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ATP   

BN   
BQ  p-  

CBB   

CDP-DG   5’- -  

Chl   

Cm   

CmR   

Cyt   

DCBQ  2, 6-  

DCMU  3-(3, 4- )-1, 1-  

DG   

DGDG   

DM  n- -D-  

DMBQ  2,6-  

Er   

ErR   

Fecy   

G3P  3-  

GC   

GlcDG   

Km   

KmR   

LPA   

MGDG   

NADP   

PA   

PAGE   

PG   
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PGP   

PSI  I 

PSII  II 

Tc   

TcR   

TLC   

SDS   

SQDG    

Str   

Spe   

Spe/StrR  /  

UDP   
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1  
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1-1.  

38

II PSII

PG  

 

1-2.  

LHC

 I PSI PSII PSII

b6f Cyt b6f PSI NADP+

NADPH

ATP

ATP Johnson 2016 1  

PSII PSII
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P680 P680

PSII a

QA QB 2 QB

QB QB

Renger and 

Renger 2008 Cyt b6f

Cyt b6f × Cyt f Cyt b6

IV Cramer et 

al. 2006 PSII

Cyt f 1

1 Cyt b6 bH bL

Dumas et al. 2016 1

PSI H+ ATP

 

PSI P700

PSI 3

FX FA FB Nelson and Yocum 2006

PSI 12

PSI PSI PsaA PsaB

PsaC PsaD PsaE

PsaL, PsaI PsaM PSI

2001 Thermosynechococcus 
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elongatus PSII X

MGDG 1 PG 3

Jordan et al. 2001

PSI NADP+ NADPH

 

 

1-3. II 

PSII -

2 PSII

D1 D2 CP47 CP43

PsbO PsbV PsbU PsbO PsbP PsbQ

PsbE - PsbF -

b559 12

PSII

α Pagliano et al. 2013

PsbO PsbO

Enami et al. 2008

PsbV PsbO

PsbU PsbO PsbV PsbV PsbO

PsbU PsbO  
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PSII PSII

α LHCII

MacColl 

1998 ×

× PSII PSI  

PSII 4

H2O D1 Z TryZ

P680+

2 H2O 1 O2

Vinyard et al. 2013

S0 S1 S2 S3 S4 S0

1 1

S0 S1 S2 S3 S1

S

S4 S0

S0 S1 1 S2 S 1 S3 S0 2
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1-4.  

MGDG

DGDG

SQDG PG Block et al. 1983, 

Dorne et al. 1990, Somerville et al. 2000 60~80%

MDGD DGDG SQDG

PG SQDG PG

MGDG DGDG

3- G3P sn-1 G3P

Acyl-P 18:0

16:0

LPA 3 LPA sn-2 LPA

16:0 - - Acyl-ACP

PA Weier et al. 2005

PG PA  5’- -

CDP-DG CDP-DG CDP-DG

PGP PGP PG PGP

PG Mizusawa and Wada 2012

PA PA DG

SQDG SQDG UDP -

DG
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UDP- UDP- UDP-

Shimojima 2011 MGDG DGDG

DG UDP-

GlcDG ±

GlcDG MGDG

Awai et al. 2014 DGDG 1

UDP MDGD DGDG

Sakurai et al. 2007, Awai et al. 2007  

 

1-5.  

MDGD DGDG SQDG

MGDG DGDG

60~80%

MGDG DGDG

MGDG GlcDG

MGDG MgdE mgdE

Synechocystis sp. PCC 6803 Awai et al. 2014

MGDG DGDG GlcDG 60%

GlcDG

MGDG 3
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MGD1, MGD2, MGD3 × MGDG MGD1

MGD1 25% mgd1-1 MGDG

40% Jarvis et al. 2000, Aronsson et al. 2008

PAM PSII Fv/ Fm mgd1-1

PSII mgd1-1

mgd1-2

Kobayashi et al. 2007

 

 Synechocystis sp. PCC 6803 DGDG dgdA

DGDG Sakurai et al. 

