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ABSTRACT

Chloroplasts are the fundamental organelles erglii@ photoautotrophic life style of plants.
Besides their outstanding physiological role irafirg atmospheric CQchloroplasts harbor
many important processes such as the biosyntheamino acids, vitamins or hormones. It is
crucial that these processes are tightly regulateticoordinated in response to environmental
changes. Thus, the chloroplast is integrated inéodellular network of signal transduction
with protein kinases as the key mediators. Basethayeting prediction at least 70 protein
kinases are expected to be present inside theogiést. However, so far only very few
chloroplast protein kinases have been reportellariterature including the “state transition”
kinases STN7 and STN8 and the plastid transcrijtioase CKII.

This thesis aimed at the identification of novelocbplast-localized protein kinases in higher
plants. To this end, three different strategiesewd®veloped: a candidate, a phylogenetic and
a proteomic approach. In the course of the canglidpproach protein kinases were selected
based on chloroplast targeting prediction and thebcellular localization was investigated
by YFP (yellow fluorescent protein)-fusion analysitie phylogenetic approach was based on
the hypothesis that protein kinases derived from difanobacterial plastid ancestor could
have been maintained in the chloroplast. Henceluggoary conserved proteins between
Arabidopsis thalianaand cyanobacteria were determined and the lotalizaf identified
protein kinases was examined by YFP-fusion analydie proteomic approach aimed at the
mass spectrometric identification of protein kirsasenriched from extracts of isolated
chloroplasts by various chromatographic technigDetected protein kinases were subjected
to verification by YFP localization studies.

Taken together, of all novel protein kinases idexdi only one unusual protein kinase could
be confirmed to be chloroplast-localized. Neveehs] the proteomic approach led to the
identification of novel chloroplast proteins wittnportant metabolic or regulatory functions.
And furthermore, a comparison of affinity-purifisttomal proteomes d®isum sativunand
Arabidopsis revealed unexpected developmental-sdatéor species-specific differences.

Last but not least, the regulation of the subcatlubcalization of proteins by co- and
posttranslational N-terminal acylation was analyzétie Arabidopsis calcium-dependent
protein kinase CDPK16 was shown to be plasma memb@tached via N-terminal
myristoylation and palmitoylation, but upon remowélthe myristic acid moiety the protein
was relocated to chloroplasts. Vice versa, theroplast import of the known Arabidopsis
chloroplast proteins FNR and Rubisco activase, whack N-terminal lipid modifications,

could be inhibited by artificial introduction of mgtoylation and palmitoylation.



ZUSAMMENFASSUNG

Chloroplasten sind jene Organellen, die durch ,-€ERierung die photoautotrophe
Lebensweise von Pflanzen ermoglichen. Aul3erdencien sie viele wichtige Prozesse wie
zum Beispiel die Biosynthese von Aminosauren, Viten oder Hormonen. Zur Regulierung
dieser Prozesse ist der Chloroplast in das zelNitzwerk der Signaltransduktion integriert,
in dem Proteinkinasen eine zentrale Rolle spieBasierend auf Lokalisierungsvorhersagen
werden im Chloroplasten zumindest 70 Proteinkinassvartet, bisher wurden jedoch nur
wenige beschrieben, wie zum Beispiel die ,stataditeon” Kinasen STN7 und STN8, oder
die Plastid-Transkriptionskinase CKII.

Diese Dissertation hatte die Identifizierung necidoroplastenlokalisierter Proteinkinasen in
hoheren Pflanzen als Ziel. Dazu wurde ein Kandidatein phylogenetischer und ein
proteomischer Ansatz angewandt. Im Zuge des Katehdasatzes wurden Proteinkinasen
aufgrund von Chloroplastenvorhersage ausgewahlt derén Lokalisierung mittels YFP
(yellow fluorescent protein)-Fusionsanalyse untelnsuDer phylogenetische Ansatz basierte
auf der Hypothese, dass vom cyanobakteriellen iBéastorfahren abstammende
Proteinkinasen eventuell im Chloroplasten beibehalturden. Daher wurden die zwischen
Arabidopsis thalianaund Cyanobakterien evolutionér konservierten Rmetdestimmt und
die Lokalisierung der dabei entdeckten Proteinlenawittels YFP-Fusionsanalyse untersucht.
Im proteomischen Ansatz wurde Proteinkinasen, dis Broteinextrakten von isolierten
Chloroplasten durch verschiede chromatographiscathdtien angereichert wurden, mittels
Massenspekrometrie identifiziert und anschlieReRr&-Y.okalisierungsstudien unterzogen.
Von allen neu identifizierten Proteinkinasen konnte die Chloroplastenlokalisierung einer
einzigen ungewdhnlichen Proteinkinase bestatigdemr Trotzdem fiihrte der proteomische
Ansatz zur Identifzierung neuer Chloroplastenpregei und ein Vergleich der
affinitatsaufgereinigten stromalen Proteome Wisum sativurmund Arabidopsis offenbarte
unerwartete entwicklunszustands- und/oder artsgekd Unterschiede.

Zu guter Letzt wurde die Regulierung der subzelandlokalisierung von Proteinen durch
co- und posttranslationale N-terminale Acylierumgensucht. Es konnte gezeigt werden, dass
die calciumabhangige Proteinkinase CDPK16 aus Aogsis durch N-terminale
Myristoylierung und Palmitoylierung in der Plasmantean verankert ist. Bei Entfernung
der Myristoylierung wurde CDPK16 jedoch in den Gbjadasten eingeschleust. Umgekehrt
konnte der Chloroplastenimport der Arabidopsis-€ln# FNR und Rubisco-Aktivase, die
normalerweise keine N-terminalen Lipidmodifizieremg aufweisen, durch kinstliche

Einfuhrung von Myristoylierung und Palmitoylierurgrhindert werden.
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1. Introduction

This thesis focused on the identification of noekloroplast-localized protein kinases in
higher plants. Furthermore, the impact of N-terrhirseylation (myristoylation and
palmitoylation) of proteins on chloroplast imporasvinvestigated.

In the introduction all relevant aspects on thaiessof chloroplasts, protein kinases and

acylation will be covered.

1.1. Chloroplasts

Chloroplasts are semi-autonomous organelles of smaoiotic origin that are found in all
plants and algae as well as in some kleptoplasticstugs and parasites. Chloroplasts belong
to the diverse family of plastids. There are sdvaypes of plastids, which all have
specialized roles and are derived from undiffeedat proplastids. The most important types
of plastids are chloroplasts, which contain chlbndb and conduct photosynthesis,
leucoplasts, which have no chlorophyll and are éomostly in roots and non-photosynthetic
tissue and chromoplasts which are responsible tier doloring of fruits and flowers.
Furthermore, plastids are also involved in grap&yception and the opening and closure of
stomata (Wise and Hoober, 2007).
Chloroplasts cannot be synthesizéE novo

® ©

but they divide via fission and are equall %_":__ _
distributed among the daughter cells aft

cell division. Besides photosynthesis the &

have essential roles in processes such

e ©

biosynthesis of amino acids and vitamin %

lipid synthesis or storage of starch (Wise anéig. 1. Chloroplast structure. 1 - outer envelope. 2 -
interenvelope space. 3 - inner envelope. 4 — str&ma
Hoober, 2007). thylakoid lumen. 6 - thylakoid membrane. 7 - grana
. . stack of thylakoids. 8 - stroma thylakoid. 9 — ekarl0
The chloroplast itself is surrounded by two_ ribosome. 11 - plastidial DNA. 12 — plastoglobule

membranes: the outer and the inner envelopP-//de-wikipedia.org/wiki/Chloroplast)

The membranous structures inside the chloroplastated thylakoids, which are arranged in
grana stacks and connected by lamellar stromakibigla. Further, the chloroplast harbors
three aqueous compartments: the stroma, the imeisge space and the thylakoid lumen.
Within the stroma plastoglobules reside, whichlgr@protein particles thought to be storage

compartments for vitamin E, lipids and quinoneg(Ei(Austin et al., 2006).



Evolutionary origin of chloroplasts

Nowadays it is widely accepted that plastids emétgeough an event called endosymbiosis
(Cotton, 1993). The endosymbiotic theory was fosstulated by Mereschkowsky based on
the work of Schimper (Schimper, 1885; Mereschkowslk§05). According to this theory
plastids are derived from a photosynthetic cyanwaon that has been incorporated by a
heterotrophic host cell around 1.5 billion years.aBut still it is not clear from which
cyanobacterial ancestor plastids arose. Evidencem fthe comparison of genes of
Arabidopsis, riceChlamydomonas reinhardtand red algae to cyanobacterial genomes point

to a heterocyst-forming ancestor suchhasbaena variabilior Nostoc (Deusch et al., 2008).

After the ancestral plastid had bee Arabidopsis thaliana
taken up by the host cell, i @}:39 o ool ‘
. Mitechondrion |
transformed into a contemporar >, O EI )
=, % 2| } TargetP predictions
organelle and reorganized in order ' AN ‘
g |

adapt to the new environment and

cope with the new requirements. |[Ambiiopss piastome | '
Slze: 154 ko

ORFs: 87

L ____J_;":'! Arabidopsis nucleome
Slze: ~130 Mb
ORFs: 25, 678

the course of evolution most of th
cyanobacterial genes were transferr

into the nuclear genome of the ne

host. It is suggested that 4300-45( ﬁg"ﬁ\\
Arabidopsis proteins were acquire '?%??
from the ancestral plastic '

Cvanobacteria-like endosymbiont

(Fig-2)(Martin et al., 2002; ‘]arVISFig. 2. Fate of cyanobacterial genes (Jarvis, 2004)After

2004). According to CyanoBaséndosymbiosis the vast majority of cyanobacterehes ha
been transferred to the nucleus (~4300). Their geaducts ar

Anabaena variabilis and Nostoc targeted to chloroplasts, mitochondria, the ER dhel
compartments. Only 88 genes (latest TAIR reledmsa)e bee
punctiforme contain 5105 and 619aintained in the chloroplast.
genes, respectively, which shows that the majaitgncestral genes had been transferred to
the nuclear genome (Nakao et al., 2009). In conteaxording to TAIR only 88 protein-
encoding genes have been maintained in the Arabisl@hloroplast genome including genes
for ribosomal proteins, the large subunit of RubjsBNA polymerase subunits and genes
involved in photosynthesis (Wakasugi et al., 208Warbreck et al., 2008). The COR&b{
location forredox regulation) hypothesis provides an answer for thestjon, why genes
have been retained in the chloroplast genome. COieposes that chloroplast co-location of
proteins and their encoding genes facilitates redgulatory coupling of gene expression

(Allen, 2003).
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Although most cyanobacterial genes had been traesgfd¢o the nuclear genome, many of
their gene products are still needed in the plastidorder to establish an effective “back-
transport” to their original location, most chlotagt proteins evolved an N-terminal signal
sequence called cTP (chloroplast transit peptiddjch is recognized by a plastid import
machinery that had evolved simultaneously (Soll 8aolleiff, 2004; Li and Chiu, 2010).

Chloroplast protein import

The vast majority of nuclear-encoded chloroplastgins are translated as precursor proteins
equipped with a cTP, which mediates post-trangiatiehloroplast import through the TOC
(Translocon at thé®uter envelope membrane Ghloroplasts) and TICTganslocon at the
Inner envelope membrane Ghloroplasts) protein complexes (Fig.3). The TOC plax
consists of several subunits including TOC159, whiecognizes precursor proteins in
dependence of GTP and TOC75 which forms the imgumatinel in the outer envelope. The
subunit TOC34 may control recognition of precurpooteins or may possess regulatory
function (Soll and Schleiff, 2004). In Arabidopsigferent isoforms of TOC159 and TOC34
have been identified and there are evidences tiedet isoforms are acting substrate-
specifically. The proteins AtTOC159 and AtTOC33 gmmposed to be involved in the
chloroplast import of abundant photosynthetic precu proteins whereas AtTOC132 and
AtTOC34 seem to be specific for non-photosynthptiecursor proteins (Jarvis, 2008). The
import channel in the inner envelope is formed W@IM0, which is part of the multi-protein
complex TIC. Import is completed by the activity ATP-dependent stromal chaperones and
eventually the cTP is removed by a stromal proogsseptidase (SPP). Subsequently stromal
proteins are folded into their mature form and @ireg destined for thylakoids are introduced
into a further internal sorting pathway (Fig.3)(Sahd Schleiff, 2004). Thylakoid lumenal
proteins are carrying an additional signal peptatel they are targeted to their final
destination via the Sec (Secretory) or the Tat (iFanginine translocase) pathway. Thylakoid
membrane proteins either integrate spontaneousdytie membrane or they employ a SRP
(signal recognition particle)-dependent pathwaywda2008). Post-translational targeting of
proteins to the thylakoid via chloroplastic SRRatated to the co-translational targeting of
secretory proteins to the ER via cytoplasmic SRBsfdume, 2008). Furthermore, while
interenvelope and inner envelope targeting of pmetavolves recognition of canonical cTPs,

most outer envelope proteins in contrast are tadyeta a non-cleavable signal sequence
(Fig.3).
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(Final destinations indicated)
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Fig. 3. Protein targeting to and protein sorting wihin chloroplasts (Jarvis, 2008).All chloroplas
import and internal sorting pathways known to dateoutlined.

Chloroplast transit peptides

The majority of chloroplast proteins are renderag@art-competent by the presence of a cTP.
Hence, it is expected that this cTP must be coesetw a certain extent. However, analysis of
hundreds of experimentally verified chloroplasttpmos revealed that cTPs vary in length
between 13-146 amino acids (average: 58 amino Jaeiad further exhibit no significant
primary sequence conservation (Zhang and Glas&2)2@TPs only appear to be rich in
hydroxylated and deficient in acidic amino acididass resulting in an overall positive
charge. Furthermore, they are very similar to nhitowrial targeting peptides (mTPs). In this
context it is still unclear how specific import antmitochondria and chloroplasts is
accomplished. Additionally, reports of dually taepk proteins that are specifically localized
to both organelles accumulate (Carrie et al., 20B@cently, the small membrane protein
SMP2 from Arabidopsis was even shown to be targétethree compartments, namely
mitochondria, chloroplasts and peroxisomes (Abuedlbet al., 2009). However, despite
lacking a conserved primary structure, cTPs weosvshto exhibit an alpha-helical secondary
structure in a hydrophobic environment mimicking tthloroplast envelope (Bruce, 2000).
Thus, it is very difficult to identify cTPs, but guliction programs such as TargetP have
already been developed based on similarities oNterminal sequences of already known

chloroplast proteins (Emanuelsson et al., 2000hIRiand Leister, 2004).
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It is clear that most of the nuclear-encoded clilast-localized proteins are carrying a
canonical cTP and are transported through the T@CEDbmplexes. Nevertheless, several
proteins targeted to the chloroplast via non-caraimpathways have already been described
(Fig.3). For example, the carbonic anhydrase CArInfArabidopsis, the rica-amylase
Amyl-1 and the rice nucleotide pyrophosphatase/phodiesterase NPP1 have been shown
to be transported to the plastid through the senrgiathway (Villarejo et al., 2005; Nanjo et
al., 2006; Kitajima et al., 2009). Furthermore, #rerelope proteins TIC32 and ceQORH are
chloroplast-localized despite lacking a canonicBlP Miras et al., 2002; Nada and Soll,
2004). ceQORH was shown to contain an internal aighement which is important for
energy-consumptive chloroplast targeting througiiadeinaceous import complex other than
TOC/TIC (Jarvis, 2008). A completely different madsm has been described for the
NADPH:protochlorophyllide oxidoreductase PORA, whis supposed to be chloroplast-
imported only when bound to its substrate protocgbyllide (Reinbothe et al., 1997).

1.2. The chloroplast proteome

Analyzing the chloroplast proteome is importanbnder to uncover chloroplast functioning
by providing information about protein compositiand compartmentalization of metabolic
pathways (Jan van Wijk, 2000; Jarvis, 2004; Likey Dupree, 2007; Baginsky, 2009).
Beginning with the completion of the genome seqgaenicArabidopsis thalianan the year
2000 efforts were made to estimate the size of dhleroplast proteome based on the
prediction of cTPs. There are various predictioagpams publicly available with the most
frequently used ones being TargetP and ChloroP (Esiason et al., 1999; Emanuelsson et
al., 2000). The Arabidopsis Genome Initiative cklted an overall number of ~3600
chloroplast proteins using TargetP (AGI, 2000)tHa same year the group of Dario Leister
analyzed the chloroplast prediction of a subset-b4000 already identified Arabidopsis
proteins using ChloroP. Extrapolation to the whygaome gave rise to ~1900-2500 predicted
chloroplast proteins (Abdallah et al., 2000). Thigedence in prediction of more than 1000
proteins compared to TargetP can be explained dyatt that cTPs are remarkable in their
diversity as previously mentioned (Jarvis, 2008)erefore an improved prediction strategy
was applied where cTPs were accepted only when weeg identified by at least three of
four different programs (Richly and Leister, 200%his resulted in the prediction of ~2100
proteins which probably fits best to the actuaksw the chloroplast proteome. Due to the

poor specificity of prediction programs it is ing@isable to experimentally analyze the
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chloroplast proteome because reliable informatiorthe subcellular localization of proteins
cannot be deduced from genome sequences (Lilleypapdee, 2007; Baginsky, 2009).

One alternative to bioinformatic prediction of tlehloroplast proteome is the direct
experimental detection of proteins in isolated obydasts. In plants, whose genomes are
already sequenced, mass spectrometry (MS) coupletgqgmic approaches are routinely
employed (Haynes and Roberts, 2007). Since thefiant genomes were published several
large-scale proteome surveys of plant organellesge Hzeen conducted. In this way the
proteome of all major organelles such as plastidgchondria, peroxisomes or vacuoles was
analyzed and the obtained protein data were inedrimto databases. MS-based organelle
specific databases are for example plprot for plastAMPDB for mitochondria, and
AraPerox for peroxisomes (Heazlewood et al., 2B02ymann et al., 2004; Kleffmann et al.,
2006). Further localization databases are SUBA BRIDB, which are dedicated to all
proteins and include data not only from MS studies from all available sources such as
fluorescent fusion protein or immunolocalizatioralyses (Heazlewood et al., 2005; Sun et
al., 2008). But whereas SUBA only provides linkgtblications, PPDB tries to integrate and
manually curate all available localization data.DBPalso includes data of a recently
published chloroplast study which claims to bernfast comprehensive chloroplast proteome
analysis to date (Zybailov et al., 2008). AltogetR®DB provides by far the most extensive
curated resource for experimentally verified chpdagt-localized proteins. It contains ~1200
proteins which were assigned to the chloroplasy dnihere was sufficient and compelling
evidence from available localization and functiorddta. Recently, another extensive
chloroplast proteomic study was released (Ferral.et2010). In total 1323 proteins were
identified and integrated into the novel databa3e @HLORO but only envelope proteins
were curated. Nevertheless together with all cdratkloroplast proteins extracted from
PPDB, both databases make up for a total of ~1#0§ue chloroplast-localized proteins
(Ferro et al., 2010). This number probably refldbis amount of chloroplast proteins that is
accessible with current MS technologies and trawgti preparation techniques.

Up to date neither the proteome of an organismamoorganelle has been experimentally
identified completely. On the one hand not all enas are equally accessible for proteomic
technigues as a consequence of their physicocheprigperties. On the other hand the low
coverage of proteomic studies is probably due t® dynamic range of proteins €10
magnitudes) leading to a repeated detection of ddmitrproteins while low-abundant ones are
missed. The development of more sensitive masdrepaeters could enhance the detection

of low-abundant proteins but to overcome the dywcamange problems it is necessary to
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modify the fractionation techniques prior to MS @@&ky, 2009). In accordance with Ferro
et al. | think that classical large scale chlorgplproteomic approaches have reached their
limit and only directed approaches have the paémi unveil low-abundant proteins (Ferro
et al.,, 2010). To date there are only very few repabout studies aiming on the targeted
identification of organellar proteins present ie therature. Examples are the identification of
thioredoxin interacting proteins in the stroma dflocoplasts by using immobilized
thioredoxin affinity columns and the analysis of RATbinding proteins in chloroplast
membranes or in the mitochondrial matrix by ATHraff§y chromatography (Motohashi et al.,
2001; Balmer et al., 2003; Kishimoto et al., 2008t al., 2006).

1.3. Signaling by protein kinases

Plants have to sense changes in their environment Signals

in order to adapt their cellular metabolism and

ensure survival. In a biochemical process calle

ik O

signal transduction mechanical or chemic:
stimuli are linked with cellular reactions CalCium —gem- Protein

(Fig.4)(Campbell and Reece, 2009). Key player

in signal transduction are protein kinases an

Response I

calcium-binding proteins that decode calciuiy

" ig. 4. Scheme of signal transduction
Corldltlorls,(:Buchanan et al., 2000).In response to an
(Baginsky and Gruissem, 2009; Bussemer et ap_)}(tracellular signal an intracellular response is

triggered via calcium and/or protein kinases.
2009). Since this thesis focuses on protein kinas€schloroplast; N=nucleus; V=vacuole.

signals elicited under various

they will be discussed now.

Protein kinases are enzymes that catalyze the pbogption of target proteins, a reaction

that can be reversed by protein phosphatases.ifPpitesphorylation is a mechanism for the
regulation of protein kinase substrates resultmtpeir activation or deactivation.

Protein phosphorylation was first discovered in 338hen it was shown that ATP was

required for the activation of the enzyme phosplass. This phosphorylase kinase was the
first protein kinase to be purified and charactdliZSutherland and Wosilait, 1955; Krebs,
1983).

