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(Chlorophyll, Chl), K #5Fh 25 % b 2 (Carotenoids) Ul
¥ ¥ 2 (Fucoxanthin, Fx). H 3 7 & ( Diadinoxanthin,
Dd) il # # % ( Diatoxanthin, Dt) 22 350~ 750 nm
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2% % 7 H (Peridinin-chlorophyll-protein, PCP)(2 A) Y,
¥ 21 7 M (phycoerythrin, PE)(1.85 A) 2, % % &
( phycocyanin, PC) (1.35 A) ™ 1 & 3 PE545(0.97 A,
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Table 2 Progress in crystal structure analysis of algal light-harvesting antenna complexes
Wk PSIEZHERL PSIEZHDIE R EEEgul S SCHk
W PBS: APC*, PC*, PE*, PEC IsiA (Iron-stress- PCB, PEB, PUB, PVB, Chl a [26, 46—48]
(phycoerythrocyanin)* induced protein)
w2 PBS: APC*, PC*, PE* LHCR: Lher PCB, PEB, PUB, Chl a [5,21,49-51]
£ LHCIIL: Lheb1-3, CP24, CP26, LHCT*: Lhca Chl a, Chl b [52-54]
CP29*
583 Cr(Cryptophytes)-PBP [R]PSII PCB, PEB, MBV(mesobiliverdin), DBV(dihydrobiliverdin), bilin 584, [55]
(phycobiliprotein): Cr-PC*/Cr- bilin 618, Chl a, Chl ¢, alloxanthin
PE*; LHC: Lhcr, Lhcz
HEW FCP*: Lhef, Lhex [APSII Chl a, Chl ¢, Fx, Dt, Dd [56-58]
#y#%  FCP: Lhef, Lher, Lhex, Lhez [F]PSII Chl a, Chl ¢, Fx,violaxanthin, zeaxanthin, Dt, Dd [43, 58—59]
H#  PCP*; LHC: Lhcr, Lhef, Lhex [R]PSIT Chl a, Chl ¢, Fx, violaxanthin [60-61]
#%  XLH (Xanthophyceae light- XLHI Chl g, Chl ¢, Dd, Dt [62]
harvesting complex) II
A LHC LHC Chl a, Chl ¢, Fx, violaxanthin [63-64]
PR LHC LHC Chl a, Chl b, neoxanthin, Dt, Dd, B-carotene [65-67]
e LHC LHC Chl a, Chl b, a-carotene, B-carotene, y-carotene, lutein, eaxanthin, [65-67]
neoxanthin, zeaxanthin, violaxanthin,
TE: RO H B PR IRE
x3 EERABNEEHELESHEMNHRIER
Table 3 Advance in electron microscope analysis of algal light-harvesting complexes
LS OEREHE AR HiBE YR URHLBE BT HER (R VR I SCHk
W IsiA-PSI \ \ 35A [76, 80]
PBS 13A [25]
PBS,,4-PSI \ - (81]
PBS-PSII \ - [82-83]
LI PSI-LHCI N 3824 [74]
PBS N 35A,2.82A [22, 42]
SRR PSI-LHCI v 349A,29A [75, 84]
PSI-LHCII \ 32A [85]
C2S2-type PSII-LHCII \ 274 [45]
C2S2M2-type PSII-LHCII \ 324 [86]
C2S2M2N2-type PSII LHCII \ 374 [74]
C2S2M2L2-type PSII LHCII \ 344 [45]
PSI-LHCI-LHCII J - [44]
FEWE PSI-FCPI N N - [87-88]
PSII-FCPII y 3.024,38A [78, 89]
R PSI-LHCI v - [72]
H XLH V - [71]

T #RROA WA IRLE, VIR O AZRARIA T T 25T, ~RF PR .
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1 4ok — 4k PBS 2544 . 40 AR (A R &9 45
) s T 3 g A R F, AR B /N B XLHOR IR T
HEH) DL K KRR LHC AL R G 1B+ 5
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), G5 A TN SRR SE R, T fy Y R R T
S YRR, SRAR NG S AR . SR, T XL
o e A AR A B 1) B o] B A A 1) TG 43 R A B A
TX R W 45 A4 AH L T 4 45 F A R R 1 5 A A2 il
BLAY, R T K 3 J e SL 25 K 40T, i 4n PBS
5 PSI-LHCII( & 1A, I8 1C) BOHLmS 25+, T8 1k 42w
LI 00 30 i 26 A R 23 () B, e G ik 2R B 45 A 1 £
BE, TORS 4045 K (18] 1B, 18] 1D) 1] DA 3 26 41 15
PRI, L 008 R L R R R B BT, AT R AR X
i3 A AR AR R A R e B RS A 4544 .

