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Cyclic Electron Flow （CEF）has evolved to divert electrons back to PETC to enhance H+ pumping to boost the proton

motive force (PMF) across the thylakoid membranes to balance photosynthesis and, consequently, NADPH/ATP ratio.
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1. Introduction

CEF has evolved to divert electrons back to PETC to enhance H  pumping to boost the proton motive force (PMF) across

the thylakoid membranes . PMF has two components, the proton gradient (∆pH) and the membrane potential (∆Ψ), and

is responsible for the ATP synthesis by the ATP synthase of the thylakoid membrane, a process that is subjected to redox

regulation . Other thylakoid-localised transport processes, such as the K  exchange antiporter 3 (KEA3), operate to

harmonise PMF with metabolic requirements. KEA3 acts modulating ATP synthesis hence relaxing ∆pH by proton export

from the thylakoid lumen . KEA3 activity might be controlled via the stroma-located C-terminal domain, possibly by

monitoring the NADPH/NADP  ratio . Wang and co-workers have also proposed a second type of redox regulation

involving an N-terminal Cys residue facing the lumen side .

The question arising is why plants have two CEF systems, NDH and PGR5/PGRL1 complexes, both of them having a role

in protection against light stress. In chloroplasts, multiple interconnected biosynthetic pathways are operating at the same

time. In general, these processes are NADPH and ATP consuming, but the NADPH/ATP ratio to support each metabolic

pathway is diverse and this ratio must be adapted to specific needs (i.e., Calvin–Benson cycle, nitrogen and sulphur

assimilation, lipid biosynthesis, isoprenoid precursor biosynthesis, etc.). Reaching a proper balance between NADPH and

ATP, integrating light (energy input), plant development and cell catabolism might involve dynamic processes acting at the

photosynthesis level (Figure 1). According to this reasoning, it would be interesting to investigate and shed more light on

the role of CEF in plant physiology/metabolism under non-stress conditions.

Figure 1. Photosynthetic processes involved in balancing the NADPH/ATP ratio in Arabidopsis chloroplasts. TRXs receive

redox equivalents from the linear electron flow and control the cyclic electron flow to fine-tune the proton motive force and

the ATP synthesis. At the same time, KEA3 modulates the ATPase activity controlled by TRXs f/m and NTRC. The soluble

electron carriers ferredoxin (Fd) and plastocyanin (PC) operate at both sides of the thylakoid membrane connecting PSI

with the CEF complexes and Cyt b f, respectively. Green arrows represent direct activation mediated by TRXs or NTRC;
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truncated red lines, inhibition. A dashed line indicates a hypothetical interaction. Protein complexes were schematised for

a better understanding.

2. The NDH Complex

The Arabidopsis NDH complex is composed of 29 subunits (11 of which are plastid-encoded) grouped in five

subcomplexes . The chloroplast NDH complex, which has a molecular mass of approximately 700 kDa, shows

homology with the respiratory complex I of bacteria and mitochondria. This complex is present as a monomeric complex

associated with PSI . Some authors have recently determined that in A. thaliana plants grown under non-stressing

conditions the PSI:NDH ratio is about 45.4 . Concerning redox regulation of NDH activity, it was proposed that NTRC

exerts an activating effect,  whereas TRX m4 was suggested to be a negative regulator  (Figure 1). Whereas

several NDH subunits were identified in a co-immunoprecipitation assay using anti-NTRC antibodies, supporting their

redox regulation , the mechanism of TRX m4-dependent NDH regulation remains to be determined . Since, as far as

we know, no thiol/disulphide mechanisms were proposed to directly regulate NDH activity, the post-translational redox

regulation of NDH remains elusive. Nevertheless, though indirectly, redox signalling affects NDH regulatory proteins acting

at transcriptional or translational levels. For instance, it is known that hydrogen peroxide can trigger the activity of the

NDH complex in barley  and that low levels of ascorbic acid or reduced glutathione downregulate genes coding for

NDH subunits . Paradoxically, though many years ago phosphorylation was described to activate the NDH complex ,

no direct redox regulation has been proved so far for this photosynthetic complex. The question is whether NDH- and

PGR5/PGRL1-dependent CEF integrate different types of chloroplast cues to balance the NADPH/ATP ratio under a

broad range of environmental and developmental situations. Interestingly, several orchid species, plants that have a

heterotrophic phase in their life cycle, have lost the NDH complex, which led to propose that the loss of NDH complex

might be necessary for these plants . The question is whether this apparently TRX-independent process is related to

the role of NDH in non-photosynthetic organs as fruits .