2007, Awai et al. 2007 CP47 dgdA

PSII PSII

PsbO PsbV PsbU PsbU in vivo

PsbO PsbV PSII PSII

dgdA PSII

Mizusawa et al. 2009a, Mizusawa et al 

2009b CP43 PSII

Sakata et al. 2013  

DGDG DGD1 DGD2
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DGD1

DGDG DGDG

10% dgd1 Dörmann et al. 1995

PSII PSI dgd1 dgd2

dgd1dgd2 dgd1 PSII P680+

QA
- Reifarth et al. 1997, 

Steffen et al. 2005 DGDG PSI dgd1

PSI PsaD PsaE

Guo et al. 2005 Ivanov 2006 PSI

PsaA PsaB PsaL PsaH

 

Synechocystis sp. PCC 6803 Synechococcus sp. PCC 7942 UDP-

sqdB SQDG

Güler et al. 1996, Aoki et al. 2004

Synechocystis sqdB SQDG

Synechococcus sqdB SQDG

Synechocystis sqdB 3-(3, 4-

)-1, 1- DCMU PSII

SQDG PSII

SQDG

van Mooy et al. 2006
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SQDG

 

SQDG hf-2 QB

PSII 30 40%

Sato et al. 1995, Minoda et al. 2002

SQDG

Minoda et al. 2003, Sato et al. 2003  

SQDG SQD2

(sqd2) SQDG Yu et al. 2002 sqd2

PSII Fv/Fm

sqd2 PG

pgp1-1 sqd2pgp1-1 PSII QA
-

DCMU Yu 

and Benning 2003 SQDG PSII PG

 

 

1-6. PG  

PG  5’- -

CDP-DG PGP

cdsA pgsA Sato et al. 

2000, Hagio et al. 2000 3 PG

PG
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PG PG

PG

PG

PG PSII QA QB

Gombos et al. 2002 PG PSII PSII

PG

pgsA PSI

Domonkos et al. 2004 PSI 3

PG X Jordan 

et al. 2001 1 PG 2

PsaL 1 PG

PG PsaL PSI PSI

Domonkos et al. 2004 PG

PsaL PSI PSI Domonkos et al. 2004  

PGP PGP1

pgp1-1 Xu et al. 2002 T-DNA pgp1-2

Hagio et al. 2002, Babiychuk et al. 2003 pgp1-1

70% pgp1-2 20% PG pgp1-1

pgp1-2

pgp1-2
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PG

Kobayashi et al. 2014

pgp1-2

PSII

PSII PG

 

 

1-7. PSII PG  

Synechocystis sp. PCC 6803 pgsA

PG QA QB

Itoh et al. 2012 PG

3 pgsA BQ p- QA

QB QB PG

PG

S2 QB
- B ± PG

PG B ±

PG B ±

Q S2 QA
- ± PG

pgsA BQ

Hagio et al. 2000; Itoh et al. 2012 pgsA

QB PG PG

QB  
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pgsA PSII PSII PSII PG

PSII

Sakurai et al. 2007 pgsA PSII

PsbO PsbV PsbU PG

PG in vivo PSII

50%

PG pgsA PSII PG PSII

Sakurai et al. 2003 PSII

psbO

PSII PSII PG

PG

PSII PSII

Sakurai et al. 2007  

 

1-8. Δ  

pgsA PG PSII

Gombos et al. 2002, 

Sakurai et al. 2007 PG pgsA PSII

PSII PG Sakurai et al. 2007 pgsA

PSII PG PSII PG

PSII 2011
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1.9 Å X PSII

PSII 5 PG Umena et al. 2011

X PG

5 PG

PSII PSII

PG PSII

QA 2 PG PG664 PG694 QB

PG PG772 PG

PSII 

PG  
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1  

A ATP B
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2 X T. vulcanus PSII

Umena et al. 2011  

A, B A

B

MGDG DGDG SQDG PG

C
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3
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2  

 

PSII PG664 PG694  
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2-1.  

 

1 Thermosynechococcus vulcanus PSII X

PSII 20 6 MGDG. 5

DGDG, 4 SQDG, 5 PG PG

QA 3 PG664, PG694, 

PG702 QB 1 PG772 CP43 D1/ D2

1 PG714 4 PG

 

PG PSII QB

1

PSII 6 PG PG pgsA

PSII 3 Sakurai et al. 2007 PG

PSII PG pgsA

X

PG PSII

Δ PSII

PG PG664 PG694 D1

Ser-232 Asn-234 PSII

PG  
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2-2.  