4 UK HL B8 1 AR 1 R TN 25 K A= ) 2 5 N T
SBISEAR, ol 5 2l ol TS 1) 285 4 A AT 75 DA S B 2
M, X5 235 T U f R 4 AR A LB Xeray 25 i i X B
st L P R R AR, {2019 4F, fEA 7 AN AT
A2 A 1A IR 20 45 P 38 5k VA VR PR B B R R A e s e

P A A ACHEL NG 45 Ky KOS 20 45 R X L

Fig. 1 Comparison of contour and fine structures of algal

light-harvesting complexes
A. 213 (Porphyridium cruentum) PBS HL 45 45 A4 CHILIE 25 ¥4 ) (& F 5|
[ 3CHk [24]); B. £13% (P. purpureum) PBS ¥4 U HL 55 K5 240 45 ¥4 (1€ B
JiF PDB J#, PDB 4 & 6KGX); C. Hi 5. C2S2M2-type PSII-LHCII
FL 455 45 ) CHILIG 28544 ) (181 )51 B SCHik [791)s D. 2 3 ( Chlamydomo-
nas reinhardtii) C2S2M2N2-type PSII-LHCII ¥4 ¥ F, 55 K5 40 4% 49 (&l
J 6T PDB %, PDB %%y 6KAF)

A. The rough structure of PBS from red alga Porphyridium cruentum by
using electron microscope (picture quoted from reference [24]); B. the
fine-structure of PBS from red alga P. purpureum by using cryo-electron
microscope (PDB code is 6KGX); C. the electron microscope structure
(rough structure) of C2S2M2-type PSII-LHCII from pea (picture quoted
from reference [79]); D. the fine cryo-electron microscope structure of
C2S2M2N2-type PSII-LHCII from Chlamydomonas reinhardtii (picture
quoted from PDB library, PDB code is 6KAF)

AL IR T 43 HE R W PBS 45 # (41 8 Porphyridium
purpureum, 2.82 A) ¥ 4% E () PSI-LHCI DA f £ Fh 2%
RUfY) PSI-LHCIT 55 o 3% S8 5544 75 Wi 1948 7% 1 2 & 1K
Mz B S T BT, RAR B ESEORTE
T O R R 5T B A 45 AL figk A 450 3810 1 FH 3 A AR R
FR R SRS 1) o B, A1) FH V2 R P B A A A ) 8 S A
TR B RGER 5 PR YR I 2.5 A5 3),
I, ORI T EE XS i 2l Ak DL S Ve VR v R A AT R 4
SEARALERTE, LIRS 25 2 B

3 BRI RALEHLS WS IR
éfﬁ#

SRR D, TR 2 B RO R &R
GBI RE SR AL 1O G A5 A AT, B Q0K 40 25 AL g s
1 K o RS HE 1 &t A B, 47 T DGR RSN
B AL B R AL R AE AT REALEI . AT, Krahte Ak
Ve S REI e & — R iR k= r
(1 2).

(1) 38 3 X 43 A il D' 2 B i [R) R 1A, 435 6
SRS, DR RS S RE LR . B
n, £ 2006 4T, Zhao 1 Qint® X 3 fIH 2 p5 [ Y5 3 [A] itk
117 353 A, e I 2 3 IH AR 1 b i A3 2 B R A
SR B A AR R SO 3 (] 2A), 3k SE 037 i K
253 A TR K0 [ 45 G 45 R4 S8R B TiE 2 e 235 Ay 3k (X
Y) P ECH B (] 2B), I s i 3 5] 3 Ak B R AE
A3 A UK A b TR AR Y =R B, R
IR0t e B Y R 8 A 4 A R B e B T
FEE M TEOR R, Ao Of = R0 e e B B 50 ™0, XA
MR A Y W B, IR SE T R A S i A
Z A A7 7R R 0 1 25 8] 90 855 DUA &80 2F 47 2L PR e =
.

