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Rapid responses of chloroplast metabolism and adjustments to photosynthetic machinery are of utmost importance for plants’
survival in a fluctuating environment. These changes may be achieved through posttranslational modifications of proteins,
which are known to affect the activity, interactions, and localization of proteins. Recent studies have accumulated evidence
about the crucial role of a multitude of modifications, including acetylation, methylation, and glycosylation, in the regulation of
chloroplast proteins. Both of the Arabidopsis (Arabidopsis thaliana) leaf-type FERREDOXIN-NADP+ OXIDOREDUCTASE (FNR)
isoforms, the key enzymes linking the light reactions of photosynthesis to carbon assimilation, exist as two distinct forms with
different isoelectric points. We show that both AtFNR isoforms contain multiple alternative amino termini and undergo light-
responsive addition of an acetyl group to the a-amino group of the amino-terminal amino acid of proteins, which causes the
change in isoelectric point. Both isoforms were also found to contain acetylation of a conserved lysine residue near the active site,
while no evidence for in vivo phosphorylation or glycosylation was detected. The dynamic, multilayer regulation of AtFNR
exemplifies the complex regulatory network systems controlling chloroplast proteins by a range of posttranslational modifications,
which continues to emerge as a novel area within photosynthesis research.

Plants adjust their metabolism according to envi-
ronmental stimuli by inducing adaptation mechanisms,
which ultimately lead to changes in intracellular protein
levels and activities. In addition to modulating gene
expression, which results in relatively long-term changes,
rapid responses are required in order to maintain the
functionality and fitness of plants upon sudden shifts
in ambient conditions. These responses are achieved
through posttranslational modifications (PTMs) of
proteins (Prabakaran et al., 2012). In general, PTMs of

proteins are known to affect enzyme activity, localization,
and turnover as well as interaction with other proteins,
RNA, DNA, and lipids, thus providing mechanisms for
the rapid adjustment of cellular metabolism (Mann and
Jensen, 2003). PTMs include proteolytic cleavage and
covalent addition of modifying groups to amino acids,
such as phosphorylation, acetylation, methylation, and
glycosylation.

In chloroplasts, phosphorylation is the best-characterized
PTM, which regulates photosynthetic performance and
other responses to environmental stimuli. For example,
under high light intensity, PSII subunits D1, D2,
CHLOROPHYLL BINDING 43-kD PROTEIN (CP43),
and PSII REACTION CENTER PROTEIN H are
strongly phosphorylated with the simultaneous sup-
pression of light-harvesting complex (LHC) phosphoryl-
ation, while a decrease in light intensity results in the
opposite phosphorylation pattern (Tikkanen and Aro,
2012). The reversible phosphorylation of PSII and
LHCII is a prerequisite for the efficient repair of photo-
damaged PSII, and it also guarantees balanced excitation
of the photosystems, thus preventing oxidative damage
of the photosynthetic machinery (Aro et al., 1993;
Tikkanen and Aro, 2012).

Recently, acetylation of nonhistone plant proteins
has drawn more and more attention (Xing and Poirier,
2012). Na-acetylation refers to the addition of an acetyl
group to the a-amino group of the N-terminal amino
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acid of proteins. Cotranslationally occurring Na-acetylation
of preprotein transit peptides has been shown to be
crucial for efficient translocation into the plastids
(Pesaresi et al., 2003; Bischof et al., 2011). In addition
to the preproteins, many mature nucleus-encoded
chloroplast proteins are targets of posttranslational
Na-acetylation inside the chloroplast (Zybailov et al.,
2008; Bienvenut et al., 2011, 2012), and a number of
chloroplast-encoded proteins, such as D1, D2, CP43,
RUBISCO LARGE SUBUNIT, and ATP SYNTHASE «
SUBUNIT (AtpE), have also been shown to be Na-
acetylated (Michel et al., 1988; Mulligan et al., 1988;
Zybailov et al., 2008; Hoshiyasu et al., 2013). Na-acet-
ylation was shown to protect AtpE from degradation
upon drought stress (Hoshiyasu et al., 2013), while no
specific role has been defined for the Na-acetylation of
the other mature chloroplast proteins. N«-acetylation
of the side chain amino group of Lys residues (Lys
acetylation), in turn, is a well-known modification of
histone proteins, which regulates the chromatin struc-
ture and, thus, affects transcriptional activity (Jenuwein
and Allis, 2001). Lys acetylation has only recently been
described in nonhistone proteins (Choudhary et al.,
2009), including several proteins from the chloroplasts
of higher plants (Finkemeier et al., 2011; Wu et al.,
2011). Intriguingly, the activity of some central chloro-
plast proteins, such as Rubisco, phosphoglycerate ki-
nase, and NAD+-dependent malate dehydrogenase, has
been shown to change upon Lys acetylation (Finkemeier
et al., 2011).
FERREDOXIN-NADP+ OXIDOREDUCTASE (FNR)

links the light reactions of photosynthesis to stromal
metabolism by accepting electrons from two reduced
FERREDOXIN (FD) molecules and using them for the
reduction of NADP+ to NADPH. NADPH, in turn, is
mainly used for carbon assimilation. In Arabidopsis
(Arabidopsis thaliana), chloroplast FNR is encoded
by two distinct nuclear genes, At5g66190 encoding
AtFNR1 and At1g20020 encoding AtFNR2 (Hanke
et al., 2005). The mature isoforms share 82% amino
acid sequence identity (Fig. 1), and their function is
partly redundant. Either AtFNR1 or AtFNR2 alone is
able to support the autotrophic growth of plants, al-
though the growth and development of the fnr1 and
fnr2 single mutant plants are compromised compared
with wild-type plants (Lintala et al., 2007, 2009; Hanke
et al., 2008). Interruption of both leaf-type FNR genes
simultaneously results in pale, yellowish plants capa-
ble of only heterotrophic growth on Suc medium
(Lintala et al., 2012). Based on structural studies, FNR
is predicted to be a soluble protein, but it is nonethe-
less divided into membrane-bound and soluble pools
(Hanke et al., 2005). It has been shown that the AtTIC62
(for the 62-kD subunit of the translocon of inner
chloroplast envelope; Benz et al., 2009, 2010) and
AtTROL (for thylakoid rhodanese-like protein; Juri�c
et al., 2009) proteins serve as the membrane anchors
for AtFNR (Lintala et al., 2014). Despite the partly re-
dundant function and high similarity of the isoforms,
AtFNR1 and AtFNR2 show distinct molecular properties,

as AtFNR1 is required for thylakoid membrane bind-
ing of AtFNR2 in planta (Lintala et al., 2007) and upon
growth under low temperature only fnr2 plants show
changes in oxidative stress responses. Hence, the
AtFNR2 isoform is proposed to have a specific role in
directing the reducing power from PSI to stromal re-
actions (Lintala et al., 2009).

