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Ferredoxin-NADP+ oxidoreductase (FNR) is a ubiquitous flavin adenine dinucleotide (FAD)-binding enzyme
encoded by a small nuclear gene family in higher plants. The chloroplast targeted FNR isoforms are known to
be responsible for the final step of linear electron flow transferring electrons from ferredoxin to NADP+, while
the putative role of FNR in cyclic electron transfer has been under discussion for decades. FNR has been found
from three distinct chloroplast compartments (i) at the thylakoid membrane, (ii) in the soluble stroma, and
(iii) at chloroplast inner envelope. Recent in vivo studies have indicated that besides the membrane-bound
FNR, also the soluble FNR is photosynthetically active. Two chloroplast proteins, Tic62 and TROL, were
recently identified and shown to form high molecular weight protein complexes with FNR at the thylakoid
membrane, and thus seem to act as the long-sought molecular anchors of FNR to the thylakoid membrane.
Tic62–FNR complexes are not directly involved in photosynthetic reactions, but Tic62 protects FNR from
inactivation during the dark periods. TROL–FNR complexes, however, have an impact on the photosynthetic
performance of the plants. This article is part of a Special Issue entitled: Regulation of Electron Transport in
Chloroplasts.
FQR, ferredoxin-plastoquinone
AD,flavin adeninedinucleotide;
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1. Introduction

Ferredoxin-NADP+ oxidoreductase (FNR; EC 1.18.1.2) is a ubiqui-
tous enzyme, which has been identified in various organisms
including heterotrophic and phototrophic bacteria, in mitochondria
and plastids of higher plants and algae, as well as apicoplasts of some
intracellular parasites (see [1] for a review). FNR harbors one
molecule of noncovalently bound FAD as a prosthetic group [2–5],
and it catalyzes reversible electron transfer between ferredoxin (Fd)
(or flavodoxin) and NAD(P)H. The most extensively studied reaction
catalyzed by FNR is the last step of the linear electron transfer chain in
chloroplasts (Fig. 1A). There, FNR mediates the transfer of electrons
from reduced Fd to NADP+ for production of NADPH according to the
reaction 2 Fdred+NADP++H+→2 Fdox+NADPH. The FAD cofactor
of FNR functions as an one-to-two electron switch by reduction of FAD
to a semiquinone form FADH., followed by another round of reduction
to FADH−, and hydride transfer from FADH− to NADP+. Ordered
formation of a ternary complex, e.g. binding of NADP+ first and then
Fd to FNR is considered to be central for the catalytic process [6–9].
NADPH, in turn, is utilized mainly for CO2 fixation in the Calvin–Benson
cycle. In addition to the chloroplast FNRs, FNRproteins can also be found
in non-photosynthetic plastids of higher plants [10]. The non-
photosynthetic FNR isoforms that function in nitrogen metabolism
[11] are, however, beyond the scope of this review.

2. Structure of FNR

Chloroplast FNR proteins are hydrophilic proteins with a molecular
weightof approximately 35 kDa. Sequence similarity of FNRs fromvarious
plant species varies from 40% to 97% (see [4]), and especially regions
involved in FAD and NADP+ binding share high degree of identity. The
three dimensional structure of chloroplast FNR has been described in
many species, at the best resolution of 1.7 Å [8,9,12–18]. The topology of
all chloroplast FNRs is highly conserved, as the FNR protein in all studied
species is composed of two distinct domains connected by a loop [8],
which shows the biggest variance between the species. The N-terminal
domain (ca. 150 amino acids) is involved in FAD binding, while the
C-terminal domain (ca. 150 amino acids) ismainly responsible for binding
of NADP+ [12] (Fig. 2). FAD-binding domain is made up of a β-barrel
structure built of six antiparallelβ-strands and cappedby anα-helix anda
long loop, while the NADP+-binding domain consists of a central
five-stranded parallel β-sheet surrounded by six α-helices. The NADP+-
binding domain can be further divided into two subdomains [19]. The
C-terminal subdomain shows dynamic conformation at stromal daytime
pH, allowing increased binding of NADP+and thereby effective functional
control for photosynthesis according to ambient illumination [19].
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Fig. 1. FNR functions in the crossing of various electron transfer pathways. A. Linear electron
transfer from water via PSII, plastoquinone (PQ) pool, Cyt b6f complex, PSI, Fd and FNR to
NADP+ is presented as solid arrows. FNR is present both as soluble and thylakoid-bound
forms. Reducing power may be used either for carbon assimilation (Calvin cycle), amino
acid, lipid and chlorophyll biosynthesis or reduction of stromal redox-active components.
B. Possible routes for cyclic electron transfer are shown as dotted arrows. In Fd-dependent
pathway, electrons are transferred from Fd to Cyt b6f complex via a partly uncharacterized
route involving PGR5 and PGRL1 proteins and possibly FNR as well as hypothetical FQR.
Alternatively, electrons may be transferred from Fd to PQ pool via the NDH-dependent
pathway, which functions in two steps. Firstly, electrons are transferred from NADPH to
NDH-1 complex, and secondly the PQ pool is reduced by the NDH-1 complex.

Fig. 2. Structure of FNR in complex with Fd [15]. The N-terminal domain, involved in
FAD binding, is shown in red, and the C-terminal domain harboring NADP+ is shown in
blue. FAD-binding domain is made up of a β-barrel structure built of six antiparallel
β-strands and capped by an α-helix and a long loop, while the NADP+-binding domain
consists of a central five-stranded parallel β-sheet surrounded by six α-helices. Fd
(shown in yellow) is bound to the large, shallow cleft between the two domains. The
FAD cofactor is shown as sticks and the ironsulfur cluster of Fd as spheres. The figure
was prepared with Pymol (http://www.pymol.org). (Courtesy of Dr. Tiina A. Salminen,
Åbo Akademi University, Finland).
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Fd is bound to the large, shallow cleft between the two domains [20]
by interaction of basic residues of FNR and acidic residues of Fd, as well
as by van der Waals forces, hydrophobic packing interactions and
hydrogen bonding (see [21] for a review) (Fig. 2). The amino acids
essential for the formation and activity of the Fd-FNR complex have
been identified in detail, especially in cyanobacteria, using continuum
electrostatic computations [22] and a wide set of site-directed mutants
of both FNR and Fd [17,23–30]. Nuclear magnetic resonance and
mutagenesis studies have further revealed that the flexible N-terminus
of FNR is also involved in the interaction with Fd [31].
Table 1
Classification of the FNR isoforms in A. thaliana, T. aestivum and Z. mays. Gene name
denotes the name of each isoform given in defined reference. Classification of the FNR
isoforms in more basic (pFNRI) and more acidic (pFNRII) forms according to [36].

Organism Gene ID Gene
name

References pI Classification

A. thaliana TAIR ID: At5g66190 FNR1 [33] 5.54 pFNRII
TAIR ID: At1g20020 FNR2 6.19 pFNRI

T. aestivum GenBank ID: CAD30025 FNRI [36] 5.9–6.2 pFNRI
FNR-B [35]

GenBank ID: CAD30024 FNRII [36] 5.3–5.5 pFNRII
FNR-A [35]

Z. mays GenBank ID: AB035644 FNR1 [34] 6.76 pFNRI
GenBabk ID: AB035645 FNR2 5.50 pFNRII
GenBank ID: ACF85815 FNR3 6.1 pFNRI
3. Expression of the FNR genes and import of the pre-protein to
the chloroplast

