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Abstract

In addition to redox regulation, protein phosphorylation has gained increasing importance as a
regulatory principle in chloroplasts in recent years. However, only very few chloroplast-localized
protein kinases have been identified to date. Protein phosphorylation regulates important
chloroplast processes such as photosynthesis or transcription. In order to better understand
chloroplast function, it is therefore crucial to obtain a complete picture of the chloroplast kinome,
which is currently constrained by two effects: first, recent observations showed that the
bioinformatics-based prediction of chloroplast-localized protein kinases from available sequence
data is strongly biased; and, secondly, protein kinases are of very low abundance, which makes
their identification by proteomics approaches extremely difficult. Therefore, the aim of this study
was to obtain a complete list of chloroplast-localized protein kinases from different species.
Evaluation of protein kinases which were either highly predicted to be chloroplast localized or
have been identified in different chloroplast proteomic studies resulted in the confirmation of only
three new kinases. Considering also all reports of experimentally verified chloroplast protein
kinases to date, compelling evidence was found for a total set of 15 chloroplast-localized protein
kinases in different species. This is in contrast to a much higher number that would be expected
based on targeting prediction or on the general abundance of protein kinases in relation to the
entire proteome. Moreover, it is shown that unusual protein kinases with differing ATP-binding
sites or catalytic centres seem to occur frequently within the chloroplast kinome, thus making their
identification by mass spectrometry-based approaches even more difficult due to a different
annotation.
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Introduction

Chloroplasts are essential plant organelles of endosymbiotic origin that carry out a wide
range of important metabolic pathways such as photosynthesis, and the biosynthesis of
amino acids, vitamins, and lipids. These processes require tight regulation and coordination
with the metabolic state of the whole plant. To this end, chloroplasts are integrated into the
signalling network of the entire cell. In addition to the predominant redox regulation in
chloroplasts (Montrichard et al., 2009), reversible protein phosphorylation is a key
mechanism for the regulation of cellular processes and for signal transduction in response to
environmental changes (Cohen, 2000). Phosphorylation can influence the activity, the
subcellular localization, or the stability of target proteins (Stone and Walker, 1995; Cohen,
2000; Schliebner et al., 2008). Plant protein kinases are involved in the regulation of
metabolism, cell division, growth, and differentiation, and they mediate cellular responses to
biotic and abiatic stress including changing light conditions, altered temperatures, and
pathogen invasion (Stone and Walker, 1995; Halford et al., 2004). In eukaryotic genomes it
is estimated that 1-3% of all genes encode protein kinases (Stone and Walker, 1995). In the
human genome, 518 out of the ~22 200 proteins are annotated as protein kinases (2.3%)
(Manning et al., 2002; Orchard et al., 2005), and the nuclear genome of the model plant
Arabidopsis thaliana (~27 400 protein-coding genes) encodes ~1050 different protein
kinases (3.8%) (Gribskov et al., 2001; Wang et al., 2003; Martin et al., 2009). This slightly
higher number in Arabidopsisis probably a result of multiple gene duplications that are
generally found in plant genomes (Chevalier and Walker, 2005). No protein kinases are
encoded in the chloroplast genome (TAIR; www.arabidopsis.org).

Historically, the first report of protein phosphorylation within chloroplasts dates back to the
1970s, when phosphorylation of light-harvesting complex (LHC) proteins was shown
(Bennett, 1977). Stromal protein phosphorylation was discovered in 1983, when pyruvate,
orthophosphate dikinase was found to be inactivated by phosphorylation in Zea mays
chloroplasts (Ashton and Hatch, 1983). Since that time, more and more targets of protein
phosphorylation have been identified in chloroplasts, using different techniques such as
incubation of chloroplast protein extracts with radioactively labelled ATP or detection with
phosphothreonine-specific antibodies (Laing and Christeller, 1984; Foyer, 1985; Rintamaki
et al., 1997). Given that ~2100 proteins are estimated to be imported into the chloroplast
based on targeting prediction (Richly and Leister, 2004) and 3.8% of all Arabidopsis
proteins encode protein kinases, at least 80 chloroplast protein kinases could be expected
(i.e. 3.8% of 2100). However, to date, only a handful of chloroplast-localized protein kinases
have been reported in the literature. The most thoroughly described examples are the protein
kinases Stt7 and Stl1 from Chlamydomonas reinhardtii and their Arabidopsis orthologues
STN7 (At1g68830) and STN8 (At59g01920) (Bellafiore et al., 2005; Bonardi €t al., 2005).
These kinases were first discovered in a genetic screen in Chlamydomonas aiming at the
identification of regulatory factors for photosynthetic acclimation under changing light
conditions, a process called state transition (Depege et al., 2003). These kinases are
localized within the thylakoid membrane and phosphorylate photosystem Il (PSII) core and
LHCII proteins resulting in the redistribution of LCHIIs. Analysis of fluorescence recovery
after photobleaching revealed that a small portion of chlorophyll (~15%) could move
between grana stacks within a 10 min time scale in an STN7-dependent manner (Goral et
al., 2010). The phosphorylation of PSII also leads to visible macroscopic changes in the
folding of thylakoid membranes. The lack of phosphorylation in the stn7/stn8 double mutant
results in an increased size of appressed thylakoid membranes (Fristedt et al., 2009). STN7
was recently shown to provide a link between short-term (state transition) and long-term
(nuclear gene expression) acclimation to fluctuating light conditions (Pesaresi et al., 2009).
This long-term acclimation also includes a readjustment of distinct metabolic states
(Brautigam et al., 2009). All together these processes optimize photosynthesis under
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fluctuating light conditions, and, accordingly, the phenotype of stn7 mutants becomes
particularly obvious under such growth conditions (Brautigam et al., 2009; Tikkanen et al.,
2010).

