
	
	

Supplemental information for: 

The higher plant plastid NAD(P)H dehydrogenase-like complex (NDH) is a 
high efficiency proton pump that increases ATP production by cyclic electron 
flow  

Deserah D. Strand1,*, Nicholas Fisher1,* , and David M. Kramer1,2 
1MSU-DOE Plant Research Laboratory, 2Biochemistry, Michigan State 
University, East Lansing, MI 48823 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
	

Figure S1. Pathways of linear- and cyclic electron flow in the thylakoid 
membrane 

 

 

 

 



	
	

 

Fig. S1. Electron and proton transfer pathways in plant thylakoids. A) Linear 
electron flow. Electrons are extracted from water, and passed through 
photosystem II (PS II) to plastoquinone (PQ), the cytochrome bf complex (bf), 
plastocyanin (PC), photosystem I (PS I), and finally to ferredoxin (Fd), which 
can further reduce NADP+ via the ferredoxin:nadp reductase (FNR). Protons 
(H+) are deposited in the lumen at PS II and during plastoquinol oxidation at 
the bf complex. B) Cyclic electron flow involving a proton-pumping NADPH 
dehydrogenase complex (NDH). Electrons are donated to NDH via Fd and are 
passed to PQ, the bf complex, PS I, and finally back to Fd. Protons are 
deposited in the lumen by NDH and during plastoquinol oxidation at the bf 
complex. C) CEF involving the ferredoxin:quinone reductase (FQR). Electrons 
are donated to FQR via Fd and are passed to PQ, the bf complex, PS I, and 
finally back to Fd. Protons are deposited in the lumen only during plastoquinol 
oxidation at the bf complex. 

 

 

 

 

 

 

 

 

 

 

 

  



	
	

Figure S2. NDH membrane domain sequence alignments versus 
mitochondrial (NDx/nuxm) and bacterial (nqox/nuox) respiratory 
Complex I homologues. Sequence data were obtained from UniProt 
(www.uniprot.org, March 26, 2015 release) and aligned using ClustalW2 at 
ebi.ac.uk. 

Fig. S2(A): NdhA(ND-1/NuoH/NQO8) sequence alignment. Sequences are 
named according to their UniProt identifiers. NDH: arath; Arabidopsis thaliana, 
tobac; Nicotiana tabacum, spiol; Spinacia oleracea (spinach). Complex I: 
thet8; Thermus thermophilus, ecoli; Escherichia coli, bovin; Bos taurus (cow), 
yarli; Yarrowia lipolytica. Conserved residues shown in Fig. 1 are highlighted 
in orange. 

 

Fig. S2(B): NdhB(ND-2/NuoN/NQO14) sequence alignment. Sequences are 
named according to their UniProt identifiers. NDH: arath; Arabidopsis thaliana, 
tobac; Nicotiana tabacum, spiol; Spinacia oleracea (spinach). Complex I: 
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thet8; Thermus thermophilus, ecoli; Escherichia coli, bovin; Bos taurus (cow), 
yarli; Yarrowia lipolytica. Conserved residues shown in Fig. 1 are highlighted 
in orange. Note that NdhB is duplicated in the chloroplast genome; sequences 
for both NdhB and ndhb-01 are shown. 

Fig. S2(C): NdhD(ND-4/NuoM/NQO13) sequence alignment. Sequences are 
named according to their UniProt identifiers. NDH: arath; Arabidopsis thaliana, 
tobac; Nicotiana tabacum, spiol; Spinacia oleracea (spinach). Complex I: 
thet8; Thermus thermophilus, ecolx; Escherichia coli, bovin; Bos taurus (cow), 
yarli; Yarrowia lipolytica. Conserved residues shown in Fig. 1 are highlighted 
in orange. 

 

Fig. S2(D): NdhE(ND-4L/NuoK/NQO11) sequence alignment. Sequences are 
named according to their UniProt identifiers. NDH: arath; Arabidopsis thaliana, 
tobac; Nicotiana tabacum, spiol; Spinacia oleracea (spinach). Complex I: 
thet8; Thermus thermophilus, ecolx; Escherichia coli, bovin; Bos taurus (cow), 
yarli; Yarrowia lipolytica. Conserved residues shown in Fig. 1 are highlighted 
in orange. 
 