3.1. FNR gene family

In higher plants, chloroplast-targeted FNR is encoded by a small
nuclear gene family with one to three FNR genes sharing approximately
80% homology with each other [10,32–36]. All higher plants studied to
date contain twodifferent types of FNR,more acidic andmore basic ones
[33]. The chloroplast FNR proteins seem to be at least partly redundant,
but they alsopossess uniqueproperties,which are probably required for
adjustment of chloroplast metabolism according to changes in the
ambient environment. Properties of the well studied FNR gene families
in the (i) dicot C3 plant Arabidopsis thaliana (thale cress), (ii) monocot
C3 plant Triticum aestivum (wheat), and (iii) monocot C4 plant Zeamays
(maize) are described below. The nomenclature and classification of the
FNR isoforms in Arabidopsis, wheat and maize are presented in Table 1.
3.1.1. A. thaliana
In Arabidopsis two genes, At5g66190 and At1g20020, encode the

two distinct ~32 kDa leaf isoforms FNR1 and FNR2, respectively
[33,37]. Sixty-eight percent of total chloroplast FNR transcripts is
composed of FNR1 mRNA, whereas FNR2 transcripts represent only
one third [38]. Both genes are predominantly expressed in the rosette
leaves, whereas only minor amount of mRNA could be detected in the
stems, flowers and siliques [33]. Chloroplast FNR transcripts or FNR
proteins could not be detected in the root tissue [33]. Inactivation of
one chloroplast FNR isoform did not result in upregulation of the
expression of the other, neither at the level of transcription nor
translation [37,38]. Mature FNR1 has a more acidic pI (5.54) than
FNR2 (6.19) [33], which can be exploited to separate the isoforms in
native polyacrylamide gel electrophoresis (PAGE) [38,39]. The
presence of both chloroplast FNR proteins as two distinct spots in
2D-PAGE indicates that the FNR proteins are post-translationally
modified [37], possibly by N-terminal processing and/or phosphory-
lation [40,41]. Inactivation of either FNR gene resulted in general
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down-regulation of the photosynthetic machinery, but neither of the
isoforms showed any specific function in linear or cyclic electron flow
of photosynthesis, or other alternative electron transfer reac-
tions [37,38,42]. Growth of the fnr knock-out plants under adverse
conditions (e.g. low temperature), however, revealed a unique role for
FNR2 in redistribution of electrons to various redox reactions [38].
Moreover, the growth of Arabidopsis on different nitrogen regimes
induces differential expression of the two chloroplast FNR genes
(see Section 3.2; [33]).

3.1.2. T. aestivum
The proteome of wheat has revealed four distinct leaf FNR isoforms

based on isoelectric focusing and SDS-PAGE. These isoforms can be
divided into two groups, FNRI and FNRII. Both groups contain two
proteins, which differ from each other by truncation of the N-terminus
by two or three amino acids [35,36]. Moreover, recently four more FNR
spots were detected after 2D-PAGE, and these spots match the
isoelectric positions predicted to arise with protein phosphorylation
[40]. The alternative processing and (putative) phosphorylation of the
FNR does not markedly change the electrophoretic mobility of FNR
isoforms, but has an effect on the pI of the FNR isoform. Differences in
the N-terminus of the wheat FNR isoforms seem to result in changes of
FNR activity, subchloroplast localization as well as affinity of FNR to
different Fd isoforms [36,40].

3.1.3. Z. mays
Maize is unique among the higher plants, since the genome ofmaize

codes for three distinct leaf FNR genes. These genes share 83–92%
homology with each other, and are present in the leaves at
approximately equivalent concentration [34]. FNR1 is found at the
thylakoid membrane, while FNR3 is an exclusively soluble enzyme.
FNR2, in turn, has a dual location [34]. The activity of FNR2 is similar to
FNR3, and higher than that of the FNR1, and the mode of interaction
between Fd(s) and the FNR isoforms is dependent on both pH and redox
status of the chloroplast [34].

3.2. Regulation of gene expression

Although transcription of the FNR genes is not under circadian
regulation, light controls the expression of the FNR genes via the
calcium and cGMP-dependent phytochrome signal transduction
pathway [43–47]. Light quality and inhibitors of photosynthetic
electron transfer (DCMU and DBMIB), however, do not have any
effects on the transcriptional activity of the spinach FNR gene [48],
while high level of nitrate induces the gene(s) encoding the more
basic FNR isoform [33,36]. Expression of the gene(s) encoding the
more acidic FNR isoform(s), however, does not respond to changes in
nitrogen supply [33,36].

FNR is synthesized on cytosolic polysomes as a precursor contain-
ing an amino-terminal transit peptide, which is responsible for
targeting the protein to the chloroplasts [49]. The concerted action of
chloroplast import machinery composed of Toc (Translocon at the
outer envelope of chloroplast) and Tic (Translocon at the inner
envelope of chloroplast) guides the vast majority of chloroplast
targeted preproteins into the organelle. The Tic complex includes
seven subunits, and intriguingly one of them, the Tic62 protein, has
been found to interact with FNR [50–53]. The N-terminus of Tic62
binds pyridine nucleotides, while the stroma exposed C-terminus
contains repetitive, highly conserved FNR-binding domains [51].
Database searches have verified the presence of the FNR-binding
domains only in the Tic62 protein of vascular plants [52]. The function
of FNR in the Tic complex has been suggested to link redox regulation
to chloroplast protein import. Indeed, in vitro experiments with
compounds interfering either with NAD binding or NAD(P)/NAD(P)H
ratio (deamino-NAD and ruthenium hexamine trichloride, respec-
tively) modulate the import characteristics of the leaf FNR isoforms:
FNR1 is translocated preferentially at high NAD(P)/NAD(P)H ratio,
while the translocation of FNR2 is not influenced by the redox status
[51]. Moreover, distinct isoforms of maize Fd and FNR have been
shown to possess unique chloroplast import properties, e.g. import of
pre-FdI to chloroplast stroma is independent on illumination, while
pre-FdIII and preFNR were efficiently targeted into stroma only in
darkness [54]. These results imply that the diurnal changes in the
chloroplast redox poise may control import characteristics of
the organelle. It was recently shown that Tic62 shuttles between
the soluble stroma and the chloroplastmembranes, and that oxidation
of stroma results in stronger association of Tic62 to the membrane
fraction [50]. Importantly, FNR shows similar shuttling behavior, and
the Tic62–FNR interaction is likewise dependent on chloroplast redox
state [50]. Therefore, the control of chloroplast protein import seems
to be an important step in the regulation of gene expression, and it is
conceivable that FNR plays a role in this process as a chloroplast redox
sensor [51].

The successful chloroplast import of FNR is followed by cleavage of
the transit peptide by a stromal protease [55]. Thereafter FAD
incorporation, required for maintenance of the native structure,
takes place. Binding of FAD is also a prerequisite for membrane
binding of FNR [56]. In vitro studies have shown that the newly
imported FNR interacts transiently with stromal Hsp70 (heat shock
protein of 70 kDa), and thereafter with Cpn60 (chaperonin of 60 kDa)
[57], which probably assist in the proper folding of FNR.

Finally, regulation of the enzyme activity has been suggested to take
place via binding of FNR to the thylakoid membrane. Although soluble
and membrane-bound FNR form a complex with Fd with the same
dissociation constant, the rate constant of NADP+ photoreduction has
been shown to be much higher in the membrane bound than in the
soluble complex in vitro [58]. Further in vitro experiments have
suggested that association of FNR via connectein (see Section 5) is
indispensable for the NADP+ photoreducing activity [59]. However,
since the Arabidopsis fnr1 knock out mutant does not contain any
membrane-bound FNR and still the plants possess more or less normal
photosynthetic performance, it may be concluded that in planta the
soluble FNR is photosynthetically competent [37], and thus the
solubility of FNR as such is not a crucial determinant of enzyme activity.

4. FNR exists in three distinct chloroplast pools

It has been long known that FNR exists as a soluble pool in
chloroplast stroma, and either loosely or tightly bound to the
thylakoid membrane [60–62]. Recently, FNR has been found to bind
also to the inner envelope membrane of the chloroplast via Tic62,
which is a subunit of chloroplast protein import machinery [50–52].

In Arabidopsis, chloroplast FNR1 has been shown to be more
abundant in the membrane fraction [33], especially at the stroma
thylakoids [53], whereas FNR2 accumulates in higher amounts in the
soluble stroma [33]. Indeed, FNR1 serves as a membrane anchor to
FNR2, since upon inactivation of FNR1 all the chloroplast FNR (FNR2)
exists as a soluble protein [37]. Therefore, it seems plausible that FNR
in vivo exists as a dimer. This possibility has been supported by a
number of studies, e.g. structural analyses [15,37,63,64] and various
biochemical studies, which have shown appearance of a high
molecular weight form of FNR [65–71]. Recently, also formation of
large (~330 kDa) FNR oligomers, devoid of other proteins, has been
documented upon low ionic strength and neutral pH [35].

5. Location of FNR in chloroplasts

Despite intense study focusing on the location and binding
mechanisms of FNR at the thylakoid membrane, the field is still
controversial. Early studies have suggested that FNR is bound to the
thylakoid membrane via specific FNR binding proteins (base protein
and/or connectein). Various studies have shown interaction of FNR
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with the photosynthetic protein complexes Cytochrome (Cyt) b6f,
Photosystem (PS) I or NAD(P)H dehydrogenase (NDH) complex, but
also interaction with glyceraldehyde-3-phosphate dehydrogenase, or
direct membrane attachment have been suggested. Recently, two
novel proteins Tic62 and TROL have been identified and shown to
bind FNR. The studies introducing the potential thylakoid binding
sites are described and discussed below.

