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ACMA 9-amino-6-chloro-2-methoxyacridine 
ADP adenosine 5’-diphosphate 
AMS 4-acetamido-4- maleimidyl-stilbene-2,2-disulfonate  
ATP adenosine 5’-triphosphate 
Amp Ampicillin 
Amp Ampicillin 
BSA bovine serum albumin 
CBB coomassie brilliant Blue 
CTD C-terminal domain 
DEAE diethylaminoethyl  
DTT dithiothreitol 
ECS Electrochromic shift  
EDTA ethylenediaminetetraacetic acid 
FCCP p-trifluoromethoxyphenylhydrazon 
G6PDH Glucose-6-phosphate dehydrogenase  
HEPES 2- 4-(2-hydroxymethyl)-1-piperazinyl]-ethanesulfonic acid 
HK Hexokinase 
IMV Inverted membrane vesicles 
IPTG isopropyl 1-thio-β-D-galactside 
KPi potassium inorganic phosphate 
Km Kanamycin 
LDAO N,N-dimethyldodecylamine-N-oxide 
LDH Lactate derydrogenease 
LMNG Lauryl maltose neopentyl glycol 
NADH nicotinamide adenine dinucleotide 
NADPH nicotinamide adenine dinucleotide phosphate 
NDH NADH-ubiquinone oxidoreductase 
NTD N-terminal domain 
Ni2+-NTA nickel-nitrilotriacetic acid 
PAGE polyacrylamide gel electrophoresis 
PCR Polymerase chain reaction 
PEP phospho enol pyruvate 
PK Pyruvate kinase 
Pi inorganic phosphate 
SDS sodium dodecyl sulfate 
TCA trichloroacetic acid 
TES N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid 
Trx thioredoxin 
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2-2-1 ε C  
 

ε ε
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C CTD εN
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2-1A εCC_SS εNC_SS CTD N
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Aldrithiol-2 DTT
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SDS-PAGE
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2-2 εCC_SS εNC_SS  

 εCC_SS εNC_SS Cys AMS
SDS-PAGE  

 
 

2-2-2 ε CTD ATP  
 
εWT α3β3γ ATP

εWT α3β3γ ATP
2-3 α3β3γ ATP ε

8.4 1.0 μmol / sec mg εWT α3β3γ
ATP Konno, H. et al (2006) CTD
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1 εWT 0.7±0.3 nM
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2-3  
 

ε CTD ATP  
 

ATP ε
CTD ATP
T. elongatus ATP ε CTD
ATP T. elongatus ATP

ε CTD
ATP

 
εN α3β3γ ATP γ

ATP LDAO ADP ATP
εCC SS γ

ATP  
γ LDAO ATP

Murakami, S. et al (2018) γ
ADP

ATP
Sunamura, E. et al (2010) εN ADP εCC SS

 
CTD ε εN

α3β3γ
Konno, H. et al (2011) CTD ε

α3β3γ
εN LDAO ATP
εN α3β3γ

LDAO ADP
ATP
εN ADP  

LDAO α3β3γ ADP
2-12 LDAO εN

α3β3γ SDS-PAGE α

β
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LDAO εN α3β3γ
LDAO

εN α3β3γ
εN  
εN γ ATP

εCC SS εWT γ
γΔ198-222 γΔ212-213 γΔ211-214
γΔ210-215 γΔ209-216 ATP

εWT γ γ
Konno, H et al (2006)

εWT εCC SS

γ εN

γ
εCC SS

εWT ADP εWT ADP
Konno, H et al (2011)

εCC SS γ
ADP εWT

 
γ

LDAO ε
ADP εWT  
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2-4

2-4-1 α3β3γ

Thermosynechococcus elongatus BP-1

1 γ ε X
ATP ε

2 T. 
elongatus ATP

3 T. elongatus

T. elongatus ATP
ε

T. elongatus ATP ATP
α3β3γ α3β3γ α

β N 10 His
Cys

Ala Konno, H. et al (2011 γ
112 Gly 125 Ala Cys

2-13

2-13 γ 112 Gly 125 Ala
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ATP
α3β3γ γ K221S