Protein kinases can only phosphorylate specificnamacid residues within their target

molecules and thus, can be divided into basically fdifferent groups according to their

specificity: serine/threonine-specific protein ldea (STKSs), tyrosine-specific protein kinases

(TKs), dual-specificity protein kinases (DSKs) andtidine protein kinases (HKs). While
15



STKs phosphorylate substrates at serine and/oorhre residues and TKs at tyrosine
residues, DSKs are able to phosphorylate substastegher serine and/or threonine as well
as tyrosine residues (Hunter, 1991). STKs, TKs B&Ks have a well-conserved primary
structure consisting of 12 subdomains (I-V, VIA,Bvand VII-XI) of a total size of ~280
amino acids (Fig.5). Subdomains I-1V are buildihg ATP-binding site, the substrate binding
site and the catalytic center are found within subdins VIA-XI and subdomain V serves as
a linker. Furthermore, many protein kinases congaiditional domains involved in various
processes such as protein-protein interactionssdrgtion or protein degradation (Hanks and
Hunter, 1995; Zhang et al., 2007).

GxGxxG DxaxxxN APE
K E DFG DxooxxG R
IIIIIIIIIIVIVIVIAIVIBIVII VIIIIIXIX-XI
— o IR
Amino-terminal lobe Carboxy-terminal lobe
(ATP binding) (peptide binding and phosphotransfer)

Fig. 5. The 12 subdomains of the conserved proteikinase motif (Hanks, 2003).While the ATP

binding domain of STKs and TKs is identical, thdigtsly differ in their active site according to d%ite

(http://www.expasy.org/prosite).
In contrast, histidine kinases (HKs) are structyrdistinct from other protein kinases and are
usually part of two-component signal transductigstams. A two-component system consists
of a so called sensor histidine kinase and a respoggulator (RR). Upon recognition of an
extracellular signal the HK autophosphorylates dtistidine residue (Grefen and Harter,
2004). Subsequently the phosphate group is traesféo an aspartate residue within the RR
leading to an activation of a cellular responset{paveetil et al., 2008). HKs are ubiquitous
in prokaryotes but they are also found in yeast pladts. In yeast a HK was shown to be
involved in the HOG-pathway which modulates genpregsion in response to osmolarity
changes. In plants phytochromes and ethylene asamatytokinin receptors have already
been identified as HKs (Hwang et al., 2002).
Arabidopsis contains in total ~1050 different pnotenases (Wang et al., 2003; Martin et al.,
2009). There are ndona fide tyrosine protein kinases but 61 DSKs that are dble
phosphorylate tyrosine residues. DSKs can be dividi® two families which are structurally
different: the STY family with 51 annotated genasd the MAPKK (mitogen-activated
protein kinase kinase) family with 10 members (hehia, 2002; Rudrabhatla et al., 2006).
Furthermore, Arabidopsis contains 54 two-componamiteins, which besides HKs also
include RRs (Hwang et al., 2002). Thus, STKs actdan the vast majority of protein
kinases within the Arabidopsis kinome. The prevedeand importance of serine/threonine
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phosphorylation is further highlighted by a phogmiadeomic study on whole cell lysates of
Arabidopsis (Sugiyama et al., 2008). Analysis of2lnique phosphorylation sites in 1346
proteins resulted in a distribution of phosphoseriphosphothreonine and phosphotyrosine
sites of 85%, 10.7% and 4.3%, respectively.

Plant protein kinases are involved in the regutattd many cellular processes such as cell
division, cell growth and cell differentiation. Thare also mediating cellular responses to
various biotic and abiotic stresses for instana@nging light conditions, altered temperatures
and pathogen invasion (Stone and Walker, 1995;ieaund Halford, 2001).

A classic example for signal transduction by protanases is the mitogen-activated protein
kinase (MAPK) pathway. In response to a certaimaeetlular stimulus elicited by a biotic or
abiotic stress factor a MAPKKK is engaged that phasylates a MAPKK, which
subsequently phosphorylates a MAPK. Eventually, MiA&PK activates a transcription factor
by phosphorylation leading to an altered gene esgiva and thereby to an adaptation of the
cell to the changed environmental condition (Seger Krebs, 1995).

Since protein kinases have such profound effectcalls their activity must be highly
regulated, which can be achieved for example bysphorylation, by binding of regulatory
proteins, by regulation of their subcellular lozation or via the second messengef‘Ca
(Hunter, 2000).

It is known that in response to various stresseh ®$ cold, drought or high salinity, the
cytoplasmic C& concentration is increased from the normal leved.aftM up to 2.2uM by
release of Cd from intracellular storages and/or from the apsp{&night et al., 1996, 1997;
White and Broadley, 2003). Furthermore, fluxes af‘Gn the cytoplasm as well as in the
chloroplast stroma have been observed upon onslstrkihess reaching a peak of ~5-10uM in
the stroma (Sai and Johnson, 2002).

In plants basically two families of protein kinasa® linking calcium fluxes with protein
phosphorylation: calcium-dependent protein king§43PKs) and calcineurin B-like protein
(CBL)-interacting protein kinases (CIPKs). Upon*Ghinding CBLs are able to interact with
CIPKs thereby regulating their activity. In Arabpkis 10 CBLs are forming an interaction
network with 25 CIPKs (Batistic and Kudla, 2009DEKs contain a calmodulin consisting
of usually 4 EF-hands fused to the protein kinas@aln and thus, can be directly activated
by calcium-binding. They are unique for plants, egrealgae and some protozoa. In the
Arabidopsis genome 34 CDPKs are encoded (Hrabak, €003).
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1.4. Protein phosphorylation in chloroplasts

Protein phosphorylation by protein kinases is a k®chanism to transduce signals within a
cell and to regulate processes according to enwviemtal changes. The chloroplast is
integrated into the cellular signaling network hesm photosynthesis as well as all other
metabolic processes clearly require tight regutaind coordination with the metabolic state
of the whole plant.

Historically, the first reports of protein phosphation within chloroplasts date back to the
1970s when phosphorylation of light-harvesting ctamgLHC) proteins was demonstrated
(Bennett, 1977). In contrast, stromal protein plhasplation was first reported in 1983, when
pyruvate, orthophosphate dikinase was shown tonbetivated by phosphorylation iea
mayschloroplasts (Ashton and Hatch, 1983). But soofaly a handful chloroplast-localized
protein kinases have been reported in the litegatur

The most thoroughly described examples are thee'stansition” kinases STN7 and STNS,
which were first discovered in a genetic scree@litamydomonas reinhardtibut homologs
exist in all higher plants (Rochaix, 2007). Theg &calized within the thylakoid membrane
and are involved in the photosynthetic acclimatiomder changing light conditions by
phosphorylation of LHC proteins (Bonardi et al. 08D The three protein kinases TAK1,
TAK2 and TAK3 have also been suggested to locatizéhylakoids (Snyders and Kohorn,
1999). The chloroplast subunit of casein kinase Il (CKII) was first idéied in mustard, and
the Arabidopsis homolog has been shown to be gbllastlocalized as well (Ogrzewalla et
al., 2002; Salinas et al., 2006). This protein &nas associated with the plastidiar RNA
polymerase and phosphorylates parts of the traugmn machinery and RNA-binding
proteins. Recently, the chloroplast sensor kinaS& @as described. It is a prokaryotic-like
two-component histidine kinase, which couples pbytthesis to chloroplast gene expression
via a redox regulatory system (Puthiyaveetil et 2008). Furthermore, four members of the
ABC1 family of protein kinases have been identifigd chloroplast proteomic studies,
whereas three of them were found exclusively irstoigiobules (Vidi et al., 2006; Ytterberg
et al., 2006; Zybailov et al., 2008). In additianthe protein kinase domain, they contain an
ABC1 domain, which was first discovered in the yeABC1 protein that is targeted to
mitochondria and involved in the regulation of @nivity of the bcl complex (Bousquet et
al., 1991). In Arabidopsis the ABC1 protein kinasge supposed to be involved in the
regulation of quinone synthesis, but their locdi@a has not been verified yet. Further
reports of chloroplast protein kinases from othegaaisms include MSK4 fronvMedicago

sativa and NtDSK1 fromNicotiana tabacum MSK4 was reported to localize to starch
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granules and to be involved in the regulation abohydrate metabolism in response to salt
stress (Kempa et al.,, 2007). NtDSK1 is a dual-$p#yi protein kinase and since its
expression is regulated in response to light, guggested to have a role in chloroplast light
signaling (Cho et al., 2001). Furthermore, studheBisum sativunprovided evidences for the
presence of protein kinases in the outer enveldpehtoroplasts but envelope-localized
protein kinases are beyond the scope of this PeBIgl{Soll, 1988; Soll et al., 1988).

The importance of phosphorylation in chloroplastsaswrevealed by a recent
phosphoproteomic study in Arabidopsis (Reiland &f 2009). In total 353 unique
phosphosites were identified in 174 high-confidemtdoroplast proteins including LHC
proteins, proteins involved in RNA binding and aaripdrate metabolism, photosystem core
subunits and STN7. The phosphorylation site distiiim for serine, threonine and tyrosine

residues was 72%, 27% and 1%, respectively.

1.5. Myristoylation and palmitoylation

The correct subcellular localization of proteinscisicial for their physiological function
(Scott et al., 2005). Generally, proteins can bgeti@d to soluble compartments of the cell
such as the cytoplasm, the mitochondrial matrixthar chloroplast stroma or they can be
targeted to cellular membranes such as the plasemabmane or the ER. It is estimated that
~30% of all cellular proteins are targeted to meambs (Kleinschmidt, 2003).

Membrane attachment of proteins can be achievetiydeophobic transmembrane domains,
electrostatic interaction with membrane componanmtdipid modifications (Batistic et al.,
2008). The two major mechanisms of lipid modifioatiare acylation and prenylation.
Prenylation is the covalent attachment of a farhesygeranylgeranyl moiety to a cysteine
residue within a consensus motif located at theer@vhus of target proteins (Zhang and
Casey, 1996).

The two major forms of acylation, which is knowndfiect numerous proteins involved in
signal transduction, are myristoylation and palylatbon (Towler et al., 1988; Taniguchi,
1999). N-myristoylation is the irreversible, coftséational attachment of myristic acid
(C14:0) to an N-terminal glycine that is requirdgasition 2 of a protein. During translation,
following removal of the N-terminal methionine rdse by a methionylaminopeptidase,
myristic acid is linked to the glycine on positich via an amide bond by a N-
myristoyltransferase (NMT)(Farazi et al., 2001). Wk&cognizes a certain consensus motif —
in many cases MGXXX(S/T) — which can be predictgdsaéarious programs (Maurer-Stroh et

al., 2002; Bologna et al., 2004; Podell and Gribsk004; Sorek et al., 2009). In contrast,
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palmitoylation is the post-translational attachmehpalmitic acid (C16:0) to N-terminal or
internal cysteine residues of proteins via a rabbrshioester bond catalyzed by a protein
palmitoyltransferase (PPT). PPTs are much liketaled at membranes but the mechanism of
their action is still unclear (Yalovsky et al., 299VNeber, 2006). Internal palmitoylation of
proteins is myristoylation-independent, whereas Wistoylation is a prerequisite for N-
terminal palmitoylation in most cases. Furthermgralmitoylation is not restricted to the
presence of a specific consensus motif (Sorek ,€2@09).

Myristoylation facilitates only reversible membrabmding of proteins because the energy
provided by myristate-lipid interaction is too Ider stable membrane attachment (Peitzsch
and McLaughlin, 1993). In contrast, palmitoylatios suggested to mediate a stable
membrane anchoring, which corresponds to the feadt palmitoylated proteins are almost
exclusively found in membrane preparations wheregsstoylated proteins are also present
in soluble protein extracts (Towler et al., 1988aniguchi, 1999). Stable membrane
attachment of myristoylated proteins can only bieieaed by additional factors that support
membrane binding such as palmitoylation, interaictb a polybasic amino acid stretch with
acidic phospholipids or interaction with a membrametein (Murray et al., 1997; Weber,
2006).

Acylation of proteins can influence their membraagmgeting, their structure and activity or
their interaction with other proteins (Beven et @001). The physiological relevance of N-
myristoylation has already been demonstrated famge in the case of the Arabidopsis
proteins SOS3 (salt overly sensitive) and CBL1.

During salt stress the plasma membrané/Maexchanger SOS1 is regulated in a calcium-
dependent manner via the joint action of SOS3 (& PBtein) and SOS2 (a CIPK protein). It
was shown that in salt-hypersensita@s3-1mutant plants SOS1 activity was impaired. This
could only be complemented by expression of wilgetysOS3 but not SOS3G2A, which has
the glycine on position 2 exchanged for alanine and consequence cannot be myristoylated
anymore (Ishitani et al., 2000; Qiu et al., 2003)milarly to SOS3, mutation of the
calcineurin B-like protein CBL1 results in a sadiasitive phenotype. Again, only wild-type
CBL1 but not CBL1G2A was able to partially complarh¢he defect of thebll mutant.
Furthermore, CBL1C3S, which has the cysteine ortipas3 exchanged for serine resulting
in prevention of palmitoylation, was not able tomq@ement the salt-sensitive phenotype.
This indicated an influence of palmitoylation aslivea the physiological function of CBL1
(Batistic et al., 2008).
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1.6. Detailed objectives of this thesis

1) Identification of novel chloroplast-localized protéinases in higher plants by
- acandidate approach
- a phylogenetic approach
- aproteomic approach
2) Localization analysis of selected proteins ideatifivia the phylogenetic and the
proteomic approach
3) Comparison of the chloroplast stromal proteomePRistim sativumand Arabidopsis
thaliana
4) Investigation of the effects of N-terminal acylajonamely myristoylation and

palmitoylation, on the chloroplast import compe€ selected proteins
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2. Material and Methods

2.1. Used clones and vectors

cDNA clones

b5Rsol in vector pGEM3; obtained from Sara Colombo (Ing&t of
Neuroscience, University of Milan, Italy); usedamtrol for SRP assay

b5RWT in vector pGEMS; obtained from Sara Colomhbeed as control for
SRP assay

DQ446901 Full-length cDNA clone for At4g36070 (CPK18) from BRC
(http://www.arabidopsis.org/abrc/)

MsMSK4 Full-length cDNA clone obtained from WilfdeRozhon

RAFL21-73-A21 Full-length cDNA clone for At3g5781QOTL) from Riken
BioResourceCenter (Seki et al., 1998; Seki et28l02; Sakurai et al.,
2005)

Plant organelle markers

All marker clones were created by Nelson and cokenxs (Nelson et al., 2007) and obtained
from ABRC (http://www.arabidopsis.org/abrc/). Thagnmediately could be used for

agrobacterium-mediated transfection of tobaccodpatermal cells.

ER clone CD3-959;ER marker gene fused to the fluorescent protein
mCherry (Shaner et al., 2004)

mitochondrion clone CD3-991; mitochondrial marker gene fused @herry

peroxisome clone CD3-983; peroxisomal marker gene fused to en@h
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Used vectors

pBAT pBluescript derivategarries rabbit myoglobin leader sequence; used for

in vitro translation of proteins (Annweiler et al., 1991)

pBIN-Basta pBIN19 derivate (Bevan, 1984); planh&aycin resistance marker
exchanged with BASTA resistance marker and one Agxtfiction site

deleted by Norbert Mehlimer; binary plant transfatioravector

pCR-Blunt Invitrogen (Paisley, UK); used as a @rwector for the cloning of
PCR products

pGEM3 Promega (Madison, WI, USA); used for SRRgass

pGEX4T-3 GE Healthcare (Chalfont St. Giles, Endlamised for GST (glutathione

S-transferase)-mediated protein purification

2.2. Bacteria strains

Escherichia coli (E.coli)

(bacterial cultures were grown at 37°C under vigsrshaking)

strain DH. F— ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17 (rK-,
mK+) phoA supE44~— thi-1 gyrA96 relAl

strain ER2566 from NEB (Ipswich, MA, USA); FB— fhuA2 [lon] ompT lacZ::T7
genel gal sulA1A(mcrC-mrr)114::1S10 R(mcr-73::miniTn10-TetS)2
R(zgb-210::Tn10 )(TetS) endAl [dcm]

Agrobacterium tumefaciens

(bacterial cultures were grown at 30°C under vigsrshaking)

strain AGL1 is a derivate of AGLOrecA::bla pTiBo542AT Mop* CH? (Lazo et al.,

1991)
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2.3. Plant material

Arabidopsisthaliana

Col-0 ecotype Columbia

SALK 047737 T-DNA insertion line for AT5G16810 (Aleo et al., 2003)

Nicotiana tabacum

cv. Petite Havana SR1

Pisum sativum

cv. Arvika ZS (BSV-Bayrische Futtersaatbau Gmblhdsing, Germany)

2.4. Radiolabeled chemicals

ATP-[y-*?P]: 6000Ci/mmol; 10mCi/m{PerkinElmer, Waltham, MA, USA)

L-methionine-[**S]: 1175Ci/mmol; 10.2mCi/ml (PerkinElmer, Waltham, MASA)

Myristic acid-[9, 10-*H]: 60Ci/mmol; 1mCi/ml (ARC, St. Louis, MO, USA)

2.5. Antibody

a-FSBA from mouse; purchased from Santa Cruz Biotechnol@pnta Cruz, CA,
USA); used for immunoprecipitation

2.6. Media

(all media were prepared with deionized water artd@daved for 20min at 120°C)

Lysogeny broth (LB) medium

For 1 litre: 5g Yeast extract; 10g tryptone; 5g Nafptionally add 3% Bacto Agar for plates
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LB+AMP medium
Add 1ml of 1000x ampicillin stock (100mg/ml in 508thanol; stored at -20°C) to 1l LB after
autoclaving; optionally add 3% Bacto Agar for piate

LB+KAN medium
Add 1ml of 1000x kanamycin stock (50mg/ml; stored20°C) to 1l LB after autoclaving;

optionally add 3% Bacto Agar for plates

15 Murashige-Skoog (MS) medium for plates

For 1 litre: 2.2g Murashige & Skoog medium (Ducheftaarlem, Netherlands); 7g Plant
Agar (Duchefa, Haarlem, Netherlands); 10g saccleamdjust pH to 5.8 with 0.1M KOH

2.7. Buffers/Solutions

(for liquids: % in v/v; for solid substances: %wiv; all buffers/solutions were stored at RT

unless otherwise noted; buffers and solutionsisted alphabetically)

ATP buffer
Buffer S200-A + 100mM NacCl; 0.05% NP-40

Coomassie staining solution

for 1 litre: 2.5g Coomassie Brilliant Blue R-25®% isopropanol; 10% acetic acid

Coomassie destaining solution

10% isopropanol; 10% acetic acid

DNA loading buffer
for 100ml: 250mg bromophenol blue; 250mg xylenenoya50mM Tris-HCI (pH 7.6); 60%
glycerol ; prior to use mix 300ul of loading buffeith 700ul of ddHO

DNA Quick-Prep buffer 1
25mM Tris; 10mM NgEDTA,; adjust pH to 8 with HCI; 250ug/ml RNase Apis at 4°C

DNA Quick-Prep buffer 2
0.2M NaOH; 1% SDS
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DNA Quick-Prep buffer 3
5M KCH;COO:; 11.5% CHCOOH

GE buffer
10mM reduced glutathione; 50mM Tris-HCI (pH 8);rstat -20°C

Genomic DNA extraction buffer
200mM Tris-HCI (pH 7.5); 250mM NaCl; 0.5% SDS; 25niNDTA (pH 8)

GST buffer
50mM Tris; 20mM MgS@, 5mM EDTA,; pH to 8 with HCI; add 2mM DTT prior tase

10x HMS buffer
3.3M sorbitol; 500mM HEPES-KOH (pH 7.6); 30mM Mg$0

HOMO buffer
450mM sorbitol; 20mM Tricine-KOH (pH 8.4); 10mM EBT 5mM NaHCQ; 0.1% BSA,;
add 10mM isoascorbate and 1mM reduced glutathioone fo use; readjust pH to 8.4 (KOH)

IP buffer
50mM Tris-HCI (pH 7.5)50mM NacCl; 10mM Mg

IP-W buffer
50mM Tris-HCI (pH 7.5); 250mM NaCl; 0.1% NP-40; 8% deoxycholic acid

5x kinase buffer
100mM HEPES; 75mM MgG] 1mM DTT; pH 7.5 with KOH; store at -20°C

4x Laemmli buffer (for SDS-PAGE)

0.25 M Tris-HCI (pH 6.8); 8% SDS; 40% glycerinef% pB-Mercaptoethanol; 0.016%
bromophenol blue

MQ-A

20mM Tris-HCI (pH 7.8 or 8); filter buffer through0.22um membrane and degas
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MQ-B
20mM Tris-HCI (pH 7.8 or 8); 1M NacCl; filter bufféarough a 0.22um membrane and degas

MS-A

20mM MES-NaOH (pH 6); filter buffer through a 0.28membrane and degas

MS-B

20mM MES-NaOH (pH 6); 1M NacCl; filter buffer throbg 0.22um membrane and degas

40% Percoll
330mM sorbitol; 50mM HEPES-KOH (pH 7.6); 40% Pelcslore at -20°C

80% Percaoll
330mM sorbitol; 50mM HEPES-KOH (pH 7.6); 80% Pelcslore at -20°C

P-1ISO
330mM sorbitol; 20mM MOPS; 13mM Tris; 0.1% BSA; 3nyCl,; store at 4°C (<1 week)

PS-A buffer
50mM sodium phosphate buffer (pH 7; prepared adogrob Lab FAQS from Roche Applied

Sciences); filter buffer through a 0.22um membramé degas

PS-B buffer
PS-A buffer + 1.5M (NH).SQ;; filter buffer through a 0.22um membrane and degas

PurB buffer
Buffer S200-A + 350mM NacCl; 0.5% Triton X-100

P-WASH |
330mM sorbitol; 50mM HEPES-KOH (pH 7.6); 3mM Mg{store at -20°C

P-WASH I
330mM sorbitol; 50mM HEPES-KOH (pH 7.6); 0.5mM CgGtore at -20°C
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P-WASH I
330mM sorbitol; 50mM HEPES-KOH (pH 7.6); 5mM EDTétpre at -20°C

2x RB buffer
600mM sorbitol; 40mM Tricine-KOH (pH 7.6); 10mM M@&¢5mM EDTA,; store at 4°C (<1

week)

RNA extraction buffer
1% SDS; 10mM EDTA; 200mM NaGi@OO; pH 5.2

S200-A buffer
50mM Tris-HCI (pH 7.8); 50mM NaCl; 10mM Mggl filter buffer through a 0.22pum

membrane and degas

SDS-running buffer
25mM Tris; 250mM glycine; 0.1% SDS

SEPP buffer
10mM Tricine-KOH (pH 8); 10mM MgGl| add 1mM DTT and 1 tablet Complete Mini
EDTA-free (Roche Applied Science, Penzberg, Germangr to use

SRP buffer
50mM Tris-CHCOOH (pH 7.5); 250mM KCBCOO; 2.5mM Mg(CHCOO); 1mM DTT

50x TAE buffer
2M Tris; 50mM NaEDTA; 5.71% glacial acetic acid; adjust pH to 8 Cl

TB buffer
10mM CacC}$; 10mM Pipes; 15mM KCI; 55mM Mngladjust pH to 6.7 with HCI (to prevent
the formation of water-insoluble MnO(OH), it is cral to adjust pH prior to the addition of

MnCl,); sterile filtrate

TBS-T
50mM Tris-HCI (pH 7.4); 150mM NaCl; add 0.1% TWEEN prior to use
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1x TE buffer
10mM Tris; 1ImM NaEDTA; adjust pH to 8 with HCI

THY buffer
25mM Tricine-KOH (pH 8); 10mM MgG| 10mM isoascorbic acid; 2mM§p-

mercaptoethanol; store at -20°C

5x THYSO buffer
125mM Tricine-KOH (pH 8); 1.0mM MgGl

2.8. RNA methods
When working with RNA always DEPC treated gd@Hand solutions prepared with DEPC

treated ddBHO were used in order to prevent degradation of RiYyARNases. Furthermore
pipette tips and reaction tubes were stored inpars¢e, clean place and only used for RNA

applications.