5.1. Base protein and connectein

Early studies suggested that FNR was bound to the thylakoid
membrane via a specific “binding”or “base”protein. Thebindingprotein
was implied to be 16.5–17.5 kDa protein, which apparently mediates
membrane attachment of FNR [72,73] as a trimer [74]. The binding
protein is located on the stromal side of the thylakoid membrane
[72,75], which seems to be contradictory with the fact that the binding
protein shares high similarity with the 16.5 kDa PsbQ(like) protein of
oxygen evolving complex, which is localized on the lumenal side of the
thylakoidmembrane [75,76]. Nevertheless, it is an intriguing detail that
occasionally FNR seems to co-purify with the oxygen evolving complex
proteins [35]. Also a heat stable “connectein” protein of 10 kDa has been
suggested to bind two molecules of FNR, and to be involved in
membrane binding [77,78]. Although FNR may bind to the thylakoid
membrane even in the absence of connectein, it has been suggested that
connectein may be required for the guidance of FNR to the correct
position at the thylakoid membrane in order to attain full NADP+

photoreducing activity [59]. Since connectein can not be stained either
with Coomassie brilliant blue or silver stain, its molecular identity has
unfortunately remained obscure [71,77].

5.2. Photosynthetic protein complexes

FNR has been shown to co-purify with the Cyt b6f complex [79,80].
Although the presence of bound FNR in the spinach Cyt b6f complex
does not affect the activity of the complex, NADPH is able to reduce
Cyt b6 only in the presence of Fd and FNR [80,81]. Measuring the
activity of plastoquinone reduction in vitro has implied that FNR
indeed may provide electrons for plastoquinone reduction, either via
NDH complex (chlororespiration) or Cyt b6f complex (FQR-dependent
cyclic electron transfer; see Section 6.1) [82]. However, the ultimate
significance of FNR-Cyt b6f complex formation has remained
contradictory [83]. Besides Cyt b6f complex, FNR has been shown to
interact with the PsaE subunit of PSI [70], but also opposing results
about interaction of FNR and PsaE exist [84–86].

The chloroplast NDH complex is composed of several chloroplast
and nuclear encoded subunits (see [87] for a review), and it has been
shown to be involved in chlororespiration [88] and cyclic electron
transfer around PSI [89,90]. In contrast to Escherichia coli, neither the
catalytic subunits of the NDH complex nor the genes encoding them
have yet been found in cyanobacteria or higher plants, which has
raised conjectures about possible involvement of FNR in working as a
Fig. 3. FNR is located in three distinct chloroplast pools. In chloroplasts, FNR can be found in s
darkness, FNR forms large protein complexes at the thylakoids together with Tic62 and TRO
the membranes upon illumination.
diaphorase (i.e. oxidizing NADPH) in the vicinity of the NDH complex.
Indeed, FNR has been shown to be associated with the NDH complex
in potato and barley [91,92], although some studies have not
evidenced such interaction [53,93–95].

5.3. Glyceraldehyde-3-phosphate dehydrogenase and direct attachment
to membrane

Recently, FNR has been shown to co-localize with a Calvin cycle
enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPD), both in
the stroma and at the thylakoid membrane [96]. This might provide
high local concentration of NADPH for carbon fixation, with only spill-
over of reducing power remaining for other stromal synthases, such as
malate and glutamate dehydrogenases. Another mode of interaction
has been shown to be binding of the FNR protein to the model
membranes without mediation of any additional proteins [97].

5.4. Tic62

Proteomics studies have identified Tic62 in the chloroplast envelope,
stroma and thylakoid fraction [53,98]. Intriguingly, Tic62 at the
thylakoidmembrane was found in several high molecular mass protein
complexes (250–500 kDa), and it was shown to be tightly associated
withboth chloroplast FNR isoforms ([53]; Fig. 3). Tic62 binds on the FNR
surface opposite to the catalytic site, and thusdoesnot competewith the
binding of Fd or NADP+ [53]. The FNR–Tic62 complexes do not
comigrate with PSI, Cyt b6f complex or NDH-complex in the Blue Native
gels [53]. When Tic62 was knocked out, formation of high molecular
weight FNR protein complexes was hindered, while some free FNR still
was detected at the thylakoids of tic62 plants. The amount of FNR in the
soluble pool, however, remained more or less constant. Vice versa, if
either one of the chloroplast targeted FNR isoforms was missing, the
membrane binding of the Tic62 protein was prevented. Since no
changes in the FNR gene expression or in the FNR pre-protein import
could be detected in the tic62 plants, reduction of FNR level most
probably resulted from differences in the turnover of FNR isoforms
inside the chloroplasts [53].

What might be the function of the Tic62–FNR complexes? One
obvious answer would be photosynthetic electron transfer, especially
because membrane-bound FNR has been suggested to be the photosyn-
thetically active form of the protein [58]. However, the lack of Tic62 and
consequently the lack of Tic62–FNR complexes did not have any effects
on the plant phenotype or photosynthetic properties, neither linear nor
cyclic electron transfer [53], implying that the Tic62–FNR complexes
serve for some other purpose(s) than photosynthesis. Although the
Tic62–FNR complexes were not involved in photosynthesis, they still
responded readily to light. The membrane-bound Tic62–FNR protein
complexes were most abundant in the dark, while increase in light
intensity resulted in the disassembly of the complex (Fig. 3). Similarly, in
vitro alkalization of isolated thylakoids dissociated FNR and Tic62 [53]. It
is also worth noting that the interaction of Tic62 with FNR stabilizes the
oluble stroma, attached to the stroma thylakoids as well as inner envelopemembrane. In
L. Similarly, Tic62 and presumably TROL bind FNR at the envelope. FNR is released from
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activity of the FNR protein [53] and that FNR activity is lower in acidic
than basic environment [19]. These results indicate that Tic62 acts as a
chaperone for FNR, and protects the flavoenzyme from inactivation and
degradation during the photosynthetically inactive periods, e.g. in
darkness [53].

5.5. TROL (thylakoid rhodanase-like protein)

TROL is a nuclear encoded protein of 66 kDa, which contains two
transmembrane helices and a centrally positioned (inactive) rhodanase
domain [99]. As a transmembraneprotein, TROL isfirmly attached to the
thylakoid membrane and can not be extracted from the membrane by
high salt, urea or high pH treatments [99]. TROL, as FNR, is mainly
located at the stroma thylakoids, and it can be also found embedded in
the chloroplast inner envelope membrane in the non-processed form
(70 kDa) (Fig. 3). Similarly as in Tic62, theC-terminus of TROL contains a
conserved domain, which is capable of establishing a high-affinity
interaction with FNR. Moreover, TROL forms a high molecular mass
thylakoidprotein complex togetherwith FNR. The size of the complex is,
however, smaller (190 kDa) than the Tic62–FNR complexes, which is in
line with only one FNR bindingmotif found in the amino acid sequence
of Arabidopsis TROL protein, as compared to four of suchmotifs present
in the sequence of Arabidopsis Tic62. Although in vitro experiments
indicate that the interaction between TROL and FNR is stronger than the
interaction between FNR and Tic62 [99], the exposure of plants to high
light intensity results in faster dissociation of FNR from the TROL–FNR
complexes than from the Tic62–FNR complexes [53].

In contrast to tic62 plants, trol knock out mutants have a clear
photosynthetic phenotype [99]. The appearance of the trol plants is
slightly smaller than the WT, but with no distinct differences in
pigment composition. However, the mutant chloroplasts are small,
irregular in morphology and show deteriorated thylakoid structure.
The abnormalities in chloroplast structure are reflected on the
function with marked differences in electron transfer rate under
high light intensity (500 to 800 μmol photons m−2 s−1). Since
nonphotochemical quenching increases and variable chlorophyll
fluorescence decreases in the trol leaves upon increasing illumination,
it seems that the absence of TROL results in increased ability to
dissipate excess absorbed energy.