NU4C_spiol_ndhD//////MNSFPWLTTIVVLPIFAGSLIFLFPHRGNKVIRWYTICISMIELLLMTYVFFYH@@@@@F/55/
nu4c_tobac_ndhD//////MNYFPWLTIIVVFPIFAGSLIFFLPHKGNRVIRWYTICICILELLLTTYAFCYH@@@@@F/55/
nu4c_arath_ndhD//////MNDFPWLTIIVVFPISAGSLMLFLPHRGNKVNKWYTICICILELLLTTYAFCYN@@@@@F/55/
c3t2g7_ecolx/////////@@@@MLLPWLILIPFIGGFLCWQTERFGVKVPRWIALITMGLTLALSLQLWLQGGYSLTQ/56/
nu4m_bovin///////////@@@@@@MLKYIIPTIMLMPLTWLSKNNMIWVNSTAHSLLISFTSLLLMNQ@@@@@@@@@@/44/
nu4m_yarli///////////@@@@MFLTSILLSSLYLFNRILAWQGNVKHFYLFASNLLLLFIVVLYINFNTFS@@NSFQ/54/
nqo13_thet8//////////@@@@@MVVLAVLLPVVFGALLLLGLPRALGVLGAGLSFLLNLYLFLTHPGGVAH@@@@@@/49/
///////////////////////////:///::/..///////////////.//////////:///*///////////////
/
NU4C_spiol_ndhD//////QPDDPLIQLVEDYKWINFFDFHWRLGIDGLSIGPILLTGFITTLATLAAWPVTR@@@@NS/111/
nu4c_tobac_ndhD//////QSDDPLIQLVEDYKWINFFDFHWRLGIDGLSIGPILLTGFITTLATLAAWPVTR@@@@DS/111/
nu4c_arath_ndhD//////KMDDPLIQLSEDYKWIDFFDFYWRMGIDGLSIGTILLTGFITTLATLAAFPVTR@@@@DS/111/
c3t2g7_ecolx/////////SAGIPQWQSEFDMPWIPRFGISIHLAIDGLSLLMVVLTGLLGVLAVLCSWKEIE@@@@KY/112/
nu4m_bovin///////////@@@@@@@@@@@@@FGDNSLNFSLLFFSDSLSTPLLILTMWLLPLMLMASQHHLSKENLTR/91/
nu4m_yarli///////////FNFELFNSLNPFGLSNSDISNGLLFGIDGLSLTFILLTVLLIPLTLLGNWYNIN@@@@FN/110/
nqo13_thet8//////////@@@@@@@@@AFQAPLLPGAGVYWAFGLDGLSALFFLTIALTVFLGALVARVEGR@@@@@@/94/
////////////////////////////////////////.////://*.**///.:///////*//://////////////
/
NU4C_spiol_ndhD//////Q@LFHFLMLAMYSAQIGLFSSRDLLLFFIMWELELIPVYLLLSMWG@@@@@GKKRLYSAT/165/
nu4c_tobac_ndhD//////R@LFHFLMLAMYSGQIGSFSSRDLLLFFIMWELELIPVYLLLCMWG@@@@@GKKRLYSAT/165/
nu4c_arath_ndhD//////R@FFHFLMLAMYSGQIGSFSSRDLLLFFIMWELELIPVYLLLSMWG@@@@@GKKRLYSAT/165/
c3t2g7_ecolx/////////QGFFHLNLMWILGGVIGVFLAIDMFLFFFFWEMMLVPMYFLIALWGHKASDGKTRITAAT/172/
nu4m_bovin///////////KKLFITMLISLQLFLIMTFTAMELILFYILFEATLVPTLIIITRWGN@@@@QTERLNAGL/147/
nu4m_yarli///////////SNLYYTLVLAIGLVILLNFWALDYISFYILFEATLPLLFILIHIYG@@@@@SSDSERASF/165/
nqo13_thet8//////////@@@FLGLALLMEGLLLGLFAARDLLVFYVFFEAALIPALLMLYLYG@@@@@GEGRTRALY/146/
////////////////////////:////:/:////://*/:/:/:/*:.::*//*////::://:*///////////:///
/
NU4C_spiol_ndhD//////KFILYTAGGSIFLLMGVLGVGLYGSNEP@@@TLNLETLVNQSYPVALEIIFYIGFFIAFA/222/
nu4c_tobac_ndhD//////KFILYTAGGSVFLLMGVLGLALYGSNEP@@@TLNFETSVNQSYPVVLEIIFYIGFFIAFA/222/
nu4c_arath_ndhD//////KFILYTAGSSIFLLIGVLGISLYGSNEP@@@TLNLELLANKSYPVTLEILFYIGFLIAFA/222/
c3t2g7_ecolx/////////KFFIYTQASGLVMLIAILALVFVHYNATGVWTFNYEELLNTPMSSGVEYLLMLGFFIAFA/232/
nu4m_bovin///////////YFLFYTLAGSLPLLVALIYIQNTVGSLN@@@FLMLQYWVQPVHNSWSNVFMWLACMMAFM/204/
nu4m_yarli///////////YVLMFTLSGSLFMLLSIVVISIVLNTTN@@@FINHNLFVLSLD@@@LQTIIWLGLFIAIM/219/
nqo13_thet8//////////TFVLFTLVGSLPMLAAVLGARLLSGSPT@@@@FLLEDLLAHPLQEEAAFWVFLGFALAFA/202/
//////////////////////..::*//..:/:*/.::///////.//////://://////////////./:.//:*://
/
NU4C_spiol_ndhD//////VKLPIIPLHTWLPDTHGEAHYSTCMLLAGILLKMGAYGLVRINMELLPHAHSIFSPWLMI/282/
nu4c_tobac_ndhD//////VKSPIIPLHTWLPDTHGEAHYSTCMLLAGILLKMGAYGLIRINMELLPHAHSIFSPWLMI/282/
nu4c_arath_ndhD//////VKSPIIPLHTWLPDTHGEAHYSTCMLLAGILLKMGAYGLVRINMELLPHAHSMFSPWLLV/282/
c3t2g7_ecolx/////////VKMPVVPLHGWLPDAHSQAPTAGSVDLAGILLKTAAYGLLRFSLPLFPNASAEFAPIAMW/292/
nu4m_bovin///////////VKMPLYGLHLWLPKAHVEAPIAGSMVLAAVLLKLGGYGMLRITLILNPMTDFMAYPFIML/264/
nu4m_yarli///////////VKTPLFPIHVWLPVVHSESPLAGSMILAGLILKLALYAILRLLLPLLCEAQILYTPMIYI/279/
nqo13_thet8//////////IKTPLFPLHAWLPPFHQENHPSGLADALGTLYKVGVFAFFRFAIPLAPEGFAQAQGLLLF/262/
/////////////////////:*/*://:*/***//*/:///://////./:/*/./:.:.*:/:/*///////////////
/
///////////////////////.////.://:/:/./*//.////////////////////////