The AtFNR1 and AtFNR2 isoforms can be separated
into two forms with different pIs by isoelectric focus-
ing (Lintala et al., 2007), which indicates that both
proteins are posttranslationally modified. Therefore,
we have now focused on clarifying the type(s) of PTMs
of these proteins and their impact on FNR function. In
this study, we show that neither of the FNR isoforms is
likely to be phosphorylated or glycosylated, whereas
Lys acetylation and N-terminal trimming were detected
in all four forms of AtFNR. Both AtFNR isoforms
were also found to contain partial Na-acetylation,
which was attributed to the shift in pI. The generated

Figure 1. The amino acid sequences of AtFNR1 and AtFNR2 aligned
by MALIGN. The transit peptide is denoted in red, and the alternatively
trimmed amino acids are denoted in blue. Lys-175 is acetylated in
acidic AtFNR1 (pink), Lys-321 in acidic and basic AtFNR1 (turquoise),
and Lys-96 and Lys-330 in acidic and basic AtFNR2 (yellow). The
underlined NAT denotes the conserved N-glycosylation site. The pu-
tative phosphorylated Thr residues in the N terminus of FNR1 (Reiland
et al., 2009) and Thr-168 in FNR1 (Yang et al., 2013) are shown in
green. The numbering is shown for AtFNR1, and conserved residues
are in boldface.
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three-dimensional (3D) model for the AtFNR1-AtFNR2
heterodimer in complex with the AtTIC62 peptide
indicates that the acetylated Lys-321 in AtFNR1 and
Lys-330 in FNR2 are located in close proximity to
the active site, but none of the detected modifications
interfere with AtTIC62 binding. Moreover, the degree of
N-terminal acetylation of AtFNR was shown to change
in response to light, implying a dynamic control of FNR
function through PTMs.

RESULTS

AtFNR1 and AtFNR2 Are N-Terminally Trimmed and
Na Acetylated

The AtFNR1 and AtFNR2 isoforms are localized
in the chloroplasts, where they are found as soluble
proteins as well as bound to the thylakoid and inner
chloroplast envelope membranes (Hanke et al., 2005;
Lintala et al., 2007; Benz et al., 2009; Fig. 2). After
separation of the membrane-bound proteins by isoelec-
tric focusing and two-dimensional (2D) SDS-PAGE,
both AtFNR isoforms form two clear spots with dif-
ferent pIs (the acidic [a] and basic [b] forms) but with
similar molecular masses (Fig. 2, A and B; Lintala et al.,
2007). As the same pattern was identified from the
soluble fraction of chloroplast proteins (Fig. 2, C and
D), the PTMs do not appear to be the sole determinants
of AtFNR localization. Moreover, the additional faint
spots in the proximity of AtFNR1 (1 and 2 in Fig. 2A)
and AtFNR2 (3 in Fig. 2A) were identified as AtFNR1
and AtFNR2, respectively.

In wheat (Triticum aestivum), three amino acid residues
in the N terminus of photosynthetic FNRI (pFNRI) and
two amino acid residues in pFNRII have been shown
to be trimmed, which results in changes in their en-
zyme activity (Gummadova et al., 2007). Therefore, the
N termini of the membrane-bound and soluble pools
of AtFNR were analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) after excision
of the spots from 2D gels, and several different
N-terminal peptides were identified for both AtFNR1
and AtFNR2. The spots representing AtFNR1 (both
acidic and basic) contained peptides starting with
AQVTTDTT, QVTTDTT, and VTTDTT, and the spots
representing AtFNR2 (both acidic and basic) contained
N-terminal peptides starting with AQITTETD, QITTETD,
and ITTETD (Table I). More peptides starting with
Gln and Ile or Val were identified, as compared with
those starting with Ala, in both the soluble and
membrane-bound FNR pools (Supplemental Table S1).
Results from Edman degradation corroborated the
LC-MS/MS findings: analysis of the basic AtFNR1
spot revealed two alternative sequences for the N ter-
minus of AtFNR1 (QVTTD and VTTDT) and one for
the N terminus of the basic AtFNR2 spot (QITTE;
Table II). Sequencing of the acidic spots remained
unsuccessful, indicating possible N-terminal blocking
of the proteins (Table II), which prompted us to search
for possible N-terminal modifications of the proteins.

Indeed, several Na-acetylated peptides were detected
in the acidic AtFNR1 and AtFNR2 spots in both the
membrane-bound and soluble pools, while none
(AtFNR1b) or only one (AtFNR2b) was found in the
basic spots with high confidence (Table III; Supplemental
Table S1). In addition to acetylation, Gln cyclization
to pyro-Glu was detected in all FNR forms. Detection
of some unmodified peptides in the acidic spots, and
of a few modified peptides in the basic spots, might
result from incomplete isoelectric focusing during 2D
SDS-PAGE. As pyroglutamylated peptides, identified
from the Q-starting peptides in all spots, are common
artifacts in mass spectrometry (MS) analysis, we
conclude that Na-acetylation of FNR is the modifi-
cation resulting in the appearance and N-terminal
blocking of the acidic forms of both AtFNR isoforms
in planta.

AtFNR1 and AtFNR2 Are Lys Acetylated

Acetylation and methylation of chloroplast proteins
have been identified recently (Houtz et al., 1992;
Finkemeier et al., 2011; Wu et al., 2011; Mininno et al.,
2012; Alban et al., 2014). Therefore, the acetylation and
methylation states of the four membrane-bound
AtFNR forms were analyzed. Acetylation of Lys resi-
dues results in a mass gain of 42.0105 D due to the
substitution of a hydrogen atom with an acetyl group
(CH3CO2), while trimethylation increases the mass by
42.0471 D. It is important to note that the small 0.03-D
mass difference between Lys-acetylated and Lys-
trimethylated peptides can be distinguished in the
spectra of the LTQ Orbitrap mass spectrometer. All
membrane-bound AtFNR forms possessed acetylated
Lys residues, while no methylation could be reliably
detected (Table IV; Fig. 1). In the acidic AtFNR1 spot,
Lys-175 and Lys-321 were found to be acetylated,
while in the basic AtFNR1, only Lys-321 acetylation
could be detected. Both AtFNR2 spots, in turn, pos-
sessed Lys acetylation on Lys-96 and Lys-330 (Table IV;
Fig. 1). Lys acetylation could not be assessed reliably
from the soluble FNR pool due to the low protein abun-
dance in the soluble fraction.

AtFNR Is Neither Phosphorylated Nor Glycosylated

Both of the AtFNR isoforms contain putative phos-
phorylation sites (Lintala et al., 2007) and a conserved
N-glycosylation site (Asn-Ala-Thr; Fig. 1), similar to
other leaf-type FNRs (Supplemental Fig. S1). Never-
theless, immunoblot analysis using anti-phospho-Thr,
anti-phospho-Ser, or anti-phospho-Tyr antibody, as
well as staining the 2D gels with Pro-Q Diamond
Phosphoprotein Gel Stain, provided negative re-
sults, and no shift in the electrophoretic mobility of
AtFNR was detected after phosphatase treatment of
immunoprecipitated AtFNR using Phos-tag acryl-
amide (Supplemental Fig. S2). Moreover, when the
isolated membranes were treated either with calf
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alkaline phosphatase and Lambda protein phospha-
tase or with the protein phosphatase inhibitors, the
pattern of FNRs on the 2D gels remained unchanged
(Supplemental Fig. S2). Staining of the 2D gel with the
glycoprotein stain ProQ Emerald Glycoprotein or im-
munoblotting using a Fuc antibody resulted in a
weak signal from all AtFNR spots (Supplemental Fig. S3).
As a similar response was also recorded by using a
complex-glycan-deficient mutant of Arabidopsis, which
lacks complex glycans (Strasser et al., 2005), the signal
appears to be unspecific. Moreover, LC-MS/MS anal-
ysis of putative glycans revealed numerous peptides
from the conserved N-glycosylation site, but without
the expected +3-D mass shift at the Asn (Supplemental
Table S2). Although several glycoproteins have been
identified in Arabidopsis chloroplasts (Villarejo et al.,
2005; Nanjo et al., 2006), our results suggest that
AtFNR is not one of those.

