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B oMk R LR 2 R KR LA A HEP 0BG AR B AEAM, BT RARL KALIL WiEEbofLe
IR, ATPA-BRE T X 5452 41, NDH(P)HA S55(NDH) oA F IR IR G T4 1, S6iR4p Hdh S % BAY MG TRIL S0 T
58 AT, 154 3 RO A b KB T B0, B KBRS B AE G AR, AT, xF FNDH# A, 4
E A WA T AR S 4T, fxt FNDHAE o1 6 AU AR 5 A 4 TR, B sk, T AENDH 694 i AL

3t TR T HREAAAER BN, B F2eyF L. AEEAERAAY I % Fo ) S-NDHUL JHF 7 R AATNEE, &
LENDHAE WA B 55 6B P AE R, TFAT 46 69 AT T 2.
X §217): NAD(P)HML 8B SA1K; B3R % T4k ik, RAER; oH 4k, B

SOV ETEIEE . SRS S
1R R B ALE N 22 RGO RGTRE &R
SIS 5 THITH. RGOSR
680M LUK P2 AR AT 7 B fE, Mo T K TR R
¥, SEUKG F RS A M. KRB
TR HL T R PR p — R 51 F I Ak )k
AL, A FNADP L JE JNADPH, 5 it [6
I, 25 b g [ 3R AT HL AR 38, (AR SR AR A
AbFE AR R TR ZE R AL 22, BRENATPA &5 A
ATP, I3t 72 1) A5 3 D ARG 28 Hi A% i (R 45
PR T4 0), FTRRIE I B R 10 1 R R AR 778 A B iR
b F54b, 6 RGELE SN 1) FE Ik T LA A G &R
G0 1A H T AR AT AR 8, B R BRAR F T A%
i, XML AL AR AR R N S8 0 R G E A
HL T AR 36 . B 9800 2R GETIO AR BE H 1 4% 3 t 10 ¢
ATPHIIE K, (B2, %A NADPHE# H Ath it J5 4 )i
A R o (G fL A5 38 77 42 ATP (1) it FE 4 FR N 1
W BRI . e N INADPHAIATPH
I 52 8 (O Bk [E1 40 BRI COL [ 58« 515 SR AH L,
I R BE R 2 AR S, RS B R R R
[ EAFHIRE A E SRS, 2 5% EHT
ik KA R AL B A R AR RS LR
G, MM Rb6E AR ATPE XY RE A
N A E RN R S S R IE BN 1 DR = RE LN
A FENDH(P)H i S EFNAD(P)H dehydrogenase, NDH]
HAER. WF7RE M, NDHA S G B 7456 (Mi
41992, 1994, 1995; Shikanai%1998), AEfriPHE Y

T 52 % M B IR BE 2% A SR G H 1) (Endo 55
1999; Mi%$2001; Wang®$2006), 7E4E K¢ 216 &
YEF A% T EEHI/EF (MunekageZ52002), i A
BABEAREASGAR. A BRI
40 W 5 AN DL B FF NDHAE Y6 A F F A (4 F AL
FHSCHF St R AT A 44, XINDHZ 56 & 1EH 1)
Al REVE ML AT S F R 2
1 MHERANDHE & 4 E55ENDH-18 & 42 Rk
545 H%HE

= 4E BT, Ohyama%%(1986)F1ShinozakiZ%
(1986) Xt J0H B R1 & 4 P b Joid A 4 ik R 2L k47 I 7
R, AR AFAE G B A RLAR 5 KT (complex T)
WM A ndhFPEEER . J5k, @ EDE R
. BB A B AGEAE SE 2 MTFB, E M SR K
ORI T 1T 2wt i ndh 3L R, R, s S A
Yyt S ANDH % /b (28 NNDH WV S 4 il . 38 i o)
TH- S5 A R 5 388 1 326 DR A EL X, 70 85 v R R IS A
1 [F1E HIndh 3 R, BlndhA~ndhO, I T KN
1) [7 5 2 1 (Friedrich fllScheide 2000). K J#AT#
NDH-1 5 &2 5 G /N R, HNuoA
FINuoN 144N FFE2H flg, 1X A fe /S A 20 AT DAk AT
T 3 A () i B 4 Ak SN (Friedrich AT Weiss 1997).
W LA KA WS SRR INDHZH R,

ks 2016-09-23  f&E  2016-09-30
BE EE E AR (31470338) M1 E 58 & 5 LR AT 5T K it
RI(“97374 )35 H (2015CB150104).
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Frl LLE H, NdhA~K2 J5U% A ELA% A= INDH )
SRR (B . SR, TE M- SRR 5 b AR A $0 21
1E K AT B Hh 2 5 NADHE AL 1134 T K2 NuoE .

NuoFMINuoGHI[RIVE&E H . H T X3RS H
NADHZE &7 . S FEFMN DL M Bk mi %, S84k
JENDH /& 75 fit B3 A AL NADHENADPHIE A £F
TS, HAETAA, HERARNDH ) fL T2 24
B4 A (ferredoxin, Fd), AN Z&NAD(P)H (Shikanai
2016), iXZHHECRR31 (NdhS) W % [ Cofit B A 24
SH3 (Src homology)4ti #438, FLATFAII S A 47 55,
AR A SIS B A SR R Fd R 34 5 JoR I S s iy 45
S HEM ) (Yamamoto252011). % ¥ FINdhS I C i
SR RSN, U INdhS & 2 IRNDH HL T 205011
J§%7r (Battchikova®52012). FAT5 56 % {3 Hl 2 1
B ILPR(SPRYM 5 i, IERH T R I BEFdRE S
NdhS B AE(He%2015), K, RIT H—A11
TINDHWE M W 3 —NdhV. $UE I Ndh V53

5 B4 G SFNDH [ A A2 FE M 1) R B (Fan s
2015), W EENAh VR T BUER M 80 15 il U (Gao
££2016), 1R AE =t N NDHYEPE 115 Zhfig(Chen
%2016).