Synechocystis sp. PCC 6803

30oC 20 µmol photons m-2 s-1

4 mM HEPES pH 7.5 BG11  

Allen et al. 1968 0.3% w/v 1.5%

w/v Bacto agar

Em Cm Spe

Str Km 20 µg mL-1

Tc 15 µg mL-1

50 mL BG11 1% CO2

PSII 2 L

 

 

 

II

Synechocystis sp. PCC 6803 psbA2

psbA2 pNA219 psbA2

KmR Mizusawa et al. 

2004 QuikChange Site-Directed Mutagenesis Kit Agilent 

Technologies  

psbA1  

psbA2 psbA3  [ psbA1: CmR
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, psbA2: SpeR / StrR /

, psbA3: TcR

] Synechocystis D1 B-His N AA

Mizusawa et al. 2004 D1

CP47  

ErR

Er, Cm, Km, Tc

S232A: 5’-CCGAAGTTGAAGCCCAGAACTACGGTTACAAATTC-3’  

5’-GAATTTGTAACCGTAGTTCTGGGCTTCAACTTCGG-3’ N234D: 

5’-CCGAAGTTGAATCCCAGGACTACGGTTACAAATTC-3’  

5’-GAATTTGTAACCGTAGTCCTGGGATTCAACTTCGG3’ S232AN234D: 

5’-CCGAAGTTGAAGCCCAGGACTACGGTTACAAATTC-3’  

5’-GAATTTGTAACCGTAGTCCTGGGCTTCAACTTCGG-3’  

 

 

OD730 = 0.6 1.0

2,300	g

BG-11 10 µg Chl mL-1

NR-3 TAITEC 1

120 rpm 5 µg Chl mL-1

Hansatech PSII
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[BQ, DCBQ (2, 6- ), DMBQ (2,6-

)] 2 mM Fecy

PSII 4 mM Fecy

 

5 µg Chl mL-1 10 Double 

Modulation Fluorometer Photon Systems Instrumemt QA QB

DCMU 2

10 µM DCMU Vass

Fast Middle Slow phase

Vass et al. 1999  

 

 

Ohad et al. 1990

7 µg Chl DCMU

10 µM

10 µM DCMU 20

PSII

 

 

PSII  

PSII Kashino et al. (2002)
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8 L A [50 mM MES-NaOH (pH 6.0), 10 mM 

MgCl2, 5 mM CaCl2, 25% (w/v) ] 1

EDTA

A α 0.1 

mm 10 3 20

BEAD-BEATER, Model 1107900, BIOSPEC PRODUCT

2100	g, 8

109,000	g, 30

1 mg Chl mL-1 A

 

PSII Kashino et al. 2002

1 mg Chl mL-1

A 1% 20% n- -D-

DM 4oC

20 26,000	g, 20

Ni- Ni-NTA column; Qiagen PSII

α B [50 mM MES-NaOH (pH 6.0), 

10 mM MgCl2, 5 mM CaCl2, 25% (w/v) , 0.04% (w/v) DM, 5 mM 

] 9 C [50 mM MES-NaOH (pH 6.0), 

10 mM MgCl2, 5 mM CaCl2, 25 % (w/v) , 0.04% (w/v) DM]

4 D [50 mM MES-NaOH (pH 6.0), 10 mM MgCl2, 5 mM 

CaCl2, 25 % (w/v) , 0.04% (w/v) DM, 100 mM ] PSII
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10 kDa, Merck PSII

5-30% (w/v) 

Gradient Master model 107ip; Biocomp

180,000 	g  4oC 16  

 

- SDS-PAGE  

SDS-PAGE Kashino et al. (2002) 18-24%

6 M 1 5 µg Chl PSII

CBB R250  

 

 

PSII Bligh and Dyer (1959)

75 µg Chl PSII

Wada and Murata 1989

GC  

 

 

Arnon et al. (1974) PSII

Kobayashi et al. (1990) PSII

2 PSII
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2-3.  

 

 