3. The PGR5/PGRL1 Complex

The PGR5/PGRL1 complex is formed by two subunits and exerts a photo-protective role against high-light mediated

stress (Figure 1) . Unlike NDH, there are solid experimental data showing the redox-regulation of PGR5 . In

line with this notion, it was reported that TRXs m collectively down-regulate the PGR5/PGRL1 complex . In planta,

TRX m4 downregulates PGR5 activity by reducing PGRL1 (Figure 1) . In addition, the relevance of the regulation of

PGR5/PGRL1 on the chloroplast redox state was evidenced by the recovery of enzyme reduction in the ntrc pgr5
Arabidopsis double mutant .

The cyanobacteria Synechocystis sp. contains PGR5 but not PGRL1 . Nevertheless, in spite of the low similarity

between the cyanobacterial protein SII1217 and PGRL1, both proteins might be functionally related, suggesting a putative

prokaryotic origin of PGRL1. Interestingly, Arabidopsis PGRL1 has six cysteine residues whereas cyanobacterial SII1217,

which has not been shown to be redox-regulated, has only three . Anyway, Synechocystis mediates the non-

photochemical reduction of PQ possibly via CEF through the NDH-1 complex . Another aquatic organism, the

marine angiosperm Zostera marina, conserves the two CEF systems and shares with land plants a similar response to

respond to excess radiation .

4. Ferredoxins: Active Players Balancing Linear and Cyclic Electron
Flows?

Chloroplast Fds are small proteins containing a [2Fe:2S] cluster with low redox potentials. These proteins regulate

electron partitioning in plant chloroplasts by transferring electrons from photo-reduced PSI to different stromal proteins

such as Fd NADP  reductase (FNR) or FTR, as well as to the thylakoid-located CEF systems NDH and PGR5/PGRL1

. Arabidopsis harbours four chloroplastic Fd isoforms, namely FD1 (AT1G10960), FD2 (AT1G60950), FDC1

(AT4G14890) and FDC2 (AT1G32550) . FD1 and FD2 account for 7% and 90% of the total leaf Fd, respectively .

The presence of several Fd isoforms in plants suggests the existence of specific targets for these enzymes. In this regard,

it was hypothesised that FD1 would contribute to CEF and FD2 to LEF . FDC1 and FDC2 have an additional

extension at the C-terminus, near their active sites, as well as higher redox potentials than FD2, hence FDC1 and FDC2

can be considered atypical Fds . Unlike FD1 and FD2, FDC1 is not able to interact with FNR; nevertheless, it can

interact with the CEF complexes NDH and PGR5/PGRL1 or with FTR . These results suggest a role of FDC1 in

partitioning providing electrons to specific chloroplast processes. Although there is no experimental evidence so far, the

possibility cannot be discarded that FDC2 might have a similar function to FDC1. Its functional significance in plants was

proven in rice, where a mutation in the FDC2 ortholog HDY1 provokes leaf yellowing and a delay in flowering time .
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In photosynthetic organisms, the docking site at PSI, formed by the subunits PsaD and PsaE, allows the electronic

transfer between Fds and PsaC . Remarkably, Arabidopsis has two isoforms of PsaD and PsaE , thus, it is tempting

to speculate that the combination of these isoforms might constitute auxiliary docking sites for chloroplast Fds. If this were

the case, the donor site of PSI would also play an active role in photosynthesis electron partitioning and redox regulation.

References

1. Armbruster, U.; Correa Galvis, V.; Kunz, H.H.; Strand, D.D. The regulation of the chloroplast proton motive force plays
a key role for photosynthesis in fluctuating light. Curr. Opin. Plant Biol. 2017, 37, 56–62.

2. Yamori, W.; Shikanai, T. Physiological functions of cyclic electron transport around photosystem I in sustaining
photosynthesis and plant growth. Annu. Rev. Plant Biol. 2016, 67, 81–106.

3. Carrillo, L.R.; Froehlich, J.E.; Cruz, J.A.; Savage, L.J.; Kramer, D.M. Multi-level regulation of the chloroplast ATP
synthase: The chloroplast NADPH thioredoxin reductase C (NTRC) is required for redox modulation specifically under
low irradiance. Plant J. 2016, 87, 654–663.

4. Sekiguchi, T.; Yoshida, K.; Okegawa, Y.; Motohashi, K.; Wakabayashi, K.I.; Hisabori, T. Chloroplast ATP synthase is
reduced by both f-type and m-type thioredoxins. Biochim. Biophys. Acta Bioenerg. 2020, 1861, 148261.