Total RNA isolation from Arabidopsis leaves

Leaves (~150mg) were harvested, transferred téraltube and immediately frozen in liquid
nitrogen. Two glass beads were added and samplehwrasgenized for 2x 1min using a
TissueLyser Il (QIAGEN, Hilden, Germany). Subsedlyef30ul RNA extraction buffer and
530ul phenol (pH 4; AppliChem, Darmstadt, Germangje added followed by vortexing for
30s and centrifugation for 10min at 16100g. Theeso@tant was transferred to a new 1.5ml
tube and extracted with 1 volume of PCIl (25:24:1)TRi, Karlsruhe, Germany). After
vortexing and centrifugation as before, the sugamawvas transferred to a new 1.5ml tube
and extraction was repeated with 1 volume of GHEMter centrifugation the supernatant was
transferred to a new 1.5ml tube and mixed with volume of 10M LiCl. RNA was
precipitated o/n at 4°C. The next day RNA was petleby centrifugation for 15min at
16100g and 4°C. The supernatant was decanted angetlet was washed once with 500ul
2.5M LiCl and once with 500ul 70% ethanol (cengiition as before). Finally RNA was
dried for ~15min at 45°C, resuspended in 25ul #lHand RNA concentration was

determined:
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= ODggp Of 2ul RNA in 500u! ddBED was measured
= RNA concentration was calculated using followingiala:
ODgo* 10 = pg/ul RNA

RNA was stored at -80°C.

Arabidopsis cDNA synthesis

First strand cDNA was synthesized from total RNAlased from Arabidopsis leaves using
the M-MLYV reverse transcriptase from Promega (MawljdVI, USA). 2ug RNA were mixed
with 1.5ul 100uM oligo(dT) primer, filled up to 14with ddH,O and incubated for 5min at
70°C (in order to melt secondary structures withi@ RNA molecules which would interfere
with reverse

transcription). After incubation on ice for 5mirRbul dNTP mix (10mM each), 5ul 5x buffer,
1ul M-MLV reverse transcriptase and 3.75ul d@Hwere added and cDNA synthesis was
carried out for 1h at 40°C. cDNA was stored at €0°

2.9. DNA methods

Polymerase chain reactions (PCR)

Amplification of DNA was done by common PCR. PCRkes and programs are listed below
(Tab.1+2). For cloning of DNA fragments or the oduction of mutations into genes
following polymerases with proof-reading activityere used: Phusion, Ventboth NEB,
Ipswich, MA, USA) and PfuTurbo (Stratagene, La dolCA, USA). Proof-reading ensured
that DNA amplification occurred at a high fidelity.

In case of RT-PCR, verification of agrobacteriahgghids or genomic DNA genotyping,
where only the presence or absence of specific Didgments had to be analyzed, the
polymerase GoTaq (Promega, Madison, WI, USA) lagipnoof-reading activity was used.
After amplification all PCR products were analyAzgdagarose gel electrophoresis. In case a
DNA fragment of interest was needed for furtherligggions, it was cut out of the gel and

extracted (see “DNA extraction from agarose gels”).
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Tab. 1. PCR mixes for different applications.Optionally M¢* concentration was altered to increase FCR
yield. After PCR with Phusion, Vegtbr PfuTurbo polymerase 15ul DNA loading buffer evadded and the
whole sample was analyzed by agarose gel electrepiso For PCRs with GoTaqg the Green GoTaq Reaction
Buffer was used which already includes the loadiyg and thus allowed direct loading of the sampi® @n
agarose gel. Usually 12ul were loaded. LL = Laczdilrary (Minet et al., 1992).
cDNA gen. DNA/ agrobacterial PCR .
components (PChDu,:i'gn) Ventg) RT-PCR colony PCR | mutagenesis
(Ventg (GoTaq) (GoTaq) (PfuTurbo)
pl ddH 0 X X 15.875 18.375 31.6
ul buffer 10 5 5 5 4
pl primer 5’ (10uM) 1 1 0.5 0.5 1
pl primer 3’ (10uM) 1 1 0.5 0.5 1
pl dNTPs
(10mM each; NEB) ! ! 0.5 0.5 1
1LLor 1LLor 2.5 gen. 1 colony of 1 (MIDI-
Wl DNA template 25cDNA | 25cDNA | DNA/CDNA | agrobacteria| DNA 1:30)
pl polymerase 0.5 0.2 0.125 0.125 0.4
pl MgSO, - 2 - - -
ul total 50 50 25 25 40

Comment:

Tab. 2. PCR programs for different applications.*standard annealing temperature; +/-2°C to optimize
PCR. **elongation time depending on enzyme capadityin/kb except for Phusion: 30s/kb.
gen. DNA/RT-PCR o os o PCR mut. o 0% o
(GoTaq) 95°C 52°C*| 72°C (PfuTurbo) 95°C | 53°C*| 72°C
1x 5min 2min | 3min 1x 2min | 2min | 10min
35x 45s Imin | 3min 20x 45s | 2min | 10min
1x - - 10min 1x - - 15min
cDNA (Ventg) 95°C 52°C*| 72°C cDNA (Phusion) 98°C | 54°C*| 72°C
1x 45s - - 1x 30s - -
30x 45s Imin ** 30x 10s 30s **
1x - - 10min 1x - - 10min
agrob. PCR (GoTaq) 95°C 52°C* 72°
40x 1min Imin | 3min

After PCR-mutagenesis of an entire plasmid the BP@Rluct was digested with the

restriction enzyme Dpnl which recognizes only métted sites. Since the template DNA was
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isolated fromE.coli it contained methylated nucleotides whereas thdynsynthesized PCR
product did not. Thus, Dpnl (NEB, Ipswich, MA, USApatment resulted in a template free
PCR product. 36pl of the PCR product were mixedh 8jtl ddHO, 5ul buffer and 1l Dpnl.
Digestion was carried out for 1.5h at 37°C followsd heat inactivation of the enzyme for
20min at 80°C.

DNA Quick-Preparation from E.coli

(All centrifugation steps were carried out at 164@0d RT)

For quick isolation of ~20-30ug plasmid DNA from &ncoli culture the alkaline lysis
method according to the Molecular Cloning Labonatiglanual (Sambrook et al., 1989) was
used. One colony oE.coli was inoculated in 5ml LB medium containing the rappiate
antibiotic (according to the resistance markerhef plasmid) and incubated o/n at 37°C. The
next day 2ml of the culture (in case of pBIN-Bagéztor 2x 2ml due to low copy number)
were transferred into a 2ml tube and centrifugdted?min. The supernatant was discarded
and 200ul of DNA Quick-Prep buffer 1 were added aetls resuspended. Subsequently
200ul of DNA Quick-Prep buffer 2 (necessary forigysf cells) were added and tube was
shaken gently. Then 200ul of DNA Quick-Prep bufleffor neutralization) were added and
again tube was shaken gently and left on ice foni@Q(for digestion of RNA by RNase).
After centrifugation for 4min the supernatant wassferred to a new 1.5ml tube and plasmid
DNA was precipitated by addition of 0.7-fold volund isopropanol (~420ul). After
vigorously shaking DNA was pelleted by centrifugatifor 10min and supernatant was
discarded. DNA pellet was washed with 500ul of 7@¥anol by inverting tube and
incubating for 5min at RT. After centrifugation fdmin the supernatant was decanted. After
a last centrifugation step for 2min residual ethamas removed with a pipette and the pellet
was dried for ~15min at 40°C. Finally the DNA wasuspended in 40ul 0.5x TE buffer (in
case of pBIN-Basta: 30ul). DNA was stored at -20°C.

DNA MIDI-Preparation from E.coli

To isolate ~300ug plasmid DNA from da.coli culture the JetStar 2.0 MIDI Prep Kit
(GENOMED, L6hne, Germany) was used. A o/n culturéarteria carrying the plasmid of
choice was prepared in 200ml LB plus the apprograttibiotic. The next day cells were
harvested in a 50ml tube (centrifugation for 10min3166g and 4°C) and JetStar protocol

was followed until washing of membrane with solatie5. After the second washing step the
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plasmid DNA was eluted into a 12ml tube (KABE Latieshnik, Nimbrecht-Elsenroth,
Germany) with 5ml solution E6. 5ml isopropanol wadded and DNA was precipitated for
30min at -20°C. Subsequently the DNA was pelleteatdntrifugation for 30min at 120009
and 4°C (using a SS34 rotor) and supernatant vezsudied. Pellet was resuspended in 300ul
ddH,0 and transferred to a 1.5ml tube. A 2.5-fold vadurf cold 100% ethanol (-20°C;
~750ul) was added, the tube was inverted and tbetiftigated for 10min at 16100g and RT.
The supernatant was discarded and 800ul cold 76%net (-20°C) were added. The tube
was inverted and centrifugated as before. The sapsamt was discarded and after a last
centrifugation step as before, residual ethanol weasoved with a pipette. The pellet was
dried for ~15min at 40°C and finally resuspended50ul ddHO0. Subsequently, DNA
concentration was determined and adjusted tolpg/ul:

= ODggp Of 2.5u1 DNA in 500u! ddkD was measured

= Concentration was adjusted to 1pg/pl using follgafimrmula:
ODo* 475 —47.5 = ¥yq

Volume of ddHO to add to obtain 1ug/ul

DNA was stored at -20°C.

Control plasmid DNA restriction

Plasmids obtained from DNA Quick-Preparation wewxified by restriction fragment

analysis. Suitable restriction enzymes that idealityonce within the insert and once within

the vector background were selected using |thg, 3. control restriction mixes. BSA was added
software Vector NTI (Invitrogen, Paisley, UK]).“en specified by manufacturer.
) . restriction mix | restriction mix
All enzymes were obtained from NEB (Ipswi¢hcomponents (1 enzyme) (2 enzymes)
MA, USA). Reaction mixes are listed in Tab,3ul ddH:0 X X
The DNA was digested for 1.5h at thélI buffer 2 2
) pl enzyme 1 0.2 0.2
appropriate temperature (see manufacturv[lpaenzyme > i 0.2
instruction), mixed with 5pl DNA loading (ul BSA) (0.2) (0.2)
buffer and subsequently analyzed by agarogplasmid 3 3
pl total 20 20

gel electrophoresis (~12ul were loaded).
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Preparative plasmid DNA restriction

For subcloning of DNA fragments preparative refitsit mixes were prepared (Tab.4).
Suitable restriction sites were selected using MebITI (Invitrogen, Paisley, UK) and all

used enzymes were purchased from NEB (Ipswich, V3A).

5ul plasmid DNA from a Quick- or MIDI-PreparatiornTab 4. Preparative DNA restriction

were digested for 1.5h at the appropriate tempexgtixes. BSA was added when specified
by manufacturer.

ul ddH,0 X
loading buffer and subsequently analyzed by agageke pl buffer

(see manufacturer’s instruction), mixed with 15 NA

electrophoresis (reaction mix was completely loadebenzyme 1 0.5
- ! 2 0.5
onto gel). Subsequently the fragment of interet wa It enzyme
(LI BSA) (0.5)
out of the gel and the DNA was extracted (see “DNA asmid c
extraction from agarose gels”). pl total 50

Comment:

In case a restriction enzyme had to be used tlsaspresent within a fragment of interest, a
partial restriction digest was carried out. Therefonly 0.2ul of the respective enzyme were
used and the digestion was carried out for onlYihih.

DNA extraction from agarose gels

A fragment of interest was cut out from an agageleand extracted using the Wizard SV Gel
and PCR Clean-Up System from Promega (Madison,M8K). The protocol was followed
and the DNA finally eluted in 40ul dgB. Successful extraction was controlled by agarose
gel electrophoresis (B of eluted DNA + 3l DNA loading buffer were loaded) and in case
the DNA concentration was too low the DNA was conied by evaporation using a

SpeedVac.

Ligation of DNA fragments

PCR fragments (Ventand Phusion polymerase) were ligated into theiaramector pCR-

Blunt using the Zero Blunt PCR Cloning Kit (Invigen, Paisley, UK).

Ligations for subcloning of cut DNA fragments wetene using the T4 ligase from NEB

(Ipswich, MA, USA). First a vector background fragmt and an insert were digested with the

same restriction enzyme(s) to obtain compatible serftPreparative plasmid DNA

restriction”). Subsequently the two fragments wégated to obtain a single, functional
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plasmid (see Tab.5 for ligation mix). The amountimdert and| Tap. 5. DNA ligation mix.

vector fragment used was estimated by agaroselegtaphoresis pl vector 051
and usually a ~5-fold excess of insert was employié ligation | H nSert X
i i . ul buffer 1
was carried out for 20min at RT and then the reactnix was :
ul ligase 0.2
directly used for transformation of competéntolis ul ddH,0 X
pl total 10

Comment:

In case two fragments with one compatible and acempatible end had to be ligated, this
was done in combination with a Klenow treatmeningsihne DNA Polymerase | Klenow
Fragment (NEB, Ipswich, MA, USA). Following a norhigation, 0.1l dNTPs (10mM
each) and 0.2ul Klenow fragment were added to ¢aetion mix, which was then incubated
for 55min at RT. This resulted in the formationkdfint ends from the incompatible sticky
ends, which subsequently were ligated. Finally thaction mix was transformed into

competenk.colis

Agarose gel electrophoresis

DNA samples were analyzed by agarose gel electreglso According to the size of the
analyzed DNA molecules gels varying between 0.8%-&jarose in 1XTAE were used.
Staining was done with ethidium bromide (5mg/mlj pgr 100ml gel) and the size marker

GeneRuler 1kb Plus DNA Ladder (Fermentas, BurlingoN, Canada) was used for all gels.

DNA sequencing

Sequencing reactions were done using the Econonmy S@uvice of Microsynth (Balgach,
Switzerland). Per sequencing reaction ~0.8ug of DNAOuI ddH0 were used. Sequencing
primers M13 and M13r were used for genes in pCRiBlector.

Cloning of genes

All genes of interest were amplified by PCR fromNoR Primers specific for full-length
coding sequences were used except for genes bibgar ~2200bp due to experimental
handling constraints. In such cases N-terminalspafrthe respective genes of usually ~500bp

were amplified instead.
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The 5’-primer always contained an Apal site wheteas3’-primer contained a Notl site. This
allowed subcloning into different target vectorattpreviously were optimized for Apal-Notl
cloning. Furthermore the Notl site replaced thepstodon in order to allow subcloning in
frame with C-terminal YFP which was already presenthe vector pBIN-Basta. In pBIN-
Basta the stop codon is localized immediately dfierYFP coding sequence and the vectors
pBAT and pGEX4T-3 contain a stop codon downstreathecloning site.

Agarose gel-extracted PCR products were ligated mER-Blunt (“Ligation of DNA
fragments”). After DNA Quick-Preparation and suafakcontrol restriction, the constructs
were sent for DNA sequencing. Only if a sequencse @manpletely correct or contained only
minor mutations (ones that do not alter the encaaeitho acid or do not change the chemical
property: e.g. glycine to alanine), a gene of gémwas cut out of pCRBIlunt and subcloned
(“Preparative plasmid DNA restriction” and “Ligatioof DNA fragments”). All constructs
were verified by control restriction analysis, ®digd to DNA MIDI-Preparation, and stored
at -20°C.

Genomic DNA isolation from Arabidopsis leaves

Leaves (~150mg) were harvested, transferred térallube and immediately frozen in liquid
nitrogen. Two glass beads were added and the sam@sldnomogenized for 2x 1min using a
TissueLyser Il (QIAGEN, Hilden, Germany). After ¢gfugation for 5min at 16000g and RT
the supernatant was transferred to a new reaatio&® and mixed with 1vol of isopropanol.
The tube was briefly vortexed, incubated for 10rainRT (to precipitate the DNA) and
centrifugated for 5min at 16000g and RT. The sugtamt was decanted and the pellet was
washed with 300ul of 70% ethanol. After centrifugatas before the supernatant was
completely removed with a pipette and the pelles waed for ~10min at 42°C. Finally, the
pellet was resuspended in 50ul of 0.5x TE andube tvas gently shaken at 65°C for 10min.
The isolated genomic DNA was stored at -20°C. FORRhe DNA was thawed, spun down

and only the supernatant was used.
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2.10.Protein methods

Recombinant GST-fusion protein expression in and pufication from E.coli

For recombinant protein expression the gene ofastevas C-terminally fused to glutathione
S-transferase (GST) by cloning into the vector p@IE>8. The plasmid then was transformed
into theE.coli strain ER2566 which is optimal for protein express

Either 1 bacterial colony or an aliquot &.colis carrying the plasmid of choice was
inoculated in 30ml LB+AMP medium and incubated atr87°C. The next day the cells were
diluted to an Olgy of ~0.1 in a volume of 300ml LB+AMP medium and groat 37°C to a
ODgoo of ~0.8. Subsequently, the culture was supplied with ImMGP{ induce protein
expression, which was carried out for 4h at 30°@({do addition of IPTG 100u! uninduced
and after 4h of protein expression 100ul inducedpda were taken; after centrifugation for
2min at 16100g and removal of the supernatantcéiiepellets were resuspended in 30ul 2x
Laemmli buffer).The cells were harvested in a GS-3 tube by ceggifon for 10min at
15199 and 4°C (from now on all steps were carrigidab 4°C). The pellet was resuspended in
10ml GST buffer and transferred to a 50ml tubeeA&entrifugation as before the cells were
resuspended in another 10ml of GST buffer and lrdlyesonification (4x 30s with 30s break
in between; 100%-continous intensity). Immediatafier disruption 1% Triton-X 100 was
added and the lysate was transferred to a 12ml @édlédebris was pelleted by centrifugation
for 30min at 12000g and 4°C using a SS-34 rotor thedsupernatant was transferred to a
15ml Greiner tube.

In the meantime Glutathione SephardsdB (GE Healthcare, Chalfont St. Giles, England)
was prepared (always cut tips were used): 100utestispended sepharose slurry was
transferred to a 1.5ml tube. After centrifugatiafi ¢entrifugation steps were carried out for
5min at 200g and 4°C) and removal of the supernatia@ sepharose was washed with 750ul
GST buffer. Centrifugation was repeated, the suggamt discarded and the sepharose
resuspended in 75ul GST buffer.

The bacterial lysate was mixed with the preparguhaese and incubated for 1h at 4°C on a
spinning wheel. After centrifugation and removalsoifpernatant the sepharose was washed
twice with 5ml GST buffer. The sepharose was resnded in 300ul GE buffer and
incubated for 1h at 4°C on a spinning wheel toeehdund proteins. After centrifugation the
eluate was transferred to a new 1.5ml tube andoelwtas repeated twice (10ul sample of
each eluate were taken and mixed with 5ul 4x Laerutifer). Purified recombinant proteins
were stored at -20°C.
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All samples (uninduced, induced and eluates) weatyaed by SDS-PAGE. After heating for
5min at 95°C and centrifugation for 5min at 16100w samples were analyzed by SDS-
PAGE (5ul of the uninduced as well as the indu@dde and all of the eluate samples were
loaded onto the gel).

SDS-PAGE (polyacrylamide gel electrophoresis)

Protein molecular weight determination was dongdlyelectrophoresis using a high-molarity
Tris buffer system without urea (Fling and Gregarsi®86). The Mini-PROTEAN Il system
from Bio-Rad (Hercules, CA, USA) was used to cast ain gels.

For the analysis of protein samples gels congjstina stacking gel and a 12% separating
(resolving) gel were used. They were run at 20miAdgel samples migrated into separating
gel, then the gels were further run at 40mA/gelalincases the molecular weight marker
PageRule!™ Plus Prestained Protein Ladder (Fermentas, BuoingON, Canada) was used.
Proteins were detected by Coomassie staining (geése soaked in Coomassie
staining/destaining solution while gentle shakirignally gels were dried using a Slab Gel

Dryer.