6. Function of FNR

6.1. FNR and cyclic electron flow around PSI

Besides the apparent role of FNR in linear electron transfer
reactions of photosynthesis, many studies have suggested the
involvement of FNR also in cyclic electron flow around PSI (Fig. 1B).
In cyclic electron flow, electrons are transferred from PSI to Cyt b6f
complex via Fd, with a concomitant formation of proton gradient
(Fig. 1B). Thus, cyclic electron transfer produces ATP without
accumulation of NADPH. It is generally accepted that cyclic electron
transfer supplies the ATP needed for driving the CO2 concentrating
mechanism in the C4 plants [100]. Description of the Arabidopsis pgr5
crr2-2 mutant with impaired capacity for cyclic electron flow, leading
to severe defects in photosynthesis and development of the plant, has
recently evidenced the significance of cyclic electron flow also in C3
plants [101]. At least two distinct cyclic electron transfer pathways
have been described:

1) In the Fd- or ferredoxin-plastoquinone oxidoreductase (FQR)-
dependent pathway electrons are funnelled from Fd to Cyt b6f
complex (possibly via the plastoquinone pool) and back to PSI
using the so far uncharacterized FQR enzyme (see [102,103]).
Antimycin sensitivity of the Fd-dependent pathway suggests that
the stromal plastoquinone binding pocket Qi of the Cyt b6f
complex [104,105] is involved in the Fd-dependent cyclic electron
transfer route. To date the only characterized components of this
route are the regulatory proteins PGR5 [101,106,107] and PGRL1
[86]. In Arabidopsis, PGRL1 has been shown to interact with FNR,
Fd, PsaD and Cyt b6 [86], which might imply that Cyt b6f indeed
accepts electrons from PSI via the concerted action of PGRL1, PGR5
and FNR. The interaction has been considered to be transient, since
it has not been possible to detect any stable thylakoid super-
complexes composed of these proteins in higher plants [83,86].
However, recent isolation of thylakoid supercomplexes composed
of PSI, light harvesting complex (LHC) I, LHCII, Cyt b6f, FNR and
PGRL1 has provided evidence for the formation of the complex
capable of cyclic electron transfer without any unidentified
components (e.g. FQR), at least in Chlamydomonas reinhardtii
[108]. Moreover, also earlier studies showing attachment of FNR to
Cyt b6f complex in higher plants [79,80] have allowed suggestions
of FNR to oxidise Fd and feed the electrons to Cyt b6f complex
[109–111]. In line with the interaction studies, electron transfer
properties of Arabidopsis fnr1 and fnr2 mutants have shown that
the both FNR isoforms contribute equally to cyclic electron
transfer, and that a specific isoform is not dedicated solely for
cyclic, and the other for linear electron transfer [37,38].

2) In the NDH-dependent route, FNR oxidizes Fd for the production of
NADPH, which may be subsequently reduced by the thylakoid-
bound NDH complex. NDH complex, in turn, provides reducing
power for reduction of the plastoquinone pool (Fig. 1B). Attach-
ment of FNR to the NDH complex has implicated that FNR might
serve also as the missing catalytic subunit of the NDH complex
[91,92,112,113]. However, it is also possible that the NDH complex
might be directly reduced by Fd, as PSI and NDH complex have
been shown to form a supercomplex [114,115]. Since the
concentration of NDH complex in the thylakoid membrane of the
C3 plants is very low, the significance of this antimycin insensitive
route of cyclic electron transfer under physiological conditions has
remained controversial [116,117]. Nevertheless, the copious
accumulation of the NDH complex in the bundle sheath cells of
C4 plants with high ATP requirement suggests that the NDH
complex energizes C4 photosynthesis [102,118].

6.2. FNR and oxidative stress

PSII and PSI in the chloroplasts of higher plants are potential
sources of harmful reactive oxygen species (ROS) in plant tissues. In
E. coli, FNR is involved in quenching of ROS [119,120], and in methyl
viologen resistant Chlamydomonas reinhardtii strains the steady state
level of chloroplast FNR transcripts has been shown to be increased as
compared toWT CC-125 [121]. Moreover, expression of plant FNR has
been proven to restore the oxidative tolerance of a mutant E. coli
[122,123]. These results have prompted research on the participation
of FNR in oxidative stress responses of higher plants.

Propagation of superoxide with methyl viologen, and subsequent
accumulation of H2O2 in wheat plants, has revealed that in contrast
to bacterial cells, the content of FNR mRNA as well as protein in
higher plants rather decreases than increases in response to
induction of oxidative stress [124]. However, production of ROS
results in marked release of FNR from the thylakoid membrane
followed by reduction of NADP+ photoreduction capacity, which
might aim at maintaining the NADP+/NADPH homeostasis of the
stressed plants [124]. Recently, it has been shown that FNR releases
from the thylakoids in the plants suffering from drought stress [125],
and the FNR containing thylakoid protein complexes disassemble
upon high light illumination [53].

If the amount of FNR is artificially reduced by antisense or silencing
techniques [38,126], or by interruption of a FNR gene by T-DNA
[37,127], the plants suffer from chlorosis and reduced photosynthetic
activity, which finally results in reduced growth. Although the level of
total NADP(H) was not affected in the mutants, the ratio of NADPH/
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NADP+ was strongly reduced [126,128]. These mutants are prone to
photo-oxidative damage, and suffer from oxidative stress [38,129].
The redox poise of the NADP(H) pool is also likely to regulate
photosynthetic electron transfer activity in order to balance produc-
tion and consumption of reducing equivalents, and thereby to limit
production of ROS in the chloroplasts [128]. Over-expression of FNR,
however, did not markedly up-regulate the rate of NADP+ photore-
duction (20%) or CO2 assimilation, but showed augmented tolerance
to photodamage [130]. Although it seems conceivable that FNR is
involved in the responses to oxidative stress, further studies are
needed to clarify the ultimate role of FNR in these reactions.

7. Conclusions and future perspectives

Taken together, in the light of recent findings it seems that in
darkness FNR is recruited to the thylakoid membranes via the Tic62
and TROL proteins, which contain a specific FNR binding domain.
Tic62–FNR complexes are not involved in photosynthetic reactions,
while TROL–FNR complexes may have a (indirect) link to photosyn-
thesis. Under photosynthetically active period of the day, FNR-
containing protein complexes are disassembled and FNR partly
released from the membrane. The soluble enzyme produces NADPH,
which is further utilized in carbon assimilation. At chloroplast
envelope, FNR may have an additional role in regulating chloroplast
protein import.

It will be intriguing to find outwhether new interaction partners of
FNR will be discovered either at the chloroplast membranes or in the
soluble stroma. Moreover, it remains to be elucidated whether the
previously described thylakoid binding proteins (connectein and/or
base protein) might be, at least transiently, involved in FNR–Tic62 or
FNR–TROL complex formation. Further interest, and complexity, to
the system is likely to be provided by the (redox dependent) shuttling
of different components between the membrane and soluble pools of
the chloroplast. It is also possible that upon specific environmental
cues FNR might be transiently attached to other thylakoid protein
complexes (such as Cyt b6f) to fulfil the metabolic and photoprotec-
tive needs of the chloroplasts. The dynamic nature of the structure and
function of various FNR complexes will obviously be a focus of intense
research also in the future.

Acknowledgements

The research of the author has been performed in the premises of
Finnish Center of Excellence in Integrative Photosynthesis, Bioactive
Compound and Biohydrogen Research led by Professor Eva-Mari Aro.
Collaborators in the research group of Professor Jürgen Soll (LMU
Munich, Germany) and Dr. Tiina A. Salminen (Åbo Akademi University,
Turku, Finland) aswell as the coworkers in the laboratories ofMolecular
Plant Biology (University of Turku, Finland) are warmly thanked for
fruitful joint research. Prof. E-M Aro and Drs. T. Tyystjärvi, S. Sirpiö, M.
Suorsa and. S. Kangasjärvi are acknowledged for stimulating discus-
sions. This work was financially supported by the Academy of Finland
(130075, 118637).

References

[1] E.A. Ceccarelli, A.K. Arakaki, N. Cortez, N. Carrillo, Functional plasticity and
catalytic efficiency in plant and bacterial ferredoxin-NADP(H) reductases,
Biochim. Biophys. Acta Proteins Proteomics 1698 (2004) 155–165.

[2] M. Avron, A.T. Jagendorf, A TPNH diaphorase from chloroplasts, Arch. Biochem.
Biophys. 65 (1956) 475–490.

[3] M. Shin, D.I. Arnon, Enzymic mechanisms of pyridine nucleotide reduction in
chloroplasts, J. Biol. Chem. 240 (1965) 1405–1411.

[4] A.K. Arakaki, E.A. Ceccarelli, N. Carrillo, Plant-type ferredoxin-NADP+ reduc-
tases: a basal structural framework and a multiplicity of functions, FASEB J. 11
(1997) 133–140.

[5] N. Carrillo, E.A. Ceccarelli, Open questions in ferredoxin-NADP+ reductase
catalytic mechanism, Eur. J. Biochem. 270 (2003) 1900–1915.
[6] C.J. Batie, H. Kamin, Electron transfer by ferredoxin:NADP+ reductase. Rapid-
reaction evidence for participation of a ternary complex, J. Biol. Chem. 259
(1984) 11976–11985.