Another well-described chloroplast protein kinase is the chloroplast casein kinase 2
(cpCK?2), which was first identified in Snapis alba. Later, the Arabidopsis homologue
(At2g23070) was found to be associated with the plastid RNA polymerase and to
phosphorylate parts of the transcription machinery and RNA-binding proteins (Ogrzewalla
et al., 2002; Salinas et al., 2006). The plastid sigma factor AtSIG6 is phosphorylated by
cpCK2 at different sites. This results in specific and efficient promoter binding of the
polymerase, which leads to altered expression of chloroplast genes (Schweer et al., 2010).
Recently, the chloroplast sensor kinase CSK (AT1G67840), which is a prokaryotic-like two-
component histidine kinase, was shown to couple photosynthesis to chloroplast gene
expression via redox signals (Puthiyaveetil et al., 2008) and was identified as an interaction
partner of cpCK2 (Puthiyaveetil et al., 2010). Furthermore, studies in Pisum sativum and
Soinacia oleracea provided evidence for the presence of protein kinases in the outer
envelope of chloroplasts (Soll, 1985, 1988; Soll et al., 1988; Siegenthaler and Bovet, 1993).
The importance of phosphorylation in chloroplasts is further highlighted by the results of a
recent phosphoproteomic study in Arabidopsis (Reiland et al., 2009). In this study, a total of
353 unique phosphosites was identified in 174 proteins, which were annotated as chloroplast
proteins with high confidence. These proteins included LHC proteins, proteins involved in
RNA binding and carbohydrate metabolism, photosystem core subunits, and STN7.

In order to understand chloroplast function fully it is crucial to obtain a complete list of
protein kinases involved in the regulation of chloroplast processes. Here, the aim is to
compile a complete inventory of chloroplast-localized protein kinases according to the
current state of knowledge. To this end, the literature was screened for all experimentally
verified chloroplast protein kinases, and experimental reports of protein kinases with
assigned chloroplast localization were evaluated by analysis of yellow fluorescent protein
(YFP) fusion proteins, including also candidates which have been identified only with low
confidence in proteomics studies, and candidates selected from bioinformatics-based
approaches.

Materials and methods

Plant growth and chloroplast preparations

Arabidopsis thaliana (var. Columbia Col-0) was grown on soil at 22 °C under a 16 h/8 h
photoperiod at 150 pmol photons m =2 s =1 for 7 weeks. Chloroplasts were purified as
described previously (Seigneurin-Berny et al., 2008) and stored at =80 °C until further use.

Pisum sativum (cultivar Arvika) plants were grown under a 16 h light/8 h dark photoperiod
at 21/16 ° (light/dark) at 250 umol photons m =2 s =1, Chloroplasts were isolated from leaves
of 10- to 12-day-old peas as described previously (Waegemann and Soll, 1995).

Preparation of membrane and soluble Arabidopsis chloroplast proteins

Chloroplasts were disrupted by lysis in kinase buffer [20 mM Tricine pH 7.6, 10% glycerol,
0.5% dithiothreitol (DTT)], supplemented with protease inhibitors (complete EDTA free;
Roche) and phosphatase inhibitors (Phospho-Stop; Roche). After incubation on ice for 15
min, membranes and soluble components were separated by centrifugation at 60 000 g for
10 min. To remove loosely associated proteins, the membrane fraction was washed with
lysis buffer containing 0.8 M NaCl and re-suspended in lysis buffer. The 60 000 g
supernatants of the first and second centrifugation were combined, desalted via a PD10

J Exp Bot. Author manuscript; available in PMC 2014 April 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Bayer et al. Page 4

column (GE Healthcare), and concentrated using Vivaspin 500 spin columns (3 kDa cut-off,
GE Healthcare). All operations were carried out either on ice or at 4 °.