In vitro protein kinase assay

Protein kinase activity of samples was determingdnloubation with radioactively labeled

ATP-y-**P (reaction mixes are listed in Tab.6+7). The kéngsactions were carried out for

Tab. 6. In vitro protein kinase assay reaction mixestSubstrates refers to kinase assays of samples from
crude stroma in the presence of general proteiaskirsubstrates. The substrates used were castamehill-
S, MBP and phosvitin (1-2ug/ul each). *CagCl, concentrations varied between 0.5-250mM. **The
general protein kinase inhibitors Purvalanol B @ursorafenib, staurosporine and sunitinib wereduse
concentrations of 8uM-8mM (in DMSO).
S200/S75/ATP/PurB/| Ca*/Mg?'/ i, . NDPK2/ "
components FSBA/solubilization EGTA Inhibitors | cKin3 GST Substrates
pl 5x kinase buffer 4 4 4 4 4 4
pl sample 15.9 15.3 13.3 1 15.9/1 14.9
ul ATP-y-3%P 0.1 0.1 0.2 0.1 0.1 0.1
pl 500mM EGTA - 0.2 - - - -
pl CaCl,/MgCl ,** - 0.4 - - - -
pl inhibitor*** - - 2.5 2.5 - -
pl substrate - - - 1 - 1
pl ddH,0 - - - 11.4 0/14.9 -
pl total 20 20 20 20 20 20
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20min at RT. Subsequently 8ul 4x I‘aemrmf'ab. 7.1n vitro protein kinase assays for cKin18
buffer were added to each reaction mix and BET)'O“’p'aSt stroma and thylakoids were already
ebuffered to 1x kinase buffer prior to assays.
were directly loaded onto a 12% SDS gel. Tte ,
components stroma thylakoids
gel was run and after Coomassig sy kinase buffer 2 1
staining/destaining and drying of the gel, the thylakoids - 15
incorporation of v-3P into proteins wagH! S'0M3 10
vzed _ hosoh ul ATP-y-3%P 0.1 0.1
analyzed using a Storage Phosphor SCIUH ey o3 O/L/2.5/
(dried gel was put on screen o/n) and a TyphpgrydH,o X X
Trio Imager (GE Healthcare, Chalfont St. Gilegy total 20 20

England).

Comment on FSBA kinase assays:

Prior to the kinase reaction a sample was incubatdedFSBA (in DMSO; end concentration
1mM or 2mM) for 2h30min at 37°C. Subsequently 158fthe reaction mix were used for
thein vitro protein kinase assay (see table above). DTT watteahfrom the kinase buffer

because it would have reacted with FSBA.

Protein precipitation by trichloroacetic acid (TCA)

A protein containing sample was mixed with ¥ voluaies0% TCA and vortexed for 10s.
Precipitation was carried out on ice for 20min. S&duently the sample was centrifugated for
10min at 16100g and RT. The supernatant was detant 6001l 100% acetone was added.
After vortexing for 10s the sample was centrifugates before. The supernatant was
discarded and after another centrifugation ste@®@fom at 16100g and RT, residual acetone
was removed with a pipette and the pellet was dieed-15min at 40°C. Finally the pellet
was resuspended in 30ul 2x Laemmli buffer and seaaf yellow coloring (due to residual
TCA in sample) 0.1ul 5M NaOH was added. After hsgtifor 5min at 95°C and
centrifugation for 5min at 16100g and RT, the sawphs analyzed by SDS-PAGE.

ATP/Purvalanol B affinity chromatography

Ciolinked Aminophenyl-ATP-Sepharose was purchasednfrdena Bioscience (Jena,
Germany). Preparation of Purvalanol B (PurB) affinbepharose was done according to
Daub (Wissing et al., 2007). Affinity sepharosesravpoured into disposable polystyrene
columns (Thermo Scientific, Waltham, MA, USA). Caias were run by gravity flow at RT.
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PurB column: Column (500ul of slurry) was equilife with 10 column volumes (CV) of
PurB buffer. Pooled S200 eluate from pea (~1.5nogepm) was adjusted to PurB buffer and
then the sample was applied to the column. Subsdguslumn was washed with 20CV of
PurB buffer and bound proteins were eluted with 68£9.5% SDS.

ATP column: Column (500ul of slurry) was equili@dtwith 10CV of ATP buffer. Pooled
S200 eluate from pea or Arabidopsis (1.5mg or O0.@nagein, respectively) was adjusted to
ATP buffer and then the sample was applied to thlanen. Subsequently the column was
washed with 20CV ATP buffer and bound proteins weuted with 6CV 0.5% SDS.

All fractions were collected and subsequently gigaied with TCA. All samples were
analyzed by 12% SDS-PAGE. Proteins were visuallaedCoomassie staining, bands were

excised and subjected to mass spectrometry.

Protein sample preparation for mass spectrometry (N5)

(all working steps were done on a clean sterilechbgall used equipment had to be as clean as
possible)

Coomassie or silver stained SDS-PAGE gel bands wseel for nano-electrospray liquid
chromatography (LC)-MS/MS investigations (silveaising was done according to Blum
(Blum et al., 1987) but using formaldehyd inste&dlotaraldehyd). A gel band was chopped,
transferred to a 600ul tube (genXpress, Wiener Npdustria) and washed 3x 10min with
200ul ddHO (incubated on a thermomixer at 800rpm). In cdse@oomassie stained band it
was destained with a mixture of 160p| acetonitf@&romasol¥; Sigma-Aldrich, St. Louis,
MO, USA) and 200ul freshly prepared 50mM MHCO; (Sigma-Aldrich, St. Louis, MO,
USA) by briefly vortexing followed by incubation anthermomixer for 15min at 800rpm. If
gel pieces were not completely destained the legt was repeated with fresh solutions.
Subsequently the supernatant was discarded andl| l&®ionitrile were added. After
incubation on a thermomixer for 5min at 800rpm shpernatant was removed and gel pieces
were air-dried. The proteins then were reduceddujtian of 200l freshly prepared 10mM
DTT (Roche Applied Science, Penzberg, Germany) dmM NH;HCO;. Incubation was
carried out on a thermomixer for 30min at 800rpnd &6°C. Then the supernatant was
removed followed by addition of 160ul acetonit@ded incubation on thermomixer for 5min.
Acetonitrile was discarded and 100ul freshly predadOmg/ml iodoacetamide (Sigma-
Aldrich, St. Louis, MO, USA) in 50mM NEHCO; were added. Alkylation was carried out
for 20min in the dark. Subsequently iodoacetamids removed and gel pieces were washed

3x for 10min with 200ul 50mM NEHCO; (incubation on thermomixer). Then ammonium
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bicarbonate was discarded, 200ul acetonitrile wadsled and after incubation on
thermomixer for 5min the gel pieces were air-daggin. Trypsin (proteomics grade; Roche
Applied Science, Penzberg, Germany) was used dsgs® (1pg was resuspended in 4ul
1mM HCI and stored at -80°C). Prior to use 196uhB0NH;HCO; were added. Dried gel
pieces were soaked in trypsin solution (40ul/sajnfde 10min at 4°C. Finally the solution
was removed, the gel pieces were covered with 50atMHCO; and digestion was carried
out o/n at 37°C. The next day the protease readtias stopped by addition of 4ul 10%
HCOOH. The peptides were extracted by mixing irragibnic bath (cooled with ice) for
10min. After brief centrifugation the supernatanaswtransferred to a 200ul tube and
extraction was repeated twice with 20u1 5% HCOOHe Supernatants were pooled and after
centrifugation for 90s at 200009 transferred tew 200u| tube. Subsequently peptides were
subjected to LC-MS/MS analysis.

Liquid chromatography (LC)-MS/MS analysis of protein samples

The HPLC used was an UltiMate™ system (Dionex Capon, Sunnyvale, CA, USA)
equipped with a PepMap C18 purification column (3@0x 5mm) and a 75um x 150mm
analytical column of the same material. 0.1% TFAdmo Scientific, Waltham, MA, USA)
was used on the Switchos module for the bindinghef peptides and a linear gradient of
acetonitrile (Chromasol; Sigma-Aldrich, St. Louis, MO, USA) and 0.1% foeméacid in
water was used for the elution. LC-MS/MS analysasvearried out with the UltiMate™
system interfaced to an LTQ (Thermo Scientific, iWam, MA, USA) linear ion trap mass
spectrometer. The nanospray source of Proxeon @@d&enmark) was used with the distal
coated silica capillaries of New Objective (Wobuwi, USA). The electrospray voltage was
set to 1500V. Peptide spectra were recorded oeemtss range of m/z 450 to 1600, MS/MS
spectra were recorded in information dependent aedaisition and the default charge state
was set to 3. The mass range for MS/MS measurememscalculated according to the
masses of the parent ions. One full spectrum wasrded followed by four MS/MS spectra
for the most intense ions, automatic gain contras \@pplied and the collision energy was set
to the arbitrary value of 35. Helium was used dbston gas. The instrument was operated in
data dependent modus. Fragmented ions were setorg&clusion list for 20 seconds. Raw
spectra were interpreted by Mascot 2.2.04 (Matrtkeisce Ltd., London, England) using
Mascot Daemon 2.2.2. Peptide tolerance was set t8Dia, MS/MS tolerance was set to +/-

0.8Da. Carbamidomethylcysteine was set as statidifroation, oxidation of methionine
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residues was set as variable modification. Trypsas selected as protease and 2 missed
cleavages were allowed.

Mascot results were loaded into Scaffold (Ver. DQ11; Proteome Software Inc., Portland,
OR, USA) for a X! Tandem Search. Peptide identif@a were accepted if they could be
established at greater than 95% probability asipeédy the Peptide Prophet algorithm
(Keller et al., 2002). Protein identifications weaecepted if they could be established at
greater than 99% probability as assigned by théeelPr&rophet algorithm (Nesvizhskii et al.,
2003). Additionally at least two identified peptsdeere required. In the case of Arabidopsis
the full genome sequence from TAIR was used forckeand in the case of pea a recently

created EST database was used (Brautigam et 8B).20

In vitro protein translation/myristoylation assay

Proteins were translated from the vector pBAT ie tiresence of radioactively labeled
methionine or myristate using the TRIT3 Coupled Wheat Germ Extract System (Promega,
Madison, WI, USA). Reaction mixes are listed bel@ab.8).

1pg of plasmid DNA per reaction was dried up in®|8 tube using a SpeedVac. For a
myristoylation assay additionally 5pl of myristdté-were dried up in a separate 600ul tube.
The reaction mix was prepared in a different tukansferred to the DNA containing tube and
resuspended. In case of a myristoylation assayehetion mix was completely transferred
from the DNA containing tube to the myristate camteg tube and resuspended again. All

reaction mixes were incubated for 1h at 30°C.

Tab. 8.1n vitro protein translation/myristoylation mixes. Proteins to translate wefe
encoded on a plasmid which was dried up prior ®atdition of the reaction mix.
Myristate was also dried up in a separate tube.
components translation mix | myristoylation mix
pl wheat germ extract 6.25 6.25
pl reaction buffer 0.5 0.5
ul T3 RNA polymerase 0.25 0.25
pl amino acids — methionine (1mM each) 0.25 0.25
pl 1mM methionine - 0.25
pl methionine-**s 0.75
ul RNasin 0.25 0.25
pl ddH,O 4.25 4.75
ul total 12.5 12.5

Subsequently 2ul of a translation sample were mwétd 10ul 2x Laemmli buffer and

analyzed by SDS-PAGE. After Coomassie stainingéieistg of the gel, the incorporation of
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methionineS into proteins was analyzed using a Storage PlooS&treen (dried gel was put
on screen o/n) and a Typhoon Trio Imager (GE Healtth Chalfont St. Giles, England).

In case of a myristoylation assay 3ul sample wepeedhwith 12ul 2x Laemmli buffer and
analyzed by SDS-PAGE. After Coomassie stainingéiesty the gel was soaked for 30min
in Amplify solution (GE Healthcare, Chalfont St. €, England) while gentle shaking.
Subsequently, the gel was dried and the incorgmratif myristate®H into proteins was
analyzed by exposure to an X-ray film for ~10 days80°C. The film was developed using a
CURIX 60 processor (AGFA, Mortsel, Belgium).

In vitro signal recognition particle (SRP) assay

Proteins were translated from the vectors pBAT pGEMS3 in the presence or absence of
SRP using the TNT T3/SP6 Coupled Wheat Germ Extract System (Promdgdjson, WI,
USA; T3 polymerase for pBAT; SP6 polymerase for pM3E Therefore 0.5ug of each
plasmid DNA were dried up in a 600ul tube usingpae&diVac. The reaction mixes (Tab.9)

were prepared in a different tubg,

. Tab. 9. SRP assay reaction mix. SRP was obtained
transferred to the DNA containing tube?rom Bernhard Dobberstein (ZMBH, University of

and resuspended. Translation was car iélaidelberg, Germany}.SRP was used either crude (1pul

or 2ul) or 1:10 diluted in SRP buffer (1pl 1:10 A,

out for 20min at 30°C. After addition gf2ul 1:10 = 0.2ul). **Amount of SRP buffer was
dependent on the amount of SRP (in total 2ul).

4ul 4x Laemmli buffer to each reactign

components SRP mix
i 0,
mix 5ul were loaded onto a 12% SDS Bl wheat germ extract 3
After Coomassie staining/destaining of thgl reaction buffer 0.24
gel, the incorporation of methioniries | H T3/SP6 RNA polymerase 0.12

pul amino acids — methionine

into proteins was analyzed using a Storagémm each) 0.12
Phosphor Screen (dried gel was put [gh methionine-*S 04
i ! 0.12

screen o/n) and a Typhoon Trio Imagefasin
| I SRP* 0-2
(GE Healthcare, Chalfont St. GllesLll SRP buffer™ =
England). ol -

Gel filtration — Superdex 200 (S200)

Proteins extracted from chloroplast stroma (“Chbdast stroma extraction”) were buffer
exchanged to buffer S200-A using PD-10 Desaltinlgimoos (GE Healthcare, Chalfont St.
Giles, England) according to manufacturer’s indtams. Afterwards the protein extract was
concentrated to ~500ul using a Centriprep Centaiférgiter Unit (NMWL: 10kDa; Millipore,
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Billerica, MA, USA). After clarification by centrifgation for 10min at 16100g and 4°C the
supernatant was applied to a S200 gel filtratiolimoo (GE Healthcare, Chalfont St. Giles,
England). Size exclusion chromatography was perdron a FPLC system (GE Healthcare,
Chalfont St. Giles, England) at a flow rate of Ol®nmn (using running buffer S200-A). The
eluate was fractionated and the fractions (1.44mohgwere analyzed for their protein content
by SDS-PAGE after TCA precipitation and for protéimase activity byin vitro protein
kinase assays. All protein samples were storedG@ud4til further treatment.

Gel filtration — Superdex 75 (S75)

The fractions of interest from a S200 gel filtratioun were pooled and concentrated to
~500ul using a Centriprep Centrifugal Filter UNBMWL: 10kDa; Millipore, Billerica, MA,
USA). After clarification by centrifugation for 3miat 16100g and 4°C the supernatant was
applied to a S75 gel filtration column (GE HealtlezaChalfont St. Giles, England). Size
exclusion chromatography was performed on a FPLKesy (GE Healthcare, Chalfont St.
Giles, England) at a flow rate of 0.4ml/min (usingning buffer S200-A). The eluate was
fractionated and the fractions (0.5ml each) werayaed for their protein content by SDS-
PAGE after TCA precipitation and for protein kinasgivity byin vitro protein kinase assays.

All protein samples were stored at 4°C until furttreatment.

lon exchange chromatography — MonoQ/MonoS

Root culture protein extracts (~10mg protein/samplere buffer exchanged to MS-A (for
MonoS) or MQ-A (for MonoQ) buffer using PD-10 Detsad columns (GE Healthcare,
Chalfont St. Giles, England) according to manufeata instructions. Protein samples
obtained from size exclusion chromatography wepd kebuffer S-200A.

All samples were concentrated to ~500ul using ar@eap Centrifugal Filter Unit (NMWL.:
10kDa; Millipore, Billerica, MA, USA). After claritation by centrifugation for 10min at
16100g and 4°C, the supernatants of the samples apglied to a MonoS (cation exchange)
or MonoQ (anion exchange) column (GE Healthcarealfdht St. Giles, England). lon
exchange chromatography was performed on a FPL&my&E Healthcare, Chalfont St.
Giles, England) at a flow rate of 2ml/min. Proteimsre eluted by applying a gradient of MQ-
A and MQ-B or MS-A and MS-B buffer for the MonoQ lglonoS column, respectively. The
eluate was fractionated and the fractions (0.5nilral each) were analyzed for their protein
content by SDS-PAGE after TCA precipitation andcase of MonoQ runs also for protein
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kinase activity byin vitro protein kinase assays. All protein samples weygedtat 4°C until

further treatment.

Hydrophobic interaction chromatography — Phenyl-Suggrose

A root culture protein extract was buffer exchanged®S-B buffer using PD-10 Desalting
columns (GE Healthcare, Chalfont St. Giles, Englamatcording to manufacturer’s
instructions. Afterwards the sample was concerdrate ~500ul using a Centriprep
Centrifugal Filter Unit (NMWL: 10kDa; Millipore, Bierica, MA, USA). After clarification
by centrifugation for 10min at 16100g and 4°C tlspesnatant was applied to a Phenyl-
Superose column (GE Healthcare, Chalfont St. Gilasgland). Hydrophobic interaction
chromatography was performed on a FPLC system (@E&lthtare, Chalfont St. Giles,
England) at a flow rate of 2ml/min. A gradient o8B and PS-A buffer was applied. The
eluate was fractionated and fractions (1ml eachevemalyzed for their protein conteoy
SDS-PAGE after TCA precipitation.

FSBA immunoprecipitation

25mg dry Protein A Sepharose CL-4B beads (GE Heal#h) Chalfont St. Giles, England)
were soaked in 1ml cold IP buffer on ice for 10 raimd then centrifugated for 30s at 40009
and RT. The supernatant was removed and the segghtaken up in 1.1ml cold IP buffer +
6l a-FSBA antibody (0.2ug/ul; ~2ug antibody/100ug prgteCoupling was performed on
a spinning wheel for 2.5h at 4°C. Subsequentlybied-antibody complexes were pelleted by
centrifugation for 1min at 4000g and 4°The supernatant was decanted and the beads
resuspended in 500ul IP buffer (total volume ~65%0ul

During antibody coupling to the beads, a proteim@a was treated with FSBA. 760ul IP
buffer were mixed with 20ul BSA (1pg/upl), 5ul redoimant cKin3 (~1pg/upl), and 40pul
FSBA (in DMSO; end concentration 10uM or 100uM) amzubated for 2h30min at 37°C.
After FSBA treatment the protein sample was incetbavith 200l of prepared sepharose for
1h at 4°C on a spinning wheel. Subsequently thel-aeébody-protein complexes were
pelleted by centrifugation for 1min at 4000g an€ 4The supernatant was transferred to a
1.5ml tube and the beads were washed twice with IPnfduffer and twice with 1ml IP-W
buffer (each time incubation for 10min at 4°C ospanning wheel followed by centrifugation
as before). The beads were resuspended in 30paeminli buffer, boiled for 5min at 95°C

and after centrifugation the supernatant was aerdiyiy SDS-PAGE.
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2.11.Bacteria methods

Preparation of competentE.coli bacteria (DH50. and ER2566)

A small amount ofE.coli cells (kept in stock at -80°C) was plated on a jhBte and
incubated o/n at 37°C. The next day one colonymasulated in 20ml LB medium + 20mM
MgSO, and incubated o/n at 23°C. 2ml of the precultuerewinoculated in 300ml LB
medium + 20mM MgS@and grown o/n at 23°C to an @ of ~0.4-0.6. The cells were
transferred to 50ml tubes and incubated on icd @onin (all further steps were carried out on
ice). Cells were harvested by centrifugation fomif®at 755g and 4°C. The supernatant was
discarded and the pellets resuspended in a totameof 64ml TB buffer. Subsequently
bacteria were incubated on ice for 30min and themrifugated for 10min at 425g and 4°C.
The supernatant was removed and the cells werspesded in a total volume of 10ml TB
buffer + 7% DMSO. After incubation on ice for 1hetkompetenk.colis were aliquoted in

1.5ml tubes and immediately frozen on dry ice. Atitp were stored at —80°C.

Preparation of electro-competent agrobacteria (AGL)

A small aliquot of agrobacteria (kept in stock 8*C) was inoculated in 2ml LB medium +
rifampicin (25pg/ml) and incubated o/n at 30°C. Text day the cells were diluted 1:100 in
LB+RIF medium and again were grown o/n at 30°Crid0ds00 Of ~1-1.5. The culture was
cooled on ice, transferred to a sterile 250ml drege tube and centrifugated for 6min at
4066g and 4°C. The cell pellet was resuspendedOml Ssterile ImM Hepes (pH 7),
transferred to a 50ml tube and centrifugated fanib2at 3166g and 4°C. The supernatant was
decanted and the washing step repeated twice Witll 8mM Hepes and once with sterile
10% glycerol. Finally the competent agrobacteriaemesuspended in 4ml 10% glycerol,
aliquoted in 1.5ml tubes and immediately frozetigaid nitrogen. Aliquots were stored at -
80°C.

Transformation of E.colis by heat-shock

50ul of competenkE.colis were thawed on ice, mixed with 10ul ligation mix-€0.1pg of
isolated plasmid and incubated on ice for 20mine”A& heat-shock for 1min at 42°C the cells
were recovered by addition of 8d0LB medium and shaking for 1h at 37°C. Subseqyentl

the cells were pelleted by centrifugation for 904@&100g and the supernatant was discarded.

46



The pellet was resuspended in /@B medium and plated on a LB plate containing the

appropriate antibiotic using glass beads. The plateincubated o/n at 37°C.

Transformation of agrobacteria by electroporation

50ul of electro-competent agrobacteria were thasrecte and mixed either with 2I6DNA
from a Quick-Preparation or with @6DNA from a MIDI-Preparation in an electroporation
cuvette. Agrobacteria were electroporated at 2kMgua Gene Pulser (Bio-Rad, Hercules,
CA, USA). Immediately afterwards 500LB medium were added, the content of the cuvette
was transferred into a 1.5ml tube and agrobacteei@ recovered by shaking for 30min at
30°C. Subsequently the cells were pelleted by dagation for 90s at 16100g and the
supernatant was discarded. The pellet was resusgaend-7@l LB medium and plated on a
LB plate containing the appropriate antibiotic gsglass beads. The plate was incubated for
2-3 days at 30°C.

Preparation of E.coli and agrobacteria stocks

Bacteria were mixed with sterile 50% glycerol ifh:& ratio and stored at -80°C.