Konno, H. et al (2006 Sunamura, E. et al (2010) K221S
γ ε

Konno, H. et al (2006 γ
γΔ212-213 γΔ211-214 γΔ210-215 γΔ209-216 γΔ198-222 β

N 10 His
Cys α3β3γ α3β3γWT

α3β3γ γ

 
α3β3γ BL21(DE3)Δ702

LB+Amp 50 μg/mL Amp 37℃
Nichols, N. N. et al (1997) BL21(DE3)Δ702

ATP 5 mL
2×YT+Amp 50 μg/mL Amp 6 500 
mL 0.2 mM IPTG 2×YT+Amp 50 μg/mL Amp 18
20 37℃ 6600×g 10 min 4℃

-80℃  
Buffer A

1200 kg/cm2 23500×g 15 min 4℃
50℃ 20 min

23500×g 15 min 20℃
Buffer A Ni2+-NTA QIAGEN

Buffer A Buffer B
100 kDa cut-off Amicon Ultra-15 Millipore

Buffer C Superdex 200 Increase GE Healthcare
280 nm

100 
kDa cut-off Amicon Ultra-4 Millipore  10%(v/v)

-80℃
BSA Thermofisher Scientific  

 



34 
 

2-2 Buffer  

 
 

2-4-2 ε  
 
εN εWT DNA

1-2 PrimeSTAR Mutagenesis Basal kit
TAKARA εCC_SS εNC_SS

εCC_SS ε 99 Ala
122 Phe Cys εNC_SS

46 Thr 124 Arg Cys
 

 
2-3 ε  

 

Buffer A
20 mM KPi (pH8.0)

0.1 mM ATP

100 mM KCl
50 mM Imidazole-HCl (pH8.0)
0.1 mM MgCl2

Buffer B

0.1 mM ATP

250 mM Imidazole-HCl (pH8.0)
0.1 mM MgCl2

20 mM KPi (pH8.0)
100 mM KCl

Buffer C

0.1 mM MgCl2
0.1 mM ATP

50 mM HEPES-KOH (pH 8.0)
100 mM KCl

Type of primer

5’-CGAGCGCTAGAAGCTTGCGGCCGCA-3’
5’-GCTTCTAGCGCTCGGCACCGTTGAC-3’
5’-GCGGAGTTTGCCGCCTGTCAGGCTGCCCTCGCTC-3’
5’-GGCGGCAAACTCCGCCTTGGCTT -3’
5’-CGTCGCGCCCGTGCTCGCTTG-3’
5’-AGCACGGGCGCGACGACAGGCTTGGGTGGCTTGAA -3’
5’-TTAACTGCCTTGGAATGTGGTGTGATGCGGGTGCG-3’
5’-TTCCAAGGCAGTTAAGAGGGGGGCA-3’
5’-GCGCCCGTGCTCGCTTGCAGG-3’
5’-CAAGCGAGCACGGGCGCAACGAAAGGCTTGGGTG-3’

Sequence

εN

εAla99Cys

εPhe122Cys

εThr46Cys

εArg124Cys
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εWT ε
BL21(DE3)Δ702 LB+Amp 50 μg/mL Amp

37℃ 5 mL 2×YT+Amp
50 μg/mL Amp 5~6 37℃

1 L 2×YT+Amp 50 μg/mL Amp O.D. 600  0.6~0.8
37℃  1 mM IPTG 3 37℃

6000×g 10 min 4℃
-80℃  

Buffer D 1200 
kg/cm2 23500×g 20 min 4℃

Buffer D DEAE Sephacel GE Healthcare
Buffer D

Buffer E SDS-
PAGE ε

20 w/v
Buffer F Phenyl-Toyopearl-650M TOSOH

Buffer F Buffer G
SDS-PAGE

ε
10 kDa cut-off 3 kDa cut-off

Amicon Ultra-15 Millipore Buffer H
Superdex 75 GE Healthcare

10 kDa cut-off 3 kDa cut-off Amicon 
Ultra-4 Millipore  10%(v/v)

-80℃ BSA
Thermofisher Scientific  

 
2-4 Buffer  

 