[7] C.J. Batie, H. Kamin, Ferredoxin:NADP+ oxidoreductase. Equilibria in binary and
ternary complexes with NADP+ and ferredoxin, J. Biol. Chem. 259 (1984)
8832–8839.

[8] A. Dorowski, A. Hofmann, C. Steegborn, M. Boicu, R. Huber, Crystal structure of
paprika ferredoxin-NADP+ reductase. Implications for the electron transfer
pathway, J. Biol. Chem. 276 (2001) 9253–9263.

[9] J.A. Hermoso, T. Mayoral, M. Faro, C. Gomez-Moreno, J. Sanz-Aparicio, M. Medina,
Mechanism of coenzyme recognition and binding revealed by crystal structure
analysis of ferredoxin-NADP+ reductase complexed with NADP+, J. Mol. Biol.
319 (2002) 1133–1142.

[10] S. Morigasaki, T. Jin, K. Wada, Comparative-studies on ferredoxin-NADP+

oxidoreductase isoenzymes derived from different organs by antibodies specific
for the radish root-enzyme and leaf-enzyme, Plant Physiol. 103 (1993) 435–440.

[11] Y. Oji, M. Watanabe, N. Waciuchi, S. Okamoto, Nitrite reduction in barley-root
plastids—dependence on NADPH coupled with glucose-6-phosphate and 6-
phosphogluconate dehydrogenases, and possible involvement of an electron
carrier and a diaphorase, Planta 165 (1985) 85–90.

[12] P.A. Karplus, M.J. Daniels, J.R. Herriott, Atomic structure of ferredoxin-NADP+

reductase: prototype for a structurally novel flavoenzyme family, Science 251
(1991) 60–66.

[13] P.A. Karplus, C.M. Bruns, Structure–function relations for ferredoxin reductase, J.
Bioenerg. Biomembr. 26 (1994) 89–99.

[14] C.M. Bruns, P.A. Karplus, Refined crystal structure of spinach ferredoxin
reductase at 1.7 A resolution: oxidized, reduced and 2′-phospho-5′-AMP
bound states, J. Mol. Biol. 247 (1995) 125–145.

[15] G. Kurisu, M. Kusunoki, E. Katoh, T. Yamazaki, K. Teshima, Y. Onda, Y. Kimata-
Ariga, T. Hase, Structure of the electron transfer complex between ferredoxin
and ferredoxin-NADP(+) reductase, Nat. Struct. Biol. 8 (2001) 117–121.

[16] J.R. Peregrina, B. Herguedas, J.A. Hermoso, M. Martinez-Julvez, M. Medina,
Protein motifs involved in coenzyme interaction and enzymatic efficiency in
anabaena ferredoxin-NADP+ reductase, Biochemistry 48 (2009) 3109–3119.

[17] Z. Deng, A. Aliverti, G. Zanetti, A.K. Arakaki, J. Ottado, E.G. Orellano, N.B.
Calcaterra, E.A. Ceccarelli, N. Carrillo, P.A. Karplus, A productive NADP+ binding
mode of ferredoxin-NADP+ reductase revealed by protein engineering and
crystallographic studies, Nat. Struct. Biol. 6 (1999) 847–853.

[18] P.A. Karplus, H.R. Faber, Structural aspects of plant ferredoxin: NADP(+)

oxidoreductases, Photosynth. Res. 81 (2004) 303–315.
[19] Y.H. Lee, K. Tamura, M. Maeda, M. Hoshino, K. Sakurai, S. Takahashi, T. Ikegami,

T. Hase, Y. Goto, Cores and pH-dependent dynamics of ferredoxin-NADP+

reductase revealed by hydrogen/deuterium exchange, J. Biol. Chem. 282 (2007)
5959–5967.

[20] A.R. De Pascalis, I. Jelesarov, F. Ackermann,W.H. Koppenol, M. Hirasawa, D.B. Knaff,
H.R. Bosshard, Binding of ferredoxin to ferredoxin:NADP+ oxidoreductase: the role
of carboxyl groups, electrostatic surface potential, and molecular dipole moment,
Protein Sci. 2 (1993) 1126–1135.

[21] M. Medina, C. Gomez-Moreno, Interaction of ferredoxin-NADP(+) reductase
with its substrates: optimal interaction for efficient electron transfer, Photo-
synth. Res. 79 (2004) 113–131.

[22] V.I. Dumit, T. Essigke, N. Cortez, G.M. Ullmann, Mechanistic insights into
ferredoxin-NADP(H) reductase catalysis involving the conserved glutamate in
the active site, J. Mol. Biol. 397 (2010) 814–825.

[23] A. Aliverti, M.E. Corrado, G. Zanetti, Involvement of lysine-88 of spinach
ferredoxin-NADP+ reductase in the interaction with ferredoxin, FEBS Lett. 343
(1994) 247–250.

[24] J.K. Hurley, R. Morales, M. Martinez-Julvez, T.B. Brodie, M. Medina, C. Gomez-
Moreno, G. Tollin, Structure–function relationships in Anabaena ferredoxin/
ferredoxin:NADP(+) reductase electron transfer: insights from site-directed
mutagenesis, transient absorption spectroscopy and X-ray crystallography,
Biochim. Biophys. Acta 1554 (2002) 5–21.

[25] M. Martinez-Julvez, J. Hermoso, J.K. Hurley, T. Mayoral, J. Sanz-Aparicio, G. Tollin,
C. Gomez-Moreno, M. Medina, Role of Arg100 and Arg264 from Anabaena PCC
7119 ferredoxin-NADP+ reductase for optimal NADP+ binding and electron
transfer, Biochemistry 37 (1998) 17680–17691.

[26] M.Martinez-Julvez,M.Medina, J.K.Hurley, R.Hafezi, T.B. Brodie, G. Tollin, C.Gomez-
Moreno, Lys75 of Anabaena ferredoxin-NADP+ reductase is a critical residue for
binding ferredoxin andflavodoxinduringelectron transfer, Biochemistry 37(1998)
13604–13613.

[27] M. Medina, M. Martinez-Julvez, J.K. Hurley, G. Tollin, C. Gomez-Moreno,
Involvement of glutamic acid 301 in the catalytic mechanism of ferredoxin-
NADP+ reductase from Anabaena PCC 7119, Biochemistry 37 (1998) 2715–2728.

[28] C. Gomez-Moreno, M. Martinez-Julvez, M. Medina, J.K. Hurley, G. Tollin, Protein–
protein interaction in electron transfer reactions: the ferredoxin/flavodoxin/
ferredoxin:NADP+ reductase system from Anabaena, Biochimie 80 (1998)
837–846.

[29] M. Martinez-Julvez, I. Nogues, M. Faro, J.K. Hurley, T.B. Brodie, T. Mayoral, J. Sanz-
Aparicio, J.A. Hermoso, M.T. Stankovich, M. Medina, G. Tollin, C. Gomez-Moreno,
Role of a cluster of hydrophobic residues near the FAD cofactor in Anabaena PCC
7119 ferredoxin-NADP+ reductase for optimal complex formation and electron
transfer to ferredoxin, J. Biol. Chem. 276 (2001) 27498–27510.

[30] M. Medina, A. Luquita, J. Tejero, J. Hermoso, T. Mayoral, J. Sanz-Aparicio, K.
Grever, C. Gomez-Moreno, Probing the determinants of coenzyme specificity in
ferredoxin-NADP+ reductase by site-directed mutagenesis, J. Biol. Chem. 276
(2001) 11902–11912.



933P. Mulo / Biochimica et Biophysica Acta 1807 (2011) 927–934
[31] M. Maeda, Y.H. Lee, T. Ikegami, K. Tamura, M. Hoshino, T. Yamazaki, M.
Nakayama, T. Hase, Y. Goto, Identification of the N- and C-terminal substrate
binding segments of ferredoxin-NADP+ reductase by NMR, Biochemistry 44
(2005) 10644–10653.

[32] L.S. Green, B.C. Yee, B.B. Buchanan, K. Kamide, Y. Sanada, K.Wada, Ferredoxin and
ferredoxin-NADP reductase from photosynthetic and nonphotosynthetic tissues
of tomato, Plant Physiol. 96 (1991) 1207–1213.

[33] G.T. Hanke, S. Okutani, Y. Satomi, T. Takao, A. Suzuki, T. Hase, Multiple iso-
proteins of FNR in Arabidopsis: evidence for different contributions to
chloroplast function and nitrogen assimilation, Plant Cell Environ. 28 (2005)
1146–1157.