Molecular Interactions of FNR

AtFNR is present in several high-molecular-mass
(approximately 500 and 190 kD) thylakoid protein
complexes together with the AtTIC62 (Benz et al.,
2009) and AtTROL (Juri�c et al., 2009) proteins, which
contain highly similar Pro-rich FNR-binding domains.
In principle, each domain is able to bind two FNR
molecules. To get insights into the possible role of
PTMs in complex formation, the 3D structure of the
AtFNR1-AtFNR2 heterodimer in complex with the
AtTIC62 peptide (Fig. 3) was modeled. The model is
based on the crystallized pea (Pisum sativum) FNR
(PsFNR)-PsTIC62 complex (Protein Data Bank [PDB]
code 3MHP; Alte et al., 2010), where Tyr-308 was ro-
tated into a conformation that allows NADP+ binding.
Analysis of the amino acids interacting with PsTIC62
in both chains of the PsFNR dimer and comparison
with those of AtFNR1 and AtFNR2 show that the
residues in AtFNR1 have a similar conservation rate
with both the A and B chains, while AtFNR2 residues
are more conserved with the A chain. Hence, to create
the 3D model of the heterodimeric AtFNR1-AtFNR2
complex with AtTIC62, we modeled AtFNR2 in the
position of the A chain and AtFNR1 in the position
of the B chain of the PsFNR homodimer. The model
evaluations show that the 3D fold can be considered
reliable and that themodel is of good quality, with 93.6% of
the residues in most favored regions in the Ramachandran
plot produced by PROCHECK (Laskowski et al., 1993).
The high sequence identity between the PsFNR and
AtFNRs further increases the reliability of the 3D
models.

Figure 2. Membrane-bound and stromal proteins of Arabidopsis sep-
arated by 2D SDS-PAGE. A, Proteins from the membrane fraction (200
mg) were separated by 2D SDS-PAGE. AtFNR forms are framed.
B, AtFNR forms are shown in detail together with a corresponding

immunoblot (a-FNR). Protein spots that were analyzed by MS analysis
are marked by arrows (a, acidic form; b, basic form; and 1–3, minor
forms). C, Proteins of the stroma fraction (200 mg) were separated by
2D SDS-PAGE. The AtFNR forms are framed. D, AtFNR forms are
shown in detail together with a corresponding immunoblot (a-FNR).
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In the modeled complex, the AtTIC62 peptide holds
the AtFNR1-AtFNR2 heterodimer together in a back-
to-back conformation (Fig. 3), which is further stabi-
lized by interactions between Arg-87, Leu-89, Leu-90,
Thr-109, and Pro-187 in AtFNR1 and Leu-98, Leu-99,
Leu-160, Asn-162, Glu-164, Pro-196, and Gly-197 in
AtFNR2. Importantly, none of the acetylated Lys res-
idues coincide with the binding sites of AtTIC62; thus,
the Lys acetylations are not likely to regulate the
membrane binding of FNR, at least directly. This result
is in line with the fact that all four FNR spots are
present in both the membrane-bound and soluble
pools (Fig. 2). Moreover, we separated the thylakoid
protein complexes by blue native (BN)-PAGE and
analyzed the FNR-containing protein complexes using
LC-MS/MS (Fig. 4). Even if the complex of approxi-
mately 500 kD is known to be composed of FNR and
TIC62 (Benz et al., 2009) and the complex of 190 kD is
known to be composed of FNR and TROL (Juri�c et al.,
2009), all the studied complexes contained both AtFNR
isoforms as well as TIC62 and TROL, which indicates
an incomplete separation capacity of BN-PAGE (Fig. 4).
All complexes also contained alternatively trimmed
N termini of AtFNR, but the other types of PTMs were
not reliably detected, possibly due to the high number
of other proteins present in the complexes. As the long
and flexible N terminus of FNR does not allow reliable
structural modeling (Fig. 3), the question about the
effect of N-terminal trimming on the interaction of
AtFNR with either TIC62 or TROL still remains open.

Next, we wanted to clarify whether the PTMs could
have an effect on the interaction of FNR with FD.
AtFD1 and AtFD2, representing approximately 5% to
10% and 90% of the total chloroplast FD pool, re-
spectively (Hanke et al., 2004), share 87.2% sequence
identity with each other. Interaction of FD with FNR,
studied in numerous species, depends on the charges,
hydrophobic forces, and conformational changes of
both proteins (Jelesarov and Bosshard, 1994; Martínez-
Júlvez et al., 2009; Lee et al., 2011; Hanke and Mulo,
2013), and both AtFD isoforms are known to interact
with AtFNR in a very similar way (Hanke et al., 2004).
There are two available crystal structures of FNR in
complex with FD: maize (Zea mays) FNR (ZmFNR;
PDB code 1GAQ; Kurisu et al., 2001) and Anabaena sp.
PCC7119 FNR (PDB code 1EWY; Morales et al., 2000).
As the sequence identity of AtFNR1 (86.5%) and
AtFNR2 (84.1%) to ZmFNR is higher than those for
Anabaena sp. PCC7119 FNR (51.5% and 51.8%, re-
spectively), only the ZmFNR-ZmFD complex was
used for studying the AtFNR-AtFD interaction. Com-
parison of the FD-binding amino acids in ZmFNR with
those in PsFNR, AtFNR1, and AtFNR2 shows that
these amino acids or their chemical properties are
strictly conserved (Supplemental Fig. S4). Addition-
ally, the amino acids on ZmFD interacting with ZmFNR
(Kurisu et al., 2001) are conserved in both AtFD iso-
forms (Supplemental Fig. S5), indicating that both
AtFNR isoforms interact with both AtFDs through
identical salt bridges. Of the conserved residues,

Table I. N-terminal sequences of the acidic and basic AtFNR1 and AtFNR2 proteins determined by MS analysis

The membrane proteins of Arabidopsis plants were separated by 2D gel electrophoresis. The four spots representing AtFNR1
and AtFNR2 were excised from the gel, digested with trypsin, and subjected to LC-MS/MS using the LTQ Orbitrap Velos Pro
mass spectrometer.

Isoform Peptide Sequence Mass Measured Change Expectation Value Ion Score

ppm
FNR1 AQVTTDTTEAPPVK 1,457.749 0.21 1.60E-05 78

QVTTDTTEAPPVK 1,386.711 0.14 1.80E-04 67
VTTDTTEAPPVK 1,258.652 20.25 2.40E-04 66

FNR2 AQITTETDTPTPAK 1,473.7387 23.05 3.30E-04 66
QITTETDTPTPAK 1,402.70586 20.15 5.90E-05 73
ITTETDTPTPAK 1,274.646 21.14 2.80E-06 86

Table II. N-terminal sequences of the acidic and basic membrane-bound AtFNR1 and AtFNR2 proteins determined by Edman
degradation

The membrane proteins of Arabidopsis plants were separated by 2D gel electrophoresis and electroblotted, and the mem-
brane was stained with Coomassie Brilliant Blue. The FNR spots were excised, and N-terminal sequencing was performed using
the Procise 494A sequencer. The previously identified N-terminal sequences are also indicated. a denotes acidic form, and b
denotes basic form. –, Sequence not detected.