Buffer D
50 mM Tris-HCl (pH 8.0)
1 mM EDTA
20 mM NaCl

Buffer E
50 mM Tris-HCl (pH 8.0)
1 mM EDTA
300 mM NaCl

Buffer F
50 mM Tris-HCl (pH 8.0)
1 mM EDTA
20%(w/v) Anmonium Sulfate

Buffer G
50 mM Tris-HCl (pH 8.0)
1 mM EDTA
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2-4-3 εNC_SS εCC_SS  

 
Aldrithiol-2 DTT εNC_SS

εCC_SS 1 5 w/v TCA
20100×g 10 min 4℃

AMS SDS-PAGE εNC_SS εCC_SS

 
SDS-PAGE

AMS
2-14  

 
2-14 AMS  

AMS 536.4  
    AMS  

 
 
 
 
 

Buffer H
50 mM HEPES-KOH (pH 8.0)
100 mM KCl
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2-4-4 ATP ATP  
 

ATP ATP
ATP NADH

 
ATP ATP ADP PK

PEP ADP ATP ATP
ATP NADH LDH

NADH 340 nm NADH
2-15 NADH ATP

 
1.2 mL Assay Buffer 1 25℃ 2 

Jasco V-550 340 nm
30 α3β3γ 250 ε

ε
ATP LDAO

0.1% w/v LDAO Assay Buffer 1
30 α3β3γ 100 ε

 
1 ATP

 

1  

y  

2  

 
Amin ε 2

 
KDapp  

ε ε  
F1 α3β3γ 2 nM      
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2-15 ATP NADH  

ATPase α3β3γ ATP ADP
PK PEP ATP

LDH NADH
NADH 340 nm
 

 
2-5 Assay Buffer 1  

 
 

2-4-5 ATP ATP Pi  
 

εWT εN Assay Buffer 2 2 nM α3β3γ
10 25℃ 10 4% (w/v) TCA

Assay Buffer 2 Mo. Solution
10 25℃ Sn. Solution 10

25℃ Abs630  
 

Assay Buffer 1

2 mM MgCl2
2 mM ATP

50 mM HEPES-KOH (pH8.0)
100 mM KCl
2 mM PEP
50 μg/mL PK
50 μg/mL LDH
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2-6 Assay Buffer 2  

 
2-4-6 CD  

 
20 mM Tris-HCl pH 8.0 0.1 mg/mL

Jasco J-820  
 

2-4-7  
 
α3β3γ εWT εN 1 μM 5 μM 10

LDAO Buffer 
C Superdex 200 Increase GE Healthcare
0.5 ml/min 280 nm

β
ε

LDAO SDS-PAGE  
  

Assay Buffer 2

1 mM ATP

50 mM HEPES-KOH (pH8.0)
100 mM KCl
1 mM MgCl2

Mo. Solution
3.5%(v/v) H2SO4

1% (w/v) Mo7(NH4)6O4

Sn. Solution
2.8%(v/v) H2SO4

0.2%(w/v) Hydrazine Sulfate
1%(w/v) SnCl2
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3-2-1 ε CTD α3β3γ-Arot  
 
ε CTD α3β3γ ATP

εCC_SS_Ox

γ ATP
γ  

α3β3γ-Arot 300
εWT εCC_SS_Ox εWT

εCC_SS_Ox Assay Buffer 3 γ
3-1 εWT

εCC_SS_Ox 3-1
εCC_SS_Ox

3-2
εCC_SS_Ox εCC_SS_Red

3-3  
εN 300 γ
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εN 3-1
γ εN γ
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εCC_SS_Ox γ
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3-2 εCC_SS_Ox  

         AMS  

3-3 εCC_SS_Red εN γ  
       ε 3-1  
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εCC_SS_Ox 250 nM ATP
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3-5 ε  

 TukeyKramer p < 0.05  
 

 
3-2-3 εCC_SS_Ox γ  

 
εεCC_SS_Ox γ
γ α3β3γ-Arot γ
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α3β3γ-Arot γ 80° 3-

6 γ 70 3-7A
B 3-2
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γ
80° γ

ε γ
 

A B ADP α3β3γ γ
80°  

C εWT γ 80°
 

D εCC_SS_Ox γ
80°  

 
3-2  

 
 
