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Virtually all life on Earth depends on photosynthesis, a pro-
cess that converts light energy into chemical energy and
assimilates CO, into sugars and organic compounds that
form the basis of food and fuel. Plants use photosystems |
and Il (PSI/Il) to transfer electrons along the linear electron
transfer (LET) chain to NADP™ and to generate a proton
gradient to drive ATP synthesis. Electrons are extracted from
water at PSIl and are transferred via several electron carriers
to plastocyanin (PC). Electrons are then transferred from PC
through PSI to NADP* to produce NADPH. The reducing
power stored in NADPH is used for carbon fixation and ni-
trogen assimilation and is crucial for maintaining redox ho-
meostasis in chloroplasts. In addition to LET, PSI also uses a
cyclic pathway (cyclic electron transfer [CET]) to produce
ATP without generating NADPH. The CET-mediated in-
creased ATP/NADPH ratio protects PSI from damage caused
by stromal overreduction. Hence, proper partitioning be-
tween LET and CET is important to maintain PSI function
and stability. PSI assembly, structure, and function are well-
characterized and biogenesis is affected by the stromal redox
state (Heinnickel et al, 2016; Zhu et al,, 2016). However, un-
derlying regulatory mechanisms that modulate assembly are
not yet well characterized.

In this issue of Plant Physiology, )i et al. (2022) uncovered
a regulatory mechanism between PSI biogenesis and stromal
redox balance. They demonstrated that PSI biogenesis is
downregulated when NAD kinase (NADK) 2, which catalyses
the biosynthesis of NADP* from NAD™, is compromised.

NADKSs are present in all living organisms investigated
to date. NADP " synthesis is crucial in chloroplasts since
it is the final electron acceptor of the electron transfer
chain. Arabidopsis (Arabidopsis thaliana) has three
NADKs (NADK1-3). NADK2 is chloroplast-localized and
plants without NADK?2 display stunted growth, increased

sensitivity to environmental stresses, impaired chlorophyll
synthesis, and reduced photosynthetic efficiency (Chai
et al, 2005; Takahashi et al, 2006). Overexpressing
NADK?2, on the other hand, leads to increased Rubisco ac-
tivity, increased nitrogen assimilation, and altered gene
expression associated with nitrate metabolism. However,
the overall redox state remains unaffected by higher lev-
els of NADK2 (Takahashi et al., 2009). In a similar study
in rice (Oryza sativa), overexpression of NADK2 increased
photosynthetic efficiency and tolerance of oxidative dam-
age (Takahara et al,, 2010).

Ji et al. were interested in identifying additional compo-
nents involved in chloroplast biogenesis and screened
Arabidopsis T-DNA insertion lines for mutants with de-
creased chlorophyll content, identifying a line with a muta-
tion in the NADK2 gene. The nadk2 mutant was less
efficient in photosynthesis and had more nonphotochemical
chlorophyll fluorescence quenching (NPQ), which measures
dissipation of absorbed light energy into heat. More impor-
tantly, the authors revealed that the plastoquinone (PQ)
pool was more reduced in nadk2. Since PQ is upstream of
PC and PSI, these findings indicate that electron transfer
from PQ to PSI was impaired.

Therefore, the authors investigated PSI activity by mea-
suring P700 oxidation using far red light, revealing that
nadk2 had much less photo-oxidizable PSI. Furthermore,
P700 oxidation was much slower in nadk2 than in WT,
suggesting that the PQ pool was either re-reduced much
faster or PSI was limited by downstream electron accept-
ors, such as NADP ", which would be consistent with the
roles of NADK2 in NADP ™ biosynthesis, resulting in dis-
rupted redox homeostasis in the chloroplast stroma. The
increased acceptor-side limitation of PSI in nadk2
prompted the authors to investigate rates of CET, which

Received April 19, 2022. Accepted April 24, 2022. Advance access publication June 28, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of American Society of Plant Biologists.

Open Access

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,

and reproduction in any medium, provided the original work is properly cited.

€20z Arenuer Gz uo 1senb Aq 0/161.99/0681/4/68 L /2101He/sAyd|d/woo dno-olwepese//:sdiy woly pepeojumoq



NADP + synthesis regulates PSI biogenesis

Feedback NAD*

echanism

WT
YV, . psaA
VW ————>

mRNA

psaB

translation
biogenesis

He H

NAD*

"
H+_._,.....-......':
F, .

e H

PLANT PHYSIOLOGY 2022: 189; 1890-1892 | 1891

m NADK2 e
NADP* NADPH CBBC
ATP synthase
Fd

Lumen j Stroma

Feedback AR
nadkz Shaiiny | (NADK2 22,
W psaa~._ NADP" NADPH CBBC
S translation e Psl @ ATP Synthase
is impaired l_'.)iogjness Y(NA) Fd e ATP

Lumen j Stroma

Figure 1 Summary of regulatory crosstalks between NADP* synthesis and PSI biogenesis. NADP* synthesis in WT is catalyzed by NADK?2, result-
ing in normal stromal redox pressure and, as a result, WT-level PsaA/B translation and PSI biogenesis. In nadk2, NADP* synthesis is disturbed,
leading to altered redox pressure in the stroma. This results in downregulation of PsaA/B translation and PSI biogenesis to protect PSI from photo-
inhibition, leading to increased acceptor-side limitation and cyclic electron transfer around PSI (CET) (Ji et al., 2022). Solid arrows represent elec-
tron flow. Dotted arrows indicate proton flow. Changes in nadk2 are highlighted. cytbsf, cytochrome bsf complex; Fd, ferredoxin; FNR,
Fd:NADP(H) oxidoreductase, CBBC, Calvin—Benson—Bassham cycle; Y(ND), donor-side limitation; and Y(NA), acceptor-side limitation.

can act as an electron sink. Indeed, CET around PSI was
increased. Furthermore, the nadk2 mutant was much
more sensitive to photoinhibition, due to the diminished
accumulation of PSI subunits. The PSI core complex con-
sists of 15 subunits, with PsaA and PsaB proteins forming
the central heterodimer holding the reaction center P700
and further components of the electron transfer chain
(Amunts et al, 2010). PSI assembly starts by insertion of
PsaA and PsaB into the thylakoid membrane and the
PsaAB heterodimer reaction center is formed after bind-
ing of co-factors, followed by attachment of small subu-
nits (Schottler et al, 2011). Interestingly, the decreased

accumulation of PsaA and B was not caused by more pro-
tein turnover in nadk2. Instead, the authors revealed
translation of psaA/B  mRNA was downregulated in
nadk2, providing a link between NADP ™ levels mediated
by NADK2 and PSI biogenesis (Figure 1).

As plants experience environmental changes, such as
varying light intensities and temperature, chloroplast me-
tabolism must respond accordingly. The regulatory link
between NADP™ synthesis, modulated by NADK2, and
PSI biogenesis uncovered by )i et al. provides a mechanism
by which plants can adjust PSI levels in response to stro-
mal redox pressure.
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