- AANDHE & R AH L, B A% A2 W) 06 e 1)
NDH- 15 & 7R {20 1% 55 25 # AR ot g o, (HE (%
Mo WEENDH-1H —=F AR JE: NDH-1L.
NDH-1MSHINDH-1MS', 43512 50 . Bl 48t
RGIE I BT 45 356 A1 CO, M i (Ogawa FIMi
2007). P A AE ) ZRARNDHE A 44 (1) 5 4R G i 11
FERNTE B 2 55 WP IR R A H -4 366 [ NDH- 1 L2H i
m AL, EE AT RE AR R, BT gk
NDH. ¥ #NDH-1L5 41 ()NDH-1 54 AU,
HEMEATER EL-FZE ().

NdhA~NdhG & A7 T~ B 43 () JE, 13X 74N 1
FETEFAZANTE W B S ANDH b LR 5F,
XUCTF I A ThRE R 4ERENDHE SRR, DARHr

s\ NDH-1L

PnsL3 PnsL1245

H4R{ANDHE &1k

NDH-1M

Fi% NDH-1 5 £ 46 \

NDH-1MS'

P12 ARANDH AN #ENDH- 15 45 (A5 1Y [
Fig.1 Schematic models of chloroplast NDH and cyanobacterial NDH-1 complexes
-2 ANDH A & 78 (/2 ) Hi 4k Shikanai (2016) IR 2 Wi 607 NIE TG 1RA, B EES NIE S S4B, i i A 74 &
G, AR R Gk, e AR RIS W Gk . 15 EENDH- 18 SR (AR He AIMi (2016) RSB 22261 . 15 (435553 9
SRAE A, LU R IR G, SV T BRSO, RO NCO, WL IZ T . NDH-1LS 50 AIEH fL 744
#, NDH-1MS AIKCO, 1% 2 ALCO, W Wi 2 & 1, NDH-1IMS N A R CO, WL Z & 14
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Hm . W5 EENJhBIP Bk R 22 1& INDH- 155 544 BL
fift, fNDH- 132 235 1 (Zhang%52004) . H2:NdhB
PIFUEE I+ AR A, BEANDHE A4 LT 58 &= i 5
(Hashimoto%5:2003)

SR ANDHE GRS A H 2 A, 4t
PAEG T H I 2R B S ARB SN IE 3 (PnsB 1~
BS5), X #7r 5 HEL FINDHZ 1R 57 1, WE S5 1ABH
1EF & 4E BN EYINDH E AR ) 52 2 14 (Ueda
£62012), PnsB3 (4 F% YNDF4) HAT Pt i%, {HAL
FAZ 5 WBREGE B (FA) BIPQIT HL 1L i,
R W v R A FH IR 7 25 (Shikanai 2016). 1
NdhPHINhQ & M 73 25 i1 HE F40i FENDH- 1 L4 5
2| (NowaczykZ52011), ‘EAM10I1E H 2% € NDH-
1LE A1 (Schwarz45:2013; Wulfhorst%:2014; Zhang
%£2014; Zhao%$2014). FIFTHAL TR E A
AL S W F(PosLI~LS) MK E H, X E5
IR G HVER A R SF M, H1AEFR ENDH (Ifukus
2011). H—REACHRETEHOLRRIEE &4
(1) H, tnPnsL1&—MPsbPSIE 1) i 51 (PPL2), 1)
PnsL2A1PnsL3 & PsbQ 4Ll &% H (Ishihara%$2007;
Suorsa%5:2010; YabutaZ52010). HEARIRYE 5 A 74
PnsL3# 73 KN E A RL, (Hi%E QX RAEEK
NDHM A2 E 5230 R 0, B8 T I & 1ABR 4
(Suorsa%52010; Yabuta®$2010). PnsL4 (FKB16-2)
HMIPnsL5 (CYP20-2)J& T35 — 28l i, f2 Ik 2
L J2 57 ) B (peptidyl-prolyl cis-trans isomerase)
(PengZ52009; Sirpi6%5£2009), PnsL4. L5 gt
JO 25 i 2 B s R 2 5 S A 4 & . NdhT
(CRRJ)FINdhU (CRRL)H] fg & LA S5 — RAR 1) TE
AFAE, SENAhSHIL &R AR R T 75 1 (Ya-
mamoto®5$2011). M2 FNDHIL & &AL 508 &
Sl AE T 2 A4, PnsL1AIPnsL3@ L 5
Lhca5H1Lhca645 4, 22 NDH-J R Sl K E 514
(PengZ£2009),

SRR 2 AT H, NdhL~Of& it &
LW BT R A 1 L (Prommeanate52004; Battchi-
kova%£2005; RumeauZ$2005; Shimizu%52008).
NdhLZ: 5 i CO,IR YA Ui aE(Ogawa 1991), 755
FEEY) 2 @ NDHE & A 4RA (Shimizug52008).
NdhL~ O%‘KT%IE”‘]‘Q%VFIEEAMKAEPEEﬁﬂfﬁ
(PengZ£2009; Rumeau 2005). JEid D #EHE A A5

Hr, % 58 B4 J 5 7% INdhNAHINdhO (Prommeenate
£2004 Battchikova%$2005). FH #H 7 2 H0E 0
Shrid 1% E FNDHE B 1) 28 F 7K 5 Bl 77,
KINNAhL~NdhO & % 7£ — 2 1 (Birungi%2010).
ST, FRAN T I AT 5T A R AN [ 1) SR A AR AN 43y
ANF 3 2 [0 AR, R BINdhMA T 1 % {NDH- 1
SEIKE %0, X NDH- 155 7K R 1 20 256 F0 i M ke
EOREEMIAE F(HeZ52016) . 1 #NdhN 5210 3]
NDH- 157K 0 1) 25 28 i 1 (He AIM 2016), £
2 R, NdhO 48 %PNDH- 1 #1314 B sk A K, 5
FETCHURR 32 BR B 26 A0 R, 72 RPIR AU b k4 22
I4E F (He flTMi 2016) .