(2) M4l B Sl O R R B FORS A 25 M 4Rk i & £
P 2% , TN e S 14 338 0 KA B AR, I S 1) PR pf
(] 53 HE TG 5% 8 k1 88 PR E 25 M it o 9 4, i ik
fik: & ( Phaeodactylum tricornutum) FCP [ 2% 14 f# ¥ &
B, FCP FZ UL — AR ML XA AR, HOZE5 48 7R 1
FCP AMX&E & 1 & %0t E AW h# WY Chl a,
i EL4545 T Chl ¢ Al Fx, i€ AT REWS i $2 1 2006 LIS
WK P R EREE (18] 3) 0, ) il 4 PSTI-FCPII f) 25
K i, b — D48 7R 1 fik ¥ (Chaetoceros gracilis) FCPII
5 PSIL 3% # J7 X K% AT RE i e Rt A& b 8. (HOR i
TR T A RIS T 52 2, HAKIY RE 15 15 %
= HEEATHEW S, B TESIREBRK, AR5+
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Fig. 2 Computational biology analysis of cyanobacterial phycobiliprotein homologous sequence and structure
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A T TS A 2 LR T S A R 1 [T ), SR AR [ SO T A 85 OF BB T 80%); Al Sy BE AR 11 v A R R R HE S o2
K GV JE S HER AL B EL FL P Gy HAGER 7RBE, X, Y AU B IR N BB & 380 TR0 o W2, ISR €400 B OIF 25 P51 P9 7

B4 a=d 4> 34515 PEC., PC. PE Hl APC. B Jy i B i 4 11 = 4R 45405 IR (U BRORIFTE S dV/ASCIR] SRR /AR () SO ) 85 fh LU A9 T 5 Y 5 35

BRBER A 278 B 1 BUAY o SERE AN B P RE 5 K (IR e 7 A 0 1]

A represent alignment of cyanobacterial phycobiliprotein homologous sequences to identify sites with increased non-synonymous substitutions (posterior prob-

abilities>80%); the horizontal axis is amino acid arrangement sites; the vertical axis is posterior probability; A, B, E, F, F’, G, and H represent seven helices, X

and Y represent the spiral hairpin domain at the N-terminus of each subunit; the gray lines represent o subunit, the dark gray lines represent p subunit; a-d rep-

resent PEC, PC, PE and APC, respectively. B represent three-dimensional structure of cyanobacterial phycocyanin; gray spheres represent the residues with in-

creased synonymous frequency/non-synonymous frequency substitution ratio; helixes represent a subunit and 3 subunit; gray lines represent chromophore

B2 2 H AT AU A w4 B A A IR A5 A
Y TOUI RE A% 8 A 19 B I A AR 22, 194, 2020
FERRPTRYSR B LBk (P. purpureum) 1Y PBS ¥ 4544,
L& T 1598 A4, H 2.82 Al 43 B 2 DL
MNITEE B IR LS G AR, SR, o T 6B R
B K, BRI 1% B B AR A A, Hrh ] RE VS K B 2
TREE ML, H 2 T RAE LR . P, VERA Y
AE 1% 326 1R A2 10 75 B G 45 FIORS il 19 063 H R T B
BEAT 93T o

(3) G 2% 2 43 B 4l D' 2R 1 B 6 1% 8 1 e A
B, W TR A WIOGIE . 580 & 565 | 17— ggken
DL ke, BT, R ] 43 B A A
I3 BTG FRE AL I AL Y SR OGS 2 T B, AR
Bsf 18] 43 B 3 ] X RD (f5) PN A9 BE 1A% s o BE AT
I e, 2 R R ] S BT R, B

i OG 1 PCO4SH) W 4 (5 2 4 T 22 8] 77 4 9% 3 A
T A0 LA K 43 2 PR 2, 3X A e B RS R
Bl 0309,

BT A A i, SO R L R G R i 2
i, Sy B O 3 07 AL AR SR AL T 2 R 2 AR A, )
SRS O R T ) 5 ) 1 R T i 1N R e B 45 b
AR B CANEYE AT R (NPQ), IR A Ha 5507,
PLRAPOG G RO rhol S 32 068 0 o i, & €6 14T
4R 1Y A28 LHC WA % N R A7 8, A 4l B 28 fig
LHC ) NPQ #Lifil o 3z 2k, A BF 58 F FH B 8] 53 % 21 4b
JEiE X LHCI (4 58 £ T K 8l J) 2% M AR A AT T
GO AZ SR R TR SR A LHCI = SRAKX 2 4%
P R V) AR IR e 7 ek R B 1) AR Ak, 3T i 2
W N RS E 612 Z [0 /Y 3 &4 % 48 1k ok
P o B UL R, R T Y LHCIL 1) 25 4 5 2% 3
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3 FCP MLk H B L6 3 AUR

Fig. 3 Monomer structure and pigment composition of FCP !