Protein N-Terminal Sequences Reference

FNR1 VTTDTT Hanke et al. (2005)
FNR1a – This study
FNR1b QVTTDT This study

VTTDTT This study
FNR2 ITTETD Hanke et al. (2005)
FNR2a – This study
FNR2b QITTETD This study
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Glu-312 in spinach (Spinacia oleracea) FNR is essential
for electron transfer between FNR and FD (Aliverti
et al., 1998), which is also reflected by its strict con-
servation in ZmFNR, PsFNR, AtFNR1, and AtFNR2.
Furthermore, Phe-65 in Anabaena sp. PCC7119 FD has
been proposed to be important for the rapid electron
transfer to FNR (Hurley et al., 1993). However, the
corresponding residue, Tyr-63 in ZmFD, does not
seem to be important for the electron transfer (Kurisu
et al., 2001), although the aromatic property of the resi-
due is conserved in the aligned proteins (Supplemental
Fig. S5). Importantly, even if Lys-321 in AtFNR1 and
Lys-330 in AtFNR2 are located in close proximity to the
active site, Lys acetylation does not appear to sterically
hinder the binding of either AtFD isoform.
Although structural modeling could not resolve the

impact of N termini on the molecular interactions (see
above), we studied the effect of Na-acetylation on FD
binding experimentally. To this aim, mature AtFD1 and
AtFD2 were expressed in Escherichia coli, purified, and
covalently bound to a Sepharose resin. Thereafter, crude
protein extract from Arabidopsis leaves was loaded on
the FD columns, and the proteins bound to AtFD1 or
AtFD2 were analyzed by 2D SDS-PAGE. Figure 5 shows
that although both AtFD isoforms are able to bind all
four forms of AtFNR, more acidic (Na-acetylated)

AtFNR forms as compared with basic (nonacetylated)
AtFNRs were bound by both AtFDs in vitro.

Although one of the acetylated Lys residues, Lys-321
(AtFNR1)/Lys-330 (AtFNR2), is situated close to the
NADP(H)-binding site (Fig. 3), 3D modeling did not
provide proof that the acetylation would limit the ac-
cess of FAD or NADP+ to the cofactor-binding sites.
However, this Lys is conserved (Supplemental Fig. S4)
and occupies the same position in the 3D model (Fig. 3)
when AtFNR1 and AtFNR2 are compared, which may
indicate a role of Lys-321/Lys-330 acetylation in the
regulation of enzyme activity or other molecular
interactions. The other acetylation sites, Lys-175 in
AtFNR1 and Lys-96 in AtFNR2, are located very dif-
ferently: Lys-175 in AtFNR1 points toward the solvent,
while Lys-96 in AtFNR2 is at the interface between the
two monomers in the heterodimeric complex (Fig. 3).

The Na-Acetylation Status of FNR Is Regulated by Light

Protein import (Hirohashi et al., 2001) and the ac-
cumulation of AtFNR-containing protein complexes at
the thylakoids (Benz et al., 2009) depend on the chlo-
roplast redox state, which is strictly regulated by light.
We investigated the distribution of the different

Table III. Summary of the N-terminal modifications in the acidic and basic membrane-bound AtFNR1 and AtFNR2 proteins

The membrane proteins of Arabidopsis plants were separated by 2D gel electrophoresis. The four spots representing AtFNR1 and AtFNR2 were
excised from the gel, digested with trypsin, and subjected to LC-MS/MS using the LTQ Orbitrap Velos Pro mass spectrometer. a denotes acidic form,
and b denotes basic form.

Isoform Peptide Sequence Modification Mass Measured Change Ion Score Expectation Value

ppm
FNR1a QVTTDTTEAPPVK N terminus (Gln → pyro-Glu) 1,369.6845 20.09 67 1.60E-04

QVTTDTTEAPPVK N terminus (acetyl) 1,428.7203 21.02 62 5.50E-04
VTTDTTEAPPVK N terminus (acetyl) 1,300.6630 20.29 52 6.00E-03

FNR1b QVTTDTTEAPPVK N terminus (Gln → pyro-Glu) 1,369.6850 0 55 2.40E-03
FNR2a AQITTETDTPTPAK N terminus (acetyl) 1,515.7551 0.86 60 9.70E-04

QITTETDTPTPAK N terminus (Gln → pyro-Glu) 1,385.6802 0.51 61 5.90E-04
QITTETDTPTPAK N terminus (acetyl) 1,444.7177 0.74 81 8.30E-06
ITTETDTPTPAK N terminus (acetyl) 1,316.6583 0.15 78 1.60E-05

FNR2b QITTETDTPTPAK N terminus (Gln → pyro-Glu) 1,385.6789 20.46 70 8.30E-05
QITTETDTPTPAK N terminus (acetyl) 1,444.7170 0.23 65 3.70E-04

Table IV. Summary of Lys-acetylated peptides of acidic and basic membrane-bound AtFNR1 and AtFNR2 proteins

The membrane-bound proteins of Arabidopsis plants were separated by 2D gel electrophoresis. The four spots representing AtFNR1 and AtFNR2
were excised from the gel, digested with trypsin, and subjected to LC-MS/MS using the LTQ Orbitrap Velos Pro mass spectrometer. a denotes acidic,
form and b denotes basic form.

Arabidopsis Genome

Initiative Code
Protein Peptide

Side Chain Site and Type

(A, Acetylation Site)

Mass

Measured
Change

Expectation

Value

Ion

Score

ppm
At5g66190 FNR1a LVYTNDGGEIVKGVCSNFLCDLKPGDEAK K175A 3,254.57077 20.05 3.8E-005 52

DNTFVYMCGLKGMEK K321A 1,834.81792 0.32 2.0E-004 42
At5g66190 FNR1b DNTFVYMCGLKGMEK K321A 1,834.81804 0.39 1.1E-004 45
At1g20020 FNR2a EPYTGKCLLNTK K96A 1,465.73467 20.63 9.8E-004 40

DNTFVYMCGLKGMEK K330A 1,834.81816 0.45 3.0E-003 30
At1g20020 FNR2b EPYTGKCLLNTK K96A 1,465.73552 20.05 2.4E-003 36

DNTFVYMCGLKGMEK K330A 1,834.81792 0.32 9.4E-003 25
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AtFNR forms in the membrane-bound and soluble
pools upon various light conditions in order to see
whether some form(s) dominate during the photo-
synthetically inactive period of the day and whether
some of those are needed upon the activation of light
reactions or when the photosynthetic machinery is
challenged with high irradiation. To this end, leaf
samples were collected at the end of the dark period, at
growth light (100 mmol photons m22 s21), and after a
2-h moderate high light treatment (550 mmol photons
m22 s21). Thereafter, the membrane-bound and soluble
proteins were isolated, separated by 2D SDS-PAGE,
and detected by immunolabeling with FNR antibody.
Blots were quantified, and the relative amounts of
different forms were determined by comparing the
intensity of the spots with the total AtFNR amount on
the blot (Fig. 6). Distribution of the soluble AtFNR
forms in the dark differed drastically from those in the
light. In darkness, AtFNR1 was clearly more abundant
than AtFNR2, but upon the shift to light, the relative
amount of soluble AtFNR2 increased drastically (Fig. 6,
A and B). In contrast, no such significant differences
were observed in the distribution of the thylakoid-
bound AtFNR forms between the different treat-
ments (Fig. 6, C and D). In addition, the proportion of
non-Na-acetylated AtFNR1 (FNR1b) increased with
increasing illumination both at membranes and in the
soluble fraction compared with the nonacetylated
form. A similar trend, but less pronounced, was also
observed for the AtFNR2 acidic and basic forms.

