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Abstract

Phycobilisomes (PBSs) are extremely large chromophore—protein com-
plexes on the stromal side of the thylakoid membrane in cyanobacteria and
red algae. The main function of PBSs is light harvesting, and they serve as
antennas and transfer the absorbed energy to the reaction centers of two
photosynthetic systems (photosystems I and II). PBSs are composed of phy-
cobiliproteins and linker proteins. How phycobiliproteins and linkers are
organized in PBSs and how light energy is efficiently harvested and trans-
ferred in PBSs are the fundamental questions in the study of photosynthesis.
In this review, the structures of the red algae Griffithsia pacifica and Porphyrid-
ium purpureum are discussed in detail, along with the functions of linker
proteins in phycobiliprotein assembly and in fine-tuning the energy state
of chromophores.
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1. INTRODUCTION TO PHYCOBILISOMES

Life on earth predominantly depends on photosynthesis for the conversion of solar energy to
chemical energy. The photosynthetic machinery is composed of two principal parts: the light-
harvesting antenna and the photochemical reaction centers (46). To obtain light energy efficiently,
organisms living in different environments have developed a variety of light-harvesting systems.
The membrane-intrinsic light-harvesting complexes (LHCs) mainly exist in green algae and high
plants, whereas the membrane-extrinsic soluble phycobilisomes (PBSs) are responsible for the
majority of light capture in cyanobacteria and red algae (2, 40). Although PBSs are the largest
light-harvesting antennae (3 MDa—18 MDa) and contain hundreds to thousands of chromophores
[e.g., the red algae Griffithsia pacifica (Gp) has 2,048 bilins (97), and Porphyridium purpureum (Pp)
has 1,598 bilins (57)], loss of energy is minimal in the process of energy transfer. Many recent
achievements have improved our understanding of the mechanism of this extremely highly effi-
cient energy transfer complex over the years, including spectral analyses and structural studies of
phycobiliproteins (PBPs), linker proteins, and entire PBSs. This review focuses on recent advances
in high-resolution structures of the intact PBSs and their implications for identifying the energy
transfer pathway.

1.1. Discovery and Isolation of Phycobilisomes for Structural Research

PBSs were first discovered as small granules on the stromal side of the thylakoid of the red
alga Porphyridium cruentum by Gantt & Cont (33) and were named after the phycobilins found
in PBSs (34). Intact PBSs were first isolated after thylakoid membranes were treated with
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detergent followed by gradient ultracentrifugation (35), and their components were analyzed
using biophysical, biochemical, and other methods (11, 40, 41, 59, 79).

Four main morphological types of PBSs were found: hemiellipsoidal (6), block-shaped (36),
bundle-shaped (43), and hemidiscoidal. The hemidiscoidal PBSs can be further classified into
PBSs with tricylindrical cores and six peripheral rods (93), those with two cores and six peripheral
rods (95), and those with five cores and eight peripheral rods (25). Some uncommon rod-shaped
PBSs have also been observed (45).

1.2. The Composition of Phycobilisomes

PBSs are composed of PBPs and linker proteins. PBPs are brilliantly colored, water-soluble pro-
teins bearing different kinds of chromophores called bilins, which are open-chain tetrapyrroles
and are covalently bound to cysteine residues via thioether bonds. On the basis of the bilin energy
levels, PBPs are mainly categorized into three types: phycoerythrins (PEs) or phycoerythrocyanins
at the core-distal ends of rods (which absorb high-energy light); phycocyanins (PCs) at the core-
adjacent portions of rods (which absorb intermediate-energy light); and allophycocyanins (APCs),
the major components of the core (which absorb low-energy light). Two different PBP subunits,
a and B, initially form a heterodimer (af), conventionally called the (af) monomer, which subse-
quently assembles into the (af); trimer. These trimers are the fundamental assembly unit of PBSs
and stack face to face to form an (af)s hexamer with a linker protein in its central cavity. APCs
in the core have a few variants, such as o' (the o domain in Lcy; Lo is coded by apeE), the
o*P€-like variant (denoted ApcD, coded by apcD), and the BAP¢-like variant (denoted ApcF, coded
by apcF).

Linkers can be classified into three groups based on their locations: L¢y and L in the core
(Lcm also occurs between the core and thylakoid membranes), Ly in rods, and Lgc between the
core and the rods. Although they are present in much lower numbers than PBPs, linkers govern
the assembly of PBPs into PBSs and modulate the energy transfer process. Chromophored rod
linkers (y subunits) are also found in red algae, the marine cyanobacteria Synechococcus, and low-
light-adapted Prochlorococcus (42). Recently, all linker protein structures of the red algae Gp and Pp
were resolved from high-resolution cryo-electron microscopy (EM) structures of the entire PBSs

(57,97).

2. TOWARD AN ATOMIC-RESOLUTION STRUCTURE
OF THE COMPLETE PHYCOBILISOME

2.1. Phycobilisome Structures by X-Ray Crystallography

"To date, more than 30 structures of PBPs (including four types, PE, PC, APC, and phycoerythro-
cyanin) from different species have been resolved using X-ray crystallography (Table 1). Although
PBPs have different absorption spectra due to different bilin energy levels, the (af); trimers con-
taining them have similar ring-like structures and assemble into PBSs through a common hierar-
chical organization.

The crystal structures of two terminal emitters demonstrated the relationship between struc-
ture and function. The ApcD subunit has more coplanar phycocyanobilin (PCB) bilin than does
the ApcA subunit, which can be attributed to the amino acid sidechains surrounding the bilins
(68). The PCB bilin in oM displays a conformational change from the ZZZasa of ApcAs PCB
to a more coplanar conformer ZZZssa (86). Higher coplanarity of PCBs results in a lower energy
level; thus, these two subunits can function as the terminal emitters to funnel the absorbed energy
from PBSs to photosystem I (PSI) or photosystem II (PSII).

www.annualreviews.org o Structure of Phycobilisomes
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Table 1 Crystal structures of PBP rigid domains

Species PBP type PDB code Asymmetric unit | Resolution (A) | Reference
Mastigocladus laminosus C-PC NA (ap) 2.1 75,76
Synechococcus sp. PCC7002 PC NA (aB)3 2.5 77
Mastigocladus laminosus PEC NA (aB) 2.7 26
Fremyella diplosiphon C-PC 1CPC (aB) 1.66 27
Porphyridium sordidum B-PE NA 2 x (aB) 2.2 29
Spirulina platensis APC 1ALL (aB) 2.3 9
Polysiphonia wrceolata R-PE 1LIA (aB)s 2.8 17
Porphyra yezoensis APC 1KN1 (ap) 22 54
Mastigocladus laminosus APC.Lc7s 1B33 2 x (aB)3 2.2 70
Griffithsia monilis PE 1B8D 2 x (af) 1.9 71
Rhbodomonas CS24 PE 545 1QGW (aro2BB) 1.63 92
Cyanidium caldarium C-PC 1PHN 2 x (af) 1.65 84
Gracilaria chilensis R-PE 1EYX 2 x (af) 22 18
Polysiphonia wrceolata PC 1F99 (aB)3 2.4 49
Spirulina platensis C-PC 1GHO 2 x (af)s 22 89

C-PC 1HA7 2 x (aB)s 2.2 67

Thermosynechococcus vulcanus C-PC/PC 612 1I7Y/1KTP/10ON7 | (af) 2.5/1.6/2.7 3-5
Thermosynechococcus elongates C-PC 1JBO (ap) 1.45 66
Rhbodomonas CS24 PE 545 1XF6/1XGO (ar02BB) 1.1/0.97 24
Mastigocladus laminosus PECa 2C7]72C7K/2CT7L | (ap) 2.85 78
Gracilaria chilensis PC-PC 2BV8 (aB)s 2.0 19
Thermosynechococcus elongatus APC 2V8A (aB)3 3.5 65
Thermosynechococcus vulcanus APC 3DBJ (aB)3 2.9 62
Phormidium tenue F-aPE 3SMWN a 2.6 83
Synechocystis sp. PCC 6803 N-Lr 3NPH Lg30 1.9 37
Porphyridium cruentum B-PE 3V57/3Vs58 (aB)3 1.85/1.70 15
Synechocystis sp. PCC 6803/ PC/APC 4F0T/4HOM/ (aB)/(aB)3 2.25/2.2/2.5 61

Synechococcus elongatus sp. PCC 4F0U/4GXE/ 3.0/2.5

7942/ Thermosynechococcus 4GY3

vulcanus
Synechocystis sp. PCC 6803 AP-B 4POS5 [(ApcD/ApcB)]3 1.75 68
Phormidium rubidum AO9DM APC 4RMP (aB)3 2.51 80
Nostoc sp. PCC7120 LcmA 4XXI [(ApcEA/ApcB)]3 2.2 86
Phormidium rubidum AO9DM C-PE SAQD/5FVB (aB)s 1.95/2.12 51
Gracilaria chilensis APC STJF (aB)3 23 21
Phormidium rubidum AO9DM C-PE SNB4/5NB3 (aB)s 1.14/1.38 82
Phormidium rubidum AO9DM PC 6XWK (aB)3 1.71 81

Abbreviations: APC, allophycocyanin; NA, not applicable; PBP, phycobiliprotein; PC, phycocyanin; PDB, Protein Data Bank; PE, phycoerythrin; PEC,

phycoerythrocyanin.

The structures of full-length linkers have not been solved to date using X-ray crystallography,

possibly because of the nature of isolated full-length linkers, which contain very high amounts of
flexible loops that restrict their crystallization. Although linkers can be cocrystallized with PBP
trimers or hexamers, the intrinsic asymmetry of linkers results in their loss of information in the
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central hole of C3 symmetric PBP trimers (71). Thus, only two rigid domains of linkers have been
resolved using X-ray crystallography to date.

2.2. Phycobilisome Structures by Electron Microscopy

Given their huge size, PBSs are great samples for EM studies. However, although EM research
on PBSs began in the 1960s, most breakthroughs were only achieved in the past few years due to
the development of the cryo-EM instrumentation, computational methodology, and technology
of sample preparation (Table 2).

"Two main challenges were encountered when cryo-EM was applied to studying the structure of
PBSs. One problem is the sample preparation: Isolated intact PBSs require a high concentration
of phosphate (0.6-1.0 mol-L~!) to maintain their integrity in aqueous solution, which leads to
poor contrast of micrographs in cryo-EM. The other problem is the preferential orientation of
the intact PBSs under cryo-EM imaging. This is similar to their natural orientation: Only one
side of the PBS preferentially attaches to thylakoids. To overcome the first problem, samples on
grids were frozen after being quickly mixed with the phosphate-free buffer to reduce the salt
concentration and keep the sample integrity. To resolve the second problem, different views were
observed by changing the electrical properties of copper mesh. After a series of improvements in
sample preparation, the first near-atomic structure of the intact PBS from Gp (GpPBS) at 3.5 A
was obtained using single-particle cryo-EM in 2017 (97). Structures of all 17 types of linkers
in this PBS were resolved, and the spatial arrangement of all 2,048 bilins was also determined.
Subsequently, in 2020, the cryo-EM structure of the intact hemiellipsoidal PBS from Pp (PpPBS)
was resolved at a markedly improved resolution—2.8 A (57), which enabled the building of an
accurate atomic model of the PpPBS with higher confidence.

3. OVERALL STRUCTURE OF PHYCOBILISOMES

The overall structures from the block-shaped GpPBS and the hemiellipsoildal PpPBS are very
similar (Figure 14). Both of them contain a pyramid-shaped core with the top cylinder (formed
by two APC trimers stacked back to back) sitting above two basal cylinders (each formed by one
APC hexamer and one APC trimer), surrounded by 14 peripheral rods arranged in a staggered
fashion. In addition to the core and rods, extra PE hexamers, as well as individual a- and B-subunits,
fill in the empty spaces outside the core and rods, which may help to stabilize the PBS. The most
striking feature of the PBS is the scaffold formed by the linker proteins (Figure 15).

3.1. Scaffold Formed by Linker Proteins

The structural models of PBSs from both Gp and Pp reveal that the PBP components of PBSs are
organized together through the extended scaffold formed by the linker proteins. In the rods, the
linker proteins interact with each other, leading to the formation of the rod skeletons (like spokes in
awheel going to the center), and the ring-shaped hexamers, having a hole in their center, are strung
onto these skeletons. The linker proteins and APC trimers in the core come into close contact to
form the compact core. The PBPs are assembled together by anchoring the rod skeletons onto
the specific locations of the core (like the center of the wheel) (Figure 1¢).

This organization of the PBS is very similar to sugar-coated haws on a stick (Tang Hulu), a
traditional Chinese snack that is popular among children (Figure 1d). A string of sugar-coated
haws are threaded together on a stick, and many sticks are then inserted into a straw block. Thus,
the stick is analogous to the rod linker skeleton, the haw is analogous to the PBP hexamer, and
the straw block is analogous to the core. Without the stick, the haws are dispersed. Without the
straw block, many Tang Hulu cannot be fixed together in order.

www.annualreviews.org o Structure of Phycobilisomes
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Table 2 PBS structure studies using EM

Species PBS type PDB code | EMDB code Methods Resolution Reference
Porphyridium Red alga, NA NA NS NA 32,33,35
cruentum hemiellipsoidal
Griffithsia pacifica Red alga, NA NA NS NA 36
block-shaped
Synechococcus sp., Cyanobacterial, NA NA NS NA 11
Calothrix sp. hemidiscoidal
Synechococcus 6301 Cyanobacterial, NA NA NS NA 95
hemidiscoidal
Gloeobacter violaceus | Cyanobacterial, NA NA NS NA 43
bundle-shaped
Synechocystis sp. Cyanobacterial, NA NA NS NA 28
PCC6803 hemidiscoidal
Anabaena sp. PCC | Cyanobacterial, NA NA NS NA 39
7120 hemidiscoidal
Acaryochloris marina | Cyanobacterial, NA NA NS NA 60
cord-like
Thermosynechococcus | Cyanobacterial APC | NA NA NS, 2D NA 8
elongates core projection
Nostoc flagelliforme Cyanobacterial, NA NA NS, cryo-EM, 284 96
hemidiscoidal 3D projection
Synechocystis sp. Cyanobacterial whole | NA NA Electron NA 88
PCC6803 cell tomography
Porphyridium Red alga, PBS NA NA Electron crystal- | NA 6
cruentum thylakoid lography, 2D
projection
Thermosynechococcus | Cyanobacterial, NA NA Cryo-EM, 3D Approximately | 22
vulcanus cross-linked projection 30A
Anabaena sp. PCC | Cyanobacterial, NA EMD-2821 | NS, 3D 21A 16
7120 hemidiscoidal projection
Hualomicronema Cyanobacterial (AP-B | 3]BB EMD-6430 NS, 3D 26A 53
hongdechloris APC-B)3 dimer projection
G. pacifica Red alga, 5Y6P EMD-6769 Cryo-EM, 3D 3.5A 97
block-shaped projection
Synechocystis sp. Cyanobacterial whole | NA EMD-4601/ | Electron 23.6A 69
PCC6803 cell 4602 tomography
Porphyridium Red alga, 6KGX EMD-9976 Cryo-EM, 3D 2.8A 57
purpureum hemiellipsoidal projection

Abbreviations: APC, allophycocyanin; EM, electron microscopy; EMDB; Electron Microscopy Data Bank; NA, not applicable; NS; negative staining;
PBS, phycobilisome; PDB, Protein Data Bank.