NU4C_spiol_ndhD//////IGTMQIIYAASTSPGQRNLKKRIAYSSVSHMGFIIIGISSITDTGLNGAILQIISHGFIG/342/
nu4c_tobac_ndhD//////IGTIQIIYAALTSLGQRNLKKRIAYSSVSHMGFIIIGISSLTDTGLNGALLQIISHGFIG/342/
nu4c_arath_ndhD//////VGTIQIIYAASTSPGQRNLKKRIAYSSVSHMGFIIIGISSITDPGLNGAILQIISHGFIG/342/
c3t2g7_ecolx/////////LGVIGIFYGAWMAFAQTDIKRLIAYTSVSHMGFVLIAIYTGSQLAYQGAVIQMIAHGLSA/352/
nu4m_bovin///////////S@LWGMIMTSSICLRQTDLKSLIAYSSVSHMALVIVAILIQTPWSYMGATALMIAHGLTS/323/
nu4m_yarli///////////ISLLTIILTSLATLRQIDLKVIIAYSSISHMGIAILGVCSNTSLGIYGSIVLGVAHGFVS/339/
nqo13_thet8//////////LAALSALYGAWVAFAAKDFKTLLAYAGLSHMGVAALGVFSGTPEGAMGGLYLLAASGVYT/322/
///////////////////////////://:///////::*//:**:.:***..//:.:///://.//*./////:/*.///
/
NU4C_spiol_ndhD//////AALFFLAG@TSYDRIRLVYLDEMGGIAIPMPKIFTLFSSFSMASLALPGMSGFIAELIVF/401/
nu4c_tobac_ndhD//////AALFFLAG@TTYDRIRLVYLDEMGGIAIPMPKMFTMFSSFSMASLALPGMSGFVAELIVF/401/
nu4c_arath_ndhD//////AALFFLAG@TSYDRIRLVYLDEMGGMAISIPKIFTMFTILSMASLALPGMSGFIAEFIVF/401/
c3t2g7_ecolx/////////AGLFILCG@QLYERIHTRDMRMMGGLWSKMKWLPALSLFFAVATLGMPGTGNFVGEFMIL/411/
nu4m_bovin///////////SMLFCLAN@SNYERIHSRTMILARGLQTLLPLMATWWLLASLTNLALPPTINLIGELFVV/382/
nu4m_yarli///////////PALFLIVGGILYDRYHIRIVNYYKGLTTYMPQLATYIIILSFANIGTPLTGNFTGEFLSL/399/
nqo13_thet8//////////GGLFLLAG@RLYERTGTLEIGRYRGLAQSAPGLAALALILFLAMVGLPGLSGFPGEFLTL/381/
///////////////////////**/:/.///*:*/////:////*://////:/://////.:/:./*///.:/.*::/./
/
NU4C_spiol_ndhD//////FGLITSQKYLLIPKLLITFGMAIGMILTPIYLLSMSRQMFYGYKLFNISNSSFFDSGPRE/461/
nu4c_tobac_ndhD//////FGIITGQKYLLIPKILITFVMAIGMILTPIYSLSMSRQMFYGYKLFNAPKDSFFDSGPRE/461/
nu4c_arath_ndhD//////FGIITSQKYFLISKIFIIFVMAIGMILTPIYLLSMLRQMFYGYKLINIKNFSFFDSGPRE/461/
c3t2g7_ecolx/////////FGSFQVVP@@@@@@@VITVISTFGLVFASVYSLAMLHRAYFGKAKSQIASQELPGMSLRE/464/
nu4m_bovin///////////MSTFSWSN@@@@@@@ITIILMGVNMVITALYSLYMLIMTQRGKYTYHINN@@ISPSFTRE/433/
nu4m_yarli///////////QGGFIRNP@@@@@@@IIGGISCISVLLAAIYQLKLTNKLTGGISSIYMHR@@TNDVTIRE/450/
nqo13_thet8//////////LGAYKASP@@@@@@@WLAALAFLSVIASAAYALTAFQKTFWE@@@@@EGGSGVKDLAGAE/429/
//////////////////////.////////////////////..::/:./*/*//////////////////////////*/
/
NU4C_spiol_ndhD//////LFVSTSIFLPVIGIGVYPDLVLSLSVEKVEAILSNYFYR@@@@@@/500/
nu4c_tobac_ndhD//////LFLSISIFLPVIGIGIYPDFVLSLAVDKVEVILSNFFYR@@@@@@/500/
nu4c_arath_ndhD//////LFLSISILLPIIGIGIYPDFVLSLASDKVESILSNYFYG@@@@@@/500/
c3t2g7_ecolx/////////LFMILLLVVLLVLLGFYPQPILDTSHSAIGNIQQWFVNSVTTTRP/509/
nu4m_bovin///////////NALMSLHILPLLLLTLNPKIILGPLY@@@@@@@@@@@@@@@@@@@/459/
nu4m_yarli///////////KFIMNILIISTLIIGICPQIMYNLLYWTVNNYIYII@@@@@@@@@/486/
nqo13_thet8//////////WGFALLSVLALLLMGVFPGYFARGLHPLAEAFAKLLGGGA@@@@@/469/
///////////////////////.////.://:/:/./*//.////////////////////////

NdhD

nu4lc_arath++++++,MILEHVLVLSAYLFLIGLYGLIT,SRNMVRALMCLELILNAVNMNFVTFSDFFDNSQLK+58+
nu4lc_tobac++++++,MILEHVLVLSAYLFSIGIYGLIT,SRNMVRALMCLELILNAVNINFVTFSDFFDNRQLK+58+
nu4lc_spiol++++++,MILEHVLVLSAFLFSIGIYGLVT,SRNLVRALMCLELILNAVNLNFVTFSDFFDSRQLK+58+
nqo11_thet8++++++,,,,MSYLLTSALLFALGVYGVLT,RRTAILVFLSIELMLNAANLSLVGFARAYG,,,LD+52+
nuoK_ecoli+++++++MIPLQHGLILAAILFVLGLTGLVI,RRNLLFMLIGLEIMINASALAFVVAGSYWG,,QTD+57+
nu4lm_yarli++++++,,,,,,,MFIGTIILVLSFLGFVFNRRNIILAFICLETMLLGINLILLRNSVLFD,,DIS+51+
nu4lm_bovin++++++,,,MSMVYMNIMMAFTVSLVGLLMYRSHLMSSLLCLEGMM,,LSLFVMAALTILNSHFTL+55+
+++++++++++++++++++++++++.+++++:+:..+*.:++++++:++::+:*+::++++:+.:++++++.++++++
+
nu4lc_arath++++++GEIFCIFVIAIAAAEAAIGLAIVSSIYRNRKSIRINQSTLLNK+101+
nu4lc_tobac++++++GDIFSIFVIAIAAAEAAIGLAIVSSIYRNRKSTRINQSNLLNN+101+
nu4lc_spiol++++++GNIFSIFVIAIAAAEAAIGPAIVSSIYRNRKSIRINQSNLLNK+101+
nqo11_thet8++++++GQVAALMVIAVAAAEVAVGLGLIVAIFRHRESTAVDDLSELRG+95+
nuoK_ecoli+++++++GQVMYILAISLAAAEASIGLALLLQLHRRRQNLNIDSVSEMRG+100+
nu4lm_yarli++++++GSLFAIVIIILAGVESAIGLSLLVSYYRLRG,,VINSYGI,,,+89+
nu4lm_bovin++++++ASMMPIILLVFAACEAALGLSLLVMVSNTYGTDYVQNLNLLQC+98+
+++++++++++++++++..:++:.+:+.*.+*+::*+.::++++.++++++::.++++++ NdhE



	
	

 

Fig. S2(E): NdhF(ND-5/NuoL/NQO12) sequence alignment. Sequences are 
named according to their UniProt identifiers. NDH: arath; Arabidopsis thaliana, 
tobac; Nicotiana tabacum, spiol; Spinacia oleracea (spinach). Complex I: 
thet8; Thermus thermophilus, ecolx; Escherichia coli, bovin; Bos taurus (cow), 
yarli; Yarrowia lipolytica. Conserved residues shown in Fig. 1 are highlighted 
in orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

nqo12_thet8++++++,,,,,,,,,,MALLG,TILLPLLGFALLGLFGK,RMREPLPGVLASG,,,,LVLASFLLG+44+
nuol_ecoli+++++++,,,,,,,,,,MNMLALTIILPLIGFVLLAFSRG,RWSENVSAIVGVGSVGLAALVTAFIG+49+
nu5c_arath+++++++MEHTYQYSWIIPFIPLPVPILLGVGLLLFPTAT,KNLRRMWTFLSIFLLSIVMIFSIYLS+59+
nu5c_spiol+++++++MEHIYQYAWIIPFLPLPVPLLIGAGLLFFPTAT,KNLRRIWAFSSISLLSIVMIFSMKLA+59+
nu5c_tobac+++++++MEQTYEYAWIIPFIPLPVPMLIGAGLFLFPTAT,KSFRRMWAFQSVLLLSIVMVFSIYLS+59+
nu5m_yarli+++++++,,,,,,,,,MYNAISLIIILPCISWLFPLFFG,,RQLGYVFVTRMTSTLIIITTLITYYY+49+
nu5m_bovin+++++++,,,,,,,MNMFSSLSLVTLLLLTMPIMMMSFNTYKPSNYPLYVKTAISYAFITSMIPTMM+53+
++++++++++++++++++++++++++++++:+++++:++++++:+++++++:++++++++++++++++++++++++++
+
nqo12_thet8++++++AGLLLSGGARFQA,,,EWLPG,,,,IPFSLLLDNLSGFMLLIVTGVGFLIHVYAIGYMGG+97+
nuol_ecoli+++++++VDFFANGEQTYSQPLWTWMSVGDFNIGFNLVLDGLSLTMLSVVTGVGFLIHMYASWYMRG+109+
nu5c_arath+++++++IQQIFLS,,CIHQNVWSWTINNEFSFEFGYFIDPLTSIMSILITTVGILVLIYSDNYMSH+117+
nu5c_spiol+++++++IQQINSN,,SIYQYLWSWTINNDFSLEFGYLMDPLTSIMSMLITTVAILVLIYSDNYMSH+117+
nu5c_tobac+++++++IQQINSS,,SFYQYVWSWIINNDFSLDFGYLIDPLTSIMSILITTVGIMVLIYSDNYMAH+117+
nu5m_yarli+++++++FYQLLGNNNPINLELFNYLNIDYLDINYNFEIDALTITMLLAITTISSMVHIYSIGYMET+109+
nu5m_bovin+++++++FIHSG,,,QELIISNWHWLTIQTLKLSLSFKMDYFSMMFIPVALFVTWSIMEFSMWYMYS+110+
++++++++++++++++++++++++++++++++++:+++++++:++.++:*+::++:++++++:+++:++::++**+++
+
nqo12_thet8++++++DPGYSRFFAYFNLFIAMMLTLVLADSYPVMFIGWEGVGLASFLLIGFWYKNPQYADSARK+157+
nuol_ecoli+++++++EEGYSRFFAYTNLFIASMVVLVLADNLLLMYLGWEGVGLCSYLLIGFYYTDPKNGAAAMK+169+
nu5c_arath+++++++DQGYLRFFAYMGFFNTSMLGLVTSSNLIQVYFFWELVGMCSYLLIGFWFTRPIAANACQK+177+
nu5c_spiol+++++++DQGYLRFFAYMSFFNTSMLGLVTSSNLIQIYIFWELVGMCSYLLIGFWFTRPIAANACQK+177+
nu5c_tobac+++++++DQGYLRFFAYMSFFSTSMLGLVTSSNLIQIYIFWELVGLCSYLLIGFWFTRPVAANACQK+177+
nu5m_yarli+++++++DPHQVRFFSLLSMFTFWMIILVTGSNYFVLFVGWEFIGVTSYLLISFWVTRLQAMKSALS+169+
nu5m_bovin+++++++DPNINKFFKYLLLFLITMLILVTANNLFQLFIGWEGVGIMSFLLIGWWYGRADANTAALQ+170+
+++++++++++++++++:++++:**++++:*+++*:+**+...+++::.+**+:*:+*:***.::++++++++:.+.+
+
nqo12_thet8++++++AFIVNRIGDLGFMLGMAILWALYGTLSISELKEAMEGPLKN,,,,PDLLALAGLLLFLGA+213+
nuol_ecoli+++++++AFVVTRVGDVFLAFALFILYNELGTLNFREMVELAPAHFADG,,,NNMLMWATLMLLGGA+226+
nu5c_arath+++++++AFVTNRVGDFGLLLGILGLYWITGSFEFQDLFEIFNNLILNNRVNLLFLTLCAFLLFVGP+237+
nu5c_spiol+++++++AFVTNRVGDFGLLLGILGLYWITGSFEFRDLFEIFNNLIKNNEVNSLFCILCAFLLFAGA+237+
nu5c_tobac+++++++AFVTNRVGDFGLLLGILGFYWITGSFEFRDLFEIFNNLIYNNEVDFLFVTLCAVLLFAGA+237+
nu5m_yarli+++++++AVLMNRFGDAFFVLGLCVIAYVFGTLNYSTIFATAYLINTDL,,,,,,LVLIMLALFIAA+223+
nu5m_bovin+++++++AILYNRIGDIGFILAMAWFLTNLNTWDLQQIF,,,,MLNPSD,,,,,,SNMPLIGLALAA+220+
+++++++++++++++++*.:+.*.**++:+:.:++:++++.:+.+++:+++++++++.++++++++++++.+*++..+
+
nqo12_thet8++++++VGKSAQIPLMVWLPDAMAGPTPVSALIHAATMVTAGVYLIARSSFLYSVLPDVSYAIAVV+273+
nuol_ecoli+++++++VGKSAQLPLQTWLADAMAGPTPVSALIHAATMVTAGVYLIARTHGLFLMTPEVLHLVGIV+286+
nu5c_arath+++++++IAKSAQFPLHVWLPDAMEGPTPISALIHAATMVAAGIFLVARLLPLFIVIPSIMYIISLI+297+
nu5c_spiol+++++++VAKSAQFPLHVWLPDAMEGPTPISALIHAATMVAAGIFLVARLLPLFVVIPYIMYVISFI+297+
nu5c_tobac+++++++VAKSAQFPLHVWLPDAMEGPTPISALIHAATMVAAGIFLVARLLPLFRVIPYIMYLISVI+297+
nu5m_yarli+++++++MAKSAQFGLHNWLTLAMEGPTPVSSLLHAATLVTAGIYLLLRSANILEYTPTVLFIILWI+283+
nu5m_bovin+++++++TGKSAQFGLHPWLPSAMEGPTPVSALLHSSTMVVAGIFLLIRFYPLTENNKYIQSITLCL+280+
++++++++++++++++++.****:+*++**.+**+****:*:*:*::*:*.**::*:+*+++:++++++:++++++:+
+
nqo12_thet8++++++GLLTAAYGALSAFGQTDIKKIVAYSTISQLGYMFLAAGVGAYWVALFHVFTHAFFKALLF+333+
nuol_ecoli+++++++GAVTLLLAGFAALVQTDIKRVLAYSTMSQIGYMFLALGVQAWDAAIFHLMTHAFFKALLF+346+
nu5c_arath+++++++GIITVLLGATLALAQKDIKRGLAYSTMSQLGYMMLALGMGSYRSALFHLITHAYSKALLF+357+
nu5c_spiol+++++++GIITVLLGATLALAQKDIKRSLAYYTMSQLGYMMLALGMGSYRTALFHLITHAYSKALLF+357+
nu5c_tobac+++++++GIITVLLGATLALAQKDIKRGLAYSTMSQLGYMMLALGMGSYRSALFHLITHAYSKALLF+357+
nu5m_yarli+++++++GALTTLSAGLIAICSNDLKRIIALSTMSQLGMMTIAIGLSAYNLALFHLLGHAFFKALLF+343+
nu5m_bovin+++++++GAITTLFTAMCALTQNDIKKIIAFSTSSQLGLMMVTIGINQPYLAFLHICTHAFFKAMLF+340+
+++++++++++++++++*+:*++++.++*:+..*:*:+:*++*+**:*+*+::+*:+++++*::*:++**:+**:**

nqo12_thet8++++++KDAILAATLTYPF,GGVGFYVGALLVAVLTAMYAMRWFVLVFLGEE,,,,,,,,,,,,,,+429+
nuol_ecoli+++++++KDEILAGAMAN,,,GHINLMVAGLVGAFMTSLYTFRMIFIVFHGKE,,,,,,,,,,,,,,+441+
nu5c_arath+++++++KDEILNDSLLFS,,,,PIFAIIACSTAGLTAFYMFRIYLLTFEGHLNTYFLNYSGKKSGS+472+
nu5c_spiol+++++++KDEILNDSWVYS,,,,PIFAIIAYFTAGLTAFYMFRIYLLTFEGHLNFFCKNYSGKKSSS+472+
nu5c_tobac+++++++KDEILNDSWLYS,,,,PIFAIIAWATAGLTAFYMFRIYLLTFEGHLNAHFPNYGGKQKTP+472+
nu5m_yarli+++++++KDIIIESTYGSYSISNYVVYWIAYLSAVLTCVYSMKILYLTFYSNPNN,,,,,,,,,,,,+443+
nu5m_bovin+++++++KDLIIEAANTSY,,TNAWALLMTLIATSFTAIYSTRIIFFALLGQPR,,,,,,,,,,,,,+436+
+++++++++++++++++**+*:++:++++++++++++++++++:+:*..*++:+++:.:+..++++++++++++++++
+
nqo12_thet8++++++,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+
nuol_ecoli+++++++,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+
nu5c_arath+++++++FYSLSLWGKEEEKKLNKNFGLVPLLTMNNTKRASFFCNKTYKISNNVRN,,QIFITVENF+530+
nu5c_spiol+++++++FYSISLWGKKELKTINQKISLLNLLTMNNKERASFFSKKPYEINVKLTKLLRSFITITYF+532+
nu5c_tobac+++++++FYSISLWGKNGVKKN,,,,,,SCLLTMNNNESTYFFAKTKYPIDKNGRKMTRPFMTIAHF+526+
nu5m_yarli+++++++,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+
nu5m_bovin+++++++,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+
nqo12_thet8++++++,,,,RGHHHPHEAPPVMLWPNHLLALGSVLAGYLALPHPLPN,,,,VLEPFLKPALAEVE+481+
nuol_ecoli+++++++,,,,QIHAHAVKG,VTHSLPLIVLLILSTFVGALIVP,PLQG,,,,VLP,,,,QTTELAH+487+
nu5c_arath+++++++GLNTRTFYYPHESDNTILFPMLILVLFTLFIGAIGIPFNQEGIDFDILSKFFTPSINLLH+590+
nu5c_spiol+++++++E,NKNISLYPYESDNTMLFPLIILIMFTLFVGFIGIPFNQEGMDLDILTKWLTPSINLLH+591+
nu5c_tobac+++++++E,HKAVYSYPYESDNTMLFPIFVLGLFTLFVGSIGIPFNQEGGNLDILSKWLAPSINLLH+585+
nu5m_yarli+++++++,,NTITYYNAHESNIYITLPMFILAIFAMFAGWILKDIYLGVGTDFVGTHILPNNFSYFD+501+
nu5m_bovin+++++++,,,FPTLVNINENNPLLINSIKRLLIGSLFAGYIISNN,,,,,,,,IPPTTIP,,,,,,,+478+
++++++++++++++++++++++++++++:+++++++.+++*+:+:+:+*+:++++++++++++:++++++++++++++
+
nqo12_thet8++++++AH,,,,,,,,,HLSLGAEWGLIALSAAVALLGLWAG,FVFFQRKVFPAWY,,,,,,,,,,+521+
nuol_ecoli+++++++GS,,,,,,,,,MLTLEITSGVVAVVGILLAAWLWLGKRTLVTSIANSAPG,,,,,,,,,,+528+
nu5c_arath+++++++KNSQNFVDWYEFLRNATFSVSIAFFGIFIAYCLYKPFYSSLLNLTLLNSFQKWNSKRIHW+650+
nu5c_spiol+++++++SNSENFVDWYEFVINAIFSISIAFFGIFIAFFFYKPIYSSLKNFDLINSFDKRGQKRILG+651+
nu5c_tobac+++++++QKSNNSMDWNEFLKDAVLSVSIAYFGIFIASFLYKPIYSSLKNFELINSFVKKGPKRILW+645+
nu5m_yarli+++++++TEFSITQFYKLLPLISAILVSILIVVLNEFFAIVFNLNNKYINTVYSIFN,,,,,,,,,Q+552+
nu5m_bovin+++++++,QMTMPYYLKTTALIVTILG,,,,,,,,,,FILALEISNMTKNLKYHYPS,,,,,,,,,N+518+
+++++++++++++++++++++++++++++++++++++++++++++++++:++++++++++++++++++++++++++++
+
nqo12_thet8++++++,,,,LAFEAASREAFYVDRAYNALIVNPLKALAEALFYGDRGLLSGYFGLGG,AARSLGQ+576+
nuol_ecoli+++++++,,,,RLLGTWWYNAWGFDWLYDKVFVKPFLGIAWLLK,,,RDPLNSMMNIPAVLSRFAGK+581+
nu5c_arath+++++++EKLINFVYNWSYNRGYIDSFFKTSLIESIRRLAKQTTFFDKRIIDGITNGVGITSFFVGE+710+
nu5c_spiol+++++++DNIITIIYNWSANRGYIDAFYSTFLIKGIRSLSELVSFFDRRIIDGIPNGFGVTSFFVGE+711+
nu5c_tobac+++++++DKIINGIYDWSYNRAYIDAFYTRFLVGGIRGLAEFTHFFDRRVIDGMTNGVGVISFIVGE+705+
nu5m_yarli+++++++KLVSDQILNHFIIFKGLVTSGNIAHHVDKGSLYRLGPVGINRLLNKASYNVINLSSNTRS+612+
nu5m_bovin+++++++AFKFSTLLGYFPTIMHRLAPYMNLSMSQKSASSLLDLIWLEAILPKT,,,,ISLAQMKAS+574+
+++++++++++++++++++++++.+++++++++++++++++++++++++++++++++.++:++++++++++:++++.+
+
nqo12_thet8++++++GLARLQTGYLRVYALLFVLGALLLLGVMRW,,,,,,,,,,,,,,+606+
nuol_ecoli+++++++GLLLSENGYLRWYVASMSIGAVVVLALLMVLR,,,,,,,,,,,,+613+
nu5c_arath+++++++VTKYIGGSRISSYLFLYLSYVLIFLMILFFFYFEKF,,,,,,,,+746+
nu5c_spiol+++++++GIKYVGGGRISSYLFWYLLYVSIFLFIFTFT,,,,,,,,,,,,,+742+
nu5c_tobac+++++++GIKYIGGGRISSYLFLYLAYVSIFLLVYYLLFSTL,,,,,,,,,+740+
nu5m_yarli+++++++SLSMN,SMLILITIVSLLLLVLVMNVNFIIVIPVLISILYILFS+655+
nu5m_bovin+++++++TLVTNQKGLIKLYFLSFLITILISMILFNFHE,,,,,,,,,,,,+606+
++++++++++++++++++++++++++:++++++++++++:+++++++++++++++++++++