Protein phosphorylation assays in Arabidopsis

A standard phosphorylation assay (50 ), using soluble or total membrane proteins, was
carried out in lysis buffer supplemented with 2 mM EGTA and 10 mM MgCl,. For the
measurement of ATP-dependent phosphorylation, 5 1M cold ATP and 2-5 pCi of
[y-32P]ATP (3000 Ci mmol ~1, Perkin Elmer, Waltham, MA, USA) were included in the
assay. Control assays for ATP-dependent phosphorylation were carried out using
recombinant CPK4 (At4g09570) with histone (S3, Sigma) as substrate. Due to the calcium
dependency of CPKs (calcium-dependent protein kinases), the assay included 5 mM CaCl,
instead of EGTA. For the measurement of GTP-dependent phosphorylation the assay
contained 5 ;1M cold GTP and 2-5 pCi of [y-32P]GTP (6000 Ci mmol ~1, Perkin Elmer).
Control assays for GTP-dependent phosphorylation were performed using recombinant CK2
(a2, human, Calbiochem) with dephosphorylated casein (from bovine milk, Sigma Aldrich)
as substrate. All reactions were carried out for 25 min at room temperature and stopped by
the addition of 12 pl of 4x SDS sample buffer.

For the analysis of calcium-dependent phosphorylation in chloroplasts, stromal extracts were
incubated with 0.1 pl of [y-32P]JATP (6000 Ci mmol ~1, 10 Ci ml ~2; Perkin Elmer), 4 pl of
5x kinase buffer, and 5 mM CaCl, or 5 mM EGTA in a total volume of 20 pl. The kinase
reactions were incubated for 20 min at room temperature and subsequently analysed by
SDS-PAGE. The incorporation of y-32P into proteins was analysed using a Storage
Phosphor Screen and a Typhoon Trio Imager by the software ImageQuant (GE Healthcare).

Total leaf protein extraction from pea seedlings

Leaves of 7-day-old P. sativum seedlings were homogenized in extraction buffer [330 mM
sorbitol, 20 mM MOPS, 13 mM TRIS, 0.1% bovine serum albumin (BSA), 3 mM MgCl,]
using a Waring blender. After filtration through four layers of Miracloth (Merck) and
centrifugation for 2 min at 2314 g and 4 °C, the supernatant was buffer exchanged to buffer
A (50 mM TRIS pH 7.8, 50 mM NaCl, 10 mM MgCl,) using PD-10 Desalting Columns
(GE Healthcare). The final protein extract was stored at 4 °C until further usage.

Stromal protein extraction from pea chloroplasts

Stromal protein extraction from isolated chloroplasts of pea seedlings and subsequent
depletion of RuBisCO by size exclusion chromatography was carried out as previously
described (Bayer et al., 2011).

Protein phosphorylation assays and inhibitor studies in pea

For the analysis of calcium-dependent phosphorylation, stromal extracts were incubated
with 0.1 pl of [y-32P]JATP (6000 Ci mmol ~1, 10 Ci ml ~1; Perkin Elmer), 4 ul of 5x kinase
buffer, and CaCl, (0.010-10 mM) or 5 mM MgCl; in the presence or absence of 5 mM
EGTA in a total volume of 20 pl. For protein kinase inhibitor experiments, total pea leaf or
stromal protein extracts were mixed with 0.1 pl of [y-32P]JATP, 4 pl of 5x kinase buffer (100
mM HEPES, 75 mM MgCl; 1 mM DTT, pH 7.5 with KOH), and 2.5 pul of 800 pM
purvalanol B (PurB; in dimethylsulphoxide; Tocris Bioscience) in a total volume of 20 pl.
All kinase reactions were incubated for 20 min at room temperature. Subsequently, 8 pl of
4x SDS-PAGE buffer (Laemmli, 1970) were added to each reaction mix and 8 pl were
separated on a 12% SDS gel. After Coomassie staining/destaining and drying of the gel, the
incorporation of y-32P into proteins was analysed using a Storage Phosphor Screen and a
Typhoon Trio Imager by the software ImageQuant (GE Healthcare).
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Subcellular localization analysis of candidate proteins

All candidate protein kinases were cloned in front of YFP in the expression vector pBIN19,
expressed in tobacco epidermal cells, and subsequently examined for their subcellular
localization by confocal laser scanning microscopy as described previously (Benetka et al .,
2008).