DISCUSSION

Recent studies have shown that the processing of
organelle-targeting peptides is not as precise as earlier
considered, and many chloroplast-imported proteins
may contain up to five different transit peptide cleav-
age positions in their sequence, distributed along a
string of 10 amino acid residues (Bienvenut et al.,
2012). It is noteworthy that the proteins with multiple
cleavage sites contain significantly more frequently
Ala at positions 21, 2, 3, 4, and 5 than the proteins

with only a single cleavage site (Bienvenut et al., 2012),
which also holds true for both AtFNR1 and AtFNR2
(Fig. 1). Nevertheless, it is not yet known whether the
Ala residues as such are required for differential
cleavage or whether the absence of hydroxylated or
acidic amino acid residues interferes with the cleavage
of the transit peptide (Bienvenut et al., 2012). In spite
of the fact that many chloroplast proteins undergo
N-terminal trimming (Zybailov et al., 2008; Plöscher
et al., 2009; Bienvenut et al., 2012), this concept seems
to be overlooked, perhaps because of its unknown
physiological relevance. Some examples are Cys syn-
thase, whose N terminus may start with either the
sequence AVSIKPEA or VSIKPEA (Zybailov et al.,
2008), and NADPH-protochlorophyllide oxidoreduc-
tase A, starting with either AAAVSAP or AAVSAP
(Plöscher et al., 2009). To date, there are no data avail-
able allowing conclusions about whether the alternative

Figure 3. 3D structural model of the
AtTIC62-mediated AtFNR1-AtFNR2 het-
erodimer. AtFNR1 (cyan) and AtFNR2
(green) form a back-to-back complex
with AtTIC62 (pink sticks) bound be-
tween the subunits. Of the acetylated
Lys residues (spheres in teal [AtFNR1]
and dark green [AtFNR2]), Lys-321/
Lys-330 (AtFNR1/AtFNR2) are located
at the same 3D positions in the re-
spective subunits close to the binding
sites of the cofactors [orange sticks;
NADP(H)] and FAD. Lys-96 (AtFNR2)
is close to the dimer interface, while
Lys-175 (AtFNR1) is on the surface of
the protein.

Figure 4. N termini of AtFNR1 and AtFNR2 in the FNR-containing
thylakoid protein complexes. Arabidopsis thylakoid protein complexes
were separated using BN-PAGE (left). One of the strips was immuno-
labeled with an FNR antibody (right), and corresponding bands were
cut from the gel, digested with trypsin, and subjected to LC-MS/MS
using the LTQ Orbitrap Velos Pro mass spectrometer. The identified
N termini are shown in the box at right. Also, AtTIC62 and AtTROL
were found in all complexes.

1770 Plant Physiol. Vol. 166, 2014

Lehtimäki et al.



trimming might result from a nonprecise transit pep-
tide cleavage by stromal processing peptidase or from
the action of chloroplast aminopeptidases (Zybailov
et al., 2008). In fact, several aminopeptidases are
known to be located in chloroplasts, and after the
cleavage of the transit peptide, they may cleave
N-terminal residue(s) and reveal penultimate amino
acids (Walling, 2006). This, in turn, may directly affect
the longevity of the proteins, thus influencing meta-
bolic reactions (Walling, 2006).
Our results show alternative N-terminal trimming of

AtFNR isoforms in both the membrane-bound and
soluble AtFNR pools (Tables I and II; Supplemental
Table S1) as well as in all AtFNR-TIC62/TROL protein
complexes at the thylakoid membrane (Fig. 4). This
indicates that the trimming of the AtFNR N terminus
would not determine recruitment of the protein into
different protein complexes at the thylakoid mem-
brane. Dimerization and membrane association of the
three ZmFNR isoforms have been shown to depend on
structural variation in the N termini (Twachtmann
et al., 2012), but the impact of N-terminal trimming has
not yet been studied. Two alternative N termini have
also been reported for the wheat pFNRI and pFNRII
isoforms: KKVSKKQE and SKKQE for pFNRI and
ISKKQD and KKQD for pFNRII (Gummadova et al.,
2007). The longer form of pFNRII was able to dis-
criminate between the ZmFD isoforms, but the trun-
cation of two amino acid residues eliminated this
ability (Gummadova et al., 2007; Bowsher et al., 2011).
It should be noted that the N-terminal start point of the
mature wheat pFNRI and pFNRII is 19 to 23 amino
acids after the end of the predicted transit peptide,
while the N termini of AtFNR1 and AtFNR2 match
with the predicted cleavage site (Moolna and Bowsher,
2010), which may indicate differences in the functional

properties of the FNR N termini between the species.
Nevertheless, as the flexible N terminus of AtFNR
does not allow structural modeling (Fig. 3), the ulti-
mate role of N-terminal trimming of AtFNR requires
further biochemical analyses.

Na-acetylation of proteins is a major PTM taking
place in eukaryotes (Ferro et al., 2003; Meinnel et al.,
2005; Kleffmann et al., 2007; Bienvenut et al., 2012).
Although it is not a common phenomenon among
prokaryotes, it has been described in both nucleus- and
chloroplast-encoded plastid proteins (Bienvenut et al.,
2011, 2012). In Arabidopsis, about 30% of the Na-
acetylation is related to chloroplast proteins trans-
located via the translocon of outer/inner chloroplast
envelope system (Bienvenut et al., 2012), and our re-
sults also show that AtFNR belongs to this group
(Table III). It has been shown that Na-acetylation oc-
curs preferentially at Ala, Val, and Ser in Arabidopsis
(Zybailov et al., 2008) or Ala, Val, Ile, Ser, and Thr in
Chlamydomonas reinhardtii (Bienvenut et al., 2011). In-
deed, the N-terminal peptides representing the Na-
acetylated AtFNR1 (FNR1a) started with Val or Gln
and the N-terminal peptides representing the Na-
acetylated AtFNR2 (FNR2a) started with Ala, Ile, or
Gln (Table III; Supplemental Table S1). However, sim-
ilar N-terminal peptides were also identified in non-
acetylated forms, mainly in the basic spots (FNR1/2b),
indicating that AtFNRs undergo partial Na-acetylation
independent of the N-terminal trimming. In a recent
study, it was shown that partial N-terminal acety-
lation of the «-subunit of ATP synthase in Citrullus
lanatus resulted in a practically identical migration
pattern on the 2D gels as compared with that of
AtFNR (Hoshiyasu et al., 2013). In this case, Na-
acetylation was shown to protect the protein from deg-
radation under drought stress conditions (Hoshiyasu
et al., 2013).

