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SUMMARY

Casein kinase 2 is a ubiquitous protein kinase that has puzzled researchers for several decades because of
its pleiotropic activity. Here, we set out to identify the in vivo targets of plastid casein kinase 2 (pCK2) in
Arabidopsis thaliana. Survey phosphoproteome analyses were combined with targeted analyses with wild-
type and pck2 knockdown mutants to identify potential pCK2 targets by their decreased phosphorylation
state in the mutant. To validate potential substrates, we complemented the pck2 knockdown line with tan-
dem affinity tag (TAP)-tagged pCK2 and found it to restore growth parameters, as well as many, but not all,
putative pCK2-dependent phosphorylation events. We further performed a targeted analysis at the end-of-
night to increase the specificity of target protein identification. This analysis confirmed light-independent
phosphorylation of several pCK2 target proteins. Based on the aforementioned data, we define a set of
in vivo pCK2-targets that span different chloroplast functions, such as metabolism, transcription, translation
and photosynthesis. The pleiotropy of pCK2 functions is also manifested by altered state transition kinetics
during short-term acclimation and significant alterations in the mutant metabolism, supporting its function
in photosynthetic regulation. Thus, our data expand our understanding on chloroplast phosphorylation net-
works and provide insights into kinase networks in the regulation of chloroplast functions.

Keywords: Arabidopsis thaliana, chloroplast, pCK2, phosphorylation, metabolism.

INTRODUCTION systems suggested that it can phosphorylate tyrosine resi-

dues that are N-terminally localized to aspartic acid in vivo
Casein kinase 2 is a ubiquitous protein kinase that has puz- and on peptide arrays (Vilk et al., 2008). Intriguingly, the
zled researchers since its initial isolation from rat liver in CK2-dependent phosphorylation of a tyrosine residue in
1954. The enzyme is ubiquitously expressed and highly histone H2A is responsible for the regulation of transcrip-
pleiotropic. It phosphorylates numerous substrates, with a tion elongation, supporting the physiological significance
striking preference for acidic phosphorylation sites and the of this unexpected catalytic activity (Basnet et al., 2014). A
consensus  phosphorylation  motif  E/D-S/T-X-E/D-E/D distinctive feature of CK2 compared to other kinases is the
(Pinna, 2002; Salvi et al., 2009). CK2 belongs to the serine use of both GTP and ATP as a phosphate donor. Interest in
threonine kinases, although recent data from mammalian CK2 has increased in recent years because of its major
546 © 2020 The Authors.
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anti-apoptotic function in cancer cells. Furthermore, the
upregulation of CK2 activity is connected with several dis-
eases, including cancer, cardiac hypertrophy and ischae-
mic injury (Solimini et al., 2007; Sarno and Pinna, 2008;
Chua et al., 2017; Franchin et al., 2017). Thus, CK2 is con-
sidered as a promising drug target (Sarno and Pinna, 2008;
Siddiqui-Jain et al., 2012).

Several hundred CK2 substrates were identified that are
involved in almost all physiological or biochemical pro-
cesses. With the application of phosphoproteomics in com-
bination with the characterization of kinase mutants, the
number of reported putative CK2 substrates has increased
further. In such studies, CK2 substrates were commonly
defined by the identification of phosphorylation sites
within the characteristic acidic motif (Reiland et al., 2009).
Recent data, however, suggested that this assignment
overestimates the true number of CK2 targets because CK2
null mutants essentially lacking all CK2 activity showed
phosphorylation activity on the typical CK2 consensus
motifs and only one-third of the acidic phosphorylation
sites were reduced in abundance (Franchin et al., 2018).
Several kinases were found to be upregulated in cells lack-
ing CK2 activity, suggesting compensatory phosphoryla-
tion of crucial substrates by other kinases (Franchin et al.,
2018).

Instead of being integrated in signal cascades in a hier-
archical order, CK2 was proposed as a lateral player that
acts on entire signal cascades by enhancing or reducing
the efficiency of signal propagation by other kinases. This
is because CK2 is considered constitutively active. How-
ever, given the many targets of CK2 and the complex regu-
latory processes depending on CK2 activity, such as the
assembly of the mitochondrial protein import machinery
(Schmidt et al., 2011), some regulation of CK2 activity likely
exists. A potential key to this regulation lies in the subunit
composition of the CK2 complex. CK2 may assemble into
hetero-tetrameric complexes consisting of two catalytic a-,
o'-subunits, and two regulatory B-subunits, or convey its
catalytic activity alone by its catalytic a-subunits. Tetra-
meric complexes may occur in different forms such as
(CK20CK2B),, (CK20/CK2p), or (CK2aCK24/)/(CK2B),, and the
latter can further aggregate into diverse multimeric com-
plexes (Lolli et al., 2017). Because the different CK2 com-
plexes differ in activity, complex formation provides some
regulatory access to CK2 activity with a certain degree of
combinatorial possibilities.

Several CK2 isoforms exist in plants. Arabidopsis con-
tains four CK2 alpha subunits: three of them nucleo-cyto-
plasmic and one chloroplast-localized (Salinas et al., 2006;
Mulekar and Hug, 2015). The chloroplast-localized enzyme
has been termed plastid transcription kinase because of its
activity on the plastid transcription system (Baginsky et al.,
1997). However, phosphoproteome analyses have uncov-
ered several other putative CK2 targets, suggesting that it

© 2020 The Authors.
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may be involved in the regulation of different aspects of
chloroplast functions (Reiland et al., 2009; Bayer et al.,
2012). Plastid CK2 was furthermore implicated in the regu-
lation of thermotolerance and the reduction of abscisic
acid sensitivity and shown to be of general importance for
multiple developmental processes in Arabidopsis,
although the mechanistic basis for these functions is elu-
sive (Wang et al., 2014, 2016). Here, we set out to identify
pCK2 targets in chloroplasts by phosphoproteomics and
compared protein phosphorylation in illuminated and
dark-adapted plastids. Plastid CK2 knockdown mutants
have altered state transition kinetics, suggesting that pCK2
is involved in the regulation of photosynthetic acclimation.
Metabolite profiling furthermore demonstrates a function
of pCK2 in balancing metabolism to achieve optimal plant
growth. In sum, our analysis provides an overview of pCK2
target proteins and reports previously unexpected func-
tions for this ubiquitous kinase in plant-specific processes.