Results and Discussion

Selection and localization analysis of candidate protein kinases

First, the aim was to identify novel chloroplast-localized protein kinases by using a
bioinformatics-based approach. Therefore, 10 protein kinases with clear prediction for
chloroplast localization by different prediction methods (Supplementary Table S1 available
at JXB online) were cloned and their subcellular localization as YFP fusion proteins in
infiltrated tobacco leaves was investigated. Unexpectedly, a chloroplast localization could
not be confirmed for any kinase tested (Supplementary Fig. S1), thus underpinning the
previous observation that the prediction of chloroplast targeting is particularly biased for
protein kinases, which is in many cases due to interference with N-terminal protein acylation
(Mehlmer et al., 2010;Stael et al., 2011). Similar results were previously reported in an
analysis of protein kinases, which were also predicted for chloroplast targeting by several
prediction programs (Schliebner et al., 2008). Also, in that study, chloroplast localization
could only be verified for two out of the nine tested candidates. Combining both studies, in
total only two out of 18 protein kinases with a firm prediction for chloroplast localization by
different programs could be experimentally confirmed. This result is in strong contrast to the
known specificity of ~80% of those targeting prediction programs (Emanuelsson and von
Heijne, 2001;Richly and Leister, 2004; Zybailov et al., 2008).

Secondly, available organellar proteomic databases and the literature were searched for
experimental evidence of chloroplast-localized protein kinases from Arabidopsis and other
plant species, and verification of the localization of the Arabidopsis proteins was sought by
YFP fusion analysis. cpCK2 was used as positive control and the following 10 protein
kinases were selected: At2g01210, At3g44610, At4g32250, ABC1K1 (Atlg71810),
ABC1K2 (At1g79600), ABC1K3 (At4g31390), AtDSK1 (At3g13690), AtSK41
(At1g09840), AKIN10 (At3g01090), and AKIN11 (At3g29160) (Fig. 1). At2g01210 and
At4g32250 were assigned to chloroplasts in mass spectrometric studies (Dunkley et al.,
2006; Zybailov et al., 2008; Ferro et al., 2010), and At3g44610 is listed in the plastid
database plprot (Kleffmann et al., 2006). In the Plant Proteome Database (PPDB) six
members of the ABC1 family are annotated as putative plastid protein kinases (ABC1K1-
ABC1KS®) in addition to the known chloroplast protein kinases STN7, STN8, and cpCK2
(Sun et al., 2008). However, according to the protein domain database PROSITE
(www.expasy.org/prosite), ABC1K4 (At5g05200) and ABC1K5 (At5g64940) do not
contain a protein kinase domain and were therefore excluded from further studies. The
ABC1 kinases were identified in proteomic studies of plastoglobules (Ytterberg et al., 2006;
Zyhailov et al., 2008). These are lipoprotein particles inside chloroplasts, which function in
the storage and synthesis of vitamin E, lipids, and quinones (Vidi et al., 2006). In addition to
the protein kinase domain, these kinases contain an ABC1 domain, which was first
described in the yeast mitochondrial ABC1 protein in the regulation of the bc1 complex
(Bousquet et al., 1991).

Further reports of chloroplast protein kinases from other organisms include MsK4 from
Medicago sativa and NtDSK1 from Nicotiana tabacum. MsK4 was found to localize to
starch granules and to be involved in the regulation of carbohydrate metabolism in response
to salt stress (Kempa et al., 2007). NtDSK1 is a dual-specificity protein kinase and its
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expression is regulated in response to light, suggesting a role in chloroplast light signalling
(Cho et al., 2001). The closest Arabidopsis homologues of MsK4 and NtDSK1, AtSK41 and
AtDSK1, respectively, were analysed. Further, the SNF1-related protein kinases AKIN10
and AKIN11, which were recently reported to be chloroplast localized (Fragoso et al.,
2009), were also analysed. Finally, YFP alone was included as a negative control.

Chloroplast localization, indicated by an overlap of the YFP signal and the chlorophyll
autofluorescence, could only be confirmed for the positive control cpCK2 and the three
ABC1 family protein kinases. In contrast, At2g01210, At3g44610, and At4g32250 seemed
to localize to the plasma membrane, and AtDSK1 and AtSK41 to the plasma membrane and
the cytoplasm. AKIN10 and AKIN11 were found in the cytoplasm as well as in the nucleus
(Fig. 1), which is in perfect agreement with their proposed function as central regulators of
energy metabolism in response to starvation and stress (Baena-Gonzalez et al., 2007), and
with the localization of their substrates (Baena-Gonzalez et al., 2007; Jossier et al., 2009).
The negative control YFP was observed in the nucleus and in the cytoplasm.