Wi EENDH-1) LM R 5146 & A NDH-1M, R |
Z: 5PN 56 R GEIS H 1 1%36 NDH-1L LA
bk, A 2 5CO, Mk INDH-1MSHINDH-1MS' &
G (El1). NDH-1Ls & HHNDH-1M5NdhD1 5§
D2. NdhF14H %), mINDH-1MSHNDH-1MA1
NDH-1S (£ NdhD3. NdhF3. CupA. CupS)#J
%, NDH-1MS' | HNDH-1MFINDH-1S’ (.2
NdhD4. NdhF4. CupB)th. HRLT 7 Rl
Mﬁ%ﬂc)ﬁ;’é%ﬁkﬂﬁfﬂ“ KINDH-1MS £ U

ZE M) (ArteniZ52006), HICHEHE HCupAsd & TUE

B ()5 3 (Folea%$2008) . NDH-1MSXICO,H A &
M, HZ(LCO,%E S . MNDH-IMS' 22 54
RSB CO M I 52 A, H oG B BE Rl Cup B Cup A
[F] 75 (Shibata%$2001). FATHEFT K I, CupBHE FHAK
J T NdhD4E fr TR RAA R b, IF Hasid 7y B4l
fk, %5 11450 kDaffJNDH-1MS' & 4 1 (XuZk
2008).
2 NDHE &8 EIRINEE

NDHE & IR H A K E AN S
(Mi%5:1992, 1994, 1995)Fl1 = S5 AH 4 [ 2 R GE 11T
A L 7% 18 (Shikanai % 1998), 7E 175 Y64 1FE H
R EEER .. B2 3T EHE ERFIER
TAE, XINDHAEFE D) Redb AT B A gh A 4
2.1 AN EHREILANFTATP

W5 2 BT A RE A 3 B 7K AR SR A AR B 11
B, R T A1 REACOMRAENLH, feisizmt
B[R A B B R ubiscoyd 4 35 A7 F FEl 11 — S A Bk
WEE e/l F & FRubiscoX CO, KSR 77, AT
A R [F 4k CO, (Price%:1998; KaplanflReinhold
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BRI, COR% A INADPH/ATP EL 45|

t ]
ATP
1

ApH e NDHi&#2 — |wemd Ji5+ENADPH
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\ 4
bl Sk ¥ RN W

K2 NDHA 3 H S8 R G HL T 1812 (NDHI&AE) )
A IRE
Fig.2 Physiological functions of NDH-mediated cyclic
electron flow around photosystem I

NDHEFENADPH. £ i NDH /) HL 44 38 A8 ARG 34Ol &
WAk, reEANATP, TR0t E1EH, AN E R 1yNADPH/
ATPLEA; R, ARINDH Y % 38 7 A 1P X 4 JIE I -1 VR 2
72, Z 5 A AT T I FEROL 2 1E5h, NDHg /2 E {LNADPH,
B L6 R G IR, D i DGR SR IR TR AR,
25 7Y RY .

1999), i 1 COL MK 4 AL F1 TC LB 12 % 1 /2 FE
FHATP Rk F2 . 58 42 3% S NDH I 14 1) 4 i i
PCC6803 [HndhBiift kALK (Ogawa 1990). NdhH.
J. N, Mk RAA(He252016; HeFIMi 2016)A
REAS 7E 25 S COL MR BE 735 . &R /> NDHIE
PR B RAFARAE 23 S,CO, 7 P Y A2 R A K 5248 (He Al
Mi 2016), HR#ENDH-BHk 2k AR 2k T NDHA
TR B Seot RG LG 7 AL B (Mi%E 1992,
1995), Ogawa (1991, 1992)#& 1! 7 NDH/ S 7E A
HAL A 3 O I 8 AR BRIR R L A TE M LRRZ
RAEATP.  KlughammerZ%(1999) %] FH 5K BR ¥ (Syn-
echococus PCC7002)/jndhD3. ndhF355 525 AR
T AR IR TR AL R R I, 8% 1 3 e 5 AR A B
ANREME T ORI AR, ANRE S S
e AR TR FE AR 132 5, WA ndhD3 MindhF3 4
15 AN D HARR 2 0 25 2 55 s 2 A0 1 — S A e 1) IR
it Ohkawa%§(1998)id i it 7t 5 — S AL BRIk 46 1
HH K B SRR A oMU 1 Wi S5 2% A
HigbR, £ HHNDHZ 5 i8R ML SRS T mop frE
T BIZ 5T -

JeAb 2 N P A ATPATNADPHAE A [H] 4L
JIFHFCO, Rk, WRIEFRT5, SR T
CO,JT 7 E I ATP/NADPH I LU A 1.5, 4R, 7E
CAEYIH, BT ERFIR A7 1E, i I ATP/NADPH
R IG N E1.66, 9GP ER (L E =425 T

NADPH¥ [F]0f i 2 K 87~ 2E24> T ATP, A GEiH
A RFEM I TR R . SR T R RA
] 1R & Tl O B B BB B IR BRI, 21t AR
JIT P A [ 58 HAG) Y ATPFINADPHA: £ A R 2 b
WA Z N CO R SK, BT 153 i ik
I FENADPH, H 7= EATP, A DU GLAA1 K ATP,
DLW A2 G A R FAL X ATPII TSR o heefT— AR
WE1,6- R R g 5 AR 1, 7EIX 58 i H AT NDH A
SRR BT g, 3 — B Ui T CAEY LA
B FH AR I8 A FE -3 420 2 W6 2 ATP 5 SR 38 o 1%) 0% it
5 B (Livingston%5:2010). ZECCEAF Y A
HR MINDH % £ 1R 5 (Darie5$2006; Kubicki%¥
1996). TENADP-3E RELAFIC HYH, 4eE R
B2 7 B9 2 ATP, NDHE & /R 7E 3L h il B
% . MR, TENAD-3F R IR CAEYH, A2
HIFIATP T 3K 58 2, NDHE A 75 i PRI 4H A i &
R, XRPNDHE &R v RerEC LG 1EH
FeftRE R . IRATEB UM 7 mATP & &M /N AR
T JEAR 105, RI 1z R B A H = FINDH & &=
FPEFF B 7453805 P (He252013) . MR, FEARJGHE
ZAF T, 4B 7 CRR6GR 4% 11 NDHE 4 3 25 (1)
IR AR B R AR AR 51 A4 i B %
& (YamoriZ$2015),