It has been suggested that the phosphorylation of
FNR might provide another level of regulation by
determining whether cyclic or linear electron transfer
flow is supplied with electrons (Hodges et al., 1990).
Indeed, in vitro phosphorylation of pea FNR has been
detected (Hodges et al., 1990), and a large-scale Ara-
bidopsis chloroplast phosphoproteome profiling study
reported a phosphopeptide, 164LVYpTNDGGEIVK, for
AtFNR1 (Fig. 1; Yang et al., 2013). Additionally, the four
distinct wheat FNR spots observed after 2D SDS-PAGE
matched the theoretical pIs predicted for phos-
phorylated FNRs (Moolna and Bowsher, 2010). In
contrast, Sugiyama et al. (2008) did not report AtFNR
as a phosphoprotein. In this study, we performed a
number of experiments trying to gain evidence for
AtFNR phosphorylation (Supplemental Fig. S2). Al-
though our results do not completely exclude the
possibility that AtFNR isoforms could be phosphory-
lated, at least under some environmental conditions,
we could not find any evidence that AtFNRs would be
phosphorylated in planta.

Lys acetylation of several membrane-bound and
soluble proteins, such as the ATP/ADP translocator

Figure 5. Analysis of interaction partners of chloroplast AtFD isoforms.
Arabidopsis proteins bound to recombinant AtFD1 (A) and recombi-
nant AtFD2 (B). Crude leaf extract was incubated with the given AtFD
isoform covalently bound to a Sephadex G-25 column. The eluted
proteins were separated by 2D SDS-PAGE. AtFNRs are indicated with
boxes.
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AAC1, ATP synthase, Rubisco, and various LHC
proteins, was recently detected in the chloroplast
proteome (Finkemeier et al., 2011; Wu et al., 2011).
Acetylation of Lys may affect enzyme activity and/or
protein-protein interactions by hindering the forma-
tion of hydrogen bonds, depending on the position of
the Lys residue within the protein. Indeed, the activi-
ties of Rubisco and phosphoglycerate kinase increased
upon in vitro deacetylation by HUMAN SIRTUIN-3,
a broad substrate specificity Lys deacetylase, whereas
the activity of malate dehydrogenase decreased
(Finkemeier et al., 2011). Intriguingly, it has been
shown that the peripheral pool of LHCB1 and LHCB2
possesses a high level of Lys acetylation, whereas the
LHC proteins present in the PSII supercomplexes are
less acetylated (Wu et al., 2011). Although acetylation
of Lys was not found to be light responsive (Wu et al.,
2011), these results indicate a regulatory impact of
Lys acetylation on photosynthetic reactions and
yield. Nevertheless, the location of the acetylated Lys
residues on the surface of AtFNR1 and AtFNR2
suggests that these modifications do not affect the
interaction with the AtTIC62 and AtTROL proteins
(Fig. 3). However, as AtFNR1 (Lys-321) and AtFNR2
(Lys-330) acetylation occurs on a conserved Lys resi-
due in the same 3D position near the active site (Fig. 3;
Supplemental Fig. S4), it is plausible that acetylation of
Lys-321/330 affects the enzyme activity, even if the 3D
models could not provide direct evidence for restricted
binding of AtFD, FAD, or NADP+ to the acetylated
AtFNR isoforms. Interestingly, a conserved Lys-175 in
AtFNR1 was acetylated while the corresponding resi-
due in AtFNR2 was not (Table IV), which could confer
distinguishing features between the isoforms. It is also
tempting to speculate that the acetylation of surface
Lys residues in AtFNR might mediate weaker inter-
actions with other (photosynthetic) protein complexes.

A shift from darkness to light affected the ratio of
Na-acetylated to nonacetylated forms of AtFNR (Fig. 6),
suggesting that Na-acetylation plays a role in the
adaptation of the plants to ambient environmental
conditions. The relative ratio of all membrane-bound
AtFNR forms remained quite stable in all light condi-
tions studied, while the soluble pool showed marked
fluctuations (Fig. 6). Upon the transition from darkness
to light, the relative amount of both AtFNR2 forms
increased drastically compared with AtFNR1. This re-
sult suggests a central role for AtFNR2 in light-dependent
metabolism, which is in line with our previous results
showing a decreased rate of carbon assimilation in the
fnr2 mutant plants as compared with the wild type
and fnr1 (Lintala et al., 2009).

Taken together, our results show that AtFNR is under
a complex, multilayer regulation dynamically res-
ponding to ambient environmental conditions. In ad-
dition to regulation at the levels of gene expression
(Hanke et al., 2005; Gummadova et al., 2007), protein
import (Hirohashi et al., 2001), and subchloroplastic
location (Benz et al., 2009), AtFNR is subjected to
N-terminal trimming, Na-acetylation, and acetylation

Figure 6. Relative amounts of acidic and basic AtFNR forms in dif-
ferent light conditions. Soluble and membrane-bound proteins were
separated by 2D SDS-PAGE and immunoblotted with anti-FNR anti-
body. Spots were quantified from three to four biological replicates,
and the relative amounts from the total FNR pool were calculated.
A, Relative amounts of different FNR forms in the soluble fraction of
Arabidopsis leaf proteins. B, Representative western blots from the
soluble protein fraction from each light condition. C, Relative amounts
of different AtFNR forms in the membrane-bound fraction of
Arabidopsis leaf proteins. D, Representative western blots from the
membrane-bound fraction from each light condition. Dark, Samples
collected at the end of the dark period of the day; GL, samples col-
lected from growth light (100 mmol photons m22 s21)-adapted plants in
the middle of the light period of the day; HL, samples collected after
2 h of moderate high-light treatment (500–600 mmol photons m22 s21).
Error bars indicate SE; n = 3 to 4. AtFNR amounts in growth light and
high light were compared with dark amounts using a two-tailed in-
dependent Student’s t test: *P , 0.05 and **P , 0.01.
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of Lys residues. The development of novel techniques
enabling the identification of various PTMs is likely to
reveal other chloroplast proteins that may be regulated
by a number of PTMs. The functional significance of
these modifications on chloroplast proteins in general,
and specifically on AtFNR, obviously requires further
research.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia plants were grown in
a phytotron under standard conditions (100 mmol photons m22 s21, 8-h-light/
16-h-dark cycle, and +23°C). Four- to 5-week-old plants were used in all ex-
periments unless mentioned otherwise. High-light treatment was performed
under 500 to 600 mmol photons m22 s21 for 2 h. Temperature measured under
the high-light conditions was +28°C to 30°C. Dark samples were taken at the
end of the 16-h-dark period prior to the light period.

Isolation of Chloroplasts

Isolation of chloroplasts was performed as described (Zhang et al., 1999)
with slight modifications. Leaves of 6-week-old plants were harvested and
briefly homogenized in buffer (50 mM HEPES-KOH, pH 7.6, 330 mM sorbitol,
5 mM EDTA, 1 mM MgCl2, 2.5 mM ascorbate, and 0.025% [w/v] bovine serum
albumin), filtered through Miracloth (Calbiochem, Merck), and centrifuged
(950g, 1.5 min, and 4°C). Buffer A (50 mM HEPES-KOH, pH 8, 330 mM sorbitol,
and 2 mM EDTA) was used to resuspend the chloroplast-containing pellets
before loading them on top of Percoll (Amersham Pharmacia Biotech) step
gradients (40% [v/v] and 70% [v/v] in buffer A). After centrifugation (4,000g,
5 min, and 4°C), intact chloroplasts were collected from the border of the
gradients, washed two times gently with buffer A (centrifuged at 1,250g, 1.5 min,
and 4°C and at 800g, 1 min, and 4°C), and finally resuspended in buffer A.