A current survey of chloroplast-localized protein kinases

To summarize the current state of knowledge on chloroplast-localized protein kinases, a
revised survey was created by integrating the data obtained in this study and data extracted
from the current literature. The search was extended to all chloroplast-containing organisms
so far investigated (Table 1). It is important to note that the chloroplast localization of a
protein kinase was only considered to be true if compelling experimental evidence such as
immunolocalization or fluorescent protein fusion studies, or chloroplast import assays were
found. Sole identification in a chloroplast proteomic study was not accepted as a proof of
localization, due to the high risk of detecting contaminations with the sensitive mass
spectrometry instruments (Baginsky, 2009).

In a similar survey from 2008 (Schliebner et al., 2008), the seven protein kinases STN7,
STNS, cpCK2, AtRP1 (At4g21210), TAK1 (At4g02630), Atlg51170, and CIPK13
(At2g34180) were listed. AtRP1 was classified as a protein phosphatase, exhibiting both
protein kinase and phosphatase activity on pyruvate, orthophosphate dikinase (Chastain et
al., 2008). TAK1 was originally purified from thylakoids using a specific antiserum
(Snyders and Kohorn, 1999), and its chloroplast localization has also been confirmed by
chloroplast import assays in an independent study (Bonardi, 2006). TAKL1 is part of a family
of protein kinases together with TAK2 (At1g01540) and TAK3 (At4g01330), which both
have initially been suggested to localize to thylakoids due to sequence homology with TAK1
(Snyders and Kohorn, 1999). However, in the meantime, TAK2 and TAK3 have been found
localized at the plasma membrane according to the PPDB database. The protein kinases
At1g51170 and CIPK13 were both identified due to the presence of a predicted chloroplast
targeting peptide, and their localization was verified by red fluorescent protein fusion
analysis (Schliebner et al., 2008). Whereas nothing is known about At1g51170, CIPK13
belongs to the well-characterized family of calcineurin B-like protein (CBL)-interacting
protein kinases (CIPKs) (Batistic and Kudla, 2009).

Based on YFP analyses carried out in this study, the ABC1 protein kinases ABC1K1,
ABC1K2, and ABC1K3 could now be added to the complement of chloroplast-localized
protein kinases. It should be noted, however, that ABC1K6 (At3g24190), which exhibits
high sequence homology (e-value 3e ~113) with the other kinases of the ABC1 kinase
family, is most probably chloroplast localized as well, as it has been identified with high
confidence in a chloroplast proteomic study (Zybailov et al., 2008). Furthermore, the
chloroplast-localized nucleoside diphosphate kinase 2 (NDPK2; At5g63310), which has
been shown to undergo autophosphorylation (Shen et al., 2006), was included. NDPK2 had
originally been implicated in phytochrome-mediated signalling in the cytoplasm (Choi et al.,
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1999), and in salt stress and H,0O, signalling involving SOS2 and two mitogen-activated
protein kinases (MPK3 and MPK®6) (Moon et al., 2003;Verslues et al., 2007). However,
recently, NDPK2 was clearly shown to be localized in chloroplasts by green fluorescent
protein analysis, import assay, and immunoblotting (Bolter et al., 2007). Moreover, the
protein kinases MsK4 and NtDSK1, the chloroplast sensor kinase CSK, and the protein
kinase PPK (At5g16810), which has recently been identified in a directed proteomic study
(Bayer et al., 2011), could be included (Table 1).

In contrast, contradictory evidence was obtained for the localization of the protein kinases
AKIN10 and AKIN11, and therefore their localization was considered as ambiguous.
Similarly, the Arabidopsis MAPKK MKK4 (At1g51660) was shown to be targeted to
chloroplasts by an in vitro import assay (Samuel et al., 2008). However, this is in
contradiction to the nuclear and cytoplasmic localization observed in a previous study
(Koroleva et al., 2005) and to its function in the cytoplasmic- and nuclear-localized MAPK
signalling cascade. Therefore, the chloroplast localization of MKK4 is also contested.
Finally, AtSK41 and AtDSK1, the closest Arabidopsis homologues of Medicago MsK4 and
tobacco NtDSK1, respectively, could not be verified inside the chloroplast by YFP fusion
analysis. However, MsK4 appeared to be localized in chloroplasts only when starch was
present, which might explain the difference. It could also be that AtSK41 is not the real
Arabidopsis orthologue of MsK4, because it belongs to the family of GSK3/shaggy-like
protein kinases consisting of at least 10 members with overall high sequence homology
(Jonak and Hirt, 2002; Wang et al., 2003). In contrast, NtDSK1 seems to be a tobacco-
specific protein kinase, because Arabidopsis AtDSK1 shares only 41% sequence identity,
and this is most probably due to the well-conserved protein kinase domain. Summarizing,
experimental evidence was found for 15 chloroplast-localized protein kinases from all
organisms, of which 13 orthologues could be assigned in Arabidopsis.