3.2. Assembly of Rods by Linker Proteins

Two models, the interlocking model and the molecular skeleton model, have been proposed to

58

explain how rod linkers participate in the rod assembly (37, 55, 90). In the interlocking model, the

two hexamers interact with two domains of a single linker protein, with one hexamer interacting
with one domain and the other hexamer interacting with the other domain; thus, the hexamers are

Sui



Annu. Rev. Biophys. 2021.50:53-72. Downloaded from www.annualreviews.org
Access provided by Tsinghua University on 06/03/21. For personal use only

b Scaffold formed by the linker
proteins in the Gp PBS

Figure 1

The structure of the phycobilisome (PBS). (#) The overall structure of the entire PBS from Griffithsia pacifica (GpPBS, left) and
Porphyridium purpurium (PpPBS, right), shown in the surface representation. Panel adapted with permission from References 57 and 97.
(b) The scaffold formed by the linker proteins in the GpPBS from the face view. The linker proteins are shown in the schematic
representation, and the phycobiliproteins (PBPs) are shown in the surface representation. Panel adapted with permission from
Reference 97. (c) The structure of the whole GpPBS in the face view and side view. Each rod is shown as a cylinder, and the core is
shown in the schematic representation. (4) Sugar-coated haws on a stick.

interlocked by the linker protein. For example, two domains of Ly (Pfam00427 and Pfam01383)
contact two adjacent hexamers, leading to the assembly of the rod. The interaction between linker
proteins is not emphasized in this model. However, in the molecular skeleton model, the specific
interaction between linker proteins acts as the skeleton for the rod assembly.

The structures of the GpPBS and PpPBS indicate that both the interlocking model and the
skeleton model are needed to explain the rod architecture of the red algal PBS (Figure 24). For
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Annu. Rev. Biophys. 2021.50:53-72. Downloaded from www.annualreviews.org
Access provided by Tsinghua University on 06/03/21. For personal use only.

a Interlocking

Lry4 Lyl

Skeleton

3 Pfam00427
[ Pfam01383

PEH [:] CBDy domain
I] examer / Linker loops

PC Hexamer

d Lpc2 LpcT1€ Lpc3

A3

A2

Lpc12

, e @ a-subunit
V B-subunit
@ Exposed groove
‘ B2(B1) @ Blocked groove
90° A'3 (A3)

A1

@ Groove

Figure 2

AT(A) AP—B

-4

Membrane =

Assembly of the rod and organization of the rod and core by linker proteins. (#) Both the interlocking model and the skeleton model
exist in the rod architecture of the rod Rb from the phycobilisome (PBS) of Porphyridium purpurium (PpPBS). (b)) Superimposition of
the a*PC subunits and the spatial positions of their interacting Lrc proteins. The alignments were performed using the a*"C subunit as
a reference. The contacting helices of all Lrc proteins are also aligned very well. The groove on the a-subunits that contact the linker
helices is shown in red. Panel adapted with permission from Reference 97. (¢) Interactions between Lrc1-3/Lrc1’-3 and the core. The

grooves on the a-subunits

that contact the linker helices are shown in red. (d) Schematics of the arrangement of Lrcs with the core in

the red algal PBS. The grooves on the a-subunits that contact the linker helices are indicated with red circles. (¢) The distribution of

the grooves on the middle
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plane formed by the trimers Al (A’1), A’2 (A2), and B2 (B1) and the trimer A’3 (A3).

example, the rod Rb from PpPBS contains three hexamers (one PC hexamer and two PE hexamers
from the core-proximal end to the core-distal end) and three linker proteins (Lrc, Ly, and Lry
from the core-proximal end to the core-distal end). On the one hand, the Ly contains a Pfam01383
domain at its C-terminal region and a Pfam00427 domain at its N-terminal region. These two
domains interact with the core-proximal PC hexamer and the neighboring PE hexamer, respec-
tively, which is in agreement with the interlocking model. On the other hand, the three linker
proteins interact with each other sequentially, i.e., the Lrc contacts the Ly, and the Ly contacts
the Lry, which leads to the formation of the rod linker skeleton for the rod assembly. The linker
protein Lyy was previously described as the y-subunit of PE and bears 3-6 chromophores. This
type of y linker protein contains a conserved chromophore binding domain (CBDy) occupying
the central cavity of the PE hexamer, and only small helices or loops stretched out from the hex-
amer interact with the rigid domain from core-proximal neighboring linkers. For example, the
N terminus of Lry4 interacts with the Pfam00427 domain of Lr1 through polar residues and hy-
drogen bonds. Lg mediates the interlocking model of rod architecture, and all the linker proteins
in the rod participate in the formation of the rod linker skeleton by interacting with each other in
a specific order (Figure 24).
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3.3. Organization of Rod and Core