[34] S. Okutani, G.T. Hanke, Y. Satomi, T. Takao, G. Kurisu, A. Suzuki, T. Hase, Three
maize leaf ferredoxin: NADPH oxidoreductases vary in subchloroplast location,
expression, and interaction with ferredoxin, Plant Physiol. 139 (2005)
1451–1459.

[35] J. Grzyb, P. Malec, I. Rumak, M. Garstka, K. Strzalka, Two isoforms of ferredoxin:
NADP(+) oxidoreductase from wheat leaves: purification and initial biochemical
characterization, Photosynth. Res. 96 (2008) 99–112.

[36] J.O. Gummadova, G.J. Fletcher, A. Moolna, G.T. Hanke, T. Hase, C.G. Bowsher,
Expression of multiple forms of ferredoxin NADP+ oxidoreductase in wheat
leaves, J. Exp. Bot. 58 (2007) 3971–3985.

[37] M. Lintala, Y. Allahverdiyeva, H. Kidron, M. Piippo, N. Battchikova, M. Suorsa, E.
Rintamäki, T.A. Salminen, E.M. Aro, P. Mulo, Structural and functional
characterization of ferredoxin-NADP(+)-oxidoreductase using knock-out
mutants of Arabidopsis, Plant J. 49 (2007) 1041–1052.

[38] M. Lintala, Y. Allahverdiyeva, S. Kangasjärvi, N. Lehtimäki, M. Keränen, E.
Rintamäki, E.M. Aro, P. Mulo, Comparative analysis of leaf-type ferredoxin-NADP
oxidoreductase isoforms in Arabidopsis thaliana, Plant J. 57 (2009) 1103–1115.

[39] G.T. Hanke, T. Endo, F. Satoh, T. Hase, Altered photosynthetic electron
channelling into cyclic electron flow and nitrite assimilation in a mutant of
ferredoxin:NADP(H) reductase, Plant Cell Environ. (2008).

[40] A. Moolna, C.G. Bowsher, The physiological importance of photosynthetic
ferredoxin NADP+ oxidoreductase (FNR) isoforms in wheat, J. Exp. Bot. (2010).

[41] M. Hodges, M. Miginiacmaslow, P. Lemarechal, R. Remy, The ATP-dependent
post translational modification of ferredoxin-NADP+ oxidoreductase, Biochim.
Biophys. Acta 1052 (1990) 446–452.

[42] S. LeClere, B. Bartel, A library of Arabidopsis 35S-cDNA lines for identifying novel
mutants, Plant Mol. Biol. 46 (2001) 695–703.

[43] G. Neuhaus, C. Bowler, K. Hiratsuka, H. Yamagata, N.H. Chua, Phytochrome-
regulated repression of gene expression requires calcium and cGMP, EMBO J. 16
(1997) 2554–2564.

[44] T. Lubberstedt, C.E. Bolle, S. Sopory, K. Flieger, R.G. Herrmann, R. Oelmuller,
Promoters from genes for plastid proteins possess regions with different
sensitivities toward red and blue light, Plant Physiol. 104 (1994) 997–1006.

[45] G. Neuhaus, C. Bowler, R. Kern, N.H. Chua, Calcium/calmodulin-dependent
and -independent phytochrome signal transduction pathways, Cell 73
(1993) 937–952.

[46] C. Bowler, G. Neuhaus, H. Yamagata, N.H. Chua, Cyclic GMP and calcium mediate
phytochrome phototransduction, Cell 77 (1994) 73–81.

[47] R. Oelmuller, C. Bolle, A.K. Tyagi, N. Niekrawietz, S. Breit, R.G. Herrmann,
Characterization of the promoter from the single-copy gene encoding ferredoxin-
NADP(+)-oxidoreductase from spinach, Mol. Gen. Genet. 237 (1993) 261–272.

[48] T. Pfannschmidt, K. Schutze, M. Brost, R. Oelmuller, A novel mechanism of
nuclear photosynthesis gene regulation by redox signals from the chloroplast
during photosystem stoichiometry adjustment, J. Biol. Chem. 276 (2001)
36125–36130.

[49] B.J. Newman, J.C. Gray, Characterization of a full-length cDNA clone for pea
ferredoxin-NADP+ reductase, Plant Mol. Biol. 10 (1988) 511–520.

[50] A. Stengel, P. Benz, M. Balsera, J. Soll, B. Bolter, TIC62 redox-regulated translocon
composition and dynamics, J. Biol. Chem. 283 (2008) 6656–6667.

[51] M. Kuchler, S. Decker, F. Hormann, J. Soll, L. Heins, Protein import into
chloroplasts involves redox-regulated proteins, EMBO J. 21 (2002) 6136–6145.

[52] M. Balsera, A. Stengel, J. Soll, B. Bolter, Tic62: a protein family frommetabolism to
protein translocation, BMC Evol. Biol. 7 (2007) 43.

[53] J.P. Benz, A. Stengel, M. Lintala, Y.H. Lee, A. Weber, K. Philippar, I.L. Gugel, S.
Kaieda, T. Ikegami, P. Mulo, J. Soll, B. Bölter, Arabidopsis Tic62 and ferredoxin-
NADP(H) oxidoreductase form light-regulated complexes that are integrated
into the chloroplast redox poise, Plant Cell 21 (2009) 3965–3983.

[54] T. Hirohashi, T. Hase, M. Nakai, Maize non-photosynthetic ferredoxin precursor
is mis-sorted to the intermembrane space of chloroplasts in the presence of light,
Plant Physiol. 125 (2001) 2154–2163.

[55] C. Robinson, R.J. Ellis, Transport of proteins into chloroplasts. The precursor of
small subunit of ribulose bisphosphate carboxylase is processed to the mature
size in two steps, Eur. J. Biochem. 142 (1984) 343–346.

[56] Y. Onda, T. Hase, FAD assembly and thylakoid membrane binding of ferredoxin:
NADP+ oxidoreductase in chloroplasts, FEBS Lett. 564 (2004) 116–120.

[57] R. Tsugeki, M. Nishimura, Interaction of homologues of Hsp70 and Cpn60 with
ferredoxin-NADP+ reductase upon its import into chloroplasts, FEBS Lett. 320
(1993) 198–202.

[58] G. Forti, M. Bracale, Ferredoxin-ferredoxin NADP reductase interaction, FEBS
Lett. 166 (1984) 81–84.

[59] S. Nakatani, M. Shin, The reconstituted NADP photoreducing system by
rebinding of the large form of ferredoxin-NADP reductase to depleted thylakoid
membranes, Arch. Biochem. Biophys. 291 (1991) 390–394.

[60] H. Bohme, On the role of ferredoxin and ferredoxin-NADP+ reductase in cyclic
electron transport of spinach chloroplasts, Eur. J. Biochem. 72 (1977) 283–289.
[61] W.W. Fredricks, J.M. Gehl, Kinetics of extraction of ferredoxin-nicotinamide
adenine dinucleotide phosphate reductase from spinach chloroplasts, Arch.
Biochem. Biophys. 213 (1982) 67–72.

[62] H.C. Matthijs, S.J. Coughlan, G. Hind, Removal of ferredoxin:NADP+ oxidoreduc-
tase from thylakoid membranes, rebinding to depleted membranes, and
identification of the binding site, J. Biol. Chem. 261 (1986) 12154–12158.

[63] R. Morales, M.H. Charon, G. Hudry-Clergeon, Y. Petillot, S. Norager, M. Medina, M.
Frey, Refined X-ray structures of the oxidized, at 1.3 Å, and reduced, at 1.17 Å,
Biochemistry 39 (2000) 2428.

[64] L. Serre, F.M.D. Vellieux,M.Medina, C. GomezMoreno, J.C. FontecillaCamps,M. Frey,
X-ray structure of the Ferredoxin:NADP(+) reductase from the cyanobacterium
Anabaena PCC 7119 at 1.8 ångstrom resolution, and crystallographic studies of
NADP(+) binding at 2.25 ångstrom resolution, J. Mol. Biol. 263 (1996) 20–39.

[65] G. Zanetti, P. Arosio, Solubilization from spinach thylakoids of a higher molecular-
weight form of ferredoxin-NADP+ reductase, FEBS Lett. 111 (1980) 373–376.

[66] W.W. Fredricks, J.M. Gehl, Multiple forms of ferredoxin-nicotinamide adenine-
dinucleotide phosphate reductase from spinach, Arch. Biochem. Biophys. 174
(1976) 666–674.