Ca?*-dependent protein kinase activity in chloroplasts

The presence of CIPK13 in chloroplasts would provide a first mechanism to decode Ca?*
signals, which are known to occur inside chloroplasts (Sai and Johnson, 2002). CIPKs
require CBLs as regulatory proteins that interact with CIPKs upon calcium binding via
internal EF-hand motifs (Batistic et al., 2008; Batistic and Kudla, 2009). However, none of
the 10 CBLs known in Arabidopsis has been reported or predicted to be chloroplast
localized. Nevertheless, it was possible to demonstrate calcium-dependent protein kinase
activity in pea chloroplasts by incubation of stromal extracts with radioactively labelled
ATP in the presence or absence of free calcium (Fig. 2A). Increasing calcium levels did not
change the phosphorylation pattern much as compared with the control without addition of
Ca%* or EGTA (middle lane in Fig. 2A). Only the intensity of an ~50 kDa band increased
slightly. This weak effect is most probably due to the presence of residual amounts of Ca2*
in the stromal extracts. In contrast, the full depletion of calcium by EGTA resulted in the
complete loss of phosphorylation of this 50 kDa band. Moreover, phosphorylation could
only be restored by addition of calcium but not by addition of magnesium (see inset box
next to Fig. 2A), thus indicating a true calcium-dependent phosphorylation event.
Importantly, this effect is not limited to pea because a similar Ca%*-dependently
phosphorylated band of ~50 kDa was also visible in Arabidopsis chloroplast extracts (Fig.
2B).

In previous attempts to identify chloroplast-localized protein kinases an affinity purification
was used on the immobilized canonical protein kinase inhibitor PurB (Bayer et al., 2011).
Interestingly, PurB was also able to inhibit the phosphorylation of the 50 kDa band (Fig.
2C), indicating that this activity is caused by a canonical protein kinase and might be
attributed to CIPK13. Therefore, future experiments should include the careful localization
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analysis of all CBLs and the analysis of the calcium-dependent phospho-rylation pattern in
chloroplasts of CIPK13 knock-out lines.

Unusual protein kinases in chloroplasts

When different protein kinase inhibitors were tested for their ability to inhibit protein kinase
activities in stromal extracts it was noticed that addition of PurB to RuBisCO-depleted
stromal protein extracts from pea had a very weak effect besides the inhibition of the 50 kDa
band (Fig. 2C). In contrast, PurB, which has been shown to interact with >80 protein kinases
from total human cell extracts (Wissing et al., 2007), proved to be the most active protein
kinase inhibitor of plant protein kinases in a whole leaf extract (Fig. 2D). This observation
suggested that unusual protein kinases might be present in chloroplasts.

The conserved protein kinase catalytic domains range from 250 to 300 amino acids and have
been divided into 11 major subdomains (I-XI) as depicted in Fig. 3A (Hanks et al., 1988).
Many of those subdomains directly participate in ATP binding and phosphotransfer like the
so-called ‘phosphate gripper’ consensus GXGXXG, which is also found in many other
nucleotide-binding proteins (Saraste et al., 1990;Knowles, 1991). A multiple sequence
alignment of the subdomains I and Il and VI and V11, which harbour critical amino acids for
ATP binding and phosphotransfer, shows that chloroplast protein kinases can be divided into
two categories: conventional and unusual protein kinases (Fig. 3B). Conventional protein
kinases, such as STN7/8 or cpCK2, contain a conserved protein kinase domain consisting of
a complete ATP-binding region as shown for subdomains | and 11, and an active site
signature according to PROSITE as shown for subdomains VI and VII. In contrast, the
unusual protein kinase PPK lacks a characteristic aspartate residue in subdomain VI, which
usually constitutes the kinase active centre (Fig. 3B). Moreover, AtRP1, NDPK2, and CSK
lack the complete protein kinase domain, but all were shown to retain protein kinase activity
(Shen et al., 2006; Chastain et al., 2008;Puthiyaveetil et al., 2008). Furthermore, the
alignment of subdomain I of all four ABC1 kinases with the conventional serine/threonine-
specific protein kinases STN7 and cpCK2 revealed that despite an overall high conservation,
two crucial glycine residues within the ATP-binding site are missing (Fig. 3B). This
differing structure of the ATP-binding pocket of ABCL1 kinases in comparison with
conventional protein kinases could indicate a different mode of nucleotide binding.