Isolation of Proteins

For the extraction of leaf proteins, leaf material was frozen in liquid nitrogen.
For the isolation of membrane proteins with intact protein complexes, leaves
were homogenized in grinding buffer (330 mM sorbitol, 50 mM HEPES-NaOH,
pH 7.5, 2 mM EDTA, and 1 mM MgCl2), filtered through Miracloth (Calbio-
chem, Merck), and centrifuged (4,000g, 5 min, and 4°C). The pellet was
resuspended in shock buffer (10 mM HEPES-KOH, pH 7.6, 5 mM Suc, and 5 mM

MgCl2) and centrifuged (4,000g, 5 min, and 4°C), and the resulting pellet was
resuspended in storage buffer (10 mM HEPES-KOH, pH 7.5, 100 mM Suc, 5 mM

NaCl, and 10 mM MgCl2).
For total protein extraction and fractionation into soluble and membrane

fractions, leaves were homogenized directly in shock buffer and filtered
through Miracloth. Total protein samples were collected, and the rest of the
homogenate was centrifuged (18,600g, 5 min, and 4°C). Supernatant was
stored as the soluble fraction, and the pellet was resuspended into storage
buffer to obtain the membrane fraction. Isolation was performed in the pres-
ence of Complete Protease Inhibitor Cocktail Tablets in the shock buffer
(Roche Diagnostics).

To further separate membrane and stroma fractions from isolated chloro-
plasts, intact chloroplasts were centrifuged (9,500g, 2 min, and 4°C), and the
pellets were resuspended in shock buffer, incubated 10 min on ice, frozen with
liquid nitrogen, melted, and centrifuged (18,600g, 10 min, and 4°C). Super-
natants were stored as stroma fractions, and pellets that were resuspended in
storage buffer were stored as membrane fractions.

Immunoprecipitation of AtFNR

Immunoprecipitation of AtFNR was performed by lysing chloroplasts (4 mg
of chlorophyll) isolated either in the absence or presence of 10 mM NaF in 100
mL of immunoprecipitation buffer (50 mM Tris-HCl, pH 7.5, and 150 mM NaCl)
with 1.5% (w/v) decylmaltoside either in the presence or absence of 10 mM

NaF. Chloroplast lysate was centrifuged at 9,500g for 10 min at 4°C. The
resulting supernatant was incubated with 0.4 mL of FNR antibody and 40 mL

of Protein A (Miltenyi Biotec) for 50 min on ice. The mixture was loaded into
rehydrated mMACS columns (Miltenyi Biotec), and the columns were washed
four times in 200 mL of immunoprecipitation buffer containing 0.15% (w/v)
decylmaltoside and one time in 100 mL of 13 Thermo Scientific buffer.

Phosphatase Treatments

The immunoprecipitated AtFNR proteins were subjected to phosphatase
treatment (immunoprecipitated AtFNR equal to 4 mg of chlorophyll and 20 mL
of calf intestinal alkaline phosphatase (CIP) in Thermo Scientific buffer). Re-
action was carried out at +30°C for 30 min. Columns were rinsed with 100 mL
of 13 NEB Lambda protein phosphatase buffer (New England Biolabs) and
subjected to Lambda phosphatase (New England Biolabs) treatment (10 mL of
Lambda phosphatase, NEB protein metallophosphatase buffer, and +37°C for
30 min). Control reactions contained only corresponding buffers.

In vitro protein phosphatase treatment of membrane proteins was per-
formed using Lambda protein phosphatase (New England Biolabs) and CIP
alkaline phosphatase (New England Biolabs). Membrane extract (25 mg of
chlorophyll) was first treated with CIP alkaline phosphatase (500 units) for 30
min at +37°C and centrifuged (4,000g, 5 min, and +4°C). The pellet was
resuspended in 13NEB Lambda protein phosphatase buffer in the presence of
Lambda protein phosphatase (16,000 units) and incubated for 30 min at +30°C.
Alternatively, the membrane proteins were isolated in the presence of phos-
phatase inhibitors (PhosSTOP; Roche Diagnostics) and 10 mM NaF. The
treated proteins were separated by 2D SDS-PAGE and stained with either
silver stain or Pro-Q Diamond Phosphoprotein Gel Stain.

Detection of Glycosylation

Proteins were isolated and separated by 2D SDS-PAGE using standard
methods. The gels were either stained with Pro-Q Emerald Glycoprotein Gel
Stain (Molecular Probes) or electroblotted and the membrane immunolabeled
with a Fuc antibody purchased from Agrisera.

For MS analysis, protein spots were excised from Coomassie Brilliant Blue-
stained 2D gels and subsequently destained, reduced, and alkylated as de-
scribed (Shevchenko et al., 2006). After complete dehydration by two washes
with MS-grade acetonitrile, gel pieces were incubated with 500 units (1 mL) of
peptide-N-glycosidase F (NEB P0705S) in 100 mL of 100 mM ammonium bi-
carbonate (pH 8) prepared in 18O-labeled water (97 atom % 18O; Sigma). The
enzymatic reaction was performed overnight at 37°C. The supernatant con-
taining released glycans was removed, and samples were subjected to in-gel
tryptic digestion (Shevchenko et al., 2006). LC-MS/MS analyses were carried
out on an Ultimate 3000 Nanoflow HPLC system (Dionex) coupled via a
nonospray interface to an LTQ Orbitrap XL mass spectrometer (Thermo Sci-
entific). A concatenated target-decoy database consisting of Arabidopsis rep-
resentative gene models (The Arabidopsis Information Resource 10; January 3,
2011) supplemented with a list of common contaminants (common Repository
of Adventitious Proteins; February 29, 2012; ftp://ftp.thegpm.org/fasta/
cRAP/) and the polypeptide sequence of wild-type peptide-N-glycosidase
F from Elizabethkingia meningoseptica (UniProtKB code P21163) was used for
peptide identification using X!Tandem (version 2013.09.01; Craig and Beavis, 2004).
Decoy sequences were generated by amino acid shuffling of tryptic peptide se-
quences. For details regarding instrument settings, peptide identification, and data
analysis, refer to Mathieu-Rivet et al. (2013).

Determination of Protein and Chlorophyll Content

Measurements of protein concentration were done using the Bio-Rad
Protein Assay. Chlorophyll content was determined according to Porra et al.
(1989).

Preparation of AtFD1- and AtFD2-Bound Protein Samples

Mature sequences of AtFD1 and AtFD2 proteins were expressed in Esch-
erichia coli and purified as described (Hanke et al., 2004), after which the
proteins were covalently bound to Sepharose resin (Hanke et al., 2011). Crude
protein fractions were prepared from Arabidopsis leaves by grinding at 4°C in
50 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 0.1% (v/v) Triton X-100, with
Complete Protease Inhibitor Cocktail, in the presence of preswollen poly-
vinylpolypyrrolidone. Particulate matter was removed by centrifugation at
4°C and 11,000g, and the resulting solution was desalted into 50 mM Tris-HCl,
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pH 7.5, over Sephadex G-25 before being used to challenge a column made of
the AtFD-bound resin. Following extensive washing, bound proteins were
eluted with 50 mM Tris-HCl, pH 7.5, and 500 mM NaCl and concentrated
for further analysis with Amicon spin concentrators with a 30-kD cutoff
(Millipore).

One-Dimensional SDS-PAGE

Proteins were separated in the linear range for each primary antibody using
SDS-PAGE (12%–15% [w/v] acrylamide). The phosphorylation status of AtFNR
was studied using Phos-tag acrylamide gels (Wako Pure Chemical Industries),
150 mM Phos-tag ligand, and 2.3 mmol of MnCl2. After gel electrophoresis, the
Phos-tag gels were incubated in transfer buffer containing 1 mmol of EDTA prior
to western blotting.