2.12.Plant methods

Agrobacterium-mediated transfection of tobacco leaépidermal cells

A gene of interest was N-terminally fused to YFP ddgning into the vector pBIN-Basta.
Subsequently the construct was transformed intmbegteria. Then one colony was
inoculated in 5ml LB+KAN medium and incubated om38°C. The next day 1ml of the
preculture was inoculated in 50ml LB+KAN medium dadher grown for 4h at 30°C. Cells
were harvested in a 50ml tube by centrifugation1famin at 3023gand RT. The pellet was
resuspended in 40ml LB medium without antibioticd asupplemented with 150uM
acetosyringone. Agrobacteria were grown for anottterat 30°C and again harvested by
centrifugation for 12min at 3023g and RT. Finalglls were taken up in ~10ml (according to
the size of the pellet) 5% sucrose and injected minctured leaves of ~6 week old tobacco
plants grown under short day conditions (8h lightyHark photoperiod at 100 — 150umof m
s': 22°C +/- 5; humidity 60% +/- 20%) using a syringithout needle. Plants were put into a

plastic bag o/n and the next day transferred injoe@nhouse. Two days after infiltration the
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subcellular localization of the YFP-fusion proteuas analyzed by confocal laser scanning

microscopy (Axioplan microscope; Zeiss, Oberkocli@ermany).

Comment:

For co-localization analyses a plant organelle miaf&.g. ER-mCherry) was transformed into
agrobacteria and a culture was raised as mentibeéate. This culture was mixed with a
culture containing a YFP-fusion protein constructai 1:1 ratio and infiltrated into tobacco
leaves. Localization analysis was done by conftas@r scanning microscopy using different
filters for mCherry and YFP.

Isolation of Pisum sativum chloroplasts

(all steps were carried out at 4°C)

Chloroplast isolation was adapted from Schleiff(8if et al., 2003). Pea seedlings were
grown for 8 to 9 days under long day conditionsh(1ight/8h dark photoperiod at ~70umol
m? st 21°C +/- 5; humidity 70 to 90%). Leaves were antl homogenized in P-ISO buffer
using a Waring blender (3 x 3s pulses: low — higlow). The homogenate was filtered
through four layers of Miracloth (Merck, Darmstadermany) into four 50ml tubes and
centrifugated for 2 min at 2800g. The pellets wesaispended in 1 ml P-WASH | buffer each
and loaded on top of 2 preformed Percoll gradi¢hgsml 40% Percoll; 7 ml 80% Percoll).
After centrifugation for 5 min at 8000g (brake “9ffusing a HB-4 swing-out rotor intact
chloroplasts were recovered from the 40%-80% ima@sp. They were transferred into two
50ml tubes, washed with ~30ml P-WASH | buffer (céagation for 2min at 2800g) and the
supernatant was decanted. In case the chloroplessts used for import assays the washing
step was repeated. The pellets were resuspende8Ooul P-WASH | buffer, pooled and
either directly used for import assays or immedyatezen in liquid nitrogen and stored at -
80°C.

Isolation of Arabidopsisthaliana chloroplasts

(all steps were carried out at 4°C)

Chloroplast isolation was adapted from Kunst (Kut998). Arabidopsis plants were grown
for ~8 weeks under short day conditions (8h lightvtlark photoperiod at 100 — 150pmaof m
s': 22°C +/- 5; humidity 60% +/- 20%). Prior to hastiag of leaves four Percoll gradients
were prepared: Per gradient 15ml Percoll (GE Heatty Chalfont St. Giles, England) were
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mixed with 15ml 2x RB buffer in SW28 centrifugatitubes and ultracentrifugated for 30min
at ~53000g in a SW28 rotor using an Optima L-8@aakntrifuge (Beckman Coulter, Brea,
CA, USA; brake “slow”) to form a continuous gradielm the meanwhile 90g of leaves were
harvested and homogenized in 500ml of HOMO buféngia Waring blender (3 pulses: low
— low — high; 2-3s each). The homogenate was didtethrough four layers of Miracloth

(Merck, Darmstadt, Germany) into one GS3 tube ardrfugated for 5 min at 1519g. The

pellet was carefully resuspended in 20ml 1xRB buffising a fine paintbrush) and loaded on
top of the four preformed Percoll gradients, 5mleach. After centrifugation for 6min at

~10700g (brake “slow”) the intact chloroplasts (wgreen band of each gradient) were
recovered and transferred into two 50ml tubes. dlleroplasts were washed with 1x RB
buffer (centrifugation for 3min at 1700g). The p#dl were resuspended in ~300ul 1x RB

buffer, pooled and immediately frozen in liquidragen and stored at -80°C.

Determination of the chlorophyll content of isolatel chloroplasts

Chlorophyll measurement was done according to Ar(amon, 1949). 5ul sample were
mixed with 5ml 80% acetone and centrifugated foir2at 3166g. The OR5ODgs3 Of the
supernatant was measured (using quartz cuvetteb)then chlorophyll concentration was

determined using following formula:

(ODg4s20.2 + ODy3*8.02)*1000 = pg/ml chlorophyll in sample
(1000.....dilution factor)

In vitro chloroplast import assay

(when handling chloroplasts always cut pipette wese used)

A protein translated from pBAT in the presence cétimpnine®*S was incubated with
isolated pea chloroplasts for 20min at RT in thekdgee Tab.10 for reaction mix).
Subsequently intact chloroplasts were re-isolatedugh a 300ul 40% Percoll cushion by
centrifugation for 5min at 4500g and RT. The Pdra@ls discarded and the pellet washed in
200ul P-WASH 1 buffer (centrifugation for 1min at30g and 4°C). The supernatant was
removed, the chloroplast pellet resuspended in PBOYWASH | buffer and split to two 1.5ml
tubes. After centrifugation for 1min at 1150g ari@€ 4he supernatants were removed and one
pellet was resuspended in 10ul 4x Laemmli buffée dther pellet was resuspended in 200ul
P-WASH Il buffer + 3ul thermolysin (3ug/ul) and pease treatment was carried out on ice

49



for 20min. The reaction was stopped by additio®.6ful 0.5M EDTA and chloroplasts were
pelleted by centrifugation for 1min at 1150g an€4The supernatant was removed and the
chloroplasts washed with 200ul P-WASH Il buffereii¢rifugation as before). The
supernatant was discarded and finally the pellet rgauspended in 10ul 4x Laemmli buffer.
All samples were heated for 3min at 95°C and sulbsetty loaded onto a 12% SDS gel. As a
control 0.2ul of the translated protein were mixeth 10ul 4x Laemmli buffer and also
loaded onto the gel. After Coomassie staining/aasig the gel was analyzed using a Storage
Phosphor Screen (dried gel was put on screen aid) a Typhoon Trio Imager (GE
Healthcare, Chalfont St. Giles, England).

Tab. 10. Premix and import reaction mix For each import reaction 24ul premix were pregarelrP for
premix was always freshly prepared. All other Solut were stored at -20°C. *Chloroplasts correspuntb
20ug chlorophyll were used. **(100ul — ul of addddoroplasts)/10 = ul of 10x HMS buffer to add; hese
chloroplasts were already resuspended in the ddstéfer.

components premix components import mix

pl 250mM methionine 4 pl premix 24

pl 250mM cysteine 4 pl ddH,0 X

pl IM NaHCOg4 1 ul chloroplasts* X

pl 1M K-gluconate 2 pl 10x HMS buffer** X

pl 20%BSA 1 ul translated protein 2-3

pul 100mM ATP 3 ul total 100

pl ddH,0 9

ul total 24

Chloroplast stroma extraction

Chloroplasts (~20mg of chlorophyll) were incubabted-1.5vol of SEPP buffer on ice for 5
min. After centrifugation for 6min at 12000g andC4the supernatant was transferred to a
50ml tube and the extraction was repeated once wbthl SEPP buffer. Stromal extracts
were pooled and kept on ice until further treatm&hte thylakoid pellet was resuspended in
~5ml THY buffer and stored at -80°C.

Thylakoid solubilization

Thylakoids (120ug chlorophyll; isolated during stra extraction of chloroplasts) were
mixed with a detergent (0.5-1.5% end concentratibr)THY SO buffer and dd#D in a total

volume of 160ul (the volume of 5x THYSO buffer wdependent on the volume of
thylakoids because they were already resuspendt# inorrect buffer; e.g. if the volume of

thylakoids was 60ul then 20ul of 5x THYSO buffedha be added). After incubation for
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30min at 4°C on a spinning wheel, the reaction mas centrifugated for 1h at 18000g and
4°C. The supernatant containing solubilized prateuas transferred into a new reaction tube
and analyzed for protein kinase activityibyitro protein kinase assays as well as for protein
content by SDS-PAGE after TCA precipitation. Thesolubilized pellet was mixed with 4x
Laemmli buffer and analyzed by SDS-PAGE.

2.13.Bioinformatic methods

Proteomic approach - Data validation

Identified proteins (always referring to AGI codesgre imported into excel for further
analyses. Redundant protein identifications weraored using Excel's Advanced filter.
Proteins were searched against PPDB (Sun et #18)20Iprot database (Kleffmann et al.,
2006), AMPDB (Heazlewood et al., 2004) and Arapgiiegumann et al., 2004). All proteins
not found in any of the above-mentioned databaserse wnanually inspected regarding
experimental verification of subcellular localizati by searching in publications found in
TAIR AGI entry (www.arabidopsis.org) or ENTREZ selar engine

(http://www.ncbi.nlm.nih.gov/sites/gquery). Furtheare identified proteins were individually
analyzed for nucleotide binding features using TAdRnotation (www.arabidopsis.org),
Expasy — Prosite (Hulo et al., 2008) and Expasynzyle (Bairoch, 2000). Subcellular
targeting prediction was done using TargetP (Emiasor et al., 2000), ChloroP
(Emanuelsson et al., 1999), Aramemnon consensubcpon (Schwacke et al., 2007) and
MultiP (Lee et al., 2008). In case of multiple spig forms always the one with the lowest

number was used.

Arabidopsis whole proteome and kinome myristoylatia prediction

The AGI codes as well as the sequences of all Aogdsis proteins were obtained from the
TAIR homepage (TAIR8 release; www.arabidopsis.ofidje AGI codes of all Arabidopsis
protein kinases were obtained from the PlantsP bdata (Gribskov et al.,, 2001).
Myristoylation prediction was conducted using thien®sP Myrist Predictor but only N-

terminal myristoylation sites were evaluated (Pbaetl Gribskov, 2004).

51



3. Results

3.1. Protein kinases and protein phosphorylation in chlooplasts

In eukaryotic genomes it is estimated that 1 to &%&ll genes encode for protein kinases
(Stone and Walker, 1995). For example the humaonkenconsists of 518 protein kinases out
of ~22200 proteins in total (2.3%)(Manning et @002; Orchard et al., 2005). 2.3% of the
Arabidopsis proteome (27379 unique proteins; TAlREase) correspond to 630 protein
kinases. But the PlantsP database which is dedidat@lant phosphorylation lists a total
number of 965 protein kinases (~3.5%)(Gribskovlet2®01). This higher number is a result
of multiple gene duplications that are generallyni@ in plant's genomes (Chevalier and
Walker, 2005). Given that ~2100 proteins are edtoh#o be imported into the chloroplasts at
least 73 protein kinases are expected (3.5% of 2B so far only a handful chloroplast-
localized protein kinases are thoroughly descrilmethe chloroplast: the “state transition”
kinases STN7 and STN8, the plastid transcriptiaorage CKIl, and the chloroplast sensor
kinase CSK (Ogrzewalla et al., 2002; Bonardi et2005; Salinas et al., 2006; Puthiyaveetil
et al., 2008). Furthermore, MSK4 fravhedicago sativaNtDSK1 from tobacco and TAK1-3,
CIPK13, and AT1G51170 from Arabidopsis have begonted to be chloroplast-localized
(Snyders and Kohorn, 1999; Cho et al., 2001; Keetpal., 2007; Schliebner et al., 2008).
Obviously there is a gap between the expected badreed number of protein kinases inside
the chloroplast. Since the chloroplast harbors mdiffgrent processes that are crucial for
plant’s survival and these processes clearly needetregulated, more protein kinases are
expected to be present in the chloroplast thartifteshso far.

Protein phosphorylation in the thylakoids and ie tthloroplast stroma has already been
extensively studied since the 1970s and 1980s.,ectisply (Bennett, 1977; Laing and
Christeller, 1984). By incubation of chloroplasof@in extracts with radioactively labeled
ATP and by probing with a phosphothreonine antihaihe phosphorylation of various
substrates has already been demonstrated (Foygs, Rthtamaki et al., 1997).

Since calcium is known to be an important secondaegsenger and is also known to be
involved in the regulation of protein kinases, Ffpemed a C&-dependent protein kinase
assay on stromal proteins extracted from isolateldrgplasts (Fig.6). To this end, the
proteins were incubated with radioactively labelOP and the incorporation of-P; into
substrates, which can only be catalyzed by prdtigiases, was analyzed by autoradiography.
Ca* was either added to or depleted from the reactibnby addition of the chelator EGTA.
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Increasing calcium levels did not change the phosgpétion pattern at all, whereas addition
of EGTA inhibited phosphorylation of two proteins @& size of ~50kDa. Phosphorylation
could be rescued by addition of calcium but not nesgum, indicating that besides extensive
phosphorylation of various substrates, there is @i*-dependent phosphorylation occurring

in the stroma of chloroplasts.

chloroplast stroma + ATP-[y-32P]

1mM 100pM 10pM - imM 5mM 1omM CaCl,
- - - - smm s5mm smm EGTA

Fig. 6. C&"-dependent phosphorylation of
stromal proteins. Extracted stromal proteins
were incubated in the absence or presence of
EGTA + CaCl and/or EGTA. Insert shows protein
Ca? Mg?* kinase assay in the presence of 5mM EGTA
- and 5mM CaGlor MgCh.
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3.2. ldentification of novel chloroplast protein kinases— candidate approach

Already for my diploma thesis | set out to identifgw chloroplast-localized protein kinases
in Arabidopsis via a candidate approach. Since ramiem kinases are encoded in the
chloroplast genome nuclear-encoded protein kinage® investigated. The four protein
kinases, cKinl-4 (doroplast _kimse), were selected based on the presence of @tFParg
predicted chloroplast transit peptide (cTP) andrtlealization was investigated by yellow
fluorescent protein (YFP)-fusion analysis. To thigl, all candidate genes were N-terminally
fused to YFP and in an agrobacterium-mediated geotieey were transfected intlicotiana
tabacumepidermal leaf cells. Subsequently, the subcellldealization of the YFP-fusion
proteins was analyzed by confocal laser scannirggascopy. Pictures were recorded using
filters for YFP and chlorophyll autofluorescence.

Summarized, there was evidence for chloroplastlilat#éon of cKinl and cKin3, for cKin2
no pictures could be obtained due to technical lprob and the localization of cKin4
remained ambiguous. Thus, | repeated the YFP katadn experiments and furthermore

performed chloroplast import assays.

cKinl-4 — revised localization

Repetition of the YFP analyses showed that cKirdll4vere clearly localized at the plasma

membrane and except for cKin2 also in the nucléug.{A). To confirm these results |

performedin vitro import assays (Fig.7C). Radioactively labeledpmelinant cKin proteins
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were incubated with isolated chloroplasts and sybsetly treated with the protease
thermolysin. Finally the proteins were analyzed $S-PAGE and autoradiography.
Successful chloroplast import, as it was showntfer positive control ferredoxin-NADP

reductase (FNR), included both a processing ofptieeursor protein to its mature form by

SPP and inaccessibility of the mature protein &rrttolysin. In contrast, cKin3 and cKin4,

A

chlorophyll YFP merged chlorophyll YFP erged

nucleus cytoplasm
vacuole cKin3 cKin4 FNR
chloroplast

TP IMP IMP+ TP IMP IMP+ TP IMP IMP+

- e .

plasma
membrane

Fig. 7. Localization analysis of cKin1-4A, Tobacco leaves infiltrated with YFP-constructs evanalyzed
by confocal laser scanning microscopy two daysr dftéiitration. Chlorophyll autofluorescence (red)
shown in the first channel and the YFP signal (gyee the second channel. The third channel is eyate
image. Bar = 20umB, Scheme of a tobacco leaf epidermal ogll.Chloroplast import assays of cKin3,
cKin4 and the positive control FNR are shown. TRranslation product. IMP = import reaction: protein
incubated with isolated chloroplasts. IMP+ = thelyam added after import reaction.

representative for cKinl and cKin2, were not impdrinto the chloroplast.
Concluding, the selected candidate proteins cKimlede not localized inside the chloroplast.

Hence, | extended the candidate approach to moteips.

New candidate protein kinases

New candidate genes were selected based on secuemcdogy to cKinl-4, as analyzed by
BLAST search (www.arabidopsis.org), and chloropfastdiction by TargetP (Emanuelsson
et al., 2000). In total seven proteins were setkat&in6-12 (Tab.11), but cKin8 and cKinl12
could not be amplified by PCR. The already desdrilbhloroplast protein kinase CKII,

designated cKin5, served as a positive control.
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Haphazardly, the protein kinases cKinl3 anghy 11. cKin6-12.Chloroplast prediction score
cKinl4 were selected due to the fact that fgad homology to cKinl-4 are listed.

. . TargetP
amino acid sequence of many chloroplasiame AGI (C%,) homology

imported proteins starts with MAS. But bothcKiné | At4g35600( 0.932 | cKinl (e-103
,-GKin7 | At1g26970| 0.911 | cKinl (e-147

li h likely th cKin8 | Atlg76360| 0.932 cKin3 (e-103
nor seedling cDNA because much likely they 1S o | Atlg725a0] 0,921 | oKinl (36-86

only expressed in mature pollen according to {thrin1o | At1g69790| 0.968 | cKin4 (e-142

eFP browser (Winter et al., 2007). Furthermoregiinll | Atlg71530| 0.769 | cKin2 (e-150
At4g34440| 0.967 cKinl (9e-64

genes could not be amplified neither from lg

searched available organellar protein databaSbi!2

and the literature for evidences of chloroplasttgirokinases. The candidates cKinl5 and
cKinl6 were identified in a chloroplast mass spmugtric study (Zybailov et al., 2008) but
according to Prosite (http://www.expasy.org/prgsdkinl5 is lacking its kinase active site
and therefore it was eliminated from the testBBe plastidiar plprot database contained three
protein kinases, plpKinl-3, whereas plpKin3 hackadly been confirmed to be localized in
the nucleus and the cytoplasm and plpKinl was residrom the database in a more recent
update. Thus, only plpKin2 was analyzed. In theablase PPDB besides the already known
chloroplast protein kinases STN7, STN8 and CKllydaur members of the ABC1 family of
proteins kinases are listed. Representatively, AB@d ABC2 were selected which were
identified in proteomic studies of plastoglobul&sd{ et al., 2006; Ytterberg et al., 2006).
Additionally, Andreas Weber a collaboration partriesm Dusseldorf, Germany, who is
working on chloroplast proteomics, reported thentdieation of five protein kinases, WKin1-
5. Since WKin4 and WKin5 are lacking the proteindge active site according to Prosite and
WKinl could not be obtained by PCR, | only analy#®eellocalization of WKin2 and WKin3.
Finally, 1 tried to confirm the localization of aldy published chloroplast protein kinases. |
selected MSK4 and not only analyzed the originatgin fromMedicago sativaMsMSK4,

but also the closest Arabidopsis homolog AtMSK4al$o added AtDSK1, the closest
homolog of NtDSK1 from tobacco, to the test setPY&one was included as a negative
control. The subcellular localization of all canalid genes fused to YFP was analyzed by
confocal laser scanning microscopy after transbéaabif tobacco epidermal cells.

Among all analyzed candidates chloroplast localratindicated by overlapping YFP and
chlorophyll autofluorescence signals, could onlycbafirmed for the positive control cKin5
and the two ABC1 family protein kinases (Fig.8).FY&lone was restricted to the nucleus and

the cytoplasm. cKin6, cKinl16, WKin3 and plpKin2 wdocalized at the plasma membrane.
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cKin5/CKIl

cKin10 cKin11

plpKin2 AtDSK1

AtMSK4 . MsMSK4

chlorophyll YFP merged chlorophyll YFP merged

Fig. 8. Subcellular localization of selected candate protein kinases and YFPTobacco leaves infiltrated
with YFP-constructs were analyzed by confocal lasesnning microscopy two days after infiltration.
Chlorophyll autofluorescence (red) is shown in fingt channel and the YFP signal (green) in theoedc

channel. The third channel shows the merged infagie= 20pum.
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In contrast, AtDSK1, AtMSK4 and MsMSK4 seemed told&alized rather in the cytoplasm
than at the plasma membrane, because the YFP-san#ie border of the cells was
discontinuous and also cytoplasmic strands werblgisBesides the membrane localization
of cKin7 and cKin10, a slight signal was origingtiinom the nucleus and WKin2 was present
exclusively in the nucleus. cKin9 and cKinll wemlably localized in mitochondria
indicated by the small vesicles visible throughthe cytoplasm, whereas cKinll was also
present in the nucleus.

Obviously, the candidate strategy proved to beswmotessful in the identification of novel
chloroplast protein kinases. Alternatively, a plgdoetic and a proteomic strategy was

developed which will be explained in the next cleapt

3.3. ldentification of novel chloroplast protein kinases— phylogenetic approach

It is widely accepted that chloroplasts are deriyen endosymbiotic cyanobacteria. In
contrast to eukaryotes, where serine/threoninedspguotein kinases (STKs) are the key
players in signal transduction, it was assumedaflmng time that in cyanobacteria this part is
fulfilled by two-component systems consisting ofisar histidine kinases (HK) and response
regulators (RR)(Parkinson, 1993). HK and RR domanessometimes even found within one
protein, which is then called a hybrid kinase (HY).

In Anabaena variabilisand Nostoc, for example, the number of annotataétipe two-
component genes is 202 and 260, respectively. Aamebaontains 73 HKs, 74 RRs and 55
HYs whereas Nostoc contains 95 HKs, 94 RRs and Y4 (Ashby and Houmard, 2006). In
contrast, Arabidopsis contains 54 proteins with-t@mponent signatures (Puthiyaveetil et al.,
2008). But beginning with the first identificatiai a STK in a cyanobacterium and supported
by the sequencing of cyanobacterial genomes marys Slave already been identified.
Anabaena variabilisfor example, contains 53 predicted STKs &dwbktoc punctiformé6
(Zhang et al., 2007).