The mystery of chloroplast-localized protein kinases

Based on phosphoproteomic studies and experiments with phospho-specific antibodies and
radioactively labelled ATP, there is unequivocal evidence for extensive phosphorylation of
chloroplast proteins in the stroma as well as at the thylakoids (Laing and Christeller, 1984;
Foyer, 1985; Rintamaki et al., 1997; Reiland et al., 2009; Tikkanen et al., 2010). However,
while at least 80 chloroplast-localized protein kinases could be expected in Arabidopsis
based on targeting predictions, to date only 13 (1.2%) out of all ~1050 Arabidopsis protein
kinases can be assigned to the chloroplast with high confidence. This clearly shows that
targeting prediction fails in the case of protein kinases and that they seem to be under-
represented in chloroplasts. It rather appears that only a relatively small number of protein
kinases is responsible for the vast majority of chloroplast phosphorylation events. This
would be in accordance with recent results of a chloroplast phosphoproteomic study, which
showed that cpCK2 phosphorylation motifs are strongly over-represented among 174
identified chloroplast phosphoproteins (Reiland et al., 2009). This suggests that cpCK2
functions as a central regulator of chloroplast processes. To test this hypothesis
experimentally, use was made of the unique feature of CK2 to use GTP as co-substrate as
efficiently as ATP (Niefind et al., 1999). The phosphorylation patterns of stromal extracts
and thylakoids were compared after the removal of nucleotides by gel filtration and
subsequent incubation with either ATP or GTP (Fig. 4). The calcium-dependent protein
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kinase CPK4 served as control for an ATP-dependent kinase, and commercial CK2 served
as control for cpCK2 activity. It was found that indeed, the activity of CPK4 towards histone
as substrate was completely dependent on ATP, whereas CK2 did phosphorylate casein
equally efficiently in the presence of both ATP and GTP (Fig. 4, left panels). Looking at the
chloroplast samples it was found that the phosphorylation patterns in stromal extracts were
very similar, thus indicating that cpCK2 presents the dominating protein kinase activity in
the stroma (Fig. 4, right panels). In the thylakoid samples, the LHCs (~29 kDa) presented
the main phosphorylation targets, and their phosphorylation was strictly dependent on ATP
as expected for the phosphorylation by STN7/8. In line with these results, the analysis of
phosphorylation patterns in wild-type and stn7stn8 double knock-out mutants revealed that
all major phosphorylation events in isolated thylakoid membranes could be attributed to
STN7 and STN8 (Tikkanen et al., 2010).

In contrast, out of all 217 Arabidopsis protein phosphatases, already 10 (4.6%) are known to
be chloroplast localized (Schliebner et al., 2008; Pribil et al., 2010). Therefore, they seem to
be over-represented in chloroplasts compared with kinases, implicating an important
regulatory role for chloroplast phosphatases.

Furthermore, considering the ABC1 family protein kinases, AtRP1, NDPK2, CSK, and PPK
and the unexpected results from protein kinase inhibitor experiments, evidence for unusual
chloroplast protein kinases accumulates. Seven out of the 13 experimentally verified
chloroplast protein kinases in Arabidopsis contain unusual kinase domains, thus suggesting
that unusual protein kinases are responsible for many of the remaining protein
phosphorylation events occurring inside the chloroplast.

Conclusions

Chloroplast phosphorylation has already been known for >30 years, and the importance of
chloroplast protein kinases has already been demonstrated, for example in the case of STN7,
STNS8, or cpCK2. Considering the experimental reports of extensive phosphorylation and
based on targeting prediction, numerous protein kinases are generally assumed to be present
inside chloroplasts. However, in contrast to this expectation, the complement of chloroplast
protein kinases seems to be much smaller than initially anticipated. It seems that STN7,
STNS8, and cpCK2 represent the major protein kinase activities in chloroplasts. In addition to
those three, a number of other protein kinases, including unusual protein kinases such as the
ABC1 protein kinases or PPK, most probably have more specialized functions, which need
to be elucidated in the future. For this reason, the identification of novel chloroplast protein
kinases cannot rely solely on directed approaches involving mass spectrometry, as this
depends on the correct functional annotation of proteins. It is therefore suggested rather to
use known chloroplast protein kinase substrates in order to identify their interacting protein
kinases as has been done for the identification of a protein kinase that phosphorylates
chloroplast precursor proteins (Martin et al., 2006).
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Fig. 1.