[67] R. Schneeman, D.W. Krogmann, Polycation interactions with spinach ferredoxin-
nicotinamide adenine-dinucleotide phosphate reductase, J. Biol. Chem. 250
(1975) 4965–4971.

[68] M. Shin, R. Oshino, Ferredoxin-Sepharose 4B as a tool for the purification of
ferredoxin-NADP+ reductase, J. Biochem. 83 (1978) 357–361.

[69] G. Bookjans, P. Boger, Algal ferredoxin-NADP+ reductase with different
molecular-weight forms, Z. Naturforsch. C 34 (1979) 637–640.

[70] B. Andersen, H.V. Scheller, B.L. Moller, The PSI-E subunit of Photosystem-I binds
ferredoxin-NADP+ oxidoreductase, FEBS Lett. 311 (1992) 169–173.

[71] M. Shin, How is ferredoxin-NADP reductase involved in the NADP photoreduc-
tion of chloroplasts? Photosynth. Res. 80 (2004) 307–313.

[72] R.L. Chan, E.A. Ceccarelli, R.H. Vallejos, Immunological studies of the binding
protein for chloroplast ferredoxin-NADP+ reductase, Arch. Biochem. Biophys.
253 (1987) 56–61.

[73] R.H. Vallejos, E. Ceccarelli, R. Chan, Evidence for the existence of a thylakoid
intrinsic protein that binds ferredoxin-NADP+ oxidoreductase, J. Biol. Chem. 259
(1984) 8048–8051.

[74] E.A. Ceccarelli, R.L. Chan, R.H. Vallejos, Trimeric structure and other properties of
the chloroplast reductase binding protein, FEBS Lett. 190 (1985) 165–168.

[75] F.C. Soncini, R.H. Vallejos, The chloroplast reductase-binding protein is identical
to the 16.5-kDa polypeptide described as a component of the oxygen-evolving
complex, J. Biol. Chem. 264 (1989) 21112–21115.

[76] S. Pessino, C. Caelles, P. Puigdomenech, R.H. Vallejos, Structure and character-
ization of the gene encoding the ferredoxin-NADP reductase-binding protein
from Zea mays L. Gene 147 (1994) 205–208.

[77] M. Shin, M. Tsujita, H. Tomizawa, N. Sakihama, K. Kamei, R. Oshino, Proteolytic
degradation of ferredoxin-NADP reductase during purification from spinach,
Arch. Biochem. Biophys. 279 (1990) 97–103.

[78] M. Shin, H. Ishida, Y.Nozaki, Anewprotein factor, connectein, as a constituentof the
large form of ferredoxin-NADP reductase, Plant Cell Physiol. 26 (1985) 559–563.

[79] R.D. Clark, M.J. Hawkesford, S.J. Coughlan, J. Bennett, G. Hind, Association of
Ferredoxin-NADP+ oxidoreductase with the chloroplast Cytochrome B-F
Complex, FEBS Lett. 174 (1984) 137–142.

[80] H.M. Zhang, J.P. Whitelegge, W.A. Cramer, Ferredoxin:NADP(+) oxidoreductase
is a subunit of the chloroplast cytochrome b(6)f complex, J. Biol. Chem. 276
(2001) 38159–38165.

[81] E. Yamashita, H. Zhang, W.A. Cramer, Structure of the cytochrome b6f complex:
quinone analogue inhibitors as ligands of heme cn, J. Mol. Biol. 370 (2007) 39–52.

[82] M. Bojko, J. Kruk, S. Wieckowski, Plastoquinones are effectively reduced by
ferredoxin:NADP+ oxidoreductase in the presence of sodium cholate micelles.
Significance for cyclic electron transport and chlororespiration, Phytochemistry
64 (2003) 1055–1060.

[83] C. Breyton, B. Nandha, G.N. Johnson, P. Joliot, G. Finazzi, Redox modulation of
cyclic electron flow around photosystem I in C3 plants, Biochemistry 45 (2006)
13465–13475.

[84] N. Cassan, B. Lagoutte, P. Setif, Ferredoxin-NADP+ reductase. Kinetics of electron
transfer, transient intermediates, and catalytic activities studied by flash-
absorption spectroscopy with isolated photosystem I and ferredoxin, J. Biol.
Chem. 280 (2005) 25960–25972.

[85] N. Weber, H. Strotmann, On the function of subunit PsaE in chloroplast
Photosystem I, Biochim. Biophys. Acta 1143 (1993) 204–210.

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

[87] M. Suorsa, S. Sirpio, E.M. Aro, Towards characterization of the chloroplast NAD
(P)H dehydrogenase complex, Mol. Plant 2 (2009) 1127–1140.

[88] P. Bennoun, Evidence for a respiratory chain in the chloroplast, Proc. Natl. Acad.
Sci. USA 79 (1982) 4352–4356.

[89] K. Asada, U. Heber, U. Schreiber, Pool size of electrons that can be donated to
P700+, as determined in intact leaves—donation to P700+ from stromal
components via the intersystem chain, Plant Cell Physiol. 33 (1992) 927–932.

[90] J. Ravenel, G. Peltier, M. Havaux, The cyclic electron pathways around
Photosystem-I in Chlamydomonas–Reinhardtii as determined in-vivo by photo-
acoustic measurements of energy-storage, Planta 193 (1994) 251–259.

[91] G. Guedeney, S. Corneille, S. Cuine, G. Peltier, Evidence for an association of
Ndh B, Ndh J gene products and ferredoxin-NADP-reductase as components of
a chloroplastic NAD(P)H dehydrogenase complex, FEBS Lett. 378 (1996)
277–280.



934 P. Mulo / Biochimica et Biophysica Acta 1807 (2011) 927–934
[92] M.J. Quiles, J. Cuello, Association of ferredoxin-NADP oxidoreductase with the
chloroplastic pyridine nucleotide dehydrogenase complex in barley leaves, Plant
Physiol. 117 (1998) 235–244.

[93] L.A. Sazanov, P.A. Burrows, P.J. Nixon, The chloroplast Ndh complex mediates the
dark reduction of the plastoquinone pool in response to heat stress in tobacco
leaves, FEBS Lett. 429 (1998) 115–118.

[94] S. Corneille, L. Cournac, G. Guedeney, M. Havaux, G. Peltier, Reduction of the
plastoquinone pool by exogenous NADH and NADPH in higher plant chlor-
oplasts. Characterization of a NAD(P)H-plastoquinone oxidoreductase activity,
Biochim. Biophys. Acta 1363 (1998) 59–69.

[95] P.A. Burrows, L.A. Sazanov, Z. Svab, P. Maliga, P.J. Nixon, Identification of a
functional respiratory complex in chloroplasts through analysis of tobacco
mutants containing disrupted plastid ndh genes, EMBO J. 17 (1998) 868–876.

[96] S.S. Negi, A.A. Carol, S. Pandya, W. Braun, L.E. Anderson, Co-localization of
glyceraldehyde-3-phosphate dehydrogenase with ferredoxin-NADP reductase
in pea leaf chloroplasts, J. Struct. Biol. 161 (2008) 18–30.

[97] J. Grzyb, M. Gagos,W.I. Gruszecki, M. Bojko, K. Strzalka, Interaction of ferredoxin:
NADP+ oxidoreductase with model membranes, Biochim. Biophys. Acta 1778
(2008) 133–142.

[98] J.B. Peltier, A.J. Ytterberg, Q. Sun, K.J. van Wijk, New functions of the thylakoid
membrane proteome of Arabidopsis thaliana revealed by a simple, fast, and
versatile fractionation strategy, J. Biol. Chem. 279 (2004) 49367–49383.

[99] S. Juric, K.Hazler-Pilepic,A. Tomasic, H. Lepedus, B. Jelicic, S. Puthiyaveetil, T. Bionda,
L. Vojta, J.F. Allen, E. Schleiff, H. Fulgosi, Tethering of ferredoxin:NADP+

oxidoreductase to thylakoid membranes is mediated by novel chloroplast protein
TROL, Plant J. 60 (2009) 783–794.

[100] D. Rumeau, G. Peltier, L. Cournac, Chlororespiration and cyclic electron flow
around PSI during photosynthesis and plant stress response, Plant Cell Environ.
30 (2007) 1041–1051.

[101] Y. Munekage, M. Hashimoto, C. Miyaka, K.I. Tomizawa, T. Endo, M. Tasaka, T.
Shikanai, Cyclic electron flow around photosystem I is essential for photosyn-
thesis, Nature 429 (2004) 579–582.