It is possible that after completion of the endobiptic process STKs were maintained in the
chloroplast. So | set out to identify evolutionacpnserved protein kinases between
cyanobacteria and Arabidopsis. A similar approaas &lready been published and has been
shown to be successful in the identification ofochplast proteins in general (Sato et al.,
2005).
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Localization of evolutionary conserved chloroplasprotein kinases

First attempts to identify homologous protein kemsn Arabidopsis and cyanobacteria by
BLAST searches (Altschul et al., 1990) turned oubé unrewarding, because protein kinases
already share high sequence homologies due to kingiy conserved catalytic domain,
regardless of their origin. Thus, a strategy hat@aleveloped that predominantly evaluates
sequences other than the protein kinase domainchwhontain more information on
evolutionary conservation. Therefore | engagedéolaboration with bioinformaticians from
the Center of Integrative Bioinformatics (Viennaystria). They not only analyzed protein
kinases but extended their approach to the wholgbidopsis proteome. Applying their
strategy and highly stringent criteria out of th27600 Arabidopsis proteins 465 were
identified as evolutionary conserved between Arapsis and cyanobacteria. Unexpectedly,
only five protein kinases were identified: cKinaZKin22, ABC2, ABC4 and ABC5. Using
relaxed criteria further two protein kinases showgd PIDPK and PHOT1 (AT3G45780).
ABC2 was already shown to be chloroplast-localisedhe candidate approach, ABC5 is
already curated to be chloroplast-localized acegydo PPDB and PHOT1 is a well-known
plasma membrane localized phototropin (SakamotoBaiglys, 2002). Hence, only cKin21,
cKin22, PIDPK and ABC4 were subjected to YFP lacatiion analysis (Fig.9). In the case of
cKin21 and cKin22 only the N-termini were fusedvtbP. Using the full-length sequence of a

protein is not important here, as it is known tleatanalysis of chloroplast localization the N-

terminus harboring the cTP is sufficient to mediiroplast import (Jarvis, 2008; Lee et al.,
2008).
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Fig. 9. Localization of selected candidate protei
kinases.N after the name o protein indicates analy
| of the N-terminus only.FP = signal of fluoresce
protein. All candidates were fused to YFP. ER me
protein was fused to mCherry (yellow). Bar = 20pum.

chlorophyll FP merged
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cKin21 localized to the plasma membrane and tong-like structure visible around the

nucleus. This ring-like structure together with geckled distribution pattern within the

cytoplasm is typical for ER localization, as it wead®wn by an ER-marker protein fused to the
fluorescent protein mCherry. Thus, it is possibi&t ttKin21 localized to the ER. cKin22 was

probably present in mitochondria and PIDPK showkx$ma membrane association. Only
ABC4 exhibited clear chloroplast localization. Buturned out that ABC4 had already been
identified in a chloroplast proteomic study and anproteomic study on plastoglobules
(Ytterberg et al., 2006; Zybailov et al., 2008).ushalso the phylogenetic approach did not
lead to the discovery of novel chloroplast-locadizgotein kinases.

Nevertheless, together with my colleague Simon|Stagtended the investigations on the
data set of evolutionary conserved proteins. Wemaxed the localization fate of proteins

derived from the cyanobacterial ancestor, afterrtlygenes were transferred from the

cyanobacterial genome into the nucleus of the nest ¢ell.

Proof of concept of the phylogenetic strategy

In order to proof that the phylogenetic strategg te the identification of chloroplast-
localized proteins a homoserine kinase (HSK), actésamine kinase (FAK), an
aspartate/glutamate/uridylate kinase (AGUK), amdA® kinase (NADK1) were selected and
subjected to YFP analysis.

AGUK, HSK and FAK exhibited clear chloroplast lozation, whereas FAK also seemed to
be localized to mitochondria (Fig.10). Only NADKZIasvlocalized outside of the chloroplast.

] .- .

- : .-

chlorophyll YFP merged chlorophyll merged

Fig. 10. YFP localization of selected candidate pteins. Tobacco leaves mﬂltrated with YFP-constructs
were analyzed by confocal laser scanning microscaywy days after infiltration. Chlorophyll
autofluorescence (red) is shown in the first chhame the YFP signal (green) in the second charirie.
third channel shows the merged image. Bar = 20pum.
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This result was in good accordance with the findingt out of all 465 conserved proteins
62.4% have already been curated to be localizaddartbe chloroplast according to PPDB.
Compared to 14.9% chloroplast predicted proteinsthef whole Arabidopsis proteome
(TargetP analysis of TAIR9 proteome release), #isewed that conservation of proteins

between Arabidopsis and cyanobacteria is a stnogigator for chloroplast localization.

Chloroplast prediction based on sequence conservati

Furthermore, we assessed whether evolutionary paat8m comprises targeting prediction
potential especially for proteins with non-canohitargeting peptides. To this end, we
selected six evolutionary conserved proteins ptedinot to be localized to the chloroplast by
the consensus prediction feature of Aramemnon, lwiitegrates the algorithms of 16

independent prediction programs (Schwacke et @32
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Fig. 11. YFP localization of selected candidate pteins. Tobacco leaves infiltrated with YFP-constructs
were analyzed by confocal laser scanning microscapwy days after infiltration. Chlorophyll
autofluorescence (red) is shown in the first chhiane the YFP signal (green) in the second charirted.
third channel shows the merged image; only in Heeof D-N+Transmitted, which is an enlargemerhef
section marked with a white square in D-N, the gmaitted light was included in the merged image .fitdra
the name of a protein indicates that only the Mateus was analyzed. Nuc = nucleus. Bar = 20um; only
the case of D-N+Transmitted: Bar = 4um.
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The selected proteins included an alpha-amylassdioged A), a glutamate-ammonia ligase
(B), the EMB1075 carboxy-lyase (C), a pyridoxapfesphate-dependent putative cysteine
synthase (D), a putative alpha subunit of tryptoplsynthase (E) and a homoserine
dehydrogenase. Lactoylglutathione lyase (G) seag@ positive control, as it has already
been identified in a chloroplast proteomic studyh@lov et al., 2008). All proteins were
subjected to YFP-fusion protein analysis. In theecaf D only the N-terminus of the protein
was used for localization studies, because twaiggliforms differing in the C-terminus were
reported.

Interestingly, none of the selected candidate prstexcept for the positive control G were
localized in chloroplasts (Fig.11). Besides chldasts, G was also targeted to small vesicles,
probably mitochondria. In contrast, A and B werechlikely targeted to the ER. C, E and F
and seemed to be present in the cytoplasm, whefeasd F also exhibited nuclear
localization. The putative cysteine synthase D s#tblwy far the most interesting distribution
pattern. Besides presence in small vesicles, Dlatsdized to big nuclear-sized structures. A
close-up of the image including transmitted lighvealed that these structures were located
next to the nuclei. Co-infiltration experiments kvinitochondrial and peroxisomal markers

demonstrated that D exclusively localized to mitowdiria (Fig.12).

D-N+Mito ' - = L o Fig. 12. Co-infiltration studies of D.
Tobacco leaves were infiltrated with D-
YFP and a mitochondrial
peroxisomal marker protein fused
mCherry. Localization was analyzésl
confocal laser scanning microsci
two days after infiltration.The firs
D-N+Peroxi ' channel shows chlorophyll
; autofluorescence (red). The YFP
(green) and mCherry (yellow) signal
are shown in the secondnd thirc
channel, respectively. Thefourth
channel is the merged image. Bar: D-
N+Mito = 10um; D-N+Peroxi = 20um.

chlorophyll FP mCherry merged

3.4. ldentification of novel chloroplast protein kinases- proteomic approach

Since the sequence-based identification of chlasigdbcalized protein kinases by targeting
prediction or evolutionary conservation turned oot to be successful, a proteomic approach
was developed. This approach aimed at the direxttification of protein kinases in protein
extracts of isolated chloroplasts by mass spectimyme

Since most preceding chloroplast proteomics stuflesised on the exploration of the

thylakoid protein complement, | decided to focustba stromal proteome, because of the
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higher potential to discover new proteins. Furthenen the stroma, as the aqueous
compartment of the chloroplast, per se containsniyjaoluble proteins. They are easily
accessible by standard chromatographic separagicdmijues, in contrast to hydrophobic

proteins originating from thylakoid preparations.
stroma thylak.

Ps At Ps At

Traditionally, highly pure and intact chloroplastsed for

functional studies were obtained fro8pinacia oleraceaor [kDa] —
. . 130—

pea. Since their genomes have not been sequencéar,s -, __ o

chloroplast isolation protocols were adapted foabAdopsis. 55— —

i
l

But it is known that during isolation Arabidopsisl@roplasts 36— ==

bt

tend to break, lose their stromal content and teagain B— = . :
(Fig.13)(Halliwell, 1978). Therefore in addition Avabidopsis 17—

chloroplasts, pea chloroplasts were used in cortibmaitha 10—

Fig. 13. Isolated chloroplasts.
Ps = Pisum sativum At =
that already proved to be useful in proteomic ssidif the Arabidopsis thaliana Stroma
and thylakoid proteins extracted
chloroplast envelope (Brautigam et al., 2008). from isolated chloroplasts were
) o analyzed by SDS-PAGE. The
Currently, mass spectrometric approaches are kg the amount of the large subunit of

. . . Rubisco (52kDa) is a measure
detection of low-abundant proteins in complex grosamples. . chioroplast intactness.

Wi

recently created pea expressed sequence tag (Efdbade

Protein kinases, as regulatory proteins, are uspadisent in minute amounts. Therefore | had
to enrich them from the complex chloroplast stromith the most abundant protein Rubisco
prior to mass spectrometry. This could be achigwedel filtration, which is a technique to

separate proteins according to their size.

Gel filtration of stromal extracts — Superdex 200

After extraction of stromal proteins from isolatelloroplasts of Arabidopsis and pea, size
exclusion chromatography was performed on a S2Qfwuo This resulted in the separation
of the multimeric Rubisco protein complex with aesiof ~540kDa and ribosomes from all
other proteins that are of smaller size (Fig.14lAlractionated the eluate and analyzed all
fractions for their protein content by Coomassarshg and tested for protein kinase activity
by kinase assays (Fig.14B). Based on the estimsimsd of protein kinases (~30-100kDa),
kinase activity accumulated as expected in the lesi#e fractions eluting after the prominent
Rubisco peak. The fractions with highest proteinake activity were pooled and either
directly subjected to protein identification by maspectrometry or to downstream
purification approaches to further reduce samphapexity. All experimental strategies will

be described in the following chapters.
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Coomassie stained fractions (1.44ml each) collefrted 73ml to 96ml. T
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Direct mass spectrometry of gel-filtrated stroma

An aliquot of the pooled Arabidopsis stromal progeafter S200 gel filtration was analyzed
by SDS-PAGE. After electrophoresis and Coomassimisg all visible bands were cut and
subjected to mass spectrometry.

In total only the three protein kinases cKin23-2kild be identified. All were subjected to

YFP analysis but none of them could be confirmeddolocalized within the chloroplast

] .- .
cKin25 ) chlorophyll YFP merged
Fig. 15. Localization of selected candidate protei
. kinases. Tobacco leaves infiltrated with YFP-
constructs were analyzed by confocal laser sca
. microscopy two days after infiltration. Bar = 20pum.

chlorophyll YFP merged

(Fig.15). cKin23 localized to many small vesicleghim the cytoplasm which first were
assumed to be mitochondria. But co-localizationlists argued against mitochondrial as well
as peroxisomal localization (Fig.16A). Thus, cKin28s probably localized to oleosomes (oil
bodies) which show a mitochondrial-like subcelluldistribution as visualized by GFP
(Fig.16B). cKin24 probably is an ER-resident protéiecause it exhibited the ER-typical
speckled pattern within the cytoplasm and a rikg-Btructure around the nucleus. Although
cKin25 seemed to localize to peroxisomes, this c¢oubt be verified by co-localization

analysis (Fig.16A).
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Fig. 16. A, Coinfiltration studies of
cKin23 and cKin25. Tobacco leave
were infiltrated with cKin23- or
cKin25-YFP (green) and

mitochondrial or peroxisomal mar}
protein fused to mCherry (yellov
cKin25+Peroxi ’ Localization was analyzelly confoca
laser scanning microscopy two de
after infiltration. Bar = 20pum.B,
Localization of Oleosin.OleosinGFF

expressed in a tobacco leaf cell
(Wahlroos et al., 2003). Bar = 10um.

mCherry

chlorophyll merged
Furthermore, | was able to identify the proteindan ~20kDa corresponding to the strongest
signal in the protein kinase assay of the geldafittid fractions. The band was cut and subjected
to protein identification by mass spectrometrytdtal 100 different 3

proteins were identified within this sample, but@aling to spectral

DP
GST

counts (the number of identified peptides) the majmtein was [kDal

55—
identified as NDPK2. This protein is a chloroplastalized

36—
nucleoside diphosphate kinase that has been showuandergo

28—
autophosphorylation on a histidine residue (Shealet2006). By

Fig. 17. NDPK2 kinase
assay.GST-NDPK2 has

N-terminal GST-tag, the autophosphorylation abitifythis protein @ calculated molecular
weight of ~53kDa and

could be confirmed (Fig.17). GST alone, which wasluded as a GST alone of ~27kDa.

performing a kinase assay with recombinant NDPKgfipd via an

control, did not show any autophosphorylation.

Gel filtration - Superdex 75

The pooled fractions after S200 gel filtration wetlso applied to a second gel filtration
column, S75, which has an optimum separation rdmgeroteins of 3-70kDa in contrast to
the 10-600kDa separation range of the S200 coluoording to the elution profile, using
S75 resulted in a further separation of proteimsceted by two major and one smaller peak
(Fig.18A). Again the eluate was fractionated (frBrto 16ml) and analyzed for protein kinase
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activity (Fig.18B). Although the separation of theotein mixture could be enhanced, protein

kinase activity was strongly reduced. Thus, | dedidot to continue with this approach.
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Fig. 18. Gel filtration (S75) of proteins collectedafter first gel filtration (S200). A, Elution profile.
X-axis shows ml of eluting sample. Y-axis shows fgjndicating protein contenB, Protein kinase
assay of S75-fractions (0.5ml each) collected fBofml to 15ml. T = total sample before S75 run.

lon exchange chromatography - MonoQ/MonoS

lon exchange chromatography separates proteingdacegao their net charge. Proteins are
bound to an either positively or negatively chargedtrix. Subsequently, the proteins are
usually eluted by increasing the ionic strengtkthim running buffer although changing the pH

is also a possibility.

In the lab the cation-exchange column MonoS (cairigi methyl sulfonate groups) and the

anion-exchange column MonoQ (containing quaterr@mynonium groups) were available.

First, test runs with root cell culture protein raxts were carried out. The cation exchange
column MonoS was not functional anymore becaus@tbiins were not able to bind to the

column but eluted immediately after sample injatt{&ig.19A). The MonoQ proved to be

2
181 0,3 -
167 + 100%
1,4 4 0,25 |
-+ 80
= 1,2 0,2 1
o 1 g 60
o Q | 1
[e) 0,8 8 0,15
0,6 1 0,1 + 40
0,4 1
0,05 - 120
0,2 *J
0 - T T T T 0 i B¢
0 5 10 15 20 ml 0 5 10 15 20 25 3C ml

Fig. 19. lon exchange chromatography — test runs i root cell culture extracts. Elution profiles of Mono
and MonoQ columns are shown. X-axis shows ml ofirdusample. Y-axis shows QE3 indicating protei
content. In case of MonoQ right &xis shows NaCl concentration (in %) of runningfeuf Salt gradient
indicated by pink line in the elution profile.
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functional as could be inferred from the elutiontt@an along the applied salt gradient
(Fig.19B).

Consequently, | used the MonoQ column for the maifon of S200 gel-filtrated stromal

extracts of pea. | fractionated the eluate andyaedl the fractions for protein content and
protein kinase activity (Fig.20). Purification ofr@mal proteins via the MonoQ column

resulted in a very efficient separation of proteimdicated by the different band patterns of
the Coomassie-stained fractions. Most protein lanastivity accumulated in fractions 6-8,
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Fig. 20. MonoQ chromatography of stromal proteins.
A, Elution profile. X-axis shows ml of eluting sampleeft
Y-axis shows OBy, indicating protein content. Right Y-
axis shows NaCl concentration (in %) of runningfeuf
Salt gradient is indicated by pink line in the &uatprofile.
B, Coomassie stained fractions (0.5ml each) collefrtad
16ml to 21ml; only these fractions exhibited sigraht
protein kinase activity. T = total sample before nd@.
C, Protein kinase assay of Mon-fractions

whereas fraction 8 exhibited lowest sample compjexihus, visible bands in the size range
of expected protein kinases (~30-100kDa) were ounffraction 8 and subjected to mass
spectrometry for protein identification. Not a dmgrotein kinase could be detected and

therefore | decided not to continue with this apgia

Hydrophobic interaction chromatography — Phenyl-Sugerose

Hydrophobic interaction chromatography is based the reversible interaction of
hydrophobic parts of proteins with a matrix conitagnhydrophobic residues. Proteins are
bound in the presence of high salt concentratiodseduted by decreasing ionic strength.

| tested a Phenyl-Superose column (containing tplaybic phenyl residues) with a root cell

culture protein extract. According to the elutiomfle the column was attested to be
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functional (Fig.21). But hydrophobic interactionraimatography has not been repeated with
gel-filtrated stromal extracts so far but seem$&e¢opromising for the enrichment of protein

kinases.
0,09 1 Fig. 21. Phenyl-Superose chromatography
0,08 1 1199 _ test run with root cell culture extract.
0,07 | 1 8o Elution profile. X-axis shows ml of eluting
0,06 sample. Left Y-axis shows QR indicating
§ 0,05 L6 protein content. Right Y-axis shows
3 0,04 (NH4)2SO, concentration (in %) of running
0,03 - 140 buffer. Salt gradient is indicated by pink line
0,02 ] | 5 in the elution profile
0,01 -
0 T T T T 7 0
0 5 10 15 20 25 ml

Affinity chromatography — ATP/PurB/Eu

In an alternative approach to further reduce thapsa complexity of gel-filtrated stroma
from pea, my colleague Simon Stael and | perforafédity chromatography, which is based
on the specific and reversible interaction of aid with its target protein. This functional
aspect is the major advantage over other separstiategies such as MudPIT, which at the
moment probably represents the most powerful sépartechnique in connection with MS
(Wolters et al., 2001). While MudPIT integrates i@atexchange and reversed-phase
chromatography to separate complex mixtures ofigept affinity chromatography is applied
to whole functional proteins. Many different liganére routinely used for the affinity
purification of diverse target proteins. Classieashmples are antigens for the purification of
antibodies, lectins for glycoproteins or hormonasréceptors (Jones, 1991). The selection of
ligands used for this study was based on our isteneunderstanding cellular signaling. Key
players in cellular signaling are protein kinasekich are involved in the regulation of most
cellular processes and calcium-binding proteins tlemode calcium signals that are elicited
under various conditions (Baginsky and Gruissend92@Bussemer et al., 2009). We focused
not only on protein kinases but extended our amprda ATP-binding proteins in general.
Therefore we used ATP and the ATP-site directedeprckinase inhibitor PurB as ligands in
independent chromatographic runs. PurB was orilyirddveloped to inhibit activity of the
human CDK2-cyclin A complex but has already beemrcsssfully employed in the
identification of protein kinases from total humeell extracts by affinity chromatography
coupled to MS (Gray et al., 1998; Wissing et a00?). Additionally, we used EBlias a

ligand in order to purify calcium-binding proteinale could not use G§ because it easily

67



gets desorbed from the affinity matrix in a procesied metal ion transfer whereas’Ewas
demonstrated to be stably attached and to selgctadsorb calcium-binding proteins (Chaga
et al., 1996).

After gel filtration of stroma extracted from pellaroplasts, the Rubisco depleted fractions
were applied to all three different affinity liga;mdin an alternative approach to deplete
Rubisco, isolated pea chloroplasts were heated soldble proteins recovered after
centrifugation (Fig.22). This step was establishmdmarily to enrich for heat-stable
calmodulins, which are calcium-binding proteins ected to be present inside chloroplasts
(Huo et al., 2004; Bussemer et al., 2009). But empesults in our lab showed that this
procedure also leads to an almost complete separatiRubisco and to an enrichment of a
sub-pool of heat-resistant proteins. The sampkr atiloroplast heating was only applied to
the Ed*-column. Subsequently, all samples were analyze®b$-PAGE (Fig.22C). The
different band pattern of the eluting fractions gamed to the original sample indicated a
specific enrichment of proteins and thereby attgstunctionality of the columns. Visible
bands in all eluting fractions were cut and sulgedo identification by MS using the pea
EST database. As described by Brautigam et al. ettified protein was queried against
the Arabidopsis genome database and the corresgpAdabidopsis gene identifier (AGI) of

the closest homolog was determined.