Localization analysis of selected protein kinases. Tobacco leaves infiltrated with genes of
interest fused in front of YFP in the plant expression plasmid pBIN19 were analysed by
confocal laser scanning microscopy 2 d after infiltration. Chlorophyll autofluorescence
(magenta) is shown in the first channel and the YFP signal (green) in the second channel.
The third channel shows the merged image. Scale bar=20 pum.
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Protein kinase activity in chloroplasts: Ca2* dependency and the effect of the protein kinase
inhibitor purvalanol B (PurB). (A) Ca2*-dependent phosphorylation of RuBisCO-depleted
stromal proteins from pea chloroplasts. The extracted proteins were incubated with
radioactively labelled ATP in the absence or presence of CaCl, and/or EGTA. The insert
shows a protein kinase assay in the presence of 5 mM EGTA and 5 mM CaCl, or MgCl,,
respectively. (B) Ca%*-dependent phosphorylation of stromal proteins from Arabidopsis
chloroplasts. (C and D) The effect of the protein kinase inhibitor PurB on pea protein
kinases. A RuBisCO-depleted stromal extract and a total leaf extract were incubated with
radioactively labelled ATP in the absence or presence of 100 pM PurB. @=control reaction

without inhibitor.
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Fig. 3.

Conserved protein kinase domains and their presence in chloroplast-localized protein
kinases. (A) lllustration of the 11 highly conserved protein kinase domains according to
Hanks et al. (1988), highlighting the ATP-binding motifs in subdomain I and 11 and essential
catalytic residues in subdomains I, VI, and VII. (B) Alignment of the “classical’ protein
kinases STN7 and cpCK2 with the unusual kinases PPK and the ABC1 kinases. The ATP-
binding sites are highlighted in subdomain | and the essential catalytic residues are indicated
in subdomains I1, VI, and VI, respectively. A consensus sequence for homologous regions
is displayed below.
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Fig. 4.

The effect of using ATP versus GTP as co-substrate for phosphorylation assays. Protein
kinase assays were performed as described in the Materials and methods using purified
protein kinases and their substrates (left panel) or chloroplast extracts (right panel) with ATP
or GTP as co-substrate. The calcium-dependent protein kinase CPK4 and histone as
substrate served as control for a strictly ATP-dependent kinase, and commercial CK2 and
casein as substrate were used as a positive control. The autophosphorylation of CPK4 is
indicated by an asterisk and the substrate phosphorylation of histone and casein is indicated
by a white triangle. Gel-filtrated stromal extracts (str) incubated with ATP and GTP are
shown in lanes 5 and 7, respectively and the phosphorylation of thylakoid membranes (thy)
by stromal extracts in the presence of either ATP or GTP is shown in lanes 6 and 8,
respectively.
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Table 1

Survey of chloroplast-localized protein kinases with conventional and unusual ATP binding or active sites

Name AGlIcode (or GenBank)  Organism(s) PROSITE kinasedomain  Reference(s)

Chloroplast localized Conventional ~ Stt7/STN7 AT1G68830 Chlamydomonas; Arabidopsis ~ Complete Depege et al. (2003);
Bellafiore et al. (2005);
Bonardi et al. (2005)

StI1/STN8  AT5G01920 Chlamydomonas; Arabidopsis ~ Complete Depege et al. (2003);
Bonardi et al. (2005)

cpCK2 AT2G23070 Snapisalba; Arabidopsis Complete Ogrzewalla et al.
(2002); Salinas et al.
(2006)

TAK1 AT4G02630 Arabidopsis Complete Snyders and Kohorn
(1999)

CIPK13 AT2G34180 Arabidopsis Complete Schliebner et al. (2008)

Atlg51170  AT1G51170 Arabidopsis Complete Schliebner et al. (2008)

MsK4 AF432335.1 Medicago sativa Complete Kempa et al. (2007)

NtDSK1 AF106957.1 Nicotiana tabacum Complete Cho et al. (2001)

Unusual ABC1K1 AT1G71810 Arabidopsis Unusual ATP site Ytterberg et al. (2006);

Zybailov et al. (2008);
this study

ABC1K2 AT1G79600 Arabidopsis Unusual ATP site Vidi et al. (2006);

Ytterberg et al. (2006);
Zybailov et al. (2008);

this study

ABC1K3 AT4G31390 Arabidopsis Unusual ATP site Ytterberg et al. (2006);
Zyhailov et al. (2008);
this study

AtRP1 AT4G21210 Zea mays, Arabidopsis Absent Burnell and Chastain
(2006)

CSK AT1G67840 Arabidopsis Absent Puthiyaveetil et al.
(2008)

NDPK2 AT5G63310 Arabidopsis Absent Bolter etal. (2007);
Reiland et al. (2009)

PPK AT5G16810 Arabidopsis Single D absent Bayer etal. (2011)

Localization ambiguous ~ Conventional ~ AKIN10 AT3G01090 Arabidopsis Complete Fragoso et al. (2009);

this study

AKIN11 AT3G29160 Arabidopsis Complete Fragoso et al. (2009);
this study

MKK4 AT1G51660 Arabidopsis Complete Samuel et al. (2008)

AtSK41 AT1G09840 Arabidopsis Complete This study

AtDSK1 AT3G13690 Arabidopsis Complete This study
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