Hibino %% (1996)# 18 ¥ 5 nd hK Flnd h Ik 5 1+
F AR IR N RIAE RN, R NDHA S 16 R4
P P g e . fEmIREE R BBLT,
ndhBif R IAZ AR I Z e A RE ), Rtk
YWNNDHA 5 (1) [l 58 R BRI IR fL TR 2 1A
TS B AR P38 BT 4 75 A (Tanaka%1997) . E4R,
NDHE W5 #83& b7 3 38 (LR AT 2, AR il
Vi B e PR A — A TR EATPH I A%, #ENINDH
AT B A B A% 328 R T S A I I P A 336 1T
SPAETE L (1 ATP LLIE N LU FERE 0
2.2 AT ENENEE

WA R v A M D A L Y ATP 5N ADPHF) 75 3K
eI U E A9 R & R SR B K B B AR B T
o eI R AR, T B LG (Y ATP/
NADPH (Hatch 1987). 4CO,iKkEAKH, 7 E 5
THFERE BRI AR CO,, MM HE R ATPH 7K &, JE76
L AR 35 T R ATP RINADPH [ EL 7 & — 52
1), A G, SR I E A G B A% 0 S5 PR
L AL 3 1 P R L, R4 45 1 775 ATPHINADPH
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(1 LA BN AT B o RATTIE AR R I, K FELE AR
VE I, B S R AR PR TR 1 5, Fsent
SRR, R AR A B RN T BE R B S
FJ B, 478 A H 7 368 R TG 1) % B i3 s 5 A )
Mo PRATTHE IR 2 I A s AT P 75 oK i 1
58 | NDHI&A2(Xus52014) . FATH] FH -S4k L
EAHE AN BEA®ATP S ER/NERIE S
RS KRB, HoEAME, &%k R HPNDHR K E A
FIATP & i (1 &3 L i (He %52013), A,
NDH/ 5 1 486 R SRR IR B 1A% 336 1) = 3
VE R R AERF RIS BRI AR E A . BR 58 e 2% 1
T, A R AT B R AL 1T R T ATPAINADPHY)
A

PAHER TG 5 B4 5 PCCO803 Y A Y
HndhB3E [H H 2k R A5 AMS S FINADPH % Y (15 43
9 I6) B 1WA E R, 7RI\ R 7R SCAE ER (140 1
I 2 FR(TAA) S, 7 2R R 6 3 NAD(P)HZ
I T 248, T RARRIEN A AR, FIRTAAH)
il 7 IR DU IR SO T . TAATE S HIE
SNADPHIIE ] AN 2 A= JR SCHE A BT FE 1)
NADPH. 1RB&E, B AE R gn b, RHIRIFT o Fn 4
FYEBT, IR SCHEFA I TG AR &1, 7T BABJ (ENADP
) 5e AR i 53— 5 TH, ENDHK I RA K,
NADP & 4b T 56 418 Ji )R A& (Mi552000) . (AU,
AT NTENDH & AR R 40 i, BTk
NDHA SR BERR AL, T EATPFR 4 /R SCHF IR
v o

WOR BETE AN 6 R 40 2 A 16 F 20 B (R &
) 32 R U N 6 R G B B AN T i 3k AT 1
W, R AE YDA S RO e 2 o 2 I OR e 1
IR B — FhALH o 72 W5 F, Schreiber®s
(1995)#x1E T NDHil i /1 5 [l 566 R G LTI
THL16 2 5K RRAEPIAN G 2R G 2 18] 1) B340 FE CIR
A5, NDHRIE I RASAERL R TR e 4111 1)
fe, WAUELERA 1T . NDHA SIEH 71535
AT B8 I 5 R ) S AR JROIRAS T 2 5 UK BE
(1) FF 73 lid(Ma%52007, 2008) .

HELA) 3 VR 9 708 B A% 366 B SR AR R R v
TR AR R RS, M2 AR T E
FAEUS FEIE R . PG H AR B ARG 2R s T
T S 2 LA T RER BX AN B . TEIEH A2
AR, RIREA 7 TG RS, =B R R IR

I LT O RSB, T 0 A E T A 8 A B AR/
FELLZAM . SR, 24CO,M AL PEARRT, Bhsit
BN ADPH A JE 1 8k 08 & A il 2 Hhf 2, fE 3R
HL ALl S (e k. (R, NDHA 510 1%
T TR AR B S RS SRR . 2ok S
)4 Jf S5 2 A% 3% R INE, S T NDH R IA
HAZ#E T NDHA T 195 24 AR I H 7 A% 36 (M %5
2001). TERIBEEMIZEAET, MR ndhBER K TEAL AR
4 K 2218 (Horvath252000) . F8A1T 51 &K 31, NDH
BARERK T, FiR T 0 SRR I £ 11 J5 A
A B AL (plastid terminal oxidase, PTOX) 3 1A &
(1 b R A 2 A, AT A O A R A e R A
TR JFR A, FEGE IR &S Rubiscoif (LB N i,
A FHOCHH|(Li552016).  [K L, NDHA S
RGUEIN HL A% B 7E A Tl 55 T 1 G 36 4k
PR 38 1%, DABRIE Y6 PR3 VR F A B08AT -
2.3 REIRRIRHEME R

e E R EGRE, (HT R R eSSl
e, HESEOE RGN O LR, i
L RRINES 1618 S 58 2 R eRem
PEEHL AL B, AT R4 18 4 %0 52 5 0% 5] /S
MR RIS . 58 RGEE IR AR il =
A= 5 S TR R O B SR TTEEAT T i 8 T e T bA
T 4] (HeberFllWalker 1992). Endo%5(1999)
(R 9 R I JH N D H 2% 36 98 A8 44 (nd h B ik 2k 978
POTEMIRIG T, 27748 2 5 e, R T
FOGI RS 5, A3 5 1 O R 33 T &
SR ] F S R A A, R 4R ANDH
RERSHLA 5L 5| 2 641 . Koferds (1998) & I
TE R ndhC-J-K A5\ 1~ (1 100 5 5 A8 Fof 1y - A o
LR T REMER, 5 SR rp IR R Ll 2
1968 SR P= Y AEH « BurrowsZ5(1998) k& 1,
FERMT 44T, NDHBR R RAAK IR0k 2
PEKBE IR . Horvath%5(2000) 0 WL 4% £ ndhB 5
TARIEARIE FAEKZEE . BRATRIUN EndhC-I-K
RAFFR 2 G ERR SRR M R AR
(WangZ2006). Ak, (K4 NaHSO, g i3 i 6 i
124 FNDHA T PG R HL 74538, M ] LLE
i BE A AEINDH 06 0 't & B R AL R 22 ' S8 AL
1, A& EEAE- (Wus2011, 2012),
3 FiL5RE

NDHS" G (1) 5856 R GG 34 il 1A% 3 1
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YA FIMAE T B SR o TR AF 1 iE 2%
PR, FE4EREA BB CA WIS I b R P B2 A
o R H AT NDHR AT 7B T 1R £ 3 B
J&, SR, NDHIEARX A B 80 3 B3l
P AT SRR 2 7 T T R R N
A7, 40, NDH )G PRI A H 74 v A 1T B
WA F NDH-1E AR 2 WA ABRR? BATTE
Gne i [F) & FE VR AR AE B G ? NDHWHA] 22 5 5 5
CAEYCORAENLH %% . HTNDHE &>, &
SIAFaE . TR EHE, N5 ER K, 24 NDHH
SERI AR BUARNT . B4 5 BRATTRT LARH 4
HRRRIAUR RS, SAFETERL A HH:MEI’JNDHH
1T RN BT, IR FENDH [ B 25 R 3 AL o
ENTEYSE. BEARAY. REdHY \ﬁﬁi
M SN A %#ﬂ%ﬁ% DA R A
Y. B 2RI B IE, M LLE
JRNDHE 24 1 P45, 13061 5] B 6 A 7E F %
FEREFEREMINLERA 5 BB IR

Sk

Arteni AA, Zhang P, Battchikova N, Ogawa T, Aro E-M, Boekema
EJ (2006). Structural characterization of NDH-1 complexes of
Thermosynechococcus elongatus by single particle electron mi-
croscopy. Biochim Biophys Acta, 1757 (11): 1469-1475

Battchikova N, Wei L, Du L, Bersanini L, Aro EM, Ma W (2012).
Identification of novel Ssl0352 protein (NdhS), essential for effi-
cient operation of cyclic electron transport around photosystem I,
in NADPH: plastoquinone oxidoreductase (NDH-1) complexes
of Synechocystis sp. PCC 6803. J Biol Chem, 286 (42): 36992—
37001

Battchikova N, Zhang PP, Rudd S, Ogawa T, Aro EM (2005). Identifi-
cation of NdhL and Ss11690 (NdhO) in NDH-1L, and NDH-1M
complexes of Synechocystis sp. PCC 6803. J Biol Chem, 280 (4):
2587-2595

Birungi M, Folea M, Battchikova N, Xu M, Mi HL, Ogawa T, Aro
EM, Boekema EJ (2010). Possibilities of subunit localization
with fluorescent protein tags and electron microscopy exampli-
fied by a cyanobacterial NDH-1 study. Biochim Biophys Acta,
1797 (8): 1681-1686

Burrows PA, Sazanov LA, Svab Z, Maliga P, Nixon PJ (1998). Iden-
tification of a functional respiratory complex in chloroplasts
through analysis of tobacco mutants containing disrupted plastid
ndh genes. EMBO J, 17 (4): 868-876

Chen X, He Z, Xu M, Peng L, Mi H (2016). NdhV subunit regulates
the activity of type-1 NAD(P)H dehydrogenase under high light
conditions in cyanobacterium Synechocystis sp. PCC 6803. Sci
Rep, 6: 28361

Darie CC, De Pascalis L, Mutschler B, Hachnel W (2006). Studies of

the Ndh complex and photosystem II from mesophyll and bundle
sheath chloroplasts of the C4-type plant Zea mays. J Plant Physi-
ol, 163 (8): 800-808

Endo T, Shikanai T, Takabayashi A, Asada K, Sato F (1999). The role
of chloroplastic NAD(P)H dehydrogenase in photoprotection.
FEBS Lett, 457 (1): 5-8

Fan X, Zhang J, Li W, Peng L (2015). The NdhV subunit is required
to stabilize the chloroplast NADH dehydrogenase-like complex
in Arabidopsis. Plant J, 82 (2): 221-231

Folea IM, Zhang P, Nowaczyk MM, Ogawa T, Aro EM, Boekema
EJ (2008). Single particle analysis of thylakoid proteins from
Thermosynechococcus elongatus and Synechocystis 6803: lo-
calization of the CupA subunit of NDH-1. FEBS Lett, 582 (2):
249-254

Friedrich T, Scheide D (2000). The respiratory complex I of bacte-
ria, archaea and eukarya and its module common with mem-
brane-bound multisubunit hydrogenases. FEBS Lett, 479 (1-2):
1-5

Friedrich T, Weiss H (1997). Modular evolution of the respiratory
NADH: ubiquinone oxidoreductase and the origin of its mod-
ules. J Theor Biol, 187 (4): 529-540

Gao F, Zhao J, Wang X, Qin S, Wei L, Ma W (2016). NdhV is a
subunit of NADPH dehydrogenase essential for cyclic electron
transport in Synechocystis sp. strain PCC 6803. Plant Physiol,
170 (2): 752-760

Hashimoto M, Endo T, Peltier G, Tasaka M, Shikanai T (2003). A
nucleus-encoded factor, CRR2, is essential for the expression of
chloroplast ndhB in Arabidopsis. Plant J, 36 (4): 541-549

Hatch MD (1987). C, photosynthesis: a unique blend of modified
bichemistry, anatomy and ultrastructure. Biochim Biophy Acta,
895 (2): 81-106

He Z-H, Li H-W, Shen Y, Li Z-S, Mi H (2013). Comparative analysis
of the chloroplast proteomes of a wheat (7riticum aestivum L.)
single seed descent line and its parents. J Plant Physiol, 170 (13):
1139-1147

He ZH, Mi HL (2016). Functional characterization of the subunits
N, H, J, and O of the NAD(P)H dehydrogenase complexes in
Synechocystis sp. strain PCC 6803. Plant Physiol, 171 (2): 1320—
1332

He Z, XuM, WuY, Li J, Fu P, Mi H (2016). NdhM is required for the
stability and the function of NAD(P)H dehydrogenase complex-
es involved in CO, uptake in Synechocystis sp. strain PCC 6803.
J Biol Chem, 291: 59025912

He Z, Zheng F, Wu Y, Li Q, Lv J, Fu P, Mi H (2015). NDH-I1L inter-
acts with ferredoxin via the subunit NdhS in Thermosynechococ-
cus elongatus. Photosynth Res, 126 (2-3): 341-349

Heber U, Walker D (1992). Concerning a dual function of coupled
cyclic electron-transport in leaves. Plant Physiol, 100 (4): 1621—
1626

Hibino T, Lee BH, Rai AK, Ishikawa H, Kojima H, Tawada M, Shi-
moyama H, Takabe T (1996). Salt enhances photosystem I con-
tent and cyclic electron flow via NAD(P)H dehydrogenase in the
halotolerant cyanobacterium Aphanothece halophytica. Aust J
Plant Physiol, 23 (3): 321-330

Horvath EM, Peter SO, Joet T, Rumeau D, Cournac L, Horvath GV,




KAEFS: KPR ENAD(P)H It 2l 2 & A 1206 & 18 T ROWFFE ke 1463

Kavanagh TA, Schafer C, Peltier G, Medgyesy P (2000). Tar-
geted inactivation of the plastid ndhB gene in tobacco results in
an enhanced sensitivity of photosynthesis to moderate stomatal
closure. Plant Physiol, 123 (4): 1337-1349

Ifuku K, Endo T, Shikanai T, Aro EM (2011). Structure of the chlo-
roplast NADH dehydrogenase-like complex: nomenclature for
nuclear-encoded subunits. Plant Cell Physiol, 52 (9): 1560-1568

Ishihara S, Takabayashi A, Ido K, Endo T, Ifuku K, Sato F (2007).
Distinct functions for the two PsbP-like proteins PPL1 and PPL2
in the chloroplast thylakoid lumen of Arabidopsis. Plant Physiol,
145: 668-679

Kaplan A, Reinhold L (1999). CO, concentrating mechanisms in pho-
tosynthetic microorganisms. Annu Rev Plant Physiol Plant Mol
Biol, 50: 539-570

Klughammer B, Sultemeyer D, Badger MR, Price GD (1999). The
involvement of NAD(P)H dehydrogenase subunits, NdhD3
and NdhF3, in high-affinity CO, uptake in Synechococcus sp.
PCC7002 gives evidence for multiple NDH-1 complexes with
specific roles in cyanobacteria. Mol Microb, 32 (6): 1305-1315

Kofer W, Koop HU, Wanner G, Steinmuller K (1998). Mutagenesis
of the genes encoding subunits A, C, H, I, J and K of the plastid
NAD(P)H-plastoquinone-oxidoreductase in tobacco by polyeth-
ylene glycol-mediated plastome transformation. Mol Gen Genet,
258 (1-2): 166-173

Kubicki A, Funk E, Westhoff P, Steinmuller K (1996). Differential
expression of plastome-encoded ndh genes in mesophyll and
bundle-sheath chloroplasts of the C, plant Sorghum bicolor indi-
cates that the complex I-homologous NAD(P)H-plastoquinone
oxidoreductase is involved in cyclic electron transport. Planta,
199 (2): 276281

Li Q, Yao Z-J, Mi H (2016). Alleviation of photoinhibition by co-ordi-
nation of chlororespiration and cyclic electron flow mediated by
NDH under heat stressed condition in tobacco. Front Plant Sci, 7:
285

Livingston AK, Cruz JA, Kohzuma K, Dhingra A, Kramer DM (2010).
An Arabidopsis mutant with high cyclic electron flow around
photosystem I (hcef) involving the NADPH dehydrogenase com-
plex. Plant Cell, 22 (1): 221-233

Ma W, Deng Y, Mi H (2008). Redox of plastoquinone pool regulates
the expression and activity of NADPH dehydrogenase super-
complex in Synechocystis sp. strain PCC 6803. Curr Microbiol,
56 (2): 189-193

Ma W, Ogawa T, Shen Y, Mi H (2007). Changes in cyclic and respi-
ratory electron transport by the movement of phycobilisomes in
the cyanobacterium Synechocystis sp. strain PCC 6803. Biochim
Biophy Acta, 1767 (6): 742-749

Mi H, Endo T, Schreiber U, Ogawa T, Asada K (1994). NAD(P)H
dehydrogenase-dependent cyclic electron flow around photosys-
tem-I in the cyanobacterium Synechocystis PCC 6803: a study of
dark-starved cells and spheroplasts. Plant Cell Physiol, 35 (2):
163-173

Mi HL, Deng Y, Tanaka Y, Hibino T, Takabe T (2001). Photo-induc-
tion of an NADPH dehydrogenase which functions as a mediator
of electron transport to the intersystem chain in the cyanobacte-

rium Synechocystis PCC6803. Photosynth Res, 70 (2): 167-173

Mi HL, Endo T, Ogawa T, Asada K (1995). Thylakoid mem-
brane-bound, NADPH-specific pyridine nucleotide dehydroge-
nase complex mediates cyclic electron transport in the cyanobac-
terium Synechocystis sp. PCC 6803. Plant Cell Physiol, 36 (4):
661-668

Mi HL, Endo T, Schreiber U, Ogawa T, Asada K (1992). Electron
donation from cyclic and respiratory flows to the photosynthetic
intersystem chain is mediated by pyridine nucleotide dehydroge-
nase in the cyanobacterium Synechocystis PCC 6803. Plant Cell
Physiol, 33 (8): 1233-1237

Mi HL, Klughammer C, Schreiber U (2000). Light-induced dynamic
changes of NADPH fluorescence in Synechocystis PCC 6803
and its ndhB-defective mutant M55. Plant Cell Physiol, 41 (10):
1129-1135

Munekage Y, Hojo M, Meurer J, Endo T, Tasaka M, Shikanai T (2002).
PGRS is involved in cyclic electron flow around photosystem I
and is essential for photoprotection in Arabidopsis. Cell, 110 (3):
361-371

Nowaczyk MM, Wulthorst H, Ryan CM, Souda P, Zhang H, Cramer
WA, Whitelegge JP (2011). NdhP and NdhQ: two novel small
subunits of the cyanobacterial NDH-1 complex. Biochemistry,
50 (7): 1121-1124

Ogawa T (1990). Mutants of Synechocystis PCC 6803 defective in
inorganic carbon transport. Plant Physiol, 94: 760-765

Ogawa T (1991). A gene homologous to the subunit-2 gene of NADH
dehydrogenase is essential to inorganic carbon transport of
Synechocystis PCC6803. Proc Natl Acad Sci USA, 88 (10):
4275-4279

Ogawa T (1992). Identification and characterization of the ictA/ndhL
gene product essential to inorganic carbon transport of Synecho-
cystis PCC6803. Plant Physiol, 99 (4): 1604-1608.

Ogawa T, Mi H (2007). Cyanobacterial NADPH dehydrogenase com-
plexes. Photosynth Res, 93 (1-3): 69-77

Ohkawa H, Sonoda M, Katoh H, Ogawa T (1998). The use of mutants
in the analysis of the CO,-concentrating mechanism in cyano-
bacteria. Can J Bot, 76 (6): 1035-1042

Ohyama K, Fukuzawa H, Kohchi T, Shirai H, Sano T, Sano S, Ume-
sono K, Shiki Y, Takeuchi M, Chang Z, et al (1986). Chloroplast
gene organization deduced from complete sequence of liverwort
marchantia-polymorpha chloroplast DNA. Nature, 322 (6079):
572-574

Peng LW, Fukao Y, Fujiwara M, Takami T, Shikanai T (2009). Effi-
cient operation of NAD(P)H dehydrogenase requires supercom-
plex formation with photosystem I via minor LHCI in Arabidop-
sis. Plant Cell, 21 (11): 3623-3640

Price GD, Sultemeyer D, Klughammer B, Ludwig M, Badger MR
(1998). The functioning of the CO, concentrating mechanism in
several cyanobacterial strains: a review of general physiological
characteristics, genes, proteins, and recent advances. Can J Bot,
76 (6): 973-1002

Prommeenate P, Lennon AM, Markert C, Hippler M, Nixon PJ (2004).
Subunit composition of NDH-1 complexes of Synechocystis sp
PCC 6803 — Identification of two new ndh gene products with




1464 T A P )

nuclear-encoded homologues in the chloroplast Ndh complex. J
Biol Chem, 279 (27): 28165-28173

Rumeau D, Becuwe-Linka N, Beyly A, Louwagie M, Garin J, Peltier
G (2005). New subunits NDH-M, -N, and -O, encoded by nu-
clear genes, are essential for plastid Ndh complex functioning in
higher plants. Plant Cell, 17 (1): 219-232

Schreiber U, Endo T, Mi HL, Asada K (1995). Quenching analysis of
chlorophyll fluorescence by the saturation pulse method: partic-
ular aspects relating to the study of eukaryotic algae and cyano-
bacteria. Plant Cell Physiol, 36 (5): 873-882

Schwarz D, Schubert H, Georg J, Hess WR, Hagemann M (2013).
The gene sml0013 of Synechocystis species strain PCC 6803
encodes for a novel subunit of the NAD(P)H oxidoreductase or
complex I that is ubiquitously distributed among Cyanobacteria.
Plant Physiol, 163 (3): 1191-1202

Shibata M, Ohkawa H, Kaneko T, Fukuzawa H, Tabata S, Kaplan A,
Ogawa T (2001). Distinct constitutive and low-CO,-induced CO,
uptake systems in cyanobacteria: genes involved and their phylo-
genetic relationship with homologous genes in other organisms.
Proc Natl Acad Sci USA, 98 (20): 11789-11794

Shikanai T (2016). Chloroplast NDH: a different enzyme with a
structure similar to that of respiratory NADH dehydrogenase.
Biochim Biophys Acta, 1857 (7): 1015-1022

Shikanai T, Endo T, Hashimoto T, Yamada Y, Asada K, Yokota A
(1998). Directed disruption of the tobacco ndhB gene impairs
cyclic electron flow around photosystem I. Proc Natl Acad Sci
USA, 95 (16): 9705-9709

Shimizu H, Peng L, Myouga F, Motohashi R, Shinozaki K, Shikanai
T (2008). CRR23/NdhL is a subunit of the chloroplast NAD(P)
H dehydrogenase complex in Arabidopsis. Plant Cell Physiol, 49
(5): 835-842

Shinozaki K, Ohme M, Tanaka M, Wakasugi T, Hayashida N, Mat-
subayashi T, Zaita N, Chunwongse J, Obokata J, Yamaguchishi-
nozaki K, et al (1986). The complete nucleotide sequence of the
tobacco chloroplast genome: its gene organization and expres-
sion. EMBO J, 5 (9): 2043-2049

Sirpio S, Allahverdiyeva Y, Holmstrom M, Khrouchtchova A, Haldrup
A, Battchikova N, Aro EM (2009). Novel nuclear-encoded sub-
units of the chloroplast NAD(P)H dehydrogenase complex. J
Biol Chem, 284 (2): 905-912

Suorsa M, Sirpio S, Paakkarinen V, Kumari N, Holmstrom M, Aro
EM (2010). Two proteins homologous to PsbQ are novel sub-
units of the chloroplast NAD(P)H dehydrogenase. Plant Cell
Physiol, 51 (6): 877-883

Tanaka Y, Katada S, Ishikawa H, Ogawa T, Takabe T (1997). Electron
flow front NAD(P)H dehydrogenase to photosystem I is required
for adaptation to salt shock in the cyanobacterium Synechocystis
sp. PCC 6803. Plant Cell Physiol, 38 (12): 1311-1318

Ueda M, Kuniyoshi T, Yamamoto H, Sugimoto K, Ishizaki K, Kohchi
T, Nishimura Y, Shikanai T (2012). Composition and physio-
logical function of the chloroplast NADH dehydrogenase-like

complex in Marchantia polymorpha. Plant J, 72 (4): 683-693

Wang P, Duan W, Takabayashi A, Endo T, Shikanai T, Ye JY, Mi
HL (2006). Chloroplastic NAD(P)H dehydrogenase in tobacco
leaves functions in alleviation of oxidative damage caused by
temperature stress. Plant Physiol, 141 (2): 465-474

Wu Y, He W, Ma W, Shen Y, Mi H (2012). Low concentrations of
NaHSO, enhance NAD(P)H dehydrogenase-dependent cyclic
photophosphorylation and alleviate the oxidative damage to
improve photosynthesis in tobacco. Chin Sci Bull, 57 (30):
3872-3877

Wu Y, Zheng F, Ma W, Han Z, Gu Q, Shen Y, Mi H (2011). Regu-
lation of NAD(P)H dehydrogenase-dependent cyclic electron
transport around PSI by NaHSO; at low concentrations in tobac-
co chloroplasts. Plant Cell Physiol, 52 (10): 17341743

Waulthorst H, Franken LE, Wessinghage T, Boekema EJ, Nowaczyk
MM (2014). The 5 kDa protein NdhP is essential for stable
NDH-1L assembly in Thermosynechococcus elongatus. PLoS
One, 9 (8): €103584

Xu M, Ogawa T, Pakrasi HB, Mi HL (2008). Identification and local-
ization of the CupB protein involved in constitutive CO, uptake
in the cyanobacterium, Synechocystis sp strain PCC 6803. Plant
Cell Physiol, 49 (6): 994-997

Xu M, Shi N, Li Q, Mi H (2014). An active supercomplex of NADPH
dehydrogenase mediated cyclic electron flow around Photosys-
tem I from the panicle chloroplast of Oryza sativa. Acta Biochim
Biophy Sin, 46 (9): 757-765

Yabuta S, Ifuku K, Takabayashi A, Ishihara S, Ido K, Ishikawa N,
Endo T, Sato F (2010). Three PsbQ-like proteins are required for
the function of the chloroplast NAD(P)H dehydrogenase com-
plex in Arabidopsis. Plant Cell Physiol, 51 (6): 866-876

Yamamoto H, Peng L, Fukao Y, Shikanai T (2011). An Src homology
3 domain-like fold protein forms a ferredoxin binding site for the
chloroplast NADH dehydrogenase-like complex in Arabidopsis.
Plant Cell, 23 (4): 1480-1493

Yamori W, Shikanai T, Makino A (2015). Photosystem I cyclic elec-
tron flow via chloroplast NADH dehydrogenase-like complex
performs a physiological role for photosynthesis at low light. Sci
Rep, 5: 13908

Zhang J, Gao F, Zhao J, Ogawa T, Wang Q, Ma W (2014). NdhP is an
exclusive subunit of large complex of NADPH dehydrogenase
essential to stabilize the complex in Synechocystis sp. strain PCC
6803. J Biol Chem, 289 (27): 18770-18781

Zhang PP, Battchikova N, Jansen T, Appel J, Ogawa T, Aro EM
(2004). Expression and functional roles of the two distinct NDH-
1 complexes and the carbon acquisition complex NdhD3/NdhF3/
CupA/Sl11735 in Synechocystis sp. PCC 6803. Plant Cell, 16
(12): 3326-3340

Zhao J, Rong W, Gao F, Ogawa T, Ma W (2015). Subunit Q is re-
quired to stabilize the large complex of NADPH dehydrogenase
in Synechocystis sp. strain PCC 6803. Plant Physiol, 168 (2):
443451




KAEFe: FRIEIRIENAD(P)H it 2 = 5 06 o1 I wE 7ot e 1465

The regulation of NAD(P)H dehydrogenase complexes bound in thylakoid

membranes in photosynthesis

MI Hua-Ling"
Laboratory of Photosynthesis and Environmental Biology, National Key Laboratory of Plant Molecular Genetics, Institute of Plant
Physiology and Ecology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 200032, China

Abstract: In photosynthesis, photoreaction is efficiently driven by protein complexes bound in the thylakoid
membrane. In addition to photosystem I, photosystem II, cytochrome »6/f complex, and ATPase, another com-
plex, NAD(P)H dehydrogenase (NDH) complex mediated cyclic electron transports involved in protection of
plants against environmental stressed for efficient photosynthesis becomes 5" protein complex in the thylakoid
membrane. So far, there are many researches on the components, the assembly and the physiology function of NDH.
However, the regulative mechanism of NDH in photosynthesis is still remained to be clarified. In this review, the
progress on the research of NDH is introduced. Finally, the regulative role of NDH in photosynthesis is summa-
rized and the future research on NDH is discussed.
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