B F— Rubisco —  }—collected fractions —| . .
o coliected ractions Fig. 22. Experimental strategy and
7 7 07 procedure. A, Flow scheme.B, Elution
o0 o 08 profile of gel filtration. X-axis shows ml of
plast isolation/ & 05 . .
proteinextraction -1 8 04 eluting sample. Y-axis shows absorbance at

o 280 nm indicating relative protein content.

l ’ C, Affinity chromatography. 1-6, protein
‘3 78
[kDa] 1
.

samples analyzed by SDS-PAGE: 1, crude

column. 5, Citrate elution of Blaffinity

a3 83
4 chloroplast protein extract. 2, sample after
2 3 i gel filtration prior to affinity
7o W — = chromatography. 3, flow-through of ATP-
ge,ﬂtramn,heatmg 8= == i affinity column. 4, elution of ATP-affinity
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T =a
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l 1 e column. 6, EDTA strip of El-affinity
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Number of identified proteins

In total 448 unique proteins were identified witighh confidence (Fig.23). Using the ligands

ATP and PurB 175 proteins were identified exclulsivé29 were found only with the El

column, and 144 were identified with both affindirategies. This is the result of the analysis
of more than three biological replicates and sdvechnical replicates. Based on all obtained
results saturation curves were calculated refertinglentified proteins (Fig.23D). For each

affinity strategy three biological samples were Igmed and the percentage of all new

identified proteins per sample was plotted. Usihg ATP-affinity strategy in total 319

proteins were identified. 82% of all proteins welleeady identified in the first biological

sample, the second and third biological replicédsonly to the detection of further 4% and
14% of all proteins, respectively. Using the*Eoolumn 273 proteins were identified. While
54% were discovered with the first biological saeyphe second and the third biological

sample gave rise to 1% and 45% of all identifieotgins, respectively. It is important to note

that the experimental procedure had been modifig¢de third experiment.

Localization of identified proteins

In order to get an idea about the enrichment obrolpllast-localized proteins in the data set
the number of predicted chloroplast proteins waayaied using TargetP (Fig.23B). Out of

the 448 identified proteins 84.3% are predicteddntain a cTP compared to 14.9% proteins
of the whole Arabidopsis proteome (TAIR9 releasexthermore to assess the quality of the

data set regarding the amount of already experiatignterified chloroplast proteins and non-

chloroplast contaminants the available databaseBBPRlprot, AMPDB, SUBA and

AraPerox were queried. The localization of all remray proteins that were not found in any

TargetP | % of all 448 % of 49 new % of TAIR9
M 7,95 14,29 11,38
c 84,32 61,22 14,85

) 091 2,04 19,83
- 6,82 22,45 53,94

ATP/PurB Eus*

C @ known chloroplast D
W contamination
Onew 100

49 80
23 60

—— ATP/PurB

- Eu3*

376 ] 1 2 3

Fig. 23 Analysis of 448 identified protein
and saturation curves. A, Comparison
ATP/PurB and E%i affinity strategy regrding
identified proteinsB, Targeting prediction t

TargetP. Organelle encoded proteins were

excluded C=chloroplast; M=mitochondrio
S=secretory system; - =other localizatid,.
Experimentally  verified localization of
identified proteins. Contamination =othel
localization than chloroplastNew = putativ
new to the chloroplasD, Saturation curves
ATP/PurB and EXf runs. Xaxis shows tr
number of biological replicates. &xis show
identified proteins in percentage of all prott
identified with the respective affinity strate
The number of uniquely identified prote
with consecutive biological samples
added up.
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of the above-mentioned databases was manuallyecutat evaluating the literature. Only if
no information about the subcellular localizatiavulel be found neither in databases nor in
the literature, a protein was considered to betatiwe novel chloroplast-localized protein.
All'in all 376 proteins were already experimentatligntified within the chloroplast (Fig.23C).
In contrast only 23 proteins were non-chloroplasitaminants. Most of the non-chloroplast
contaminants were of mitochondrial origin with 1Boteins out of 23. The remaining 49
proteins were considered as putative novel chlagipproteins (Tab.12). All of these 49
proteins that have been reported to be chloropdastized during preparation of this thesis
are indicated in Tab.12.

Among all 448 identified proteins not a single pinotkinase and only two proteins with
putative calcium-binding features could be ideatlfiA P-type ATPase cation transporter that
has already been identified in a previous chlomspteoteomic study (Zybailov et al., 2008)

and a cation efflux family protein with so far urdamn localization.

Tab. 12. All 49 putative novel chloroplast proteinsAGI codes of all proteins together with functiomanotation
from TAIR9, classification in MAPMAN BINs from PPDEBnd TargetP prediction are shown. C=chloroplast;
M=mitochondrion; S=secretory system; --- =otheralaation. Whether or not a protein was identifigilh the
ATP/PurB and/or EU strategy is depicted by + or -, respectively. &irat selected for YFP confirmation are
written in bold. Proteins already reported to bkplast-localized during preparation of this tkemre labeled by
superscript lowercase letters, which are explaatdte bottom of the table.

AGI code functional annotation (TAIR9) TargetP ATP/PurB Eu® P;RB
AT1G06510  unknown protein C - + 35
AT1G06900 metalloendopeptidase/zinc ion binding - + 29
AT1G15730"° PRL1-interacting factor L, putative C + - 31
AT1G19920a APS2; ASA1,; sulfate adenylyltransfer@SseP) C + - 14
AT1G21508 unknown protein C - + 35
AT1G22410  2-dehydro-3-deoxyphosphoheptonate aldolas C + + 13
AT1G23800 ALDH2B7; 3-chloroallyl aldehyde dehydrogse (NAD) M + - 5
AT1G30510 ATRFNR2; root FNR 2) C + 7
AT1G36283" adenylosuccinate lyase C 23
AT1G42430  unknown protein --- + + 35
AT1G54310 RNA binding M + - 35
AT1G60006G® 29 kDa ribonucleoprotein C 27
AT1G66530  arginyl-tRNA synthetase, putative - 29
AT1G71726 S1 RNA-binding domain-containing protein C 29
AT1G7192¢ histidinol-phosphate aminotransferase, putative C + - 13
AT1G74920 ALDH10AS8; 3-chloroallyl aldehyde dehydemgse + 16
AT1G76690 OPR2; 12-oxophytodienoate reductase --- - 17
AT1G77122  unknown protein C + + 35
AT1G7767G aminotransferase class | and Il family protein M + - 16
AT1G77930 DNAJ heat shock N-terminal domain-coritajrprotein C - + 27
AT1G79530 GAPCP-1; glyceraldehyde-3-phosphate dehydrogenase C + - 4
AT1G79870 oxidoreductase family protein 26
AT2G04620 cation efflux family protein - + 34
AT2G17240  unknown protein C - + 35
AT2G17340 pantothenate kinase-related --- - 18
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AT2G21350 RNA binding C - + 35
AT2G23390  Acyl-CoA N-acyltransferase M + - 35
AT2G25870 haloacid dehalogenase-like family protein M + - 35
AT2G31896 ATRAP; putative RNA binding domain C + - 35
AT2G44760  unknown protein C + - 35
AT2G47590 photolyase/blue-light receptor 2 + - 30
AT3G0290G unknown protein C - + 35
AT3G04650  oxidoreductase C + - 35
AT3G25110  AtFaTA; Arabidopsis FatA acyl-ACP thicasise C + - 11
AT3G29188 unknown protein C + + 35
AT3G4914G pentatricopeptide repeat-containing protein M + + 26
AT3G54470 uridine 5-monophosphate synthase/UMP syimase - + - 23
AT3G55870  anthranilate synthase, alpha subunigtimat S + - 13
AT3G57810 OTU-like cysteine protease family protein M - + 29
AT3G59040 pentatricopeptide (PPR) repeat-contaipiogein C + - 26
AT4G2707G TSB2; tryptophan synthase beta subunit 2 + + 13
AT4G33670 L-galactose dehydrogenase - + - 3
AT5G02590 tetratricopeptide (TPR) repeat-contairpngtein C - + 35
AT5G14460  pseudouridine synthase/transporter + -23
AT5G15390 tRNA/rRNA methyltransferase (SpoU) fanphptein C + - 27
AT5G2262G"° phosphoglycerate mutase family protein C + - 35
AT5G52010  zinc finger (C2H2 type) family protein C + - 27
AT5G62990 embryo defective 1692 (ubiquitin thiokrase) C + + 35
AT5G64848 ATGCNS; A. thalianageneral control non-repressible 5 C + - 34

*Protein is present in the recently launched AT _CIRGDdatabaséeProtein is chloroplast-localized according to
recent PPDB updatéChloroplast-localization already published (Munozr®meu et al., 2009).

Functional classification

To get insight into the functional distribution hilh the data set each identified protein was
assigned to one of the 35 MAPMAN BIN categoriesifiin et al., 2004). The modified BIN
classifications provided by PPDB were used. Mostlbproteins with assigned functions are
related to protein synthesis (BINs 29.1 and 2942p)followed by “amino acid metabolism”
(11%), “protein folding, proteolysis and sortingBINs 29.3-29.8; 9%), “photosynthesis”
(8%), “RNA” (5%), “nucleotide metabolism” (4%) aritipid metabolism” (4%). Examples
for categories with only a few identified proteg® “metal handling” (0.2%), “stress” (0.5%)
and “hormone metabolism” (0.5%).

Verification of the subcellular localization of seted proteins

As mass spectrometric detection of proteins in efjar preparations alone is not a
convincing proof of localization due to the riskd®tecting contaminants, 13 candidates were
selected for further experimental investigationtyP fusion analysis (Tab.13).

The cation efflux family protein CAT, the two prases MPP and OTL, the protein HAC,

which belongs to the superfamily of haloacid depal@ases, and the aminotransferase ATF
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were chosen to be analyzed. Further, the pentpgpiae repeat-containing protein PPR, the
uridine 5-monophosphate synthase UMP, and thesipr&lF, which was shown to interact
with the WD40 domain of the nuclear factor PRL1reveelected. The photolyase PHR2, the
L-galactose dehydrogenase GDH, and the phosphagtgcemutase PGL were also included
in the test set. Finally the P-type ATPase PAP,ctvhis besides CAT one of only two
identified putative calcium-binding proteins, waddad. Although PAP has already been
assigned previously to the chloroplast by MS, tbeficmation of its localization was carried
out as a proof of concept for the affinity purificen strategy.

For most candidate proteins the full-length codiequences were cloned. In the case of MPP,
CAT and PPR only N-terminal parts were cloned, heedVIPP and CAT are simply too long
for easy experimental handling with 3075 bp and72B$, respectively, and for PPR two
splicing forms are described that differ in thee@atinus. The subcellular localization of all

candidate proteins was analyzed by confocal laserrsng microscopy (Fig.24).

Tab. 13. The 13 candidate proteins selected for YF®dalization. AGI codes of selected proteins, arbitrary name fandtional

annotation from TAIR9 are shown. YFP indicates éxperimentally determined subcellular localizatiGtesults of targeting
prediction by TargetP, ChloroP, MultiP and Aramemn@ram.) are included as well. C=chloroplast; M=rolondrion;

S=secretory system; --- =other localization. Whethlenot a protein was identified with the ATP/PuaBd/or EG" strategy is
depicted by + or -, respectively.

ATP/

AGIl code name functional annotation (TAIR9) YFP TargetP ChloroP MultiP  Aram. PUrB Eu®
AT1G06190 PAP P-type ATPase, cation-transport C C C C C - +
AT1G06900 MPP metalloendopeptidase/zinc ion binding -
AT1G15730 PIF PRL1-interacting factor L, putative C/M C C C C +
AT1G77670 ATF aminotransferase class | and Il family prot C/--- M C +
AT2G04620 CAT cation efflux family protein M C -
AT2G25870 HAC haloacid dehalogenase-like family protein C M C M +
AT2G47590 PHR2 photolyase/blue-light receptor 2 S +
AT3G49140 PPR pentatricopeptide repeat-containing protei M M +
AT3G54470 UMP uridine 5-monophosphate synthase +
AT3G57810 OTL OTU-like cysteine protease family protein C M C C C -
AT4G33670 GDH L-galactose dehydrogenase +
AT5G22620 PGM phosphoglycerate mutase family protein C C C C C +

Out of the 13 candidate genes seven showed chésbpladcalization. HAC, OTL, PAP and
PGL showed exclusive chloroplast localization, velasr ATF seemed to be dually localized
to chloroplasts and the cytoplasm, and PIF to dplasts and probably also to mitochondria.
In the case of PIF stromules were visible as vt the remaining six proteins chloroplast
localization could not be confirmed. However, iirgortant to note here that they have been
selected for confirmation despite their negativedpstion for chloroplast localization based
on their function, adding potentially unexpectedhpays to the chloroplast. PPR and CAT
were probably localized to mitochondria, whereasTC#owed also nuclear localization.
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GDH and MPP were localized in the nucleus and dgop and UMP exclusively in the
cytoplasm. The vesicle-like distribution of PHRZmm the cytoplasm and the slightly visible
ring-like structure around the nucleus pointed talsalocalization in the endoplasmatic

reticulum (ER).

chlorophyll YFP merged

Fig. 24. YFP localization of selected candidate pteins. Tobacco leaves infiltrated with YFP-constructs
were analyzed by confocal laser scanning microscaywy days after infiltration. Chlorophyll
autofluorescence (red) is shown in the first chhame the YFP signal (green) in the second charire.
third channel is a merged image of the previous s transmitted light. N after the name of a giot
indicates that only the N-terminus was analyzed.-B20pum.
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Pea vs. Arabidopsis chloroplasts

To assess the identification potential of the p& Elatabase compared to the complete
genome database of Arabidopsis, the ATP-affinitgrapch was repeated with chloroplasts
isolated from mature Arabidopsis plants. The pracedvas exactly the same as for pea.

By using Arabidopsis 365 unique proteins were idieqat in total compared to 234 with pea.
The overlap between both organisms accounted

@ known chloroplast

for 160 proteins. Out of the 365 Arabidops m contamination

Onew

proteins 94% were already known to I
localized in the chloroplast compared to 86.2
with the pea approach (Fig.25). The number
non-chloroplast contaminants slightly decreas Dl
from 4.7% with pea to 3.6% with Arabidopsi:

93,97 86,3

The biggest difference between both data setsg. 25. Pea vs. Arabidopsis ATP affinity run.

. Proteins belonging to each localization group are
was obviously the number of novel chloroplast:zculated in percentage of all proteins identified

with the respective organism. New = putative new
to the chloroplast.

almost four times higher than with Arabidopsis
(2.5%).

localized proteins, which was with pea (9%)

Localization of protein kinases identified with fir@teomic approach

Since not a single protein kinase was identifiethwihe very stringent criteria the raw data
were re-evaluated using relaxed identification peatrs. By this means, four protein kinases,
cKinl17-20, could be identified and all were subgecto YFP analysis (Fig.26).

cKin20N

chlorophyll YFP merged chlorophyll YFP merged

Fig. 26. YFP localization of identified protein kimases.Tobacco leaves infiltrated with YFP-constructs
were analyzed by confocal laser scanning microscaywy days after infiltration. Chlorophyll
autofluorescence (red) is shown in the first chhame the YFP signal (green) in the second charire.
third channel shows the merged image. Bar = 20um
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cKinl7 localized to small vesicles throughout thgoplasm but mitochondrial or peroxisomal
localization could be ruled out due to the reguatribution of the vesicles. cKinl8 was
clearly localized to chloroplasts, cKin19 was assted with the cytoskeleton and cKin20
with the ER.

cKinl8

cKinl18 was the only novel chloroplast-localizedtgtive protein kinase identified within all
experiments done. But according to Prosite it kilag a conserved aspartic acid residue
within its catalytic domain, which is predicted be important for protein kinase activity.
Thus, cKinl18 was recombinantly expressed and irtegbaith stroma and thylakoid protein
extracts in the presence of radioactively labeld@d Ain order to investigate its protein kinase
activity (Fig.27A). Unexpectedly, cKin1l8 was abtephosphorylate a substrate of ~38kDa in
the chloroplast stroma. In contrast, no phosphtoflaof thylakoid substrates could be
observed but, interestingly, phosphorylation oflakgid proteins of the size of ~95kDa was
inhibited upon addition of cKin18.

Furthermore, to investigate the physiological fimctof cKinl8 T-DNA insertion were
searched. Since neither a line with insertion iregan nor an intron was available, the line
SALK 047737 carrying the T-DNA insertion within thomoter region of cKinl8 was
ordered. Unfortunately, the promoter region is sawith the neighboring gene AT5G16820,
the putative transcription factor HSF3 (Fig.27B).

Cc18Nt
A B LB At5g16820/HSF3
. At5g16810/cKinl8  c18RTrev SALK 047737 HSF3RTI
stroma  thlyakoids groBIBIERIn e

A {
@ 3 @ 1 25 4 picKin1g S E== Sl E = S 2

C c18Nt + c18RTrev c18RTrev + LB
[bp] 12345678 12345¢617 8

o ——
700—

c18RTrev +
28— e HSF3RTrev D ACT cKin18 HSF3
. 3458 13813813 8
- &0 . [bp] [bp]
- R saas zsoo— TR soo— [y

Fig. 27. cKinl18 protein kinase assay and T-DNA inggon line analysis. A, cKinl8 was incubated with
stromal and thylakoid protein extracts and radivatt labeled ATP. Asterisk labels substrate speify
phosphorylated by cKinl®, Scheme of genomic locus of cKin18 and neighboH&#3. Exons are orange
colored. SALK 047737 indicates position of T-DN#sertion of this specific line. c18Rtrev, c18Nt, LB
and HSF3RTrev are the primers used for PCR genajypnd RT-PCRC, SALK 047737 insertion line
PCR genotypingD, RT-PCR analyses of line SALK _047737. In the cas@&@T the primers ACT3-5" +
ACT3-3', in the case of cKinl8 the primers c18Ntc8RTrev, and in the case of HSF3 the primers
HSF3RTfw + HSF3RTrev were use
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The insertion line was analyzed by PCR genotypisiggiprimers specific for the T-DNA
insertion and cKinl8 (Fig.27C). Of the eight liresalyzed, lines 3, 4, 5, and 8 carried the
insertion as indicated by the obtained PCR-prodsatg the primers c18RTrev and LB. But
only line 3 and 8 were homozygous regarding thertien, because when using the primers
c18RTrev and HSF3RTrev no PCR-product could beirddia This was due to the presence
of the T-DNA insertion, with a size of ~4500bp tdmg for amplification, on both
chromosomes.

The effect of the insertion on the expression oind® as well as HSF3 was investigated by
RT-PCR (Fig.27D). Actin 3 (ACT) was used as contianscript levels of cKinl8 were
reduced in the lines 3 and 8 compared to line lichviexhibited a wild-type genotype.
Unfortunately, expression of HSF3 was even moreiged. Therefore this T-DNA insertion
line could not be used for functional studies, lseathe influence of the impaired expression

of the transcription factor HSF3 could not be rubed.

Purification of protein kinases by fluorosulfonylbenzoyladenosine

Since classical chromatographic approaches wersuwaessful in the identification of novel
chloroplast protein kinases, | searched the liteeator alternative strategies.

|  found reports  about

o
fluorosulfonylbenzoyladenosing i—+er-c- ;_HN.CH-@-g
CH, CH,
(FSBA), which is an ATP < % ot i IT
1 . ¢
analogue that has already bee a4 . -2 /& SO 3 e SN &

successfully used for the _ o _ _
Fig. 28. Scheme of FSBA enzymatic activityfrSBA is able to bind

selective labeling of proteinto the ATP binding pocket of proteins and to comtljemodify lysine
kinases. It is able to react Wm[lesidues there (Renzone et al., 2006).

primary amino groups such as the invariant lysim# is present within the ATP-binding
pocket of protein kinases (Fig.28). In combinatwith FSBA-specific antibodies protein
kinases can be purified by immunoprecipitation kEgr1993; Moore et al., 2004).

| performed a protein kinase assay of gel-filtragtidbma after incubation with 1 or 2mM
FSBA for 2h30min in order to assess the reactigft}f-SBA on chloroplast protein kinases
(Fig.29A). Besides a control reaction without FSB#, additional control reaction including
DMSO was prepared, since FSBA was dissolved in DME@rned out that already DMSO
alone reduced kinase activity to a small extent. iBithe presence of FSBA, regardless of
whether 1 or 2mM, a further significant decreas&imase activity could be observed. This

especially affected the incorporationyeP; into proteins of ~130kDa. Thus, FSBA-treatment
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in combination with immunoprecipitation using anBZ8directed antibody seemed to be a
promising strategy for the purification of chlorapt protein kinases.

The functionality of a purchased
FSBA B @ 10 100 pM FSBA

a-FSBA antibody was tested in o @ D 1 2 [kpa] i
limi ) )  [xpba] ‘ i <« cKin3
reliminar experimen using13so— " .
p y exp ¢ 95_“ S S <~ BSA
recombinant cKin3 (a 72— - Fig. 29 FSBA kinase assay ar
. 55— immunoprecipitation. A, Stromal protei
conventional STK) and BSA, ¢ extracts were incubated foPh30min a

. . - 36— W e 37°C in the absence or presence of F
protein  without  ATP-binding prior to kinase assay. @ = control. C

i 28— control with DMSO. 1 and 2 = 1mM a
cleft, which therefore should no 2mM FSBA, respectively.B, Coomassi
be targeted by FSBA. BSA an - stainedpoteins after immunoprecipitation

17— cKin3 and BSA usin@ o-FSBA antibod.

cKin3 were treated with FSBA
and subsequently incubated with the antibody, wiiatl been coupled to sepharose beads
before. After washing the immunoprecipitated prteiwere analyzed by SDS-PAGE
(Fig.29B). Unfortunately, the antibody recognize8Mas well as cKin3 even when FSBA
was excluded from the reaction mix. Thus, the aalybcould not be used for the purification
of protein kinases from stromal extracts. Altervelly, after FSBA treatment of stromal
proteins FSBA-labeled protein kinases could be tiled by mass spectrometry, as it has

already been successfully conducted (Renzone, &0416).

Interaction of chloroplast protein kinases with gerral kinase inhibitors and substrates

Abnormal protein phosphorylation is linked with iars human diseases, above all cancer.
Therefore protein kinases have become one of th&t imgportant groups of drug targets
nowadays (Cohen, 2002). In clinical research tredoas efforts have been made to identify
and characterize novel protein kinase inhibitonscdntrast to inhibitors for specific protein
kinases that make use of individual protein charstics, broad-range inhibitors are
targeting the ATP-binding site that is common tbpmbtein kinases. In a recent study 38
inhibitors were investigated for their specificity more than 300 human protein kinases
(Karaman et al., 2008). It was shown that the inbilstaurosporine bound and inactivated by
far the most protein kinases followed by the intmbsunitinib.