RESULTS

Isolation and phenotypic characterization of CK2
knockdown mutants

For a functional characterization of pCK2, we isolated
homozygous plants from the GK615F11 mutant line that
has a single T-DNA insertion in the first predicted exon
(Figure 1a, Figure S1) (Wang et al., 2016). This mutation
results in a significantly decreased expression of pCK2
(At2g23070) but not of the neighbouring gene (At2g23080)
(Figure 1b). We thus conclude that GK615F11 is a knock-
down mutant that has a specific defect in the expression of
plastid CK2, which is reduced to approximately 15% of
wild-type levels in 2- and 4-week-old plants. We comple-
mented the decrease in pCK2 expression with TAP-tagged
pCK2 that was transformed into the pck2 mutant back-
ground (Figure S1). The complementation line restored
pCK2 transcripts to almost wild-type levels (Figure 1b). At
the protein level, pCK2 is difficult to identify because of its
low abundance (Schonberg et al., 2014). Therefore, to
increase the analytical sensitivity, we performed targeted
analyses by multiple reaction monitoring (MRM). To this
end, we spiked labelled peptides from pCK2 (Table S1) into
the samples and searched for their native, unlabelled coun-
terparts. This analysis identified unlabelled pCK2 peptides
in wild-type and TAP-tagged pCK2 plants, but not in the
knockdown lines (Figure S2, Table S1). This supports the
view that pCK2 is absent from or of very low abundance in
the knockdown lines, whereas it reaches detectable levels
in wild-type and complementation lines.

Mutant plants grow slower on soil and on sucrose-con-
taining media, although they are unaffected with respect to
pigment accumulation or chloroplast development and dif-
ferentiation (Wang et al, 2016) (Figure 1c-e). Electron
microscopic images of chloroplasts from wild-type and the
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pCK2 mutant revealed that chloroplast biogenesis is not
affected by the mutation (Figure S3). The growth defect of
pck2 mutants was partially overcome in the TAP-tagged
pCK2 complementation lines, as exemplified in Figure 1c-
e, similar to that observed previously (Wang et al., 2016).
To determine whether diminished pCK2 activity is visible
at the level of protein phosphorylation, we obtained anti-
bodies against the established pCK2 phosphorylation site
in RuBisCO activase (RCA) at threonine 78 (Kim et al.,
2016). The blot shows a significant reduction of RCA phos-
phorylation in the mutant that was partially restored in the
complementation lines (Figure 1f, lower) (Kim et al., 2016).
Because RCA protein levels are not affected by the muta-
tion (Figure 1f, upper), the data demonstrate that the phos-
phorylation state of RCA is reduced in the pCK2 mutant
background, supporting diminished pCK2 activity in these
plants.

Identification pCK2 targets by phosphoproteomics

The depletion of pCK2 activity allowed us to identify puta-
tive pCK2 targets by their decreased phosphorylation state
in the pCK2 knockdown mutants. Because the knockdown
mutants potentially harbor residual pCK2 activity, robust
phosphopeptide quantification was required to conclude
on substrate connections. We therefore decided on a two-
step workflow. First, we devised an untargeted survey
analysis using wild-type and pck2 plastid material. This
analysis provided initial insights into which proteins might
be targets of pCK2 by their decreased phosphorylation
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Figure 1. Characterization of the pck2 knockdown
mutant. (a) Gene model and position of the T-DNA
insertion. (b) Expression analysis of the two neigh-
bouring genes AT2g23070 and At2g23080 by quan-
titative ~ RT-PCR, normalized on  ubiquitin
expression. (c, d) Examples for growth of the differ-
ent plant lines on soil (c) and on plate (d). (e) Quan-
titative analysis of root growth. Error bars indicate
the SD (n=25-38). (f) Immunoblot showing the
abundance of rubisco activase (RCA) and its phos-
phorylation state by Thr78-specific antibodies (Kim
et al., 2016).
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state in the mutant. In the next step, we performed tar-
geted analyses to increase the sensitivity of the analysis
and to identify additional pCK2 substrates.

The survey scan was performed in three biological repli-
cates using multistage activation (MSA) and collision-in-
duced dissociation (CID) fragmentation methods,
respectively (Schonberg et al., 2017). Together, 296 plastid
phosphoproteins, as annotated in SUBA (consensus local-
ization) (Hooper et al., 2017), were identified from wild-type
and pck2 knockdown plant material (Table S2). As
expected, only a few chloroplast phosphoproteins were
identified exclusively in wild-type and not in pck2. The ion
current that is measured for a phosphopeptide can be used
for relative quantification between different runs via label-
free quantification (LFQ) approaches (Cox et al., 2014; Tya-
nova et al., 2016), provided that the data are normalized.
We checked the normalization quality of MaxQuant LFQ-
values for the wild-type and pck2 samples and found them
to be of sufficient quality for comparative quantitative anal-
yses (Figure 2a). Based on these LFQ-values, a quantitative
comparison identified eight proteins with a significantly
higher phosphorylation state in wild-type compared to
pck2. These comprise RCA, RbcS, coproporphyrinogen i
oxidase, KEA-1 (with and without a missed cleavage site),
PGRL1B, carbonic anhydrase 2, tRNA-dimethylallyltrans-
ferase and chloroplast HSP70 (Figure 2b, Table 1).