 
  

Activated Not activated
7 3
0 8
0 8

Stall angle
  80 (ADP-inhibition)
80 ( WT-inhibition)

80 ( CC_SS_Ox-inhibition)

Frequency of activation (%)
70 (n = 10)
0 (n = 8)
0 (n = 8)
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3-3  
 

3-3-1 T. elongatus ε  
 

3 εWT εCC_SS_Ox α3β3γ-Arot
ATP T. 
elongatus ATP ε CTD

ATP ε
NTD γ ATP

 
ATP ε

ATP CTD
ATP ε

Nowak, K. et al (2002) Nowak
ε CTD α3β3γ ATP
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α3β3γ 2-1 ε
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ATP ε ε
CTD ATP
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ATP γ

2-6 2-7 γ

γ
β DELSEED

Murakami, S. et al (2018) Hahn, A. et al 
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(2018) γ
α3β3γ ATP

Murakami, S. et al (2018) DELSEED 3
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ATP
Murakami, S. et al (2018) 2-7 ATP
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Akiyama, K. et al (2019)  
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3-4  
 

γ

 
 

3-4-1 α3β3γ α3β3γ-Arot  
 
α3β3γ Ni

2 2 2-4 2-4-1 Ni
100 kDa cut-off Amicon Ultra-15

Millipore Buffer I Superdex 200 Increase
GE Healthcare

280 nm
100 kDa cut-off Amicon Ultra-4 Millipore

BSA Thermofisher Scientific
α3β3γ-Arot Biotin-PEAC5-maleimide Dojindo

1 10 20℃ 3
Buffer H NAP-5

GE Healthcare Buffer H
100 kDa cut-off Amicon Ultra-4 Millipore
 10%(v/v) -80℃

BSA Thermofisher Scientific
 

 
3-3 Buffer  

 
 

Buffer I
20 mM KPi (pH 7.0)
100 mM KCl
0.1 mM MgCl2
0.1 mM ATP
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3-4-2 Ni-NTA  
 

Ni-NTA
α β N

His Ni-NTA
 

100
Millipore 20 16

120℃ 1
120 mL 240 μL 3-

mercaptopropyl trimethoxysilane
3 100 Buffer J

3
Buffer K 16 100 mM NiSO4

4℃  
 

3-4 Buffer  

 
 

3-4-3  
 

Sera-Mag Magnetic Streptavidin-Coated Particles GE 
Healthcare

ADP

 
30 μL 1 mL Buffer L

20400×g 3 min 4℃ 1 mL Buffer 
L 1 mL Buffer L

20400×g 3 min 4℃ 3
100 μL Buffer L  

Buffer J
20 mM KPi (pH7.0)
50 mM DTT

Buffer K
200 mM KPi (pH 7.0)
2 mg/mL Maleimido-C3-NTA
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15
Buffer L 10  

 
3-5 Buffer  

 
3-4-4  

 
4

 
 

3-4-5 α3β3γ-Arot  
 

24×36 18×18

3-8 Ni-NTA
α3β3γ-Arot 200 nM

Buffer M 15 μL 2
50 μL Buffer M α3β3γ-Arot

15 μL 15

50 μL Buffer H
50 μL Assay Buffer 2 3-

9 IX71 Olympus 100
30 

fps TRAnCE Viewer  

Buffer L
50 mM HEPES-KOH (pH8.0)
50 mM KCl
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Buffer Buffer γ  
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   α3β3γ-Arot
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3-6 Buffer  

  
3-4-6 ε  

 
εWT εN εCC_SS_Ox α3β3γ-Arot

250 nM ATP Assay Buffer 3
300 3 μM εWT εCC_SS_Ox Assay Buffer 3

300 250 nM ATP Assay Buffer 3
γ 3 0° εWT

εCC_SS_Ox γ 3-
10  
 

 
3-10  

  ATP ATP ATP
3 120°

BufferM
20 mM KPi (pH8.0)
100 mM KCl
0.5%(w/v) BSA

Assay Buffer 3

250 nM ATP

50 mM HEPES-KOH (pH8.0)
100 mM KCl
2 mM PEP
100 μg/mL PK
500 μM MgCl2
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80° 5

εWT εCC_SS_Ox

30 εWT εCC_SS_Ox α3β3γ-Arot γ
80° 5

 
 

  



58 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

4  

ε  

C  

 
 
 
 
  



59 
 

4-1  
 

 
ATP ε γ

ATP ε γ
 

 
  



60 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

T. elongatus BP-1 εN  

 
  



61 
 

5-1  
 

T. elongatus ε

Synechocystis ε
ATP  

  



62 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

6  

 

 
 
 
  



63 
 

6-1  
 

ATP
ε γ

 
  



64 
 

 
 
Akanuma, G. et al (2019) C-terminal regulatory domain of the ε subunit of 

FoF1 ATP synthase enhances the ATP-dependent H+ pumping that is involved in the 
maintenance of cellular membrane potential in Bacillus subtilis  Microbiologyopen. 
e815  

Akiyama, K. et al (2019) The β-hairpin region of the cyanobacterial F1-
ATPase γ-subunit plays a regulatory role in the enzyme activity Biochem. J. 476 
1771-1780 

Blankenship, R., E. and Hartman, H.  (1998) The origin and evolution of 
oxygenic photosynthesis. Trends in biochemical sciences 23 94-97 
 Broser M. et al (2010) Crystal structure of monomeric photosystem II from 
Thermosynechococcus elongatus at 3.6-Å resolution J. Biol. Chem. 285 26255-26262 
 Cabezón, E. et al (2000) Dimerization of bovine F1-ATPase by binding the 
inhibitor protein, IF1 J. Biol. Chem. 275 28353-28355 
 Campbell, D. and Oquist, G. (1996) Predicting Light Acclimation in 
Cyanobacteria from Nonphotochemical Quenching of Photosystem II Fluorescence, 
Which Reflects State Transitions in These Organisms. Plant Physiol. 111 1357-1366 

Checchetto, V. et al (2012) Thylakoid potassium channel is required for 
efficient photosynthesis in cyanobacteria Proc. Natl Acad. Sci. USA 109 11043-11048 

Cingolani, G. and Duncan, T. M. (2011) Structure of the ATP synthase 
catalytic complex (F1) from Escherichia coli in an autoinhibited conformation. Nat. 
Struct. Mol. Biol. 18 701–707 
 Cipriano, D. J. and Dunn, S. D. (2006) The role of the ε subunit in the 
Escherichia coli ATP synthase: The C-terminal domain is required for efficient 
energy coupling J. Biol. Chem. 281 501-507 
 Depaoli, M. R. et al (2018) Real-Time Imaging of Mitochondrial ATP 
Dynamics Reveals the Metabolic Setting of Single Cells Cell Rep. 25 501-512.e3 

Dunham, K. R. and Selman, B. R. (1981) Regulation of spinach chloroplast 
coupling factor 1 ATPase activity. J. Biol. Chem. 256 212-218 
 Evron, Y. and McCarty, R. E. (2000) Simultaneous measurement of ΔpH and 
electron transport in chloroplast thylakoids by 9-aminoacridine fluorescence Plant 
Physiol. 124 407-414 

Ferguson, S. A.et al (2016) Regulation of the thermoalkaliphilic F1-ATPase 
from Caldalkalibacillus thermarum  Proc. Natl. Acad. Sci. U.S.A. 113 10860–
10865 



65 
 

Fristedt, R. et al (2015) The Thylakoid Membrane Protein CGL160 Supports 
CF1CFo ATP Synthase Accumulation in Arabidopsis thaliana  PLoS One 10(4): 
e0121658 

Green B. R. (2019) What Happened to the Phycobilisome? Biomolecules 9 
748 

Guo, H. et al (2019) Structure of a bacterial ATP synthase eLife 8 e43128 
Hahn, A. et al (2018) Structure, mechanism, and regulation of the chloroplast 

ATP synthase Science 360 eaat4318 
Hara, K. Y. et al (2001) The Role of the DELSEED Motif of F1-ATPase: 