The arrangement between rods and core determines the architecture of the PBS. In the PBSs
from Gp and Pp, 10 of 14 rods directly bind to the core by specific interactions between Lgcs
and the core components. These Lgcs all use a conserved helix to attach to a groove of the
a-subunit of the core APC via extensive hydrophobic interactions and electrostatic interactions
(Figure 2b,c). The core contains eight trimers (A1-A3, A’1-A’3, B1, and B2) and 20 a-subunits of
APCs, excluding two o™ molecules and two ApcD molecules; thus, there are 20 grooves that can
anchor the Lgcs (Figure 2d,e). However, some grooves are blocked at the interface of the top and
basal cylinders, as well as by the interactions between trimers and the thylakoid membrane, and
only 12 grooves are exposed for Lg¢ binding: one groove provided by each of the A1,A’1, A2, and
A’2 trimers and two grooves provided by each of the A3, A’3, B1, and B2 trimers (Figure 2d,e).
Usually, one Lrc anchors to one groove; however, both grooves of A1(A’l) and A2(A'2) are
occupied by one Lgc (Figure 2d). Therefore, all 12 exposed grooves are saturated by 10 Lgcs:
Lgc1? binds to two grooves from Al and A2, Lrc1? binds to two grooves from A’l and A'2,
Lgcl® and Lrc1? bind to two grooves from B1, Lrc1® and Lgc1® bind to two grooves from
B2, Lrc2 and L3’ bind to two grooves from A3, and Lrc2’ and Lrc3 bind to two grooves from
A’3. This is consistent with there being 10 rods that directly associate with the core (Figure 2¢,d).
Sequence alignment studies indicate that the helix residues of the Lg¢ proteins and the groove
residues in the a-subunit of the core APC involved in the interactions are highly conserved and
contain either hydrophobic or charged and/or polar amino acids throughout the red algae and
cyanobacteria, which suggests that the rod-core linker proteins may use a common mechanism
when attaching rods to the core during PBS assembly.

3.4. Novel Proteins Functioning as Rod—-Core Linkers

In addition to the Lgc linkers containing the conserved Pfam00427 domains, another group of
proteins that function in the linking of the rods to the core, namely Lgc4, Lrc5, and Lgc6, were
found for the first time in the high-resolution structures of PBSs, and their structure is very dif-
ferent from that of the other linkers (97). The common features of these proteins are a structural
element in the middle and extensions at both sides. The structural element, containing a long a-
helix in Lyc4 and L5 and a FAS1 domain in L6, attaches to the core, and both extensions have
extensive contacts with the surrounding proteins from both the core and the rods. Therefore, the
revealed structures suggest that Lrc4-6 function as linkers by anchoring themselves to the core
via their middle structural elements and using the extensions as ropes to maintain the stability of
the assembled complex.

3.5. Comparison of Structures of Phycobilisomes from the Different Red
Algae Species

Two structures of the intact PBSs, the GpPBS and the PpPBS, have been resolved at high reso-
lution. Although the PpPBS has been classified as a hemiellipsoidal PBS, it shares high structural
conservation with the block-shaped GpPBS, as described above. The most significant difference
between them is their size (Figure 14). When these two PBSs are superimposed together, the
PpPBS is aligned well with the GpPBS but is smaller in size. Indeed, the molecular mass of the
PpPBS is 14.7 MDa, whereas that of the GpPBS is 18.0 MDa. Consistent with this, the number
of PE hexamers in each of the rods directly binding to the core is one fewer in the PpPBS than
in the GpPBS, and the extra PE hexamers are two fewer in the PpPBS than in the GpPBS due to
the short lengths of some rods that hold the hexamers. Along with this, the total number of rod

www.annualreviews.org o Structure of Phycobilisomes



Annu. Rev. Biophys. 2021.50:53-72. Downloaded from www.annualreviews.org
Access provided by Tsinghua University on 06/03/21. For personal use only.

linker proteins of the PpPBS is 12 fewer than that in the GpPBS. In addition to the difference in
the number of linker proteins, the types of linker proteins are also different in some cases. In the
extra PE hexamer Hd, the linker protein in the PpPBS contains the Pfam00427 domain, whereas
that in the GpPBS contains the CBDy domain.

All of these structural differences lead to there being a lower number of total bilins in
the PpPBS (1,598 bilins) than in the GpPBS (2,048 bilins). Another important difference is
the presence of a higher number of phycourobilins (PUBs) in the GpPBS; this occurs because
all PUBs in the PpPBS come solely from the Ly proteins, whereas in the GpPBS—besides the
Lry proteins—all PE B-subunits also contain PUBs, giving rise to a higher number of PUBs.
The different amount and types of bilins are consistent with the different environments in which
the two red algae live. Gp live approximately 20 meters beneath the sea surface, where the major
light available is green light (498 nm), which is the maximum absorption wavelength of PUBs,
and the light intensity is low. In such a habitat, more PUBs and total bilins can significantly
increase the light-harvesting efficiency. Pp live at the sea surface, where the light intensity is
higher compared with that under the sea surface; thus, the reduced amount of bilins is sufficient
for light capture. All of the structural differences between the PBSs from these two red algae
are in accordance with their functions in the effective absorption of light energy in habitats of
different light quality and intensity.