2D Electrophoresis

Immobiline DryStrip gels (IPG strips; pH 3–11 NL, 18 cm; GE Healthcare
Life Sciences) were rehydrated in rehydration buffer (8 M urea, 2 M thiourea,
4% [w/v] CHAPS, 100 mM dithiothreitol, and 0.5% [v/v] IPG buffer, pH 3–11
NL) overnight. A total of 200 mg of protein (membrane, soluble, or stroma)
extract was solubilized with rehydration buffer in a final volume of 150 mL by
vortexing for 2 to 3 h at room temperature and loaded into rehydrated IPG
strips via cup loading. The first-dimension separation was performed using
the Ettan IPGphor 3 isoelectric focusing system. The proteins were focused at
150 V for 3 h and at 300 V for 3 h, then the voltage was raised to 1,000 V
during 6 h and to 10,000 V during 2 h, and then kept at 10,000 V for 3 h. After
isoelectric focusing, the IPG strips were treated for 15 min with equilibration
solution (0.375 M Tris-HCl, pH 8.8, 6 M urea, 30% [w/v] glycerol, and 2%
[w/v] SDS) containing 130 mM dithiothreitol and for 15 min with equilibration
solution containing 135 mM iodoacetamide. The second dimension separation
was carried out by linear SDS-PAGE (14% [w/v] acrylamide), and the gels
were silver stained using standard methods.

BN-PAGE

Thylakoid protein complexes were separated using BN-PAGE as described
(Lintala et al., 2009).

Immunoblotting and Quantification

After gel electrophoresis, proteins were electroblotted to a polyvinylidene
fluoride membrane (Immobilon-P; Millipore). Immunolabeling was carried out
using protein-specific primary antibodies. The FNR antibody was a kind gift
from Henrik V. Scheller (Andersen et al., 1992). Horseradish peroxidase-
conjugated anti-rabbit secondary antibody (GE Healthcare) with ECL West-
ern Blotting Detection Reagents (GE Healthcare) were used for the detection of
proteins on x-ray films (Fujifilm SuperRX).

Blots were imaged using the Geliance 1000 imager and GeneSnap imaging
software (PerkinElmer). 2D blots were quantified using the ProFINDER 2D
Gel Analysis software (PerkinElmer).

MS Analysis and N-Terminal Sequencing

For MS analysis of PTMs, protein spots were excised from silver-stained 2D
gels and in-gel digested with trypsin according to Shevchenko et al. (2006).
LC-MS/MS analyses were performed on a nanoflow HPLC system (Easy-
Nano; Thermo Fisher Scientific) coupled to the LTQ Orbitrap Velos Pro mass
spectrometer (Thermo Fisher Scientific). Peptides were first loaded on a
trapping column and subsequently separated inline on an in-house-made
15-cm C18 column (75 mm 3 15 cm, Magic 5-mm, 200-Å C18; Michrom Bio-
Resources). The mobile phase consisted of a mixture of water:acetonitrile (98:2,
v/v) with 0.2% (v/v) formic acid (solvent A) and acetonitrile:water (95:5, v/v)
with 0.2% (v/v) formic acid (solvent B). A linear 20-min gradient from 5% to
35% (v/v) B was used to elute peptides. Mass spectra were acquired in a data-
dependent manner with an automatic switch between MS and tandem MS
scans using a top-10 method. Peptide fragmentation was performed with
collision-induced dissociation.

The data files were searched for protein identification and modifications
using Proteome Discoverer (version 1.4) connected to in-house Mascot (version
2.4) software. To detect Lys acetylation and methylation, data were searched

against the SwissProt database (release 2011_08) by using Arabidopsis as a
taxonomy filter. To observe the N-terminal peptides, data were searched
against an in-house-made database consisting of reviewed canonical Arabi-
dopsis proteins (SwissProt; release 2014_02) and common laboratory con-
taminants. Database search settings included precursor mass tolerance of
5 ppm, fragment mass tolerance of 0.5 D, semitryptic peptides, one missed
trypsin cleavage, fixed modification of carbamidomethylation of Cys, variable
modifications of Met oxidation, acetylation of Lys or peptide N terminus, and
methylation of Lys or Arg. A significance threshold of P , 0.05 was used. To
confirm acetylation sites, a manual verification of the matched spectrum was
performed.

For N-terminal sequencing, 2D-separated proteins were electroblotted to a
polyvinylidene fluoride membrane (Immobilon-P; Millipore) followed by
Coomassie Brilliant Blue staining. The AtFNR spots were excised, and
N-terminal sequencing was performed using the Procise 494A sequencer
(PerkinElmer).

Structural Modeling

For homology modeling of the complex between AtFNR1, AtFNR2, and
AtTIC62, a modified version of the crystal structure of PsFNR in complex with
PsTIC62 (PDB code 3MHP; Alte et al., 2010) was used as a template. NADP+

was included in the model by superimposing the structure of PsFNR with
NADP+ (PDB code 1QFY; Deng et al., 1999) on top of the PsFNR-TIC62
complex structure and saving the NADP+ molecule into this structure. Ad-
ditionally, rotamers of Tyr-308 in the PsFNR-TIC62 complex structure were
checked in the BODIL modeling environment (Lehtonen et al., 2004), and the
only rotamer allowing access to the NADP+-binding site was selected. The
resulting structure was a PsFNR-TIC62 complex with bound FAD and NADP+,
which was then used as a template for modeling the AtFNR1-FNR2 heterodimer
in complex with AtTIC62, FAD, and NADP+. The AtFNR1, AtFNR2, and AtTIC62
sequences were downloaded from UniProtKB (accession codes Q9FKW6,
Q8W493, and Q8H0U5, respectively) and aligned to PsFNR and PsTIC62 with
MALIGN (Johnson et al., 1996) in the BODIL modeling environment (Lehtonen
et al., 2004). The sequence identity between PsFNR and AtFNR1 is 89.5%, while
the identity for AtFNR2 is 84.8%. The PsTIC62 peptide shares 69.2% identity with
the corresponding region in AtTIC62. Based on the template crystal structure,
amino acids Ser-66 to Thr-360 from AtFNR1, Ser-75 to Thr-369 from AtFNR2,
and Lys-440 to Ser-465 from AtTIC62 could be modeled. A set of 10 models was
created with MODELLER (Sali and Blundell, 1993), and the model with the
lowest value of the MODELLER objective function was chosen as the best model.
Model evaluations were performed with PROCHECK (Laskowski et al., 1993)
and QMEAN (Benkert et al., 2009). Alignment images were created with ESPript
(version 3.0; Gouet et al., 2003) and model images with PyMOL (version 1.6;
Schrödinger).

Sequence data from this article can be found in the Arabidopsis Genome Ini-
tiative or UniProtKB databases under the following accession numbers: AtFNR1
(At5g66190/Q9FKW6), AtFNR2 (At1g20020/Q8W493), AtFD1 (At1g10960),
AtFD2 (At1g60950), AtTIC62 (At3g18890/ Q8H0U5), AtTROL (At4g01050),
and ZmFD (P27787).
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The following materials are available in the online version of this article.

Supplemental Figure S1. The conserved N-glycosylation site in the plant-
type FNRs.
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