Propagation of the inhibitory effect of the ε subunit J. Biol. Chem. 276 23969-23973 
 Hebbelmann, I. et al (2012) Multiple strategies to prevent oxidative stress in 
Arabidopsis plants lacking the malate valve enzyme NADP-malate dehydrogenase J. 
Exp. Bot. 63 1445–1459 

Strotmann, H. and Bickel-Sandkoetter, S. (1977) Energy-dependent 
exchange of adenine nucleotides on chloroplast coupling factor (CF1) Biochim. 
Biophys. Acta – Bioenergetics 32 803-809  

Hirono-Hara, Y. et al (2005) Activation of pausing F1 motor by external 
force. Proc. Natl. Acad. Sci. U.S.A. 102 4288–4293 

Hisabori, T. et al (2013) The chloroplast ATP synthase features the 
characteristic redox regulation machinery. Antioxid. Redox Signal. 19 1846-1854 
 Iino, R. et al (2005) Real-time monitoring of conformational dynamics of the 
εSubunit in F1-ATPase J. Biol. Chem. 48 40130-40134 

Iino, R. et al (2009) Mechanism of inhibition by C-terminal α-helices of the ε 
subunit of Escherichia coli FOF1-ATP synthase. J. Biol. Chem. 284 17457–17464 

Imashimizu, M. et al (2011) Regulation of F0F1-ATPase from Synechocystis 
sp. PCC 6803 by γ and ε subunits is significant for light/dark adaptation J. Biol. 
Chem. 286 26595–26602 

Itoh S., Iwaki M., Ikegami I. (2001) Modification of photosystem I reaction 
center by the extraction and exchange of chlorophylls and quinones Biochim. 
Biophys. Acta – Bioenergetics 1507 115-138 

Iwai, M. et al (2004) Improved Genetic Transformation of the Thermophilic 
Cyanobacterium, Thermosynechococcus elongatus BP-1 Plant Cell Phys. 45 171-175 

Jault, J. M. et al (1996) The α3β3γ subcomplex of the F1-ATPase from the 
thermophilic Bacillus PS3 with the βT165S substitution does not entrap inhibitory 
MgADP in a catalytic site during turnover J. Biol. Chem. 271 28818-28824 



66 
 

Johnson, E. A. and McCarty, R. E. (2002) The carboxyl terminus of the 
epsilon subunit of the chloroplast ATP synthase is exposed during illumination. 
Biochemistry 41  2446–2451 

Johnson, E. A. and McCarty, R. E. (2002) The carboxyl terminus of the 
epsilon subunit of the chloroplast ATP synthase is exposed during illumination. 
Biochemistry 41 2446–2451 

Junesch, U. and Gräber, P. (1987) Influence of the redox state and the 
activation of the chloroplast ATP synthase on proton-transport-coupled ATP 
synthesis/hydrolysis Biochim. Biophys. Acta – Bioenergetics 893 275-288 

Junge, W. and Nelson, N. (2015) ATP synthase Annu. Rev. Biochem. 84 631–
57 

Kato, Y. et al (1997)  Thermophilic F1-ATPase Is Activated without 
Dissociation of an Endogenous Inhibitor, ε Subunit J. Biol. Chem. 272 24906-24912 

Kato-Yamada, Y. (2005) Isolated ε subunit of Bacillus subtilis F1-ATPase 
binds ATP FEBS lett.. 30 6875-6878  

Keis, S. et al (2006) Inhibition of ATP hydrolysis by thermoalkaliphilic 
F1FO-ATP synthase is controlled by the C terminus of the ε subunit J. Bacteriol. 188 
3796–3804 
 Kelly, S. et al (2005) How to study proteins by circular dichroism. Biochim. 
Biophys. Acta 1751 119–139 

Kim, Y. et al (2011) Redox regulation of rotation of the cyanobacterial F1-
ATPase containing thiol regulation switch J. Biol. Chem. 286 9071-9078 
 Komatsu-takaki, M. et al (1996) Energizing effects of illumination on the 
reactivities of lysine residues of the γ subunit of chloroplast ATP synthase Eur. J. 
Biochem. 236 470-475 
 Konno, H. et al (2006) The regulator of the F1 motor: inhibition of rotation of 
cyanobacterial F1-ATPase by the ε subunit EMBO J. 25 4596–4604 