PSII X 1.9 Å PSII

5 PG PG664, PG694, PG702, PG714, PG772

Umena et al. 2011 3 PG PG664, PG694, PG702 QA

D1 Ser-232 Asn-234

PG664 PG694

Ser-232 PG664

O2 3.6 Å PG694 O5 2.6 Å Asn-234

PG664 O1 2.8 Å PG694 O4 2.9 Å

5B PG psbA2

3 S232A  N234D  S232AN234D

D1 B-His N

AA Synechocystis sp. PCC 6803 D1

psbA1 slr1181 psbA2 slr1311  psbA3 sll1867 3

B-His N AA CmR  

Spe/StrR TetR

psbA

Synechocystis psbA2

Mohamed and Jansson 1989 Ser-232 Asn-234

3 PsbA
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α 6 psbA2

D1  

psbA2 speA

KmR Km BG11

PCR 7 B-His N AA

Spe/StrR 3.0 kbp

3.2 kbp 2.6 kbp

DNA

psbA2 psbA2

 

 

 

pNA2 B-His N AA psbA2

S232A, N234D, S232AN234D 8

1

Net

230 µmol O2 mg Chl-1 h-1 S232A

N234D S232AN234D 85%

BQ × QB

 (Satoh et al. 1955, Kashino et al. 1996) BQ PSII
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BQ 280 µmol O2 mg Chl-1 h-1

Net S232A  N234D  S232AN234D

PSII 25% PG

pgsA BQ PSII

 (Hagio et al. 2000)

QB

9 S232AN234D Net

900 µmol photons m-2 s-1

α

 

DCBQ DMBQ PSII

 ( 10) DCBQ PSII

BQ DMBQ

PSII BQ DMBQ

PSII

DCBQ  QA QB

DCMU

QB

QA QB
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QA QB  

QA QB

11

QA

QB

QA

QA

QA QB

S232AN234D S232A N234D

QA QB

2 DCMU QA QB

× QA
- S2

11

DCMU

0.1 QA
- S2

 

 

 

12 DCMU

DCMU B QB
- S2

± B ±
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34oC 30oC DCMU

QA
- S2 Q

Q ± 11oC

Q ± B

±

QB  

 

PSII  

PSII

S232AN234D PSII PSII

CP47 6	 Ni-

PSII

PSII S232AN234D

S232AN234D 1% DM

Ni-

PSII PSII

PSII S232AN234D

1:3 PSII

13 PSII

SDS PSII CP47 CP43 D1 D2 PsbE

α

PsbQ PSII
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CP47 CP43 D2 D1 PsbQ Psb27

PSII

PsbV PsbU

PSII

14

PSII PsbO

PSII Psb28

 

PSII

PSII 1,960  

90 µmol O2 mg Chl-1 h-1 S232AN234D 1,430  150 

µmol O2 mg Chl-1 h-1 (n > 3) 25%

PSII

 

 

PSII  

3 PSII TLC

GC

PSII PG 22.3%

19.6% PSII

PG 27.6% 25.3%
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PG MGDG DGDG

SQDG

4

 

PSII

PSII 5 S232AN234D

PSII PG

MGDG PSII 

PG664 PG694 PG MGDG  

 

2-4.  

 

PSII PG

D1 Ser-232 Asn-234

α

6 T. vulcanus PSII

X Umena et al. 2011 Synechocystis PSII

Sakurai et al. 2006

S232A N234D

S232AN234D QA

QB 11 2 PG

PG664 PG694
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QA QB  

PG PG

pgsA PSII BQ

Hagio et al. 2000 pgsA

PG QA QB QA

QB Fast phase

Gombos et al. 2002

PG pgsA PSII PG

Sakurai et al. 2007 pgsA PSII QB

PSII PG

QA QB

BQ PSII

PG PSII PG

QB  

D S232 N234 D-E

D1

Kless et al. 1994, Nixon et al. 1995, Mulo et al 1997

QB D1

QA QB

D-E PG
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S232 N234 QB

 

QA QB

B ±

12 Q ±

QB

S2

QA S2 Q ±

S2

QA S2

DCMU

QA S2

QB

QA S2

QB QA

QB QA QB

 