Since protein kinases are highly conserved throught organisms, human protein kinase
inhibitors can be applied to plant protein kinaasswvell. 1 used Purvalanol B, staurosporine,
sunitinib and sorafenib in protein kinase assaysrafle or gel-filtrated stroma (Fig.30A).
Unexpectedly, sorafenib and sunitinib did not iefiae kinase activity at all. Staurosporine

and Purvalanol B could inhibit phosphorylation opmotein of ~50kDa and Purvalanol B
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additionally reduced phosphorylation of two proteof ~65kDa. But both inhibitors acted at
a concentration of 100uM. In contrast, staurosgohas been shown to exhibit half maximal
inhibition of a serine/threonine- and a tyrosingedfic protein kinase already at a
concentration of 3nM and 2nM, respectively (Megegial., 1995). Also, phosphorylation of
the general protein kinase substrate MBP by recoamicKin3, which is a conventional STK,
was already abolished completely at an inhibitarrB concentration of 1uM (Fig.30C).

In addition to the unexpected poor effect of proteinase inhibitors, chloroplast-localized
protein kinases phosphorylated only weakly the pg®Eneubstrate histone (Fig.30B).
Furthermore, they completely failed to phosphogyldtie substrates casein, phosvitin, and
MBP, which together with histone all have alreadset successfully used to study the
activity of various protein kinases (Yang et a@87; Schinkmann and Blenis, 1997; Trojanek
et al., 2004). In contrast MBP was heavily phospladed by cKin3 (Fig.30C).

These results strongly suggest that most chlorbjmaalized protein kinases are unusual

compared to conventional eukaryotic protein kinases

cKin3

>
Purvalanol B
Sorafenib
Staurosporine
Sunitinib
+ casein
+ histone
O

gy g

95—

[Cami™ T T
55—

+ PurB

4
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i
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17— ' MBP

36—
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v : - 28—
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Fig. 30. Protein kinase assays with inhibitors andubstrates. A,Protein kinase assay of gel-
filtrated stromal protein extracts in the preseaterotein kinase inhibitors (100uM). & = control
reaction without inhibitorB, Kinase assay of crude stromal extracts in theemas of general
protein kinase substrates. Casein is represenfatividBP and phosvitin. Asterisk indicates minor
phosphorylation of histoneC, Phosphorylation of MBP by cKin3 in the presencePofB. & =
control. Triangle incidactes increasing PurB comicion: 1, 10, 100, 1000uM.
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3.5. The effect of acylation on the subcellular localiz#on of proteins

It is well-known that acylation, the N-terminal athment of myristic and/or palmitic acid,
has an influence on the subcellular localizationpadteins. In order to asses the effect of
acylation on the localization of protein kinases,sdt out to analyze the extent of
myristoylation, which in most cases is a preredaisior palmitoylation, within the
Arabidopsis kinome compared to the whole proteome.

According to PlantsP out of all 27235 Arabidopsistpins (TAIR8 release) 965 are protein
kinases and 26270 have another annotated fundBdhgkov et al., 2001). Strikingly, using
the Myrist predictor program (Podell and Gribska00p4) 7% of all protein kinases but only
1% of all other proteins were predicted to be niggimted. Thus, it seemed that
myristoylation plays an important role especiatly protein kinases.

Interestingly, cKinl, cKin3, cKin4, and cKin6 comtaa myristoylation consensus motif,
which requires a glycine residue that has to begmeat amino acid position 2. If this glycine
is removed or exchanged with a different amino aitidn myritoylation is inhibited. Hence,
to investigate the impact of acylation on the silbtze localization of cKinl, cKin3, cKin4,
and cKin6, | generated G2A mutants of these prokamases that carry an alanine residue
instead of the glycine on position 2. YFP studié®veed that in all cases membrane
localization was drastically reduced and proteicsuanulated in the nucleus compared to the
wild-type proteins (Fig.31). These results confidrgevious findings that myristoylation is
crucial for membrane attachment of proteins (Bemetkal., 2008).

Recently, a much more striking effect of myristaida on the subcellular localization of a

B .- B .-

E .-

chlorophyll merged chlorophyll YFP merged

B -

Fig. 31. YFP localization of G2A mutants of selectk cKins. Tobacco leaves infiltrated with YFP-
constructs were analyzed by confocal laser scanniimgoscopy two days after infiltration. Chlorophyl
autofluorescence (red) is shown in the first chhame the YFP signal (green) in the second charire.
third channeshows themerged imag. Bat = 20pum

protein kinase has been described. Thé*-@apendent protein kinase CPK16, which is

localized predominantly at the plasma membranereiscated to chloroplasts when the
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glycine on position 2 is exchanged for an alanifig.83)(Mehlmer, 2009). This observation
implied that myristoylation interferes with chlotapt import. This is in accordance with the
fact, that out of the ~1100 experimentally confidrahloroplast proteins in PPDB (organelle
encoded proteins were excluded) only 0.2% (2 pmejeare predicted to be myristoylated in
contrast to 1.2% (320 proteins) of the whole Arapsis proteome. The two already
experimentally identified chloroplast proteins tleat predicted to be myristoylated are a
protein phosphatase (AT4G03415) and a tRNA synsleefAT2G25840) that has been shown
to be dually targeted to chloroplasts and mitochien(Duchene et al., 2005). However, it is
still unclear whether these two proteins are remaljyistoylatedn vivo.

Subsequently, the inhibition of chloroplast impbyt N-myristoylation was experimentally
investigated. The influence of palmitoylation, whicis often accompanied with

myristoylation, on chloroplast import was also ddesed and analyzed.

The influence of protein acylation on chloroplastmport

CPK16 harbors a cysteine residue on position 4dditi@n to the glycine on position 2. This
cysteine residue represents a possible site fomifmajllation. To assess the effect of
myristoylation and palmitoylation on chloroplastgeting, the CPK16 mutants C4S and
G2AC4S were created in addition to the G2A mutahey have the cysteine on position 4

exchanged for serine and thus cannot be palmitxylahymore. CPK16 and all mutants were

subjected to myristoylation and YFP FNR Ruba

) CPK16 WT  A2G A2GA4C WT A2G A2V A2GA4C
analyses. As expected, only wild-ty Wr G2a 45 G2aCas
CPK16 and CPK16C4S could | - *H -

myristoylated as shown by the
incorporation of radioactively labele o o o oog e —
myristic acid intoin vitro translated Fig. 32. Myristoylation assays and control translabns of

protelns (Flg'32)' |n Control reactlonngj.G, FNR and Ruba and their mutants. 3H andSSS
indicate incorporation of radioactively labeled ms§ic acid

with radioactively labeled methioninend methionine, respectively, into translated pnste

all mutants were successfully translated.

YFP studies revealed that the C4S mutant, whichbeamyristoylated but not palmitoylated,

was not targeted to chloroplasts but showed aikatadn pattern similar to wild-type CPK16

(Fig.33). In contrast, the G2AC4S mutant was laeali to chloroplasts suggesting that

myristoylation alone inhibits chloroplast importtime case of CPK16.
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Based on these results my colleague Simon Staell astdrted a project to investigate,
whether it is possible to prevent import of canahichloroplast proteins by the artificial
introduction of myristoylation. Therefore we sektthe two chloroplast proteins ferredoxin-

NADP" reductase (FNR) and Rubisco activase (Ruba), whieh lacking a glycine on

CPK16G2A

RubaA2G 4
CPK16G2V -- RubaAZV
RubaA4C '

chlorophyll merged chlorophyll YFP merged

RubaA2VA4S

Fig. 33. YFP localization of CPK16, FNR, and Rubarad their mutants. Tobacco leaves infiltrated with
YFP-constructs were analyzed by confocal laserrsngmmicroscopy two days after infiltration. Chlgpioyll
autofluorescence (red) is shown in the first chhane the YFP signal (green) in the second charired.
third channeshows themerged imag. Bai = 20um
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position 2. But according to Myrist predictor theckange of alanine on position 2 for a
glycine results in the introduction of a strong migylation consensus motif in both proteins.
Consequently, both FNRA2G and RubaA2G could be stoylatedn vitro (Fig.32).
Interestingly, YFP-fusion proteins of FNRA2G anddaA2G still localized to chloroplasts
but they were also present in the cytoplasm to allsextent, in contrast to the wild-type
proteins (Fig.33). Considering a possible effecpalmitoylation on localization, A2GA4C
mutants of FNR and Ruba containing a putative palfation site in addition to the
myristoylation site were created. Both mutants vatilemyristoylatedin vitro indicating that
introduction of the cysteine did not eliminate tmgristoylation consensus motif (Fig.32).
YFP analyses of FNRA2GA4C and RubaA2GA4C revealstiamg membrane attachment of
both mutants and only residual chloroplast locé#ilira indicating that introduction of
myristoylation and palmitoylation impedes chlorgglanport (Fig.33).

To rule out the possibility that the exchange ofirmmacids led to chloroplast import
inhibition due to perturbation of the cTP, contmutations were generated. In the case of
CPK16 a G2V version was created, because it is knibnat alanine is frequently occurring
on position 2 of chloroplast proteins and thasitiipossible chloroplast targeting determinant
(Pujol et al., 2007; Zybailov et al., 2008). Newetess, CPK16G2V still localized to
chloroplasts (Fig.33). In the case of Ruba, repragwe for FNR, the control mutants A4C,
A2V, and A2VA4S were created and all of them exeibiwild-type chloroplast localization
(Fig.33). These results clearly indicated thathition of chloroplast import of CPK16, FNR,
and Ruba was established by N-terminal acylation.

Additionally, for CPK16, FNR, Ruba, and their mutam vitro chloroplast import assays
were carried out, in order to analyze the effectaoflation on chloroplast targeting in an
independent experiment (Fig.34). Surprisingly, fdl analyzed proteins no significant
differences in the efficiency of chloroplast impoauld be detected. This was in contradiction
to the observed acylation-dependent differencethénsubcellular localization of the YFP-

fusion proteins.

CPK16 FNR
WT G2A C4S G2AC4S WT A2G A2GA4C
TP IMP IMP+ IMP IMP+ IMP IMP+ IMP IMP+ TP IMP IMP+ IMP IMP+ IMP IMP+

Fig. 34. Chloroplast import assays of CPK16, FNR
A2GAAC  and Ruba and their acylation mutants. TP =

Rl _ translation product. IMP = import reaction: protein

: incubated with isolated chloroplasts. IMP+ =
¢ thermolysin added after import reaction.
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Other examples for the interference of myristoylatbon with chloroplast import?

In order to identify additional proteins that, sianily to CPK16, are relocated to the
chloroplast when N-terminal myristoylation is initdal, the whole Arabidopsis proteome was
analyzed for proteins that are predicted to be bothstoylated and chloroplast-localized.

In total 22 proteins were identified including CR1CPK24 and two PP2C-type
phosphatases (AT4G03415, AT3G02750). CPK24 hasadrebeen analyzed for its
localization also as G2A version, but did not laalto chloroplasts at all (data not shown).
Interestingly, the localization of both phosphasabas recently been analyzed in a study
about chloroplast-predicted protein kinases andsphatases (Schliebner et al., 2008).
AT4G03415 was shown to be localized to the chl@sipand is one of the only two above-
mentioned experimentally identified chloroplast tpms that are predicted to be
myristoylated. The second protein phosphatase,(RP3G02750), seemed to be localized to
the plasma membrane and therefore represented dlsé promising candidate. However,
PP1G2A was localized in the nucleus and the cysoplg-ig.35).

Furthermore, | analyzed the localization of thesekt homologs of CPK16: CPK18 and
CPK28. CPK28 had already been investigated befodata G2A mutant exhibited exclusive
nuclear localization (Mehlmer, 2009). The G2A mutah CPK18, which is identical to
CPK16 in the first seven amino acids (MGLCFSS),0atiid not exhibit chloroplast

localization but similarly to PP1G2A was presenthia nucleus and cytoplasm (Fig.35).

PP1G2A CPK18G2A

chlorophyll YFP merged chlorophyll YFP merged

Fig. 35. YFP localization of the G2A mutants of PPAnd CPK18. Tobacco leaves infiltrated with YFP-
constructs were analyzed by confocal laser scanmimgoscopy two days after infiltration. Chlorophyl
autofluorescence (red) is shown in the first chhane the YFP signal (green) in the second charired.
third channel shows the merged image. Bar = 20um.

ER involvement in myristoylation-dependent targetirg of CPK16?

In the case of CPK16 myristoylation was shown tedsponsible for inhibition of chloroplast
import but the molecular mechanism behind this ph&mnon was still unclear. Assuming
that CPK16 is targeted via the ER to its final ohedton, it is possible that myristoylation has
an impact on the co-translational import into thB EFia SRP. If myristoylation is the

determinant for CPK16 to be co-translationally gguaed by SRP, then the protein would

not be available for the components of the postsiledionally acting chloroplast import
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machinery anymore. In contrast, CPK16G2A, whickacking myristoylation, would not be

recognized by SRP and therefore would be avaif@lolthe chloroplast import machinery.

To test this hypothesis | analyzed the localizatdrCPK16 and CPK16G2A, which both

were N-terminally fused to a YFP-mutant carrying &R retention signal KDEL at the very
C-terminus. A similar mutant has already been sgfodly used to demonstrate that the
carbonic anhydrase CAHL1 is transported to the oplast via the secretory pathway. In
contrast to CAH1-GFP, which localized to chloropdasCAH1-GFP-KDEL was retained in

the ER (Villarejo et al., 2005). In the case of ABKneither the wild-type protein nor the
G2A mutant fused to YFP-KDEL exhibited ER retenti@fig.36), but both proteins rather
showed the same subcellular distribution as wheaduo the wild-type YFP version.

CPK16-KDEL CPK16G2A-KDEL

chlorophyll YFP merged chlorophyll YFP merged

Fig. 36. YFP localization of CPK16- and CPK16G2A-KIEL. A, Tobacco leaves infiltrated with YFP-
constructs were analyzed by confocal laser scanmimgoscopy two days after infiltration. Chlorophyl
autofluorescence (red) is shown in the first chhiane the YFP signal (green) in the second charired.
third channel shows the merged image. Bar = 20um.

Since KDEL is triggering retrograde transport ofoteins from the Golgi to the ER
(Hadlington and Denecke, 2000), it could be exauttat CPK16 was targeted via the ER-
Golgi pathway. But import into the ER still couldbtnbe ruled out. Therefore direct

interaction assays with SRP were carried out.

Interaction of CPK16 and CPK16G2A with SRP

In vitro translation of proteins carrying an ER signal mept(SP) is known to be arrested
upon addition of SRP in the absence of microsonmehbranes (Walter and Blobel, 1983).
CPK16 and CPK16G2A were translatedvitro in the absence or presence of SRP using a
wheat germ extract system as previously describedhe mammalian NADH-cytochrome
b(5) reductase (b5R)(Colombo et al., 2005). Incapon of radioactively labeled methionine
into the full-length protein served as a measurdramslation. Interestingly, the translation of
the CPK16 wild-type as well as the G2A mutant proteas inhibited with increasing SRP
concentrations, indicating myristoylation-indepemdescognition of both proteins by SRP
(Fig.37).
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Nevertheless, a crucial control was missing: aganothat was not affected by SRP addition.
Therefore, the SRP assay was repeated with theipsob5Rwt and b5Rsol (obtained from
Sara Colombo), which were used in the above-meatiostudy (Fig.37). Unexpectedly,

translation of b5Rwt was only weakly affected byPSRvhereas translation of b5Rsol was
almost completely inhibited by the addition of 1RIRP. This was in contradiction to the
published results and therefore the SRP assay egapeabe error-prone. For this reason no
conclusions on the interaction of CPK16 and CPK1&@2&h SRP were drawn.

CPK16 CPK16G2A
@ 06 1 1,5 @ 06 1 15 SRP(ul)

bSRwt b5Rsol

@ 0102 05 @ 01 02 05 1 SRP(ul)

s

Fig. 37. SRP assay of CPK16, CPK16G2A, b5Rwt and b5Rs
Proteins were translated in the presence of inglicamount of SRP usi
a wheat germ extract system. @ = control reactithout SRP.

3.6. Thylakoid-localized protein kinases — solubilizatio by detergents

As already mentioned protein phosphorylation isnestricted to the soluble compartment of
the chloroplast. Historically, the first reports pfotein phosphorylation within chloroplast
thylakoids date back to the 1970s when the phogtdimn of light-harvesting complex
(LHC) proteins was demonstrated (Bennett, 1977 fTitst thylakoid protein kinases that
have been identified were the “state transitioniasies STN7 and STN8. Furthermore, the
three protein kinases TAK1-3 have been shown talide to phosphorylate LHC proteiis
vitro (Snyders and Kohorn, 2001).

Thylakoid-localized protein kinases are hydrophadmscthey are localized in a membranous
environment and therefore they are hardly acces$iblstandard chromatographic separation
techniques. Thus, it is necessary to solubilizdaltoid protein kinases prior to further
purification procedures. This can be done by intiohaof thylakoids with detergents, which
are amphiphilic molecules that are routinely usedtlie purification of membrane proteins
(Arnold and Linke, 2008). Depending on the biocheahproperties of different detergents

and their concentrations not only the amount bsib &he activity of solubilized proteins is
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influenced. Therefore, a preliminary experiment veasried out to determine the optimal
conditions for protein kinase solubilization frohykakoids.

Thylakoid membranes were separated from isolatddrablasts and incubated with the
detergents CTAB (cationic),

- o
dodecyl maltoside, Triton A g = B 8 g E £
8 = = T 8 = &\
o g 2 XTE _% % 0%
X-100, Tween 20, NP-40, S§5iswi ¢ 5§52s82f,:t
285312223 £ £ 94 2
Digitonin (all non-ionic), 1 = AELERERNNNE-EE NN R E R
o Tz coEEgEL RETRE W
. 95— = % 2 o
SDS, N-laurylsarcosine, »— = = . -
55— “ -~ il
deoxycholic  acid  (all = =
anionic), and CHAPS *~ =& ot B -
25— S =S
(zwitterionic) at a final =

concentration of 0.5%.

Subsequently  solubilized Fig 38 solubilization of thylakoid proteins using different
proteins were analyzed by detergents. A,Coomassie stailB, Protein kinase assi

SDS-PAGE and Coomassie staining and tested foeiprkinase activity (Fig.38).

According to the amount of solubilized proteins thteongest detergents were SDS, N-
laurysarcosine and CTAB. But as expected, theserghatts also disturbed protein structure
to an extent that protein kinase activity was dcafly reduced and in the case of SDS even
completely lost. Clearly the best performance réigar preservation of protein kinase activity

showed dodecyl maltoside, although one proteindamasponsible for the phosphorylation of
a ~18kDa substrate could not be solubilized (unfately, Coomassie stain of dodecyl

maltoside sample is missing).

To determine the optimal detergent
pellet supernatant  supernatant

1,6 05 1 15 %DM
g s
Wi @R S

concentration the experiment was repea

with 1% and 1.5% of dodecyl maltosid X5ol_ ~ e
(Fig.39). Indeed, increasing deterge B
concentration improved the solubilizatio *~ i i
of proteins but did not affect protein kinas  >° 48 - . -
activity, which completely was solubilizet o

il S

already at a concentration of 0.5%. Tht -
) _ S 17— ...
for protein kinase solubilization fror. S v SN0
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thylakoid membranes 0.5% dodecyl Fig. 39 Solubilization of thylakoid proteins using
| different concentrations of dodecyl maltoside

maltoside were found to be optimal. %DM = percentage of dodecyl aitoside used ft
solubilization. A+B, Coomassie stain of pellets ¢
Subsequent experiments including masssupernatant<, Protein kinase assay of supernatants.
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spectrometric identification of solubilized protgiar further purification procedures have not
been conducted so far but seem to be promisingrdiggp the identification of novel
thylakoid-localized protein kinases.
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4. Discussion

4.1. Protein kinase activity in chloroplasts

It has already been shown that various substratdsei chloroplast stroma and thylakoids are
phosphorylated by chloroplast-localized protein akies. Besides the extensive
phosphorylation of stromal proteins, which was coméd in my experiments, | could also
demonstrate Gadependent phosphorylation in the stroma.

The drawback of the describadvitro protein kinase assay is that only the incorporatib
radioactively labeleg-P,; into proteins is measured. Hence, it cannot bndisished between
phosphorylation of substrates or autophosphoryladioprotein kinases, which is a common
feature (Smith et al., 1993). But based on expartaieexperiences, autophosphorylation
usually can only be observed when protein kinasespaesent at very high levels, for
example after recombinant expression and puribcatihus, it is more likely that the signals
observed in the protein kinase assays are dermeed substrate phosphorylation.
Furthermore, based on the number of phosphorylaaeds it is not possible to deduce how
many protein kinases are present in the chloromasima, because it is feasible that one
protein kinase is able to phosphorylate differamstrates. Moreover, if the substrate of a
stromal protein kinase is only localized within ttie/lakoids, then its activity cannot be

measured by incubation of stromal protein extragtis radioactively labeled ATP.

4.2. Candidate approach

In total | analyzed 15 different protein kinaseattkither were predicted to be targeted to
chloroplasts by TargetP, that shared homology tdipted chloroplast-localized protein

kinases or that were identified in chloroplast ponhic studies. Surprisingly, only ABC1 and

ABC2, which both belong to the ABC1 family of prmtekinases and which were already
identified in proteomic studies of plastoglobule CPK3 FNR

could be verified to be chloroplast-localize.. TP ”W:’ IMF+ TP IMP  IMP+

Especially the failure of TargetP to predic =55
chloroplast protein kinases was unexpecte

since this program was calculated to correc'flig' 40. Chloroplast import assay of CPK3FNR
was included as positive control. TP rartslatiol

predict chloroplast localization for 45% afroduct. IMP = import reaction: protein incube
with isolated chloroplasts. IMP+ = thermoly

analyzed proteins (Richly and Leister, 2004). added after import reactic
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Notably, quite a number of different protein kinmsare predicted to be localized in
chloroplasts but systematic analysis of their lizedion revealed that most of them are not
targeted to chloroplasis vivo (Schliebner et al., 2008). For example, thé @ependent

protein kinase CPK3 has a firm prediction for chfgast targeting, but could not be imported
into the chloroplast (Fig.40) and eventