission contributed to the negative
absorption while transient absorption due to excited state of bilins
led to positive absorbance change. Four decay components with dif-
ferent time constants are obtained (Fig. 5b) by global analysis of the
spectra. The fast component P1 with a decay time of 3.6 ps has an
absorption bleaching at 631 nm and a positive absorption peak at

671 nm; the second fast component P2 has absorption bleaching
at 637 nm and a positive absorption at 675 nm. The components RS

and RL have an intermediate decay time of 200ps, and their absorp-
tion bleaching are at 644 nm and 668 nm, respectively. The slow
component T with a decay time of >1200 ps has an absorption
bleaching at 669 nm. Global dynamics analysis shows that energy
migration within CpcL-PBS occurs sequentially and in a picosecond
time range (Fig. 5c):

P1ð3:6psÞ=P2ð25psÞ ! RS=RLð200psÞ ! to T ð>1200psÞ

Here the component T is the red-PCB that has a photo-induced
bleaching at 669 nm and a long decay time constant.

The energy transfer of CpcL-PBS is further studied by picosecond
time-resolved fluorescence spectroscopy (Fig. 5d–f). The time-
wavelength 2D maps of CpcL-PBS excited at 565 nm were obtained in
different time ranges (Supplementary Fig. 9) and global analysis was
performed on the acquired time-resolved fluorescence spectra. The
decay-associated spectra (DAS) and the species-associated spectra
(SAS) are presented in Fig. 5d and Fig. 5e, respectively. Three species-
associated spectra with their respective decay time constant of 101 ps,
401 ps, and 1999 ps were obtained and the SAS with a time constant of
401 ps is composed of two components, one with a peak at 651 nm and
the other at 669 nm. The dynamics of these components in energy
transfer (Fig. 5f) confirms the following energy transfer scheme:

C645nm ! C651nm=C669nm ! C672nm ðC : componentÞ

With the determination of the cryo-EM structure of CpcL-PBS
and of the components in energy transfer by ultrafast spectroscopy,
the energy transfer process from a regular PCB to the “red PCB”
within CpcL-PBS is deduced. In femtosecond time-resolved transient

a b c

d e f

Fig. 5 | Ultrafast absorption and fluorescence spectroscopic analysis of CpcL-
PBS. a Femtosecond time-resolved transient absorption spectra between 550 nm
and 700nm. The excitation wavelength is set at 590 nm and duration of the exci-
tation laser pulse is 100 fs. Six time-resolved spectra of 100 fs, 1 ps, 10 ps, 20 ps,
200ps, and >1200ps are shown. b Four species-associated absorption spectra
(SAS) are obtained from global analysis of the transient absorption spectra: P1
(3.6 ps), P2, (40 ps), RS (200ps), RL (200ps), and T (>1200ps) and their bleaching is

at 631 nm, 637 nm, 644nm, 668, and 669 nm, respectively. c Kinetics of the four
corresponding species-associated components. d Dynamics-associated difference
fluorescence spectra (DAS) of CpcL-PBS excited at 565 nm; fluorescence is recor-
dedwith a streak camera. e Species-associated emission spectra (SAS) of CpcL-PBS.
Peak wavelengths of each component are shown. f Kinetics of the three corre-
sponding species-associated decay components.
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absorption spectra, the fastest decay component P1 has a bleaching
peak at 631 nm and it is assigned to the bilins PCB α84 and β155 as
these bilins have little interaction with linker proteins and are
expected to have the shortest absorption bleaching wavelengths. The
component P2 has a bleaching peak at 637 nm and it is assigned to all
PCB β82 except for the three bilins located at the bottom PC trimer.
These bilins, located inside the cavities of the hexamers, interact with
the linker proteins (Fig. 4 and Supplementary Fig. 7) and their absorp-
tion bleaching are expected to be red-shift26,27. The component RS is
assigned to the bilin 1Iβ82

3 because it has an enhanced planarity (Fig. 3)
and interacts with CpcL (Fig. 4 and Supplementary Fig. 6). The com-
ponents RL and RS have the same decay constant of 200ps, but RL has a
significantly red-shifted absorption bleaching at 668 nm. The bilin 1Iβ82

1

has a similarly enhanced planarity as 1Iβ82
1G, but is engaged more

interaction with the linker protein than either 1Iβ82
1G or 1Iβ82

3 (Fig. 4 and
Supplementary Fig. 6). Therefore, RL is tentatively assigned to 1Iβ82

1.
Because the bilin 1Iβ82

2 has the most enhanced planarity and extensive
interactionwithCpcL, the component T is assigned to 1Iβ82

2, the red PCB
of CpcL-PBS. In picosecond fluorescence spectra, the fluorescence
emission of all PCB except for the three bilins 1Iβ82 merged as the
spectrum of C645nm (100ps); the bilins 1Iβ82

3(RS),
1Iβ82

1, (RL) give rise to
the spectra of C651nm/C669nm (401 ps); and the bilin 1Iβ82

2 (T) give rise to
the spectrum of C672nm (1999 ps). The structure and the time-resolved
fluorescence emission spectrum of the bilin 1Iβ82

2 (component T) has
special characters of red-PCB like the bilin α84 in ApcD35, clearly
demonstrating here that CpcL-PBS has structural features for the for-
mation of a terminal emitter-like red-PCB for direct energy transfer
to PSI. Our study also shed light on energy transfer mechanisms in
other types of PBS found in red algae and cyanobacteria, including
Acaryochloris sp.36.

Methods
Strains and culture conditions
The wild-type strain of Synechocystis sp. PCC 6803 (Synechocystis
6803) and its mutant strain are grown in BG11 medium37 at 25 °C with
light intensity of 50 μmol photons m−2 s−1. The medium for the growth
of the mutant strain was supplemented with 10μgml−1 erythromycin
and 10mM glucose. The cultures were bubbled gently with air plus
1% CO2.

Construction of ΔapcAB mutant strain
The ΔapcAB mutant strain was constructed as described in Ajlani
et al.38 with somemodifications. The upstreamanddownstream region
of apcAB gene and a DNA fragment encoding an erythromycin-
resistant gene were amplified by polymerase chain reaction (PCR)
using primer pairs of P1/P2, P3/P4, and P5/P6, respectively (Supple-
mentary Table 1). The above sequences were ligated by fusion PCR.
The resultant PCR products were transformed into the wild-type
Synechocystis 6803 strain. Segregation of the ΔapcAB mutant was
verified by PCR.

Isolation of CpcL-PBS
CpcL-PBSwas isolated from theΔapcABmutant strain according to Liu
et al.24, or with some modifications as follows. All operations were
performed at 22 °C. Briefly, the cells were broken in 0.75MK/Na-PO4

buffer at pH 7.0 with 1mM phenylmethylsulfonyl fluoride by passing
through three times of a French press at 7000psi. After 0.5 h of incu-
bation with 0.5% n-dodecyl-β-d-maltoside (DDM) (w/v), samples were
centrifuged at 20,000× g. The supernatant was loaded immediately
onto a sucrose gradient. The sucrose gradients were made from buffer
A (0.75MK/Na-PO4 buffer, 0.0125% glutaraldehyde (w/v), 0.03%
β-DDM (w/v), pH 7.0) by adding sucrose to these concentrations: 0.4,
0.55, 0.7, 0.85, 1.0, and 1.5M. The samples were centrifuged at

370,000× g for 16 h using a TLA110 rotor on BeckmanOptimaMAX-XP
centrifuge. CpcL-PBS samples were collected at the interface of 0.85M
to 1.0M sucrose. The sucrose of purified CpcL-PBS samples was
removed by ultrafiltration with 30 kD Millipore centrifugal filters.
Absorption spectra and fluorescence emission spectra were obtained
as described previously11.

Cryo-EM sample preparation and data collection
Before preparing grids for cryo-EM, CpcL-PBS samples were con-
centrated to ~0.75mgml−1. Aliquots (3.5μl) of samples were loaded
onto glow-discharged (20 s) holey carbon films copper grids (Quanti-
foil R1.2/1.3, +2 nmC membrane, Cu 300 mesh) and waited for 60 s.
3.5μl aliquot of a buffer (50mM Tris pH 7.0, 0.01% β-DDM (w/v)) was
then added twice to the grid and mixed immediately with the sample
before vitrification (to dilute the high concentration of phosphate
salts). After blotting for 2 s, the grid was plunged into liquid ethane
with an FEI Vitrobot Mark IV (18 °C and 100% humidity). Cryo-grids
were first screened in a Talos Arctica operated at 200 kV (equipped
with an FEI CETA camera). Grids of good quality were transferred to a
FEI Titan Krios operated at 300 kV with Gatan BioQuantum GIF/K3
direct electron detector for data collection.

Movies were recorded with a BioQuantum GIF/K3 direct electron
detector (Gatan) in the super-resolution mode at a nominal magnifi-
cation of ×81,000, with an exposure rate of 17.9 e−/Å2 per second using
the EPU 2 software. A GIF Quantum energy filter (Gatan), with a slit
width of 20 eV was used at the end of the detector. The defocus range
was set from −1.0 to −1.8μm. The total exposure timewas 3.84 s and 32
frames per image were acquired with a total electron exposure of
∼60 e−/Å2. Statistics for data collection are summarized in Supple-
mentary Table 2.

Image processing
To determine the 3D structure of the CpcL-PBS complex, Two batches
of movie stacks were recorded. Raw movie frames were aligned and
averaged into motion-corrected summed images with a pixel size of
1.07 Å by MotionCor239. The Gctf program (v1.06)40 was used to esti-
mate the contrast transfer function (CTF) parameters of each motion-
corrected image. All the following data processingwas performedwith
Relion-3.141. 1350 particles were manually picked and subjected to 2D
classification to generate templates for automatic particle picking.
Then autopicking was done to the images that weremanually selected
for treatment. The picked particles were subjected to one round of 2D
classification, and high-quality particles were further selected for
subsequent 3D classifications. Initial model was generated from these
particles. After multiple rounds of 3D classification, relatively homo-
geneous particles were selected for 3D refinement, resulting in a map
with a 2.64 Å overall resolution after mask-based post-processing,
based on the gold-standard FSC 0.143 criteria. The local resolution
map was analyzed using ResMap42 and displayed using UCSF
Chimera43. Workflow of data processing was illustrated in the Sup-
plementary Fig. 2.

Model building and refinement
Crystal structure of a PC αβ monomer from Synechocystis 6803 (PDB
code 4F0T)44 was used as the initial template for PC hexamer model-
ing. The atomic models of CpcL, CpcC1, CpcC2, and PetH were adop-
ted from AlphaFold databases45. All structures were firstly docked into
the density map using UCSF chimera43 and then manually adjusted in
COOT46. The final atomic models were refined in real space using
PHENIX47 with secondary structure and geometry restraints applied.
The final atomic models were evaluated using Molprobity48 and the
statistics of data collection and model validation were included in
Supplementary Table 2.
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Femtosecond time-resolved transient absorption spectroscopy
The details of the home-built ultrafast absorption spectroscopy
setup has been described elsewhere49. Briefly, a Ti:sapphire laser
(Hurricane, Spectra-Physics, USA) delivered 100 fs (FWHM) pulses at
a central wavelength of 800 nm at a repetition rate of 1 kHz. Then
the pulses were split into two beams using a beam splitter: one was
used to generate a supercontinuum white light which was used as
the probe light. The other was used to pump a home-built non-colli-
near optical parametric amplifier (NOPA) for generating excitation
source of tunable wavelength in the visible region. In current experi-
ment, the excitation wavelength was set at 590 nm. The excitation
energy was ∼10 nJ per pulse with a spot size of ∼120 μm. The relative
polarization of the pump and probe pulses was set at the magic
angle. The sample was placed into a 1-mm-thick fused silica flow cell in
order to avoid sample damage, the optical density (OD) of the
sample was set at 0.26 at its maximum absorption wavelength at
620 nm. The decay kinetics was scanned at a temporal resolution of
0.02 ps per step at early stage while a varied and larger time-delay
stepswere used at later stage. The time-resolved difference absorption
spectral data were averaged over 30 times to obtain a better signal-to-
noise ratio.

Femtosecond time-resolved fluorescence spectroscopy
For the time-resolved fluorescence measurements, the sample here
was placed into a 1-mm-thick fused silica cuvette with an optical den-
sity of 0.24 at 620 nm. Femtosecond amplifier (Spectra Physics, USA)
delivered 100 fs pulses at a repetition rate of 5 kHz. The excitation
wavelength was set at 565 nm from a commercialized tunable optical
parametric amplification system (TOPAS, Spectra Physics) pumped by
the femtosecond amplifier. Pulse energy of 5 nJ per pulse with a spot
size of ~200 μmwas used to excite the sample. A high-quality 600nm
long-pass band filter was used to block the residual excitation pulse.
The emitted fluorescence light was collected and focused into a
spectrograph and measured by a streak camera 5200 (XIOPM, China)
operating at 1.4 ns or 5 ns scanning ranges with a time resolution of
~30 ps or ~200 ps, respectively. The spectral window recorded by the
CCD of streak camera was 260nm in the measurements, covering the
fluorescence wavelength of the sample. The time-resolved fluores-
cence data were averaged over 10 single measurements.

Global fitting was used to resolve the individual spectral compo-
nents from the congested spectrum. The program was implemented
based on LabView. We employed the method of singular value
decomposition (SVD) according to the previous report49. DAS
(dynamics-associated different spectra) is a kinetic-dependent differ-
ential spectrum that can be obtained from global fitting directly. The
species-associated emission spectra (SAS) and the corresponding
kinetics could be resolved by establishing a model based on the result
from DAS as SAS is determined by the analytical model we have cho-
sen.Herewefirstly obtained the lifetimeof eachcomponent fromDAS,
and then we attribute each process to the corresponding pigments
involved in energy transfer model based on the pigment molecules
resolved in the cryo-EM structure:

P1ð3:6psÞ=P2ð25 psÞ ! RS=RLð200psÞ ! to T ð>1200psÞ

More details about global fitting could be found in our previous
publications50.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding
authors upon request. Atomic coordinate of the CpcL-PBS structure

has been deposited to the Protein Data (PDB) with the following
accession code 8HFQ (CpcL-PBS). The corresponding cryo-EM map
has been deposited to the Electron Microscopy Data Bank (EMDB)
under the following accession number EMD-34724 (CpcL-PBS). The
previously published structures of the rod of CpcG-PBS from Syne-
chocystis 6803 can be accessed via accession code 7SC8. Supple-
mentry Fig. 1e, f are provided as Source data file. Source data are
provided with this paper.

References
1. Mulkidjanian, A. Y. et al. The cyanobacterial genome core and the

origin of photosynthesis. Proc. Natl Acad. Sci. USA 103,
13126–13131 (2006).

2. Martin,W. F., Bryant, D. A. & Beatty, J. T. A physiological perspective
on the origin and evolution of photosynthesis. FEMSMicrobiol. Rev.
42, 205–231 (2018).

3. Fournier, G. P. et al. The Archean origin of oxygenic photosynthesis
and extant cyanobacterial lineages. Proc. Biol. Sci. 288,
20210675 (2021).

4. Bryant, D. A. The Molecular Biology of Cyanobacteria (1994).
5. Bryant, D. A. & Canniffe, D. P. How nature designs light-harvesting

antenna systems: design principles and functional realization in
chlorophototrophic prokaryotes. J. Phys. B. At. Mol. Opt.51, https://
doi.org/10.1088/1361-6455/aa9c3c (2018).

6. Adir, N., Bar-Zvi, S. & Harris, D. The amazing phycobilisome. Bio-
chim. Biophys. Acta Bioenerg. 1861, 148047 (2020).

7. Sui, S. F. Structure of phycobilisomes. Annu. Rev. Biophys. 50,
53–72 (2021).

8. de Marsac, N. T. & Cohen-bazire, G. Molecular composition of
cyanobacterial phycobilisomes. Proc. Natl Acad. Sci. USA 74,
1635–1639 (1977).

9. Zhang, J. et al. Structure of phycobilisome from the red alga Grif-
fithsia pacifica. Nature 551, 57–63 (2017).

10. Ma, J. et al. Structural basis of energy transfer in Porphyridium
purpureum phycobilisome. Nature 579, 146–151 (2020).

11. Zheng, L. et al. Structural insight into the mechanism of energy
transfer in cyanobacterial phycobilisomes. Nat. Commun. 12,
https://doi.org/10.1038/s41467−021-25813-y (2021).

12. Kawakami, K. et al. Core and rod structures of a thermophilic cya-
nobacterial light-harvesting phycobilisome. Nat. Commun. 13,
3389 (2022).

13. Dominguez-Martin, M. A. et al. Structures of a phycobilisome
in light-harvesting and photoprotected states. Nature 609,
835–845 (2022).

14. Kondo, K., Geng, X. X., Katayama, M. & Ikeuchi, M. Distinct roles of
CpcG1 and CpcG2 in phycobilisome assembly in the cyano-
bacterium Synechocystis sp. PCC 6803. Photosynth. Res. 84,
269–273 (2005).

15. Kondo, K., Ochiai, Y., Katayama, M. & Ikeuchi, M. The membrane-
associated CpcG2-phycobilisome in Synechocystis: a new photo-
system I antenna. Plant Physiol. 144, 1200–1210 (2007).

16. Kondo, K., Mullineaux, C. W. & Ikeuchi, M. Distinct roles of CpcG1-
phycobilisome and CpcG2-phycobilisome in state transitions in a
cyanobacteriumSynechocystis sp. PCC 6803. Photosynth. Res. 99,
217–225 (2009).

17. Bryant, D. A. et al. A small multigene family encodes the rod-core
linker polypeptides of Anabaena sp. PCC7120 phycobilisomes.
Gene 107, 91–99 (1991).

18. Watanabe, M. et al. Attachment of phycobilisomes in an antenna-
photosystem I supercomplex of cyanobacteria.Proc. Natl Acad. Sci.
USA 111, 2512–2517 (2014).

19. Deng, G., Liu, F., Liu, X. & Zhao, J. Significant energy transfer from
CpcG2-phycobilisomes to photosystem I in the cyanobacterium
Synechococcus sp. PCC 7002 in the absence of ApcD-dependent
state transitions. FEBS Lett. 586, 2342–2345 (2012).

Article https://doi.org/10.1038/s41467-023-39689-7

Nature Communications |         (2023) 14:3961 8

http://doi.org/10.2210/pdb8HFQ/pdb
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-34724
http://doi.org/10.2210/pdb7SC8/pdb
https://doi.org/10.1088/1361-6455/aa9c3c
https://doi.org/10.1088/1361-6455/aa9c3c
https://doi.org/10.1038/s41467�021-25813-y


20. Gao, F. D. et al. The NDH-1L-PSI supercomplex is important for
efficient cyclic electron transport in cyanobacteria.Plant Physiology
172, 1451–1464 (2016).

21. Li, X. Y. et al. Attachment of ferredoxin: NADP(+) oxidoreductase to
phycobilisomes is required for photoheterotrophic growth of the
cyanobacterium Synechococcus sp. PCC 7002. Microorganisms
10, 1313 (2022).

22. Schluchter, W. M. & Bryant, D. A. Molecular characterization of
ferredoxin-NADP+ oxidoreductase in cyanobacteria: cloning
and sequence of the petH gene of Synechococcus sp. PCC
7002 and studies on the gene product. Biochemistry 31,
3092–3102 (1992).

23. Gomez-Lojero, C., Perez-Gomez, B., Shen, G., Schluchter, W. M. &
Bryant, D. A. Interaction of ferredoxin:NADP+ oxidoreductase with
phycobilisomes and phycobilisome substructures of the cyano-
bacterium Synechococcus sp. strain PCC 7002. Biochemistry 42,
13800–13811 (2003).

24. Liu, H. et al. Phycobilisomes Harbor FNRL in Cyanobacteria. mBio
10, https://doi.org/10.1128/mBio.00669-19 (2019).

25. Niedzwiedzki, D. M., Liu, H. & Blankenship, R. E. Excitation energy
transfer in intact CpcL-phycobilisomes fromSynechocystis sp. PCC
6803. J. Phys. Chem. B 123, 4695–4704 (2019).

26. Lundell, D. J., Williams, R. C. & Glazer, A. N. Molecular architecture
of a light-harvesting antenna. In vitro assembly of the rod sub-
structures of Synechococcus 6301 phycobilisomes. J. Biol. Chem.
256, 3580–3592 (1981).

27. David, L., Marx, A. & Adir, N. High-resolution crystal structures of
trimeric and rod phycocyanin. J. Mol. Biol. 405, 201–213 (2011).

28. Schuller, J. M. et al. Structural adaptations of photosynthetic
complex I enable ferredoxin-dependent electron transfer. Science
363, 257–260 (2019).

29. Laughlin, T. G., Bayne, A. N., Trempe, J. F., Savage, D. F. & Davies, K.
M. Structure of the complex I-like molecule NDH of oxygenic pho-
tosynthesis. Nature 566, 411–414 (2019).

30. Zhang, C. L. et al. Structural insights into NDH-1 mediated cyclic
electron transfer. Nat. Commun. 11, 888 (2020).

31. Pan, X. et al. Structural basis for electron transport mechanism
of complex I-like photosynthetic NAD(P)H dehydrogenase.
Nat Commun 11, 610 (2020).

32. Peng, P. P. et al. The structure of allophycocyanin B from Syne-
chocystis PCC 6803 reveals the structural basis for the extreme
redshift of the terminal emitter in phycobilisomes. Acta Crystallogr.
D Biol. Crystallogr. 70, 2558–2569 (2014).

33. Soulier, N. & Bryant, D. A. The structural basis of far-red light
absorbance by allophycocyanins. Photosynth. Res. 147, 11–26
(2021).

34. Noji, T., Watanabe, M., Dewa, T., Itoh, S. & Ikeuchi, M. Direct energy
transfer from allophycocyanin-free rod-type CpcL-phycobilisome
to photosystem I. J. Phys. Chem. Lett. 12, 6692–6697 (2021).

35. Hirota, Y. et al. Ultrafast energy transfer dynamics of phycobilisome
from Thermosynechococcus vulcanus, as revealed by ps fluores-
cence and fs pump-probe spectroscopies. Photosynth. Res. 148,
181–190 (2021).

36. Chen, M., Floetenmeyer, M. & Bibby, T. S. Supramolecular organi-
zation of phycobiliproteins in the chlorophyll d-containing cyano-
bacteriumAcaryochlorismarina. FEBS Lett.583, 2535–2539 (2009).

37. Rippka, R., Deruelles, J., Waterbury, J. B., Herdman, M. & Stanier, R.
Y. Generic assignments, strain histories and properties of pure
cultures of cyanobacteria. J. Gen. Microbiol. 111, 1–61 (1979).

38. Ajlani, G., Vernotte, C., Dimagno, L. & Haselkorn, R. Phycobilisome
core mutants of Synechocystis Pcc-6803. BBA Bioenerget. 1231,
189–196 (1995).

39. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-
induced motion for improved cryo-electron microscopy. Nat.
Methods 14, 331–332 (2017).

40. Zhang, K. Gctf: real-time CTF determination and correction. J.
Struct. Biol. 193, 1–12 (2016).

41. Zivanov, J. et al. New tools for automated high-resolution cryo-EM
structure determination in RELION-3. Elife 7, e42166 (2018).

42. Kucukelbir, A., Sigworth, F. J. & Tagare, H. D. Quantifying the
local resolution of cryo-EM density maps. Nat. Methods 11,
63–65 (2014).

43. Pettersen, E. F. et al. UCSF Chimera—a visualization system for
exploratory research and analysis. J. Comput. Chem. 25,
1605–1612 (2004).

44. Marx, A. & Adir, N. Allophycocyanin and phycocyanin crystal
structures reveal facets of phycobilisome assembly. Biochim. Bio-
phys. Acta 1827, 311–318 (2013).

45. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021).

46. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486–501 (2010).

47. Adams, P. D. et al. PHENIX: a comprehensive Python-based system
for macromolecular structure solution. Acta Crystallogr. D Biol.
Crystallogr. 66, 213–221 (2010).

48. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol. Crystal-
logr. 66, 12–21 (2010).

49. Zhang, L., Yang, J., Wang, L., Yang, G.-Z. & Weng, Y.-X. Direct
observation of interfacial charge recombination to the excited-
triplet state in all-trans-retinoic acid sensitized TiO2 nanoparticles
by femtosecond time-resolved difference absorption spectro-
scopy. J. Phys. Chem. B 107, 13688 (2003).

50. Mao, P., Wang, Z., Dang, W. & Weng, Y. Multi-channel lock-in
amplifier assisted femtosecond time-resolved fluorescence non-
collinear optical parametric amplification spectroscopy with effi-
cient rejection of superfluorescence background.Rev. Sci. Instrum.
86, 123113 (2015).

Acknowledgements
We thank the Core Facilities of Peking University School of Life Sciences
for assistance with negative-staining electron microscopy; the National
Centre for Protein Sciences at Peking University for assistance with
sample prepration; the Cryo-EM Platform and the Electron Microscopy
Laboratory of Peking University for cryo-EM data collection; the High-
performance Computing Platform of Peking University for help with
computation. This work was supported by the National Science Foun-
dation of China (22027802 to Y.W., 32070203 and 91851118 to J.Z.,
32270253 to Z.G.Z.), the Ministry of Science and Technology of China
(2017YFA0503703 to J.Z.), and the Qidong-SLS Innovation Fund to N.G.

Author contributions
N.G., Y.W., and J.Z. conceived the project and designed experiment;
Z.D.Z., Z.G.Z., and C.D. constructed mutant; Z.D.Z., H.W., and Z.G.Z.
isolated PBS andperformedbiochemical analysis; L.Z., Z.D.Z., and Z.G.Z.
performed cryo-EM experiment; L.Z. and G.W. performed model build-
ing for structure determination; J.W., H.L., and H.C. performed ultrafast
spectroscopic analysis of PBS; L.Z., Z.G.Z., N.G., G.W., Y.W., and J.Z.
analyzed and interpreted data. L.Z., N.G., Y.W., and J.Z. wrote the
manuscript with help from all authors.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-023-39689-7

Nature Communications |         (2023) 14:3961 9

https://doi.org/10.1128/mBio.00669-19


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39689-7.

Correspondence and requests for materials should be addressed to
Yuxiang Weng, Ning Gao or Jindong Zhao.

Peer review information Nature Communications thanks Haijun Liu and
FlorentWaltz for their contribution to thepeer reviewof thiswork. Apeer
review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39689-7

Nature Communications |         (2023) 14:3961 10

https://doi.org/10.1038/s41467-023-39689-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cryo-EM and femtosecond spectroscopic studies provide mechanistic insight into the energy transfer in CpcL-phycobilisomes
	Results
	Overall structure of CpcL-PBS complex
	The linker binding mode defines the CpcL-PBS assembly
	Chromophore conformation in CpcL-PBS
	Interactions of CpcL with chromophores
	Ultrafast spectroscopic study of energy transfer within CpcL-PBS

	Methods
	Strains and culture conditions
	Construction of ΔapcAB mutant strain
	Isolation of CpcL-PBS
	Cryo-EM sample preparation and data collection
	Image processing
	Model building and refinement
	Femtosecond time-resolved transient absorption spectroscopy
	Femtosecond time-resolved fluorescence spectroscopy
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