Gombos et al. 2002 PG pgsA

B ± PG

PG B ±

30oC PG 9 ± 16oC

PG pgsA B



 36 

PSII PG QA QB

pgsA PSII

PG664 PG694 1

MGDG PG pgsA

PSII PG  (Sakurai et al. 2007)

pgsA PG PSII 

PG PSII PSI  (Kubota 

et al. 2010, Jordan et al. 2001)  

(Mizusawa and Wada 2012) PG pgsA

PSII PSII

 

S232AN23D PSII PG664 PG694

PG 4 PG

QA PG QA

PG PsbT PsbL

PsbM D2

PG

PSII

QB QA PSII

 (Itoh et al. 2012) PG

QB pgsA QA QB



 37 

PG772

PG772 PSII PG PSII

QB PG772

QB BQ QA QB

QA

PG664 PG694 QB

QA PG

QB QB

S232 N234 D2

QA D1

QB D1

N234D, F260S NDFS mutant

B ±  (Minagawa et al. 1999)

QA QB

Phe-260 D1 D-E

QB QB

 

PSII S232AN234D

PsbV PsbU PSII

PSII

13

PSII Psb28 Psb28
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Psb28 PSII

Sakata et al. 2013

Psb28 PG pgsA

Sakurai et al. 2007 PG PsbV PsbU

PSII X

PSII PG

PG PG

PSII

PG664 PG694 D1

D1
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1  

 

 

 

 

 

 

 

 

5 µg Chl mL-1 900 µmol photons 

m-2 s-1  
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2  

 

3 Fast phase, middle phase, slow 

phase t1/2 amplitude

 



 41 

3 PSII  

 

 

 

 

 

 

3  
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4 PSII  

 

3  
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5 PSII  

 

 

 

 

PSII 2

3  
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4 X PSII PG

 

PG

PG
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5 PSII 5 PG  

A 5 PG PG664 PG694 PG702 PG714 PG772

PG

B 3 PG

PG664 PG694 PG702 QA D1

PG
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6 D1  

Synechocystis 3 D1 PsbA1 PsbA2 PsbA3

α D1

D1 Ser-232 Asn-234
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7 psbA2  

A D1 B-His N AA psbA2 speA
Spe/ StrR psbA2

B-His N AA speI StuI

KmR B psbA2
psbA2 PCR

B-His N AA 1 pNA2 2 S232A 3

N234D 4 S232AN234D 5 PCR
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8  

750 nm

S232A N234D S232AN234D

3
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9  

S232AN234D

3
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10 PSII  

PSII BQ A DMBQ B DCBQ C

PSII DCMU

S232AN234D

3  
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11 PSII  

10 µM DCMU A B

S232A N234D

S232AN234D 3
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12  

10 µM DCMU A B

S232A N234D

S232AN234D 1
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13 PSII M

D  

S232AN234D PSII SDS-PAGE

5 µg Chl PSII 1  
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14 PSII

 

S232A N234D S232AN234D PSII

SDS-PAGE 5 µg Chl PSII 1  

 



 55 

 
 

 

 

4  

 

PG

PG  



 56 

4-1.   

 

2 PSII PG1 PG

PG

PSII PG

PSII PG

PSII X

PSII X

Thermocynechoccous vulcanus Thermosynechococcous 

elongatus BP-1 Guskov et al. 2009, Umena et al. 2011

T. elongatus BP-1 D1

Sugiura et al. 2008  

T. vulcanus T. elongatus

2

T. elongatus

 

4  2 3 Synechocystis

PSII

T. elongatus

Δ
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PG

Synechocystis PG

T. elongatus PG

Synechocystis  

 

4-2.  

 

 

T. elongatus BP-1 45oC 30 µmol 

photons m-2 s-1 4 mM HEPES (pH 7.5)

BG11 10 mM NaHCO3

0.3% (w/v) 1.5% (w/v) Bacto agar

50 mL PG

20 µM PG P9664, 

 

 

PG  

T. elongatus pgsA tll1275 5’ 1.0 kbp 3’ 1.4 kbp 

PCR F (5’-TGCGCTCGAG 

CATGAATCAAATCC-3’) R (5’-CACCACCGTCAGCCAGTTTGTC-3’)

2.9 kbp PCR XhoI HindIII pBluescript 

II SK- AccI NheI
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pgsA 0.3 kbp Spe/ StrR

T.elongatus BP-1

Iwai et al. 2004b 5 µg 

mL-1 Spe 10 µg mL-1 Str BG11 2

F (5’-ACCGCATAGGGAGTCATTGC-3’)  R (5’-TCTTG 

GATATTCGCGATACGG-3’) Δ

 

 

 

OD730 = 0.6 1

2,300	g

BG-11 5 µg Chl mL-1

NR-3 TAITEC 120 rpm

45oC, 1 2 mM 

DCBQ DMBQ Hansatech

PSII T. elongatus BP-1 Net H2O CO2

Iwai et al. 2004a  

 

 

TLC 2

30 µg Chl  
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BN -PAGE 

T. elongatus BP-1 2

A A2 [40 mM MES-NaOH (pH 6.5), 15 mM MgCl2, 15 

mM CaCl2, 25% (w/v) ] Sugiura and Inoue 1999

BN-PAGE 1 mg Chl mL-1

1% w/v DM 20

26,000	g 20 5% (w/v) CBB 

G-250 1/ 10 4-16% (w/v)

Thermo Fisher [50 mM 

Bis-Tris (pH 7.0)]  [50 mM Tricine, 15 mM Bis-Tris (pH 7.0), 

0.02% CBB G-250] 60 V 1 Schägger 

and von Jagow 1991 CBB  [50 mM Tricine, 15 mM 

Bis-Tris (pH 7.0)] 100 V 1 150 

V  

2 SDS-PAGE BN-PAGE  [100 mM 

Tris-HCl pH 6.8 , 20% w/v , 2% w/v SDS, 5% v/v 2-

] 30

7.5 M 16-22%

SDS PAGE
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4-3.  

 

T. elongatus BP-1 pgsA  

T. elongatus BP-1 PG pgsA

PG T .elongatus BP-1

tll1275 Synechocystis pgsA sll1522

64% tll1275 pgsA

PG tll1275 Spe/ StrR

26

PCR

PCR 800 bp

pgsA 1800 kbp

pgsA 26

pgsA PG

27 PG

pgsA pgsA

PG pgsA

PG

PG 7

200 PG



 61 

PG

T. elongatus Synechocystis PG

 

 

 

pgsA PG PG

7 28

pgsA TLC

PG

PG PG 8.6% PG

3.5% 7 PG

PG 1.5% PG

PG

Synechocystis pgsA PG

PG

T. elongatus pgsA PG

T. elongatus PG

Synechocystis PG

Synechocystis  

 

PG  

PG 7
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PSII 8 PSII DCBQ

DMBQ PSII DMBQ DCBQ

DCBQ PG pgsA

PSII 220 µmol O2 mg Chl-1 h-1

PG pgsA PSII 130 µmol O2 

mg Chl-1 h-1 PG

Synechocystis pgsA

PG PSII BQ

PSII Hagio et al. 

2000 T. elongatus PSII PG

Synechocystis T. elongatus PG PSII

 

PG pgsA

BN-PAGE

29 BN-PAGE BN-PAGE SDS-PAGE

PG pgsA

PSI PSII PG pgsA

PSI PSI PSII

PSII Synechocystis

PG PSII

× Sakurai et al. 2003 PG

14 Δ PSI
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Domonkos et al. 2004 T. elongatus BP-1

Synechocystis PG
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8 T.elongatus BP-1 pgsA  

 

5 µg Chl mL-1

 

  Oxygen-evolving activity (µmol O2 mg Chl-1 h-1) 

Strain Growth condition DCBQ DMBQ 

WT  PG 217 ± 17 203 ± 10 

pgsA  + PG 216 ± 13  187 ± 10  

pgsA  PG 132 ± 7 111 ± 8 
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26 T. elongatus PG  

A T. elongatus BP-1 pgsA tll1275 Spe/ StrR

B

PCR  

A 

B 
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27 T. elongates BP-1 PG pgsA  

A T. elongatus BP-1 pgsA PG +PG

PG PG B PG

pgsA PG

PG PG +PG
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Vass et al. 1987

Synechocystis PsbO B

Q Vass et al. 1992 PsbO
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