4. STRUCTURAL BASIS OF ENERGY TRANSFER IN PHYCOBILISOMES
4.1. Nature of the n—n Interactions

Intermolecular n—7 interactions contribute to molecular biology as a constructive noncovalent
force, e.g., in the stability of the DNA base pair (12, 63), protein structure and function (14), pro-
tein interaction with small molecules (52), and porphyrin aggregation (1). The n—x interactions
can be subdivided into three categories on the basis of the geometry of the two aromatic species:
parallel configurations, parallel-displaced configurations, and edge-to-face T-shaped configura-
tions (87, 91) (Figure 34). The parallel-displaced and edge-to-face T-shaped configurations are
significantly preferred over parallel geometry in proteins (44, 87). Hunter & Sanders (47) devel-
oped an electrostatic model proposing that the geometries of m—n configuration are controlled
by electrostatic interactions. In this model, the distribution of the electrostatic potential of an
aromatic group consists of a negative electrostatic potential (rt-electron cloud) spread above and
below the aromatic face and a positive electrostatic potential (along the o-framework) around the
periphery, suggesting that the n—m repulsions and n—o attractions are the determining factors in
m—T interactions (47, 63). In the parallel configuration, where two aromatic rings face each other,
the negatively charged electron cloud of two rings coming close to each other is repulsive and is not
favored for the stabilization of the two rings (47). However, this configuration can be transformed
into a favorable geometry where one aromatic ring is rotated up to 90° (edge-to-face T-shaped
configurations) or one aromatic ring is offset laterally within 6 A (parallel-displaced configura-
tions) (47, 48) (Figure 3b). In addition to the - interactions, the cation—m interactions also play
an important role, specifically for the stabilization of biomolecules (23, 58) (Figure 34). Cation—
interactions could occur between the cationic sidechains (arginine and lysine) and the aromatic
amino acids (tyrosine, phenylalanine, tryptophan and heteroatom histidine) (31, 72). Cation—m in-
teraction is electrostatic in nature, with the sidechains of positively charged residues forming favor-
able interactions with the m-electron cloud of the aromatic rings (13, 20). Numerous studies have
reported that cation—m interactions are prevalent in protein folding, with the positively charged
sidechains preferring to locate above aromatic rings to increase the interactions (10, 30, 64).
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Nature of -7 interactions. () The types of n—m interactions. The geometries shown are parallel, parallel-displaced, edge-to-face
T-shaped, and cation—m configurations. (b) Interaction between two idealized 7 systems as a function of orientation. Two attractive
geometries and the repulsive face-to-face geometry are illustrated.

4.2. Energy State and Dihedral Angles of Chromophores

The four open-chain tetrapyrrole chromophores [phycoerythrobilin (PEB), PUB, phycoviolobilin
(PVB), and PCB], due to the variation in the conjugation of their double bonds, absorb light at
different wavelengths and transfer the energy from high-energy to low-energy chromophores (55,
59, 85) (Figure 4). Among these chromophores, PUB has the least conjugation. Rings A and D
of PUB are connected with rings B and C by single bonds, and only rings B and C form a con-
jugated m system, indicating that rings B and C are coplanar, and A and B are out of the B-C
plane with varying dihydral angles. PEB and PVB have an extended conjugation on the pyrroles,
with three rings forming a conjugated 7 system and one ring that has a varying dihydral angle.
PCBs form a complete conjugated system with all of the rings being coplanar in nature. Thus,
dihedral angles between the ring planes of the chromophore are useful in estimating the energy
of that chromophore. Duerring et al. (27) and Scharnagl & Schneider (73, 74) have also proposed
that the change in the dihedral angles of pyrrole rings determines the energy state of the chro-
mophores. Rings B and C of all of the chromophores mentioned above are almost coplanar, and
the increase of the dihedral angles of rings A and D reduces the conjugation of the chromophores,
inducing a blue shift in the fluorescence emission spectrum, indicating their higher energy. The
crystal structure of R-PE from Polysiphonia urceolata was resolved at 1.9 A resolution (50), and the
exact dihedral angle of the PUB was calculated from this high-resolution structure. Recently, a
higher-resolution cryo-EM structure of the entire PpPBS was resolved at 2.8 A (57). The energy
state differences among the bilins can be qualitatively estimated by calculating the dihedral angles
in their near-native condition. Similar to the crystal structure of R-PE, the dihedral angles &;,
Uy, ®,...are defined by the plane NA-C(4)-C(5)-C(6), C(4)-C(5)-C(6)-NB, NB-C(9)-C(10)-
C(11)..., etc. (Figure 4b); (91, V) is defined as the angle of ring A deviated from ring B (Dag),
(P2, W,) is the angle of ring B deviated from ring C (Dgc). . ., etc. (57). Based on this dihedral
angle theory, Ma and coworkers (57) calculated the dihedral angles of the PEB, PUB, and PCB
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Figure 4

The densities and chemical structures of the types of chromophores. (#) Densities of the representative
phycoerythrobilin, phycourobilin, and phycocyanobilin bilins show their different coplanarities.
(b)) Chemical structures of three kinds of chromophores. Figure adapted with permission from Reference 57.