nqo12_thet8++++++LASGSVIHALG,,,,,,,,GEQDVRKMGGLWKHLPQTRWHALIGALALGGLPLLSG,FWS+384+
nuol_ecoli+++++++LASGSVILACH,,,,,,,,HEQNIFKMGGLRKSIPLVYLCFLVGGAALSALPLVTAGFFS+398+
nu5c_arath+++++++LGSGSIIHSMEAIVGYSPDKSQNMILMGGLTKHVPITKTAFLIGTLSLCGIPPLAC,FWS+416+
nu5c_spiol+++++++LASGSLIHSMGTIVGYSPDKSQNMVLMGGLTKHVPITKTSFLIGTLSLCGIPPLAC,FWS+416+
nu5c_tobac+++++++LGSGSIIHSMETIVGYSPAKSQNMGLMGGLRKHVPISKITFLLGTLSLCGIPPLAC,FWS+416+
nu5m_yarli+++++++MSAGSIIHSILNES,,,,,,,QDIRTYGGLLSYLPYTYICITIASLSLMAMPGLTG,YYT+395+
nu5m_bovin+++++++MCSGSIIHSLNDE,,,,,,,,QDIRKMGGLFKAMPFTTTALIVGSLALTGMPFLTG,FYS+391+
+++++++++++++++++:+:**:*+:++++++++++++*::+++***+.+:*+++++++:.++:*+.:*+::++:::+
+ NdhF



	
	

Figure S3. NDH protonmotivity assay 

 

Fig. S3. ATP synthesis, monitored by luciferase luminescence, in DCMU-
treated S. oleracea thylakoids in the dark. Assay conditions as Fig 2 unless 
otherwise noted. Fd was present in assay buffer at a concentration of 5 µM 
prior to addition of dPQ (50 µM). The reaction was initiated by the addition of 
100 µM NADPH. Addition of valinomycin and nigericin (10 µM each) is 
indicated by 'unc'. Representative data (fitted by the locally weighted least 
squared error method with Kaleidagraph (Synergy Software, Reading, PA.)) 
are shown; discontinuities in the data are due to the removal of mixing 
artefacts on substrate addition. 

 

 

 

 

 

 

 

 



	
	

Figure S4. Antimycin A-insensitivity of the NDH protonmotivity assay 

 

Fig. S4. ATP synthesis, monitored by luciferase luminescence, in DCMU-
treated S. oleracea thylakoids in the dark. Assay conditions as Fig 2 unless 
otherwise noted. Fd and NADPH were present in assay buffer at  
concentrations of 5- and 100 µM respectively. The reaction was initiated by 
the addition of 50 µM dPQ. 10 µM antimycin A (AA) was added as indicated. 
Addition of valinomycin and nigericin (10 µM each) is indicated by 'unc'. 
Representative raw data (fitted by the locally weighted least squared error 
method with Kaleidagraph (Synergy Software, Reading, PA.)) are shown; 
discontinuities in the data are due to the removal of mixing artefacts on 
substrate addition. 

 

 

 

 

 

 

 

 

 



	
	

Figure S5. The effect of tridecylstigmatellin and oligomycin on ATP 
generation in spinach thylakoid preparations in the dark. 

 
 

Fig. S5. ATP synthesis, monitored by luciferase luminescence, in DCMU-
treated S. oleracea thylakoids in the dark in the presence of 1 µM 
tridecylstigmatellin (TDS) or 2 µM oligomycin. Fd and NADPH were present at 
5- and 100 µM respectively. ATP synthesis was initiated by the addition of 50 
µM decylplastoquinone (dPQ). Other conditions as in Fig. 2(D). 
Luminescence is reported in arbitrary units. Discontinuities in the data are due 
to the removal of mixing artifacts on substrate addition. Linear least squares fit 
to representative raw phosphoroscope data are shown. Fitting was performed 
using Kaleidagraph (Synergy Software, Reading, PA.). The slopes of the fits 
to the +TDS and +oligomycin kinetic data are 1.2- and 0.9-fold of the control 
respectively.  

 

 

 

 

 



	
	

Figure S6. The effect of hydroxylamine on the post-illumination 
fluorescence rise in spinach thylakoid preparations 

 

Fig. S6. The effect of hydroxylamine on the post illumination fluorescence rise 
in spinach thylakoid preparations. Assay conditions consisted of thylakoids 
suspended at 50 µg Chl/ml in 10 mM HEPES (pH 7.6), 10 mM KCl, 5 mM 
MgCl2 supplemented with 5 µM Fd and 100 µM NADPH. Hydroxylamine (HA) 
and DCMU were present as indicated (red trace only) at 1 mM and 10 µM 
respectively. The periods of actinic- (620 nm, 250 µmol photons m-2 s-1) and 
far-red (720 nm, 50 µmol photons m-2 s-1) illumination are indicated by bright- 
and dark red bars under the fluorescence data. Periods of darkness are 
indicated by black bars. 'SP' refers to a saturating actinic flash (5000 µmol 
photons m-2 s-1). Fo, Fm, Fs and Fo' indicate the fluorescence levels in the dark, 
during the saturating flash, during the steady state under actinic illumination 
and under far-red illumination respectively.  
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Figure S7. The effect of oxygen on the post-illumination fluorescence 
rise in spinach and Amaranthus hybridus thylakoid preparations 

 

Fig. S7. The effect of oxygen on the post illumination fluorescence rise in 
spinach (S.o) thylakoid and A. hybridus (A.h.) thylakoid preparations. Assay 
conditions consisted of thylakoids suspended at 50 µg Chl/ml in 10 mM 
HEPES (pH 7.6), 10 mM KCl, 5 mM MgCl2 supplemented with 5 µM Fd and 
100 µM NADPH. Anaerobiosis was achieved by the addition of 10 mM 
glucose plus a catalytic amount of glucose oxidase to the (septum-sealed) 
reaction cuvette, followed by flushing with a gentle stream of nitrogen for 4 
minutes. The periods of actinic- (620 nm, 250 µmol photons m-2 s-1) and far-
red (720 nm, 50 µmol photons m-2 s-1) illumination are indicated by bright- and 
dark red bars under the fluorescence data. Periods of darkness are indicated 
by black bars. 'SP' refers to a saturating actinic flash (5000 µmol photons m-2 
s-1). Fo, Fs and Fo' indicate the fluorescence levels in the dark, during the 
saturating flash, during the steady state under actinic illumination and under 
far-red illumination respectively. A 5 point smoothing function was applied to 
the data, and as such the Fm point achieved during the initial saturating flash 
is not visible. 

 



	
	

Figure S8. Gibbs free energy plots as a function of protonmotive force 
(Δp) for the oxidoreductase activity of NDH 

 

 

 



	
	

Figure S8. Gibbs free energy plots as a function of protonmotive force 
(Δp) for the oxidoreductase activity of NDH. Calculations were performed 
using equation 1 assuming a stromal pH of 7.5 and midpoint potentials (Em,7.5) 
of +80, -335 and -430 mV for the PQ/PQH2, NADP+/NADPH and Fd3+/Fd2+ 
couples respectively. T = 298 K. Calculated equilibrium constants (Keq) were 
converted into Gibbs free energy values for display in Fig. 6. Yellow shaded 
regions indicate conditions under which the reverse (plastoquinol oxidase) 
reaction of NDH is energetically favorable. (A) Thermodynamics of NDH-
mediated NADPH:PQ oxidoreductase (orange) and Fd:PQ oxidoreductase 
(purple) activity for H+/e- = 1 and H+/e- = 2 assuming 50% reduction of donors 
and acceptors. (B) Thermodynamics of NDH-mediated NADPH:PQ 
oxidoreductase activity assuming 10% reduced NADPH + 90% reduced PQH2 
(blue), 90% reduced NADPH + 90% reduced PQH2 (red) and 90% reduced 
NADPH + 10% reduced PQH2 (black) for H+/e- = 1 and H+/e- = 2. (C)  
Thermodynamics of NDH-mediated Fd:PQ oxidoreductase activity assuming 
10% reduced Fd + 90% reduced PQH2 (blue), 90% reduced Fd + 90% 
reduced PQH2 (red) and 90% reduced Fd + 10% reduced PQH2 (black) for 
H+/e- = 1 and H+/e- = 2.  

 

K!" = 10 !"!!(!!!)
!"

       Equation 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
	

Figure S9. Electrochromic shift decay kinetics 

 

Fig. S9. Examples of analysis of raw data leading to the generation of Figure 
6. A) Dark interval relaxation kinetics of absorbance at 520 nm monitoring the 
electrochromic shift. The initial slope of the decay is taken as the relative 
transthylakoid proton flux (vH

+) parameter, which is then normalized to 
chlorophyll content [as described in 1–5]. B) Dark interval relaxation kinetics of 
absorbance at 820 nm monitoring the reduction of P700+. The initial slope of 
the decay is taken as the relative electron flux through P700 (vP700) parameter.  
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