[102] T. Shikanai, Cyclic electron transport around photosystem I: genetic approaches,
Annu. Rev. Plant Biol. 58 (2007) 199–217.

[103] G.N. Johnson, Cyclic electron transport in C-3 plants: fact or artefact? J. Exp. Bot.
56 (2005) 407–416.

[104] D. Stroebel, Y. Choquet, J.L. Popot, D. Picot, An atypical haem in the cytochrome
b(6)f complex, Nature 426 (2003) 413–418.

[105] A. Takabayashi, N. Ishikawa, T. Obayashi, S. Ishida, J. Obokata, T. Endo, F. Sato, Three
novel subunits of Arabidopsis chloroplastic NAD(P)H dehydrogenase identified by
bioinformatic and reverse genetic approaches, Plant J. 57 (2009) 207–219.

[106] Y. Munekage, M. Hojo, T. Endo, T. Shikanai, Arabidopsis pgr5 is defective in cyclic
electron flow around photosystem I, Plant Cell Physiol. 43 (2002) S23-S23.

[107] Y. Munekage, M. Hashimoto, T. Endo, M. Tasaka, T. Shikanai, Cyclic electron flow
around PSI is essential for ATP synthesis during photosynthesis, Plant Cell
Physiol. 44 (2003) S27-S27.

[108] M. Iwai, K. Takizawa, R. Tokutsu, A. Okamuro, Y. Takahashi, J. Minagawa, Isolation
of the elusive supercomplex that drives cyclic electron flow in photosynthesis,
Nature 464 (2010) 1210–1213.

[109] Y. Shahak, D. Crowther, G. Hind, The involvement of ferredoxin-NADP+

reductase in cyclic electron transport in chloroplasts, Biochim. Biophys. Acta
636 (1981) 234–243.

[110] A. Laisk, H. Eichelmann, V. Oja, E. Talts, R. Scheibe, Rates and roles of cyclic and
alternative electron flow in potato leaves, Plant Cell Physiol. 48 (2007) 1575–1588.

[111] P. Joliot, A. Joliot, Cyclic electron transfer in plant leaf, Proc. Natl. Acad. Sci. USA
99 (2002) 10209–10214.

[112] T. Endo, T. Shikanai, F. Sato, K. Asada, NAD(P)H dehydrogenase-dependent,
antimycin A-sensitive electron donation to plastoquinone in tobacco chlor-
oplasts, Plant Cell Physiol. 39 (1998) 1226–1231.

[113] M.J. Quiles, A. Garcia, J. Cuello, Separation by blue-native PAGE and identification
of the whole NAD(P)H dehydrogenase complex from barley stroma thylakoids,
Plant Physiol. Biochem. 38 (2000) 225–232.

[114] L. Peng, H. Shimizu, T. Shikanai, The chloroplast NAD(P)H dehydrogenase
complex interacts with photosystem I in Arabidopsis, J. Biol. Chem. 283 (2008)
34873–34879.

[115] L. Peng, Y. Fukao, M. Fujiwara, T. Takami, T. Shikanai, Efficient operation of NAD
(P)H dehydrogenase requires supercomplex formation with photosystem I via
minor LHCI in Arabidopsis, Plant Cell 21 (2009) 3623–3640.

[116] L.A. Sazanov, P.A. Burrows, P.J. Nixon, The plastid ndh genes code for an NADH-
specific dehydrogenase: isolation of a complex I analogue from pea thylakoid
membranes, Proc. Natl. Acad. Sci. USA 95 (1998) 1319–1324.

[117] T. Joet, L. Cournac, G. Peltier, M. Havaux, Cyclic electron flow around
photosystem I in C-3 plants. In vivo control by the redox state of chloroplasts
and involvement of the NADH-dehydrogenase complex, Plant Physiol. 128
(2002) 760–769.

[118] W. Majeran, K.J. van Wijk, Cell-type-specific differentiation of chloroplasts in C4
plants, Trends Plant Sci. 14 (2009) 100–109.

[119] V. Bianchi, E. Haggard-Ljungquist, E. Pontis, P. Reichard, Interruption of the
ferredoxin (flavodoxin) NADP+ oxidoreductase gene of Escherichia coli does not
affect anaerobic growth but increases sensitivity to paraquat, J. Bacteriol. 177
(1995) 4528–4531.

[120] A.R. Krapp, R.E. Rodriguez, H.O. Poli, D.H. Paladini, J.F. Palatnik, N. Carrillo, The
flavoenzyme ferredoxin (flavodoxin)-NADP(H) reductase modulates NADP(H)
homeostasis during the soxRS response of Escherichia coli, J. Bacteriol. 184
(2002) 1474–1480.

[121] K. Kitayama, M. Kitayama, R.K. Togasaki, Characterization of paraquat-resistant
mutants of Chlamydomonas reinhardtii, in: P. Mathis (Ed.), Photosynthesis, From
Light to Biosphere, 3, Kluwer Academic Publishers, Amsterdam, 1995,
pp. 595–598.

[122] A.R. Krapp, N. Carrillo, Functional complementation of the mvrA mutation of
Escherichia coli by plant ferredoxin-NADP+ oxidoreductase, Arch. Biochem.
Biophys. 317 (1995) 215–221.

[123] A.R. Krapp, V.B. Tognetti, N. Carrillo, A. Acevedo, The role of ferredoxin-NADP+

reductase in the concerted cell defense against oxidative damage. Studies using
Escherichia colimutants and cloned plant genes, Eur. J. Biochem. 249 (1997) 556–563.

[124] J.F. Palatnik, E.M. Valle, N. Carrillo, Oxidative stress causes ferredoxin NADP(+)

reductase solubilization from the thylakoid membranes in methyl viologen
treated plants, Plant Physiol. 115 (1997) 1721–1727.

[125] N. Lehtimaki, M. Lintala, Y. Allahverdiyeva, E.M. Aro, P. Mulo, Drought stress-
induced upregulation of components involved in ferredoxin-dependent cyclic
electron transfer, J. Plant Physiol. 1 (2010) 21.

[126] M.R. Hajirezaei, M. Peisker, H. Tschiersch, J.F. Palatnik, E.M. Valle, N. Carrillo, U.
Sonnewald, Small changes in the activity of chloroplastic NADP(+)-dependent
ferredoxin oxidoreductase lead to impaired plant growth and restrict photo-
synthetic activity of transgenic tobacco plants, Plant J. 29 (2002) 281–293.

[127] G.T. Hanke, T. Hase, Variable photosynthetic roles of two leaf-type ferredoxins in
arabidopsis, as revealed by RNA interference, Photochem. Photobiol. 84 (2008)
1302–1309.

[128] S. Hald, M. Pribil, D. Leister, P. Gallois, G.N. Johnson, Competition between linear
and cyclic electron flow in plants deficient in Photosystem I, Biochim. Biophys.
Acta 1777 (2008) 1173–1183.

[129] J.F. Palatnik, V.B. Tognetti, H.O. Poli, R.E. Rodriguez, N. Blanco, M. Gattuso, M.R.
Hajirezaei, U. Sonnewald, E.M. Valle, N. Carrillo, Transgenic tobacco plants expressing
antisense ferredoxin-NADP(H) reductase transcripts display increased susceptibility
to photo-oxidative damage, Plant J. 35 (2003) 332–341.

[130] R.E. Rodriguez, A. Lodeyro, H.O. Poli, M. Zurbriggen, M. Peisker, J.F. Palatnik, V.B.
Tognetti, H. Tschiersch, M.R. Hajirezaei, E.M. Valle, N. Carrillo, Transgenic tobacco
plants overexpressing chloroplastic ferredoxin-NADP(H) reductase display
normal rates of photosynthesis and increased tolerance to oxidative stress,
Plant Physiol. 143 (2007) 639–649.


	Chloroplast-targeted ferredoxin-NADP+ oxidoreductase (FNR): Structure, function and location
	Introduction
	Structure of FNR
	Expression of the FNR genes and import of the pre-protein to the chloroplast
	FNR gene family
	A. thaliana
	T. aestivum
	Z. mays

	Regulation of gene expression

	FNR exists in three distinct chloroplast pools
	Location of FNR in chloroplasts
	Base protein and connectein
	Photosynthetic protein complexes
	Glyceraldehyde-3-phosphate dehydrogenase and direct attachment to membrane
	Tic62
	TROL (thylakoid rhodanase-like protein)

	Function of FNR
	FNR and cyclic electron flow around PSI
	FNR and oxidative stress

	Conclusions and future perspectives
	Acknowledgements
	References