5. Uflewski, M.; Mielke, S.; Galvis, V.C.; von Bismarck, T.; Chen, X.; Tietz, E.; Ruß, J.; Luzarowski, M.; Sokolowska, E.;
Skirycz, A.; et al. Functional characterization of proton antiport regulation in the thylakoid membrane. Plant Physiol.
2021.

6. Wang, C.; Yamamoto, H.; Narumiya, F.; Munekage, Y.N.; Finazzi, G.; Szabo, I.; Shikanai, T. Fine-tuned regulation of
the K+/H+ antiporter KEA3 is required to optimize photosynthesis during induction. Plant J. 2017, 89, 540–553.

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

8. Peng, L.; Shikanai, T. Supercomplex formation with photosystem I is required for the stabilization of the chloroplast
NADH dehydrogenase-like complex in Arabidopsis. Plant Physiol. 2011, 155, 1629–1639.

9. McKenzie, S.D.; Ibrahim, I.M.; Aryal, U.K.; Puthiyaveetil, S. Stoichiometry of protein complexes in plant photosynthetic
membranes. Biochim. Biophys. Acta Bioenerg. 2020, 1861, 148141.

10. Nikkanen, L.; Toivola, J.; Trotta, A.; Guinea Diaz, M.; Tikkanen, M.; Aro, E.M.; Rintamäki, E. Regulation of cyclic
electron flow by chloroplast NADPH-dependent thioredoxin system. Plant Direct 2018, 2, e00093.

11. Courteille, A.; Vesa, S.; Sanz-Barrio, R.; Cazalé, A.C.; Becuwe-Linka, N.; Farran, I.; Havaux, M.; Rey, P.; Rumeau, D.
Thioredoxin m4 controls photosynthetic alternative electron pathways in Arabidopsis. Plant Physiol. 2013, 161, 508–
520.

12. Casano, L.M.; Martín, M.; Sabater, B. Hydrogen peroxide mediates the induction of chloroplastic Ndh complex under
photooxidative stress in barley. Plant Physiol. 2001, 125, 1450–1458.

13. Queval, G.; Foyer, C.H. Redox regulation of photosynthetic gene expression. Phil. Trans. R Soc. B 2012, 367, 3475–
3485.

14. Lascano, H.R.; Casano, L.M.; Martín, M.; Sabater, B. The activity of the chloroplastic Ndh complex is regulated by
phosphorylation of the NDH-F subunit. Plant Physiol. 2003, 132, 256–262.

15. Lin, C.S.; Chen, J.; Chiu, C.C.; Hsiao, H.; Yang, C.J.; Jin, X.H.; Leebens-Mack, J.; de Pamphilis, C.W.; Huang, Y.T.;
Yang, L.H.; et al. Concomitant loss of NDH complex-related genes within chloroplast and nuclear genomes in some
orchids. Plant J. 2017, 90, 994–1006.

16. Nashilevitz, S.; Melamed-Bessudo, C.; Izkovich, Y.; Rogachev, I.; Osorio, S.; Itkin, M.; Adato, A.; Pankratov, I.;
Hirschberg, J.; Fernie, A.R.; et al. An orange ripening mutant links plastid NAD(P)H dehydrogenase complex activity to
central and specialized metabolism during tomato fruit maturation. Plant Cell 2010, 22, 1977.

17. DalCorso, G.; Pesaresi, P.; Masiero, S.; Aseeva, E.; Schünemann, D.; Finazzi, G.; Joliot, P.; Barbato, R.; Leister, D. A
complex containing PGRL1 and PGR5 is involved in the switch between linear and cyclic electron flow in Arabidopsis.
Cell 2008, 132, 273–285.

18. Rantala, M.; Rantala, S.; Aro, E.-M. Composition, phosphorylation and dynamic organization of photosynthetic protein
complexes in plant thylakoid membrane. Photoch. Photobiol. Sci. 2020, 19, 604.

19. Okegawa, Y.; Motohashi, K. M-Type Thioredoxins regulate the PGR5/PGRL1-dependent pathway by forming a
disulfide-linked complex with PGRL1. Plant Cell 2020, 32, 3866–3883.

[35] [28]



20. Hertle, A.P.; Blunder, T.; Wunder, T.; Pesaresi, P.; Pribil, M.; Armbruster, U.; Leister, D.L. PGRL1 is the elusive
ferredoxin-plastoquinone reductase in photosynthetic cyclic electron flow. Mol. Cell 2013, 49, 511–523.