of PpPBS. The sum of absolute values of dihedral angles (|Dag| = [®1| + |¥], [Dgc| = |P2] +
|W,| ...) is defined as the deviation of the rings of different bilins. |Dag| of the PUB is 122.5,
which is greater than that of the PEB (47.7), PCB (27.9), and PCB/L¢y (0.1), indicating that ring
A of the PUB deviates from the molecular plane defined by the plane with rings B and C, and
the deviation is greater than that of the PEB and PCB. Similarly, [D¢p| of both the PEB (130.2)
and PUB (128.3) are much higher than that in the PCB (18.2) due to the single bonds present
between rings C and D, which allow an unrestricted conformation of ring D with respect to ring
C. |Dagep| (IDasep| = [Dagl + |Dgc| + [Depl) is used to analyze the conjugation of the entire
chromophore. [Dygcp| of the PCB (48.1) and of the terminal emitter Ley PCB (0.7) are much
lower than those of the PUB (268.3) and PEB (183), suggesting that the four pyrroles of the PCB
are in approximately the same plane and have greater conjugation. Thus, the energy state of the
PCB is lower than that of the PEB and PUB according to the calculated dihedral angles.

4.3. Energy Flow in the Rods

The light energy is absorbed by the peripheral rods and transferred to the core and, eventually,
to PSI and PSII (7, 56, 86). The PE and PC (af); trimers are the basic structural units of the pe-
ripheral rods. Several experimental studies have shown that, in each trimer, the absorbed energy
is rapidly transferred from the outer bilins to the inner bilins (38, 94). In the PpPBS, each o/
monomer of PE carries five PEB bilins at a82, a139, 61, p82, and 158 (Figure 54). The confor-
mation of the outmost bilin a139PEB is different from the other four PEBs, as the map density
of a139PEB is weaker than the others (Figure 5b,c), suggesting that this bilin is more flexible
and has less conjugation compared to the others. A key residue, aspartic acid (Asp85), is on the
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Energy flow in the rod. (#) The distribution of chromophores in an a/p monomer of PE: 1, a139PEB; 2, «82PEB; 3, B82PEB; 4,
B61PEB; 5, B158PEB. (b)) The densities of chromophores in an a/f monomer at 5.0 o. (¢) The densities of a139PEB (chromophore 1) at
3.5 0. (d) Schematic diagram of the energy transfer pathway in a trimer of rods. (¢) The intermediate station in rods. Panel adapted with
permission from Reference 57. Abbreviation: cryo-EM, cryo-electron microscopy.

side of the PEBs of 482, 61, p82, and 158, forming two H-bonds with the pyrrolic nitrogen of
rings B and C, holding these rings in place. However, compared to these PEBs, the «139PEB has
less interaction with the surroundings; in particular, the lack of the Asp85 resulted in decreased
stabilization of the PEB rings B and C. Thus, in the trimer of the rod, the outmost a139PEB,
which has higher energy for the first excited state, will transfer the absorbed energy to the inner
stable bilins accordingly (Figure 54).

For the core-distal hexamers of various rods, three $82 bilins of the inner cavity of (af); trimers
are arranged in a triangle fashion and interact with the Lry linker proteins (Lry4 or Lry5). Three
aromatic residues (phenylalanine or tyrosine) of the Lyy are located above ring D of the three
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p82 bilins, respectively, and induce geometrical changes in the D rings due to the strong n—7
interactions. Moreover, an extra PEB from the Lyy has been found to be in close proximity to one
of the three p82 bilins (named as the bilin-B,%?), and the distance between them is within 3.0 A. It
is clear that the two specific bilins are strongly coupled, forming the delocalized electronic state
with low energy. Compared to the other two B82 bilins, the nt-electron clouds of the bilin-B,%? are
subjected to greater modulation and may therefore provide an important site of light harvesting
and energy migration in the inner cavity of rods. A similar pathway was also observed in a R-PE
crystal structure (50).

In the core-proximal hexamer, three 882 bilins are located in the inner cavity of (af); trimers.
Similar to the core-distal trimers, they also interact with the Lgc linker protein (Lgrc1). A histidine
(H58) from L1 is located above the B,*2 within 3.0 A, forming a strong parallel-displaced -7
interaction with its B and C rings. This key histidine residue of L1 is conserved across different
species of red algae and cyanobacteria, indicating its crucial role in fine-tuning and channeling the
bilins’ energy. Moreover, the $,% also has the shortest distance (approximately 30 A) to the core
compared to the other two 82 bilins. Thus, it is highly possible that the ,% of the core-proximal
hexamer of rods might act as an intermediate station where the energy converges from the rods
and then flows into the core (Figure Se).