From the survey scan, we next selected those peptides
that appeared to be likely pCK2 target peptides based on
the reduction of their phosphorylation state in the pck2
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knockdown mutant versus wild-type and the phosphoryla-
tion of conspicuous acidic CK2 target motifs. Altogether,
38 peptides were selected for the target list, including the
known pCK2 target peptide GLAYDTSDDQQDITR from RCA
as a positive reference and the known Stn7/Stn8 target
peptide LSGGDHIHAGTVVGK from RBCL as a negative ref-
erence (Schonberg et al., 2017, Table S3). Additionally, we
added the peptide ALPTYTPESPGDATR from transketolase
(TKL1) to the list. Recombinant pCK2 can phosphorylate
TKL1 in vitro, although the phosphorylation site at Ser428
is phosphorylated in a Ca?*-dependent manner in vivo and
thus is unlikely to be targeted by pCK2 (Rocha et al., 2014).
Based on the selected peptides, we devised an inclusion
list to search for their specific m/z values in a range of
3 amu. We performed the experiment in three biological
replicates with wild-type, pck2 knockdown plants and the
TAP-pCK2 complementation line from light-grown and
dark-adapted plants (Figure S4).

The inclusion list identified 26 phosphopeptides in
chloroplasts from light-grown plants (Table S4). We com-
pared the abundance of phosphopeptides in knockdown
plants and in the complementation lines with wild-type
using the MaxQuant LFQ-values (Figure S4). Considering
only those phosphopeptides that were identified in more

© 2020 The Authors.

RCA RbcS Co-lll KEA-1 CAH2 Hsp70 KEA-1 tRNA PGRL

OX. (mc) DMT 1B

than one replicate, a set of 14 peptides showed a signifi-
cant response to the mutation and/or the TAP-pCK2 com-
plementation construct (Figure 3). For 12 other peptides
we either could not obtain sufficiently reproducible infor-
mation, or their phosphorylation state was not reduced in
the mutant (Tables S2-S4, Figure S5). The two peptides
GLAYDTSDDQQDITR in RCA (Figure 3) and LSGGDHI-
HAGTVVGK in RBCL (Figure S5) showed an expected
abundance distribution for target and non-target peptide.
GLAYDTSDDQQDITR phosphorylation is significantly
reduced in the mutants and partially restored by the
TAP-pCK2 construct, similar to the immunoblotting results
(Figures 1-3). The phosphorylation state of the non-target
peptide LSGGDHIHAGTVVGK from RBCL was not affected
by the pCK2 mutation and the TAP-pCK2 construct, similar
to the TKL1 phosphorylation site at Ser428 (Figure S5).
The LFQ-data show that Ser117/118/120 in K™-efflux anti-
porter 1 (KEA1), Ser133 in fructokinase-like 2 (FLN2),
Ser741 in acetyl-CoA-carboxylase (CAC3), Thr48 in CP12,
Ser837 in polyribonucleotide phosphorylase (PNPase),
Ser81/Ser87 in phosphoglycerate kinase (PGK1), Ser56/
Ser58 or Thr62 in outer envelope protein 6 (OEP6), Thr57
in fibrillin, Ser76/80 in the DEAD-box helicase RH3, Ser388
in a GPl-anchored protein, Thr76 in a ribosomal RNA small
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Table 1 List of pCK2-responsive phosphorylation sites in light-grown and dark-adapted chloroplasts. Information is provided on the phos-
phopeptide and the most likely phospho-amino acid within the peptide. Phosphorylation sites were extracted from MaxQuant (Cox et al.,
2014; Tyanova et al., 2016). In case of ambiguity, different alternative options are provided (note that all peptides listed carry only one phos-
phate). The peptides listed have a significantly different phosphorylation state between wild-type and the mutants. This could be either
WT>pck2, TAP-pCK2>pck2 or both (P < 0.05, t-test, two-sided). All information on the identifications is provided in Tables S2-S5

Untargeted analyses

Accession Name Peptide sequence Chloroplasts (light)
AT2G39730 RCA GLAYDTSDDQQDITR Thr78

AT1G67090 RbcS1A EHGNSPGYYDGR Ser113

At4g11960 PGRL1B ASTDQSGQVGGEEVDSK Ser51/Thr52
AT1G03475 Coproporphyrinogen- lll-oxidase DSDDVTPSSSSSSVR Thr72

AT5G14740 CAH2 VLAESESSAFEDQCGR Ser193/194
AT4G24280 cpHSP70 NQADSVVYQTEK Ser612
AT5G52960 tRNA-DMT SSDAEEVSDTEDEWLK Ser71

AT1G01790 KEA1 IGESSESSDETEATDLKDAR Ser117/118; Ser120

Targeted analyses

Accession Name Peptide sequence Light-grown Dark-adapted
AT1G69200 FLN2 AAAASSDVEEVKTEK Ser133 Ser133
AT4G04020 FIB ATDIDDEWGQDGVER Thrs7 -

AT2G46820 PSI-P ATTEVGEAPATTTEAETTELPEIVK - Thr65/66
AT3G63160 OEP6 DKSDSDDATVPPPSGA Serb6; Serb8; Thr62 Ser56
AT5G63420 RNJ ENSRDDDELADASDSETK - Ser805
AT2G47400 CP12 ATSEGEISEKVEK Thra8 -

AT3G03710 PNPase ALLPESETDKDSQK Ser837 -

AT5G26742 RH3 SLGLSDHDEYDLDGDNNNVEADDGEELAISK Ser76; Ser80 -

AT2G38040 CAC3 ELAAEESDGSVKEDDDDDEDSSESGK Ser741 Ser741
AT1G01790 KEA1 IGESSESSDETEATDLKDAR Ser117/118; Ser120 Ser117/118; Ser120
AT5G52960 tRNA-DMT SSDAEEVSDTEDEWLK Ser71 Ser71
AT5G14460 PSUFP LYGSDSEDENSSR - Ser132
AT3G49140 PPR-family AGGDESEIDSSQDEK - Ser355
AT3G12780 PGK1 SVGDLTSADLK Ser81; Ser87 Ser81; Ser87
AT5G23890 GPI anchored SPVPESTDGSKDELNIYSQDELDDNR Ser388 -

AT5G08540 rRNA MetJ KNSSVEEETEEEVEEDMPWIQEK Thr76 -
AT4G20360 EF-Tu SYTVTGVEMFQK Thr332 -

AT5G 14740 CAH2 VLAESESSAFEDQCGR - Ser193/194
At3g09050 8A-70-S SGDGTSDSDSDPDPPKPEGDTR - Ser38, Ser43, Ser45
At4g02510 Toc159 VDGSESEEETEEMIFGSSEAAK - Ser630/632

subunit methyltransferase J (rRNA MetJ), Thr332 in elon-
gation factor Tu (EF-Tu) and Ser71 in tRNA dimethylallyl-
transferase (tRNA DMT) are pCK2 targets because they can
be identified in wild-type but not (or only significantly
reduced) in the mutant, whereas the TAP-pCK2 partially
restores their phosphorylation state (Figure 3, Table 1).

To increase the reproducibility and specificity in the
identification of pCK2 targets, we searched for phosphory-
lation targets after a dark phase (end-of-night) (Reiland
et al., 2009). In dark-adapted plastids, Ser428 in TKL1 is
also phosphorylated independently of pCK2 (Figure S5)
thus supporting the light data and suggesting phosphory-
lation by a stroma-localized Ca?*-dependent kinase (Rocha
et al., 2014). We find that Ser117/118/120 in KEA1, Ser133
in FLN2, Ser81/Ser87 in PGK1, Ser132 in pseudouridine
synthase family protein (PSUFP), Ser71 in tRNA DMT,

Serb6 in OEP6, Ser741 in acetyl-CoA-carboxylase (CAC3),
Ser193/194 in carbonic anhydrase (CAH2), Ser38/43/45 in 8-
amino-7-oxononanoate synthase (8A-70-S), Ser630/632 in
Toc159and Ser805 in ribonuclease J (RNJ) clearly show the
characteristic features of pCK2 targets (Figure 3b,
Table S5). The phosphorylation state of Thr65/66 in PSI-P
(CURT1B) is significantly lower in the pck2 knockdown
plastids, although no restoration of phosphorylation levels
was observed in the complementation lines (Figure 4).
These data suggest that pCK2 is the kinase responsible for
the previously observed light-independent basal phospho-
rylation level of PSI-P, whereas the lack of TAP-pCK2-medi-
ated restoration of phosphorylation may be attributed to
the inaccessibility of the phosphorylation site at the grana
margins (Trotta et al., 2019). The Ser355 phosphorylation
site in a PPR-related protein showed pCK2 dependency in
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Figure 3. Phosphopeptide quantification from light-grown plant chloroplasts by a targeted approach. Provided are the label-free quantification (LFQ)-phospho-
peptide abundance values determined by MaxQuant (Cox et al., 2014) as the mean + SEM values from three biological replicates and two different scan types
each. P-values were calculated from these LFQ-values by a t-test (two-sided). An asterisk (*) indicates P < 0.05 for the comparison between wild-type and pck2,
as well as the comparison between pck2 and TAP-pCK2. The dashed line separates the data points plotted on the left or right y-axis. Protein abbreviations repre-
sent the identifiers: RCA — AT2G39730; OEP6 — AT3G63160; tRNA DMT - AT5G52960; FLN2 — AT1G69200; FIB — AT4G04020; CAC3 — AT2G38040; GPl-anchored —
AT5G23890; KEA-1 — AT1G01790; RH3 - AT5G26742; rRNA MetJ — AT5G08540; PNPase — AT3G03710; PGK1 — AT3G12780; CP12 — AT2G47400; EF-Tu -

AT4G20360. All identified phosphopeptides are presented in Table 1.

dark- and light-adapted plastids, although only phosphory-
lation in the dark was significantly different between the
mutants and wild-type (Figure 4 and Figure S5).

All data on putative pCK2 targets are summarized in
Table 1. We performed quantitative proteomics by MSE
(Helm et al., 2014) with the wild-type, pck2 and TAP-pCK2
plant material to assess the abundance of all putative pCK2
target proteins in the respective genotypes. An alignment
around the phosphorylation site for the above mentioned
pCK2 target peptides supports an over-representation of
acidic amino acids in the +1 and +3 positions (Figure S6,
Schonberg et al., 2014). Except for PGRL1B, OEP6 and
Toc159, all proteins are equally abundant in wild-type and
pck2 knockdown plants; thus, it is their phosphorylation
state and not overall protein abundance that is affected by
the mutation in pck2 (Figure S7). Together, both datasets
support the notion that the identified proteins are direct
targets of pCK2.

The pck2 mutants show altered state transition kinetics
and significant remodelling of metabolism

We identified several thylakoid membrane proteins as
putative pCK2 targets, suggesting pCK2-mediated regula-
tory connections between different chloroplast functions.
Because photosynthetic acclimation is an important target
for post-translational regulation (Rochaix, 2014; Koskela,
et al., 2018), we assessed the functioning of state transi-
tions in the mutant compared to wild-type by chlorophyll
fluorescence change measurements in response to inci-
dent light quality shifts. Both wild-type and pck2 mutants
displayed a functional state transition. However, in the
mutant, state 1-to-state 2 transitions were found to run

© 2020 The Authors.

considerably slower than in wild-type because their half-
life decay of fluorescence was significantly delayed (Fig-
ure 5 and Figures S8 and S9). The degree of LHCIl phos-
phorylation (typically responsible for the state transition)
in both mutants and wild-type as determined by P-Thr anti-
bodies was comparable with a low phosphorylation state
under PSI-light and a high one under PSll-light (Figure 5).
This result led us to conclude that the redox-regulated
phosphorylation of the major LHCII by the Stn7 kinase is
fully functional in the mutant and therefore is unlikely to
be involved in the observed deceleration of the state 1-to-
state 2 transition. It is thus possible that the pCK2-depen-
dent phosphorylation of, for example, PSI-P at Thr65/66
reported here may be involved in the deceleration of state
transitions, although detailed functional characterizations
must follow.

Earlier studies reported a reorganization of chloroplast
metabolism in response to differences in the plasto-
quinone redox state (Brautigam et al., 2009). Because the
latter is interlinked with state transitions, we assessed the
metabolic state of wild-type and pck2 plants by metabolite
profiling on leaves of wild-type and pck2 plants with a par-
ticular focus on carbohydrate, organic acid and amino acid
metabolism. Polar metabolites were extracted from 2-, 4-,
5- and 6-week-old plants and quantified by GC-MS. In total,
49 metabolites were quantified, including 18 amino acids,
11 organic acids, 10 sugars and sugar alcohols, and 10
miscellaneous compounds. Figure 5 shows the metabolic
changes in the mutant with respect to the wild-type. We
observed alterations in the amino acid composition (e.g.
glutamine and glycine showed increases of up to 73-fold
and 65-fold in the mutant compared to wild-type). On the
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Figure 4. Phosphopeptide quantification from dark-adapted plant chloroplasts by a targeted approach. Provided are the label-free quantification (LFQ)-phospho-
peptide abundance values determined by MaxQuant (Cox et al., 2014) as the mean + SEM from three biological replicates and two different scan types each.
P-values were calculated from these LFQ-values by a t-test (two-sided). An asterisk (*) indicates P < 0.05 for the comparison between WT and pck2, as well as
the comparison between pck2 and TAP-pCK2. The dashed line separates the data points plotted on the left or right y-axis. Protein abbreviations represent the
identifiers: PSI-P — AT2G46820; OEP6 — AT3G63160; CAC3 — AT2G38040; RNA-J — AT5G63420; CAH2 — AT5G14740; KEA-1 — AT1G01790; PSUFP — AT5G14460; 8A-
70-S - At3g09050; tRNA DMT — AT5G52960; PGK1 - AT3G12780; FLN2 — AT1G69200; PPR — AT3G49140: Toc159 — At4g02510. All identified phosphopeptides are

presented in Table 1.

other hand, some amino acids (e.g. isoleucine, lysine, tryp-
tophan and tyrosine) were significantly decreased in the
mutant. Most organic acids, sugars and sugar alcohols are
decreased in pck2 plants (Figure 6 and Table S6). Aspartic
acids, succinic acid and threonic acid were most signifi-
cantly different in this class of metabolites. The data sug-
gest that mutant plants have a significantly altered
metabolism, supporting pleiotropic activity of pCK2 and an
important function in balancing metabolic activity for opti-
mal performance.

DISCUSSION

We report here a comparative analysis of protein phospho-
rylation states in a pck2 knockdown mutant compared to
wild-type by targeted and non-targeted phosphopro-
teomics. The pck2 mutant GK615F11 used in the present
study carries a single T-DNA insertion in the first exon (Fig-
ure S1), resulting in a severe growth phenotype with sig-
nificantly shortened primary roots (Figure 1). This
phenotype has been observed previously by Wang et al.
(2016) but stands in contrast to the mutant GABI400A04
that shows no growth phenotype with a T-DNA insertion in
the fifth exon of pCK2 (Kim et al., 2016). It is difficult to
align the different phenotypes, although it is possible that
the latter line produces limited amounts of functional
enzyme, thus resulting in the mild growth phenotype. The
successful complementation of the phenotype reported in
the present study and by Wang et al. (2016) clearly shows
that a defect in pCK2 is responsible for the growth and
developmental defects, suggesting that casein kinase activ-
ity in plastids is important to ensure optimal plant

performance. Thus, the identification of its in vivo targets
is important to understand how the plastid phosphoryla-
tion network balances plant metabolism to accomplish
proficient plant growth.

Based on the reduction of phosphorylation state in the
kinase mutant, we indirectly infer a kinase substrate rela-
tionship for several proteins with pCK2. We are aware that
this inference is indirect and neglects the possibility that
effects such as developmental state, adaptations in the
proteome to the kinase mutants and the resulting inacces-
sibility of otherwise used phosphorylation sites may lead
to false target protein assignments. However, by carefully
evaluating target protein abundance between wild-type
and kinase mutants (Figure S7), by checking the character-
istics of the phosphorylation sites used by pCK2 (Fig-
ure S6) and by using a TAP-pCK2 complementation line
that partially restores the phosphorylation state of target
proteins in the mutant background, we reduced false
assignments and increased the significance of our data
(Figures 1-4). Our analysis shows that the kinase intro-
duced with the complementation construct restores growth
parameters, as well as the phosphorylation state of many
target proteins. Interestingly, not all proteins are equally
well accepted as substrate for the complementing kinase,
suggesting regulatory processes in vivo (e.g. on the acces-
sibility of phosphorylation sites). This information is
important for in vivo strategies that are designed to oper-
ate with overexpressed kinases.

CK2 mutants for comparative phosphoproteomics were
used before and our observations are in line with some of
the peculiarities of such previous studies. For example,
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Figure 5. Analysis of state transitions in wild-type (a) (b)
and the pck2 mutant. (a, b) Kinetic fluorescence A’ SP
measurements and (c) half-life values for the transi- tig = 5,49 min
tion from state 1 to state 2. (d) Coomassie stain of L
isolated thylakoids and immunoblotting with actinic light
P-threonine-specific antibodies with wild-type and 3 E
pck2 mutant plant material after adaptation of the § FR on FR off g
plants to photosystem (PS)I or PSII light, as indi- s S
cated (Experimental procedures). g A ¢ %
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phosphorylation of typical CK2 consensus phosphoryla-
tion motifs was frequently observed in CK2 null mutants
(Rusin et al., 2017; Franchin et al., 2018). This was inter-
preted as compensatory phosphorylation by other protein
kinases. In our data, we find examples for this unexpected
situation, most strikingly for the ALB3 phosphorylation
site at Serd24 that has been identified on peptide chips
and in an in vitro phosphorylation assay as pCK2 sub-
strate (Schonberg et al., 2014). Surprisingly, the phospho-
rylation state of the ALB3 phosphopeptide is significantly
increased in the pck2 knockdown lines (Figure S4). A pos-
sible explanation is the compensatory phosphorylation of
pCK2 target proteins by other kinases. On the other hand,
CK2 depletion has a reported effect on non-target sites in
cell cultures, as exemplified for the serine/proline and
threonine/proline phosphorylation motifs (St-Denis et al.,
2015; Rusin et al., 2017; Franchin et al., 2018). The survey
phosphoproteome analysis performed here also identified
two more proteins with a higher phosphorylation state in
the mutant: the beta subunit of ATPase (ATCG00480, P-
value 0.008) and LHCA1 (AT3G61470, P-value 0.05)
(Table S2).

© 2020 The Authors.

The set of pCK2 target proteins in chloroplasts supports
its pleiotropic nature and comprises proteins with a
diverse set of biological functions. The majority of the
putative pCK2 targets identified here are independent of
the Stn7/Stn8 kinases at the thylakoid membrane, as indi-
cated by their phosphorylation in the stn7/stn8 double
mutant background (Schonberg et al., 2017). Consistently,
some, but not all, pCK2 targets are phosphorylated in a
light-independent manner. We failed to detect known pCK2
targets such as pTAC10 (Schonberg et al., 2014; Yu et al.,
2018) under our growth conditions, suggesting additional
regulatory processes operating on pCK2 targets. Although
CK2 is generally considered constitutively active (Franchin
et al., 2017), an effect of reduced GSH was reported for
plastid CK2 (Baginsky et al., 1999; Turkeri et al., 2012). In
line with a potential redox regulation, we observed slowed
state transition kinetics and altered primary metabolism in
the pck2 mutant plants (Figures 4 and 5). The effect on
photosynthetic acclimation processes could be mediated
by KEA1 or PSI-P (CURT1B) phosphorylation, where PSI-P
determines the accessibility of phosphorylation sites in the
major antenna complexes (Figure 4). Further experiments
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Figure 6. Hierarchical clustering of metabolite profiling data. Metabolite
profiling data obtained by GC-MS of pck2 mutants and wild-type with 2-, 3-,
4-, 5- and 6-week-old plants expressed as the log2-ratio between mutant

and wild-type. The ratio is presented as a heat-map (for colour coding, see
the uppermost panel).

are necessary to unravel the functional connections in the
pCK2 triggered chloroplast phosphorylation network.

The metabolic profiling data, obtained from approxi-
mately 50 derivatized polar metabolites by GC-MS, indicate
massive changes in amino acids levels between pck2 and
wild-type plants. In particular, two amino acids, glycine
and glutamine, showed a dramatic change in abundance.

This could be a consequence of the phosphorylation of
CP12, for example. CP12 is found almost universally
among photosynthetic organisms where it plays a key role
in the regulation of the Calvin cycle by forming a ternary
complex with glyceraldehyde 3-phosphate dehydrogenase
and phosphoribulokinase (Howard et al, 2011; Stanley
et al., 2013). Its phosphorylation at Thr48 is light-depen-
dent, which is in line with its function in the Calvin cycle.
Although amino acid biosynthetic enzymes were not iden-
tified as direct targets of pCK2, it is not surprising that their
abundance is dynamically altered because the vast major-
ity of them are synthesized in the plastid. This is supported
by the fact that the abundances of most amino acids are
changed when the ATP supply of this organelle is dimin-
ished (Carrari et al., 2005). A potentially important observa-
tion for the regulation of metabolism is the
phosphorylation of the alpha subunit of acetyl-CoA-car-
boxylase (AT2G38040). The phosphorylation site at Ser741
is clearly pCK2-dependent, as indicated by its significantly
decreased abundance in the pck2 knockdown plants and
its restoration by the TAP-pCK2 construct, both in the light
and after a dark phase (Figures 3 and 4). At present, the
influence of this phosphorylation site on lipid or fatty acid
biosynthesis remains unclear because only polar metabo-
lites were covered by our metabolic profiling analysis. In
general, it is difficult to directly connect the metabolic
phenotype with the targets of pCK2 as a result of its pleio-
tropy. For example, the differences in organic acid concen-
tration suggest cross-talk with mitochondrial function in
energy metabolism. Whether this is an indirect effect or
whether pCK2 is dually targeted to chloroplast and mito-
chondria remains unclear at present.

With the set of pCK2 target proteins identified here, we
provide further details on the chloroplast phosphorylation
network. We find connections between the stroma-local-
ized pCK2 and the thylakoid-associated kinases Stn7/Stn8
with respect to the regulation of different chloroplast func-
tions, such as photosynthetic acclimation, gene expression
and metabolism (Schonberg et al, 2017). Surprisingly,
depletion of the pleiotropic pCK2 has only a minor effect
on chloroplast differentiation and development, whereas it
significantly affects the metabolic status of the chloroplast
and, consequently, plant growth. Thus, pCK2 may function
as a balancer between different metabolic activities to
reach an optimal output. How this is achieved and how this
is regulated remain topics for further research.

EXPERIMENTAL PROCEDURES

Plant growth and chloroplast isolation

Arabidopsis thaliana plants Col-0 (wt) and mutant
GK615F11 were grown on a soil/vermiculite mixture (4:1)
in a controlled environment chamber under short-day con-
ditions (8:16 h light/dark photocycle, 150 pmol m~2 sec™).
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GK615F11 is a single insertion line, as suggested by segre-
gation analysis resulting in 20 + 4.4% sensitivity to sulfadi-
azine (30 pg ml™" in 0.5 MS). Resistant plants were
screened for homozygosity (Figure S1) and homozygous
plants were used for further characterization (Figure S1,
Table S7). ‘Line 10’ (Figure S1b) was used for complemen-
tation analysis. To this end, we transformed plants with
pEG205-TAP-CK2 + TP (Earley et al, 2006) via Agrobac-
terium tumefaciens, selected for BASTA resistant lines and
genotyped the resulting plants by PCR (Figure Sic,
Table S7). The construct comprises pCK2 with an N-termi-
nal transit peptide and a C-terminal TAP fusion. A single
complementation line was used for further analyses. Plants
were harvested after 14 or 28 days, as indicated. Chloro-
plasts were isolated in accordance with established proto-
cols (Fitzpatrick and Keegstra, 2001).

Photosynthetic light quality acclimation and state
transition measurements

For testing the light quality acclimation abilities of pCK2
mutants, A. thaliana Col 0 and pCK2 mutant plants were
grown in parallel for 13 days under white light (days 1-7:
long-day condition, 16:8 h light/dark photocycle, approxi-
mately 50 umol m~2 sec™"; days 8-13: continuous light,
approximately 35 pmol m~2 sec™") followed by 3 days of
either continuous PSII- or PS-lights. The specificities of
PSII- and PSI-light sources were essentially as described
previously (Wagner et al., 2008; Dietzel et al., 2011). State
transitions were measured on plants directly in their
growth trays via non-invasive chlorophyll fluorescence
measurements. The courses of state transition-associated
fluorescence changes were determined in accordance with
standard protocols using a PAM101 fluorometer (Walz,
Effeltrich, Germany) (Lunde et al., 2000; Damkjaer et al.,
2009). Determination of kinetics and calculations of half-
lives of state 1-to-state 2 transitions were performed as
described previously (Dietzel et al., 2011). Detection of the
phosphorylation state of light-harvesting complex proteins
after acclimation to either PSII- or PSI-light was achieved
by immunoblotting and western blotting analysis. Plants
from the same batch as used for chlorophyll fluorescence
were harvested under growth light conditions, and then
immediately frozen into liquid nitrogen and ground to a
fine powder. Total protein extracts were generated in
accordance with published protocols and samples were
separated by denaturing SDS-PAGE followed by western
blotting. Phosphorylated proteins were detected with a
commercially available polyclonal primary rabbit-anti-
phosphothreonine antibody as described previously (Diet-
zel et al., 2011).

Chloroplast protein preparation

Isolated chloroplasts were resuspended at 4°C in a buffer
containing 50 mm TRIS/HCI, pH 7.6, 0.1% protease inhibitor
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cocktail (P9599; Sigma, St Louis, MO, USA) and 0.1x Phos-
STOPTM (Roche, Basel, Switzerland). Ice-cold acetone (9x
volume) was added to the chloroplast suspension. The
mixture was incubated overnight at —20°C and centrifuged
at 20 000 g for 5 min at 4°C. The pellet was washed twice
with ice cold 90% acetone and dried at room temperature.

Tryptic digest and phosphopeptide enrichment

In total, 1 mg of the acetone precipitated chloroplast pro-
teins was digested with trypsin (Promega, Madison, WI,
USA). Phosphopeptides were subsequently enriched with
a spin-tip filled with TiO, as described previously
(Schonberg et al., 2017).

Protein extraction and immunoblotting

SDS-PAGE was conducted as described previously (Wessel
and Flugge, 1984). The chloroplasts were resuspended in
SDS sample buffer [50 mm Tris-HCI pH 6.8, 2% (w/v) SDS,
10% (v/v) glycerol, 0.1 mm DTT, 0.049, bromphenol blue],
heated at 80°C for 5 min and centrifuged for 5 min at
20 000 g. The supernatant equivalent to 5 pug of chlorophyll
was loaded onto a 12% polyacrylamide SDS gel. Subse-
quent to electrophoresis the proteins were transferred to
polyvinylidenflouride membranes via semi-dry blotting.
Immunodetection was conducted by chemiluminescence
using a Fusion Fx7 illumination system (Vilber, Marne-la-
Vallée, France). Primary antibodies against RCA P-Thr78
were generously provided by Kim et al. (2016).

Protein identification and quantification using the Synapt
G2-S mass spectrometer

Tryptically digested samples from protein extracts obtained
from isolated chloroplasts were dissolved in 2% (v/v) ace-
tonitrile and 0.1% (v/v) formic acid and injected into an
ACQUITY UPLC System connected to a Synapt G2-S mass
spectrometer (Waters Corp., Eschborn, Germany). Nano-LC
separation (140 min gradient) and high-definition (HD)-MSE
data acquisition was conducted as described previously
(Helm et al., 2014). MS acquisition was set from 50-
2000 Da. Data analysis was carried out via the ProteinLynx
Global Server (PLGS 3.0.1, Apex3D algorithm version
2.128.5.0, 64 bit; Waters Corp.) with automated determina-
tion of chromatographic peak width as well as MS-time of
flight resolution. Lock mass value for charge state 2 was
defined as 785.8426 Da/e and the lock mass window was
set to 0.25 Da. Low/high energy threshold was set to 180/15
counts, respectively. Elution start time was at 5 min, inten-
sity threshold was set to 750 counts. For the databank
search query (PLGS workflow): peptide and fragment toler-
ances were set to automatic, with two fragment ion
matches per peptide, five fragment ions for protein identifi-
cation and two peptides per protein. Maximum protein
mass was set to 250 kDa. Primary digest reagent was tryp-
sin with one missed cleavage allowed. According to the
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digestion protocol fixed (carbamidomethyl on Cys) and
variable (oxidation on Met) modifications were set. The
false discovery rate (FDR) was set to 4% at the protein level.
MSE data were searched against the modified A. thaliana
database (TAIR10; ftp://ftp.arabidopsis.org) containing com-
mon contaminants (ftp:/ftp.thegpm.org/fasta/cRAP/crap.fa
sta) and rabbit glycogen phosphorylase B (P00489) was
used as an internal quantification standard (Helm et al.,
2014).

To search for pCK2 in plant extracts, we performed tar-
geted assays using isotopically labelled peptides. To this
end, we spiked 12.5 fmol labeled proteotypic peptides of
pCK2 into wild-type, pck2 knockdown and pck2 knock-
down/TAP pCK2 extracts. We searched for the labeled pep-
tides by a modified MRM method on a Synapt G2-S
(Waters Corp.) with MassLynx 4.1 SCN916 (Waters Corp.).
In brief, the HD-MRM scan time was set to 0.15 sec and the
orthogonal acceleration pusher and the ion mobility sepa-
ration were synchronized (wideband enhancement). Fur-
thermore, the LM resolution of the quadrupole was
adjusted from 4.7 to 7.0 to narrow the isolation window of
the quadrupole. For the SIL peptides, a database contain-
ing only these peptides was created and the database
search query was adjusted, such that only one peptide was
necessary for identification. As a result of their isotope
label, SILAC modification on lysine (U-"3Cg; U-"°N,) and
arginine (U-"3Cg; U-"°N,) was set as the fixed modification.

Protein identification using an ‘Orbitrap Velos Pro’ mass
spectrometer

Peptides were injected into an EASY-nLCll liquid chro-
matography system (Thermo Fisher Scientific, Waltham,
MA, USA) and separated using C18 reverse phase chem-
istry employing a pre-column (EASY column SC001, length
2 cm, inner diameter 100 pm, particle size 5 um) in line
with an EASY column SC200 (length 10 cm, inner diameter
75 um, particle size 3 um) (both from Thermo Fisher Scien-
tific). Peptides were eluted into a Nanospray Flex ion
source (Thermo Fisher Scientific) with a 180 min gradient
increasing from 5 to 40% acetonitrile in ddH,0 with a flow
rate of 300 nl min~' and electrosprayed into an Orbitrap
Velos Pro mass spectrometer (Thermo Fisher Scientific).
The source voltage was set to 1.9 kV and the S Lens RF
level was 50%. The delta multipole offset was —7.00. The
phospho-peptide fraction was measured with a data-de-
pendent acquisition scan strategy with one MS full scan
with a resolution of 30 000 preceding up to 20 MS/MS frag-
ment ion scans. The repeat count was set to 1, the repeat
duration to 30 sec, the exclusion duration to 40 sec and
the exclusion width to 10 p.p.m. of the precursor m/z. Full
scan MS spectra were internally calibrated on the fly with
the ambient ion m/z 445.120024. The AGC target value was
set to 1 x 10° and the maximum injection time was
500 ms in the Orbitrap. The parameters were set to

1 x 10* and 200 ms in the linear quadrupole ion trap with
an isolation width of 2 Da for precursor isolation and MS/
MS scanning. Additionally, measurements were performed
with the inclusion list to specifically target certain phos-
phorylated peptides. Two fragmentation regimes were
employed for MS/MS phosphopeptide sequencing. Con-
ventional CID and CID with MSA were performed to further
fragment the ion peaks resulting from neutral loss of the
phosphate moiety by dissociation of the high energy phos-
phate bond to generate MS/MS spectra with more intense
b- and y-fragment ion series rich in peptide sequence infor-
mation.

MS raw files were analyzed using MaxQuant, version
1.6.10.43, for phosphopeptide assignment (Tyanova et al.,
2016). The search engine was used with default settings,
including PSM, peptide and protein FDR set at 1% and
match between runs enabled. The A. thaliana database
(Araport11; https://www.arabidopsis.org) with contami-
nants included was used as the analytical basis. Precursor
mass tolerance was set to 20 p.p.m. and the fragment ion
tolerance was 0.5 Da. Carbamidomethylation of cysteines
was set as the fixed modification and oxidation of
methionine, acetylation of protein N-termini, pyrogluta-
mate formation and phosphorylation of serine and thre-
onine as variable modification, with two missed cleavages
allowed. For quantification by the MaxLFQ algorithm (Cox
et al., 2014) a minimum ratio count of two unique or razor
peptides was required. The MS data were uploaded to
the ProteomeXchange consortium at PRIDE (https://
www.ebi.ac.uk/pride) and are available under accession
PXD014930.

GC-Ms

Extraction and analysis by GC-MS was performed using
the same equipment set-up and the exact same protocol as
that described by Lisec et al. (2006). Briefly, frozen ground
material was homogenized in 700 ul of methanol at 70°C
for 15 min and then 375 ul of chloroform followed by
750 pl of water were added. The polar fraction was dried
under vacuum, and the residue was derivatized for
120 min at 37°C (in 40 pl of 30 mg ml~" methoxyamine
hydrochloride in pyridine) followed by a 30 min of treat-
ment at 37°C with 70 pl of N-trimethylsilyl-N-methyl trifluo-
roacetamide. An autosampler MultiPurpose system
(Gerstel, Milheim, Germany) was used to inject the sam-
ples into a chromatograph coupled to a time-of-flight MS
(GC-MS) system (Pegasus HT TOF-MS; Leco, St Joseph,
MI, USA). Helium was used as carrier gas at a constant
flow rate of 2 ml sec™ and GC was performed on a 30 m
DB-35 column (Agilent, Santa Clara, CA, USA). The injec-
tion temperature was 230°C and the transfer line and ion
source were set to 250°C. The initial temperature of the
oven (85°C) increased at a rate of 15°C min~" up to a final
temperature of 360°C. After a solvent delay of 180 sec,
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mass spectra were recorded at 20 scans sec ' with a scan-
ning range of m/z 70-600. Chromatograms and mass spec-
tra were evaluated using Chroma TOF, version 4.5 (Leco)
and TagFinder, version 4.2 (Luedemann et al., 2008). Heat
maps were created with MeV software (http:/www.tm4.
org/mev.html), using the log2 of the fold changes to aver-
age all of the data across all tissues.
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