21. Okegawa, Y.; Tsuda, N.; Sakamoto, W.; Motohashi, K. Maintaining the chloroplast redox balance through the PGR5-
dependent pathway and the Trx system is required for light-dependent activation of photosynthetic reactions. Plant Cell
Physiol. 2021.

22. Dann, M.; Leister, D. Evidence that cyanobacterial Sll1217 functions analogously to PGRL1 in enhancing PGR5-
dependent cyclic electron flow. Nat. Commun. 2019, 10, 5299.

23. Deák, Z.; Sass, L.; Kiss, É.; Vass, I. Characterization of wave phenomena in the relaxation of flash-induced chlorophyll
fluorescence yield in cyanobacteria. Biochim. Biophys. Acta 2014, 1837, 1522–1532.

24. Peltier, G.; Aro, E.-M.; Shinakai, T. NDH-1 and NDH-2 plastoquinone reductase in oxygenic photosynthesis. Annu. Rev.
Plant Biol. 2016, 67, 55–80.

25. Tan, Y.; Zhang, Q.S.; Zhao, W.; Liu, Z.; Ma, M.Y.; Zhong, M.Y.; Wang, M.X.; Xu, B. The highly efficient NDH-dependent
photosystem I cyclic electron flow pathway in the marine angiosperm Zostera marina. Photosynth. Res. 2020, 144, 49–
62.

26. Hanke, G.; Mulo, P. Plant type ferredoxins and ferredoxin-dependent metabolism. Plant Cell Environ. 2013, 36, 1071–
1084.

27. Voss, I.; Goss, T.; Murozuka, E.; Altmann, B.; McLean, K.J.; Rigby, S.E.; Munro, A.W.; Scheibe, R.; Hase, T.; Hanke,
G.T. FdC1, a novel ferredoxin protein capable of alternative electron partitioning, increases in conditions of acceptor
limitation at photosystem I. J. Biol. Chem. 2011, 286, 50–59.

28. Guan, X.; Chen, S.; Voon, C.P.; Wong, K.B.; Tikkanen, M.; Lim, B.L. FdC1 and leaf-type ferredoxins channel electrons
from Photosystem I to different downstream electron acceptors. Front. Plant Sci. 2018, 9, 410.

29. Hanke, G.T.; Kimata-Ariga, Y.; Taniguchi, I.; Hase, T. A post genomic characterization of Arabidopsis ferredoxins. Plant
Physiol. 2004, 134, 255–264.

30. Yamamoto, H.; Kato, H.; Shinzaki, Y.; Horiguchi, S.; Shikanai, T.; Hase, T.; Endo, T.; Nishioka, M.; Makino, A.;
Tomizawa, K.; et al. Ferredoxin limits cyclic electron flow around PSI (CEF-PSI) in higher plants--stimulation of CEF-
PSI enhances non-photochemical quenching of Chl fluorescence in transplastomic tobacco. Plant Cell Physiol. 2006,
47, 1355–1371.

31. Hanke, G.T.; Hase, T. Variable photosynthetic roles of two leaf-type ferredoxins in Arabidopsis, as revealed by RNA
interference. Photochem. Photobiol. 2008, 84, 1302–1309.

32. Lehtimäki, N.; Lintala, M.; Allahverdiyeva, Y.; Aro, E.M.; Mulo, P. Drought stress-induced upregulation of components
involved in ferredoxin-dependent cyclic electron transfer. J. Plant Physiol. 2010, 167, 1018–1022.

33. Blanco, N.E.; Ceccoli, R.D.; Vía, M.V.; Voss, I.; Segretin, M.E.; Bravo-Almonacid, F.F.; Melzer, M.; Hajirezaei, M.R.;
Scheibe, R.; Hanke, G.T. Expression of the minor isoform pea ferredoxin in tobacco alters photosynthetic electron
partitioning and enhances cyclic electron flow. Plant Physiol. 2013, 161, 866–879.

34. Zhao, J.; Qiu, Z.; Ruan, B.; Kang, S.; He, L.; Zhang, S.; Dong, G.; Hu, J.; Zeng, D.; Zhang, G.; et al. Functional
inactivation of putative photosynthetic electron acceptor ferredoxin C2 (FdC2) induces delayed heading date and
decreased photosynthetic rate in rice. PLoS ONE 2015, 10, e0143361.

35. Sétif, P.; Fischer, N.; Lagoutte, B.; Bottin, H.; Rochaix, J.D. The ferredoxin docking site of photosystem I. Biochim.
Biophys. Acta 2002, 1555, 204–209.

Retrieved from https://encyclopedia.pub/entry/history/show/38606