4.4. Key Bilins in the Core

The core contains APCs. In contrast to the R-PC trimers, which have an absorption maximum
at 621 nm, APC trimers have a 650-nm absorption maximum, suggesting that the PCBs in the
core are at a lower energy state. PCBs in the core are subjected to different - interactions with
the linker proteins (Lc and Lcy), which fine-tunes the energy state of the core bilins. Ma and
coworkers (57) analyzed the microenvironments of the key bilins of the core, including two ter-
minal emitter bilins (**a® spep and A2a!86LcM), ag illustrated in Figure 6. The top cylinder B is
far from the basal cylinders in the core, which receive energy from the rods and transfer it to the
lower-energy APCs. A phenylalanine of Ley, present at a distance of approximately 5 A from the
B35 PCB of trimer B (named as B-B;?!), forms a T-shaped n—x interaction. However, the other
five key bilins in the two basal cylinders participate in the -7 interactions with linker proteins at
shorter distances (within 4 A). For example, in the bilins A,-B;%', A;-B,%, and A;-p, %!, an aromatic
residue is located at a distance of approximately 3 A on rings C and D, forming a significantly pre-
ferred parallel-displaced n—m interaction. Moreover, the other two key bilins of trimer A;’ and
Ay (Ay-B5% and A,-B,%!) interact with more than two aromatic residues of Ly at nearly 4 10{,
forming more n—7 interactions than the other four key bilins (Figure 64,b). These n—7 interac-
tion differences seem to modulate these key bilins to a variety of energy states, facilitating energy
transfer. Energy in the core is finally transferred to the two PCB chromophores of terminal emit-
ters, M abl y,p and Mal86LeM Both Aodly,p and A2a!8LeM display almost planar conformations,
as shown by the high-resolution cryo-EM structure of PpPBS and the crystal structures of ApcD
and engineered oLy ?%%3. It has been found that several well-conserved aromatic residues are
located around the 0! y,cp, forming different types of m—m interactions, which are necessary
to modulate the conjugated 7 system. In particular, Y65 and W87 have been found to be most
important for 2 a®!y,.p. Y65 only exists in ApcD, which forms a T-shaped - interaction with
ring A, whereas it is replaced by a valine in other a81 bilins of the core. Tryptophan (W87) forms
a 3.6-A T-shaped m—7 interaction with ring D. Both of these residues could effectively expand
the delocalization of w electrons of ~*o®!y,cp (Figure 6¢). Another terminal emitter, *2q!%tcy,
also exhibits a lower energy state than upstream PCBs. In addition to the unexpected coplanar
geometry (ZZZssa conformer), tryptophan (W154) is another crucial factor for modulating the
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Figure 6

Key bilins in the core. (#) Positions of key bilins in the core. (§) Interactions between six key bilins and the
linker proteins in the core. (¢) Key m—m interactions of the two terminal emitters, 438! ApeD in ApeD (left)
and A2a!%0y - in Lowm (right). Figure adapted with permission from Reference 57.

energy state of A2a'86-cM_which is parallel to ring D of the bilin at 3.6 A (Figure 6¢). This unique

preference for the sidechain of tryptophan enhances the delocalization of 7 electrons to 42 !86Lcy,

5. OUTLOOK

The high-resolution cryo-EM structures of the complete GpPBS and PpPBS facilitate and im-
prove our understanding of the functions of linker proteins in the energy transfer pathway. The
linker proteins not only control the assembly of PBPs into PBSs, but also play an essential role
in the energy modulation of the chromophores through various types of m—x interactions. The
T—T interaction is a typical noncovalent electric force that is observed in many protein complexes
and usually plays an important but secondary role, alongside dominant interactions such as the
hydrophobic interaction, hydrogen bond, and salt bridge, in the protein structure and function.
In the case of PBSs, n—m interactions play a different but predominant role. In this energy transfer
process, the chromophores are the key players, and w electrons of the conjugated four open-chain
tetrapyrrole moieties act as the energy carrier. These chromophores form a continuous energy
transfer chain and form stable -7 interactions and cation—m interactions with the linker pro-
teins. Even though recent PBS structural studies have revealed many insights into the pathway of
light harvesting and energy transfer, we still have a long way to go to understand the complete
mechanism and pathway of the entire energy-converting machinery.

Resolving chromophore structures and their individual conformations is fundamental to
understanding the PBS energy transfer mechanism. Although the PpPBS has been resolved at
a near-atomic resolution of 2.8 A, many chromophore densities are still opaque and not yet
clear, which has limited the analysis of the chromophore conformations at highest precision. To
determine the final chromophore model, several parameters, including electron state density,
dihedral angle, relative orientation, distance, and spatial distribution, are essential for theoretical
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computation. Since the resolution of the EM structures of the chromophores is directly correlated
to obtaining their precise conformation and, thus, a better understanding of the PBS energy
transfer pathway, continued progress in improving the resolution of the PBS structure is required.

Study of the microenvironment around the chromophores has revealed that some special chro-
mophores are in close contact with some residues from the linker proteins and thus could be acting
as the modulators in fine-tuning the energy states of the chromophores. To examine the effect of
these interactions on the energy transfer efficiency in vivo, we need to mutate the residues in-
volved in the interactions and measure energy transfer efficiencies of wild-type and mutated PBSs
with high-resolution spectroscopic techniques.

The next step in elucidating the energy-converting machinery is to understand how the PBS
delivers excitation energy to the reaction centers. Due to our lack of a complete structure of the
PBS-PSI/PSII supercomplex, the precise interactions involving PBSs and PSI/PSII have proven
to be challenging to elucidate. Weak interactions between PBSs and PSI/PSII have made it difficult
to study the PBS-PSI/PSII system using single-particle analysis. With recent advances in the
field of cryo-electron tomography, it has become possible to overcome this difficulty and obtain a
complete picture of the PBS—PSI/PSII supercomplex, which would be the next step in improving
our understanding of the energy conversion pathway.
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