TE#E (P, tricornutum) FCP HLIR R 4544 {5 oK F PDB %42 &
(http://www.rcsb.org/), PDB 44 6A2W

The structure of the FCP monomer from diatom P. tricornutum is

provided by PDB database (http://www.rcsb.org/), PDB code is 6A2W

LHCII [ 45 ¥ — ¢, G, % 2545 4 LHCIT 59 #F 5%
2 BT R 4> BT 4% 9 LHCIL, BLAb, X 5 4548 4
PSI-LHCI-LHCII A A% 41 25 74 figt B, o m] 35 By AT A
PR AR 28 B OG R MR S F AL o 38 2 X Lh 2R
% PR 25 FR2E A Y PSTI(photosystem IT)-LHCII(C2S2-
typePSII-LHCII, C2S2M2-typePSII-LHCII }2C2S2M2N2-
typePSII-LHCIL % ) &2 & R 454 22 57, A B TIR A3
fife LHCIL X AN [R]DG 45 A4 1 i g 1L a7 7750,

P O R R 1) 45 4 A AT AR R 2B TR O IR B
BEAT AR AR, (EJR: e s FLA5 R 2 R A AR AR (R R AE T4k
ok e BB . PR, S — S A Y TR A ALY
P o, (R HA G R LR A M A 22 50, B a0 4 A 0%
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functions by using structural biology

Zhen Zhanghel’z, Li Wenjunl’S, Lin Hanzhi*, Qin Songl’3

(1. Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, China; 2. College of Resources and Environ-
ment, University of Chinese Academy of Sciences, Beijing 100049, China; 3. Center for Ocean Mega-Science, Chinese Academy of Sciences,
Qingdao 266071, China; 4. National-Regional Joint Engineering Research Center for Soil Pollution Control and Remediation in South
China/Guangdong Key Laboratory of Integrated Agro-environmental Pollution Control and Management, Guangdong Institute of Eco-en-
vironmental Science & Technology, Guangdong Academy of Sciences, Guangzhou 510650, China)

Abstract: Algae are general term of a large group of photoautotrophic aquatic sporophytes. Along with the long
earth history, the algal light-harvesting antenna has evolved special structure and function, to adapt to low-light un-
derwater environment. Since the algal light-harvesting antennas were first discovered 70 years ago, the progress of
structural analysis can be divided into four stages. The first stage was from 1950 to 1980, and effects were focused
on studying the structural composition of light-harvesting antenna through biochemical and spectral techniques.
The second stage was from 1980 to the present, and X-ray crystallization becomes a primary tool to study the par-
tial fine-structure of the complete complex. The third stage was from 1980 to 2010. In this stage, complete contour
structure can be studied by using electron microscope (EM). The fourth stage is from 2010 to the present, and the
use of cryo-EM technology to studied intact fine-structure has brought the blowout period of structural analysis in
recent year. With the rapid development of cryo-EM technology, a variety of complete fine-structures of algal light-
harvesting antenna complexes have been analyzed, including cyanobacteria, red algae, green algae, and diatoms.
Specifically, in 2019, multiple super-molecular complex structures of algal light-harvesting antenna were resolved.

This breakthrough provides us valuable structure information for the study of energy transfer and the unified rela-
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tionship between structure and function. However, the synthetic understanding of the relationship between the struc-
ture, function, environment, and applications of algal light-harvesting antennas is still preliminary, compared to the
huge demand of solar energy utilization from bio-materials. Therefore, further research on the light adaptability of
light-harvesting proteins has become the focus of the future, and will provide a sufficient scientific basis for the ap-
plication of algal light-harvesting antenna proteins in the field of photoelectric devices.

Key words: algae; light-harvesting system; structural biology; structural analysis technology; efficient energy transfer;

light adaption