Konno, H. et al (2011) Characterization of the relationship between ADP- 
and ε-induced inhibition in cyanobacterial F1-ATPase J. Biol. Chem. 286 13423–
13429 

Konno, H. et al (2012) Thiol modulation of the chloroplast ATP synthase is 
dependent on the energiztion of thylakoid membranes Plant Cell Phys. 53 626-634  

Kramer D. M. et al (1999) How acidic is the lumen? Photosyn. Res. 60 151-
163 



67 
 

Kunz, H.-H. et al (2014) Plastidial transporters KEA1, -2, and -3 are 
essential for chloroplast osmoregulation, integrity, and pH regulation in Arabidopsis 
Proc. Natl Acad. Sci. USA 111 7480-7485 

Kurisu, G. et al (2003) Structure of the cytochrome b6f complex of oxygenic 
photosynthesis: tuning the cavity. Science 302 1009-1014 

Laget, P. P. and Smith, J. B. (1979) Inhibitory properties of endogenous 
subunit ε in the Escherichia coli F1 ATPase Arch. Biochem. Biophys. 197 83-89 

Laughlin, T. G. et al (2019) Structure of the complex I-like molecule NDH of 
oxygenic photosynthesis Nature 566 411-414 

Lea-Smith, D. J. et al (2016) Photosynthetic, respiratory and extracellular 
electron transport pathways in cyanobacteria Biochim. Biophys. Acta – Bioenergetics 
1857 247-255 

Masaike, T. et al (2006) Probing conformations of the ε subunit of
FoF1-ATP synthase in catalysis. Biochem. Biophys. Res. Commun. 342 800–807 

Mukherjee, S., and Warshel, A. (2017) The FOF1 ATP synthase: from 
atomistic three-dimensional structure to the rotary-chemical function. Photosynth. 
Res. 134, 1–15 

Mullineaux, C. W. (2014) Co-existence of photosynthetic and respiratory 
activities in cyanobacterial thylakoid membranes Biochim. Biophys. Acta 1837 503-
511 

Murakami, S. et al (2018) Structure of the γ–ε complex of cyanobacterial F1-
ATPase reveals a suppression mechanism of the γ subunit on ATP hydrolysis in 
phototrophs Biochem. J. 85 2253-2266 
 Murray, H. D. et al (2003) Control of rRNA Expression by Small Molecules Is 
Dynamic and Nonredundant Mol. Cell. 12 125-134 

Nelson, N. and Ben-Shem, A. (2004) The complex architecture of oxygenic 
photosynthesis Nature Rev. Mol. Cell Biol. 5 971-982 

Nichols, N. N. and Harwood, C. S. (1997) PcaK , a high-affinity permease 
for the aromatic compounds 4-hydroxybenzoate and protocatechuate from 
Pseudomonas putida, PcaK , a High-Affinity Permease for the Aromatic Compounds 
4-Hydroxybenzoate and Protocatechuate from Pseudomonas putida  J. Bacteriol. 
179 5056-5061 

Nowak, K. F. et al (2002) The C-terminal domain ofthe ε subunit of the 
chloroplast ATPsynthase is not required for ATP synthesis. Biochemistry 41, 15130–
15134 



68 
 

Schulenberg, B. and Capaldi, R. A. (1999) The ε Subunit of the F1F0 
Complex of Escherichia coli  J. Biol. Chem. 274 28351–28355 

Schwarz, O. et al (1997) Kinetics and thioredoxin specificity of thiol 
modulation of the chloroplast H+-ATPase J. Biol. Chem. 272 16924-16927 

Shirakihara, Y. et al (2015) Structure of a thermophilic F1-ATPase inhibited 
by an ε-subunit: deeper insight into the ε-inhibition mechanism. FEBS J. 282 2895–
2913 

Sobti, M. et al (2019) Cryo-EM reveals distinct conformations of E. coli ATP 
synthase on exposure to ATP eLife 8 e43864 

Soga, N. et al (2017) Perfect chemomechanical coupling of FoF1-ATP 
synthase Proc. Natl Acad. Sci. USA 114 4960-4965 
 Stanier, R. Y. et al (1971) Purification and properties of unicellular blue-green 
algae (order Chroococcales). Bacteriol Rev. 35 171-205 

Stoebe B., and Kowallik K. V. (1999) Gene-cluster analysis in chloroplast 
genomics Trends Genet. 15 344-347 
 Sugiyama, K. and Hisabori, T. (2003) Conformational change of the 
chloroplast ATP synthase on the enzyme activation process detected by the trypsin 
sensitivity of the γ subunit Biochem Biophys Res Commun. 301 311-316 
 Sunamura, E. et al (2010) Physiological impact of intrinsic ADP inhibition of 
cyanobacterial FoF1 conferred by the inherent sequence inserted into the γ subunit 
Plant Cell Phys. 51 855-865 

Sunamura, E. et al (2012) A conformational change of the γ subunit 
indirectly regulates the activity of cyanobacterial F1-ATPase J. Biol. Chem. 287 
38695-38704 

Suzuki, T. et al (2003) FoF1-ATPase/synthase is geared to the synthesis mode 
by conformational rearrangement of ε subunit in response to proton motive force and 
ADP/ATP balance. J. Biol. Chem. 278, 46840–46846 

Suzuki, T. et al (2007) The product of uncI gene in F1Fo-ATP synthase 
operon plays a chaperone-like role to assist c-ring assembly Proc. Natl Acad. Sci. 
USA 104 20776-20871 
 Takano, S. et al (2015) The initiation of nocturnal dormancy in Synechococcus 
as an active process BMC Biol. 13:36  
 Taniguchi, N. et al (2011) The regulatory C-terminal domain of subunit ε of 
FoF1 ATP synthase is dispensable for growth and survival of Escherichia coli  J. 
Bacteriol. 193 2046-2052 



69 
 

 Uhlin, U. et al (1997) Crystal structure of the ε subunit of the proton-
translocating ATP synthase from Escherichia coli  Structure 5 1219-1230  

V ASILYEVA, E. A. et al (1982) Kinetic mechanism of mitochondrial 
adenosine triphosphatase. ADP-specific inhibition as revealed by the steady-state 
kinetics. Biochem. J. 202 9-14  

Viola, S. et al (2019) Probing the electric field across thylakoid membranes 
in cyanobacteria Proc. Natl Acad. Sci. USA 116 21900–21906 
 Voon, C. P. et al (2018) ATP compartmentation in plastids and cytosol of 
Arabidopsis thaliana revealed by fluorescent protein sensing Proc. Natl Acad. Sci. 
USA 115 E10778-E10787 
 Yagi, H. et al (2007) Structures of the thermophilic F1-ATPase ε subunit 
suggesting ATP-regulated arm motion of its C-terminal domain in F1 Proc. Natl Acad. 
Sci. USA 104 11233-11238 

Yagi, H. et al (2010) Structural and functional analysis of the intrinsic 
inhibitor subunit FoF1-ATPase from photosynthetic organisms Biochem. J. 425 85–94 
 Yaginuma, H. et al (2014) Diversity in ATP concentrations in a single bacterial 
cell population revealed by quantitative single-cell imaging Sci. Rep. 4 6522 

Yoshida, M. et al (2001) ATP synthase - A marvellous rotary engine of the 
cell Nat. Rev. Mol. Cell Biol. 2 669–677 

Yoshida, K. et al (2014) Distinct redox behaviors of chloroplast thiol 
enzymes and their relationships with photosynthetic electron transport in Arabidopsis 
thaliana Plant Cell Phys. 55 1415-1425  

 
 
 
 
 



70 
 

 
2 3  

Inabe, K., Kondo, K., Yoshida, K., Wakabayashi, K., Hisabori, T. (2019) The N-terminal 
region of the ε subunit from cyanobacterial ATP synthase alone can inhibit ATPase 
activity, Journal of Biological Chemsistry, 294(26), 10094–10103 
 

4 5  
Inabe, K., Kondo, K., Yoshida, K., Wakabayashi, K., Suzuki, T., Hisabori, T. In 
preparetion   



71 
 

 
 

4 ATPase Work Shop 5
 

 

ATP

 

 

 

 

 
 

2020 3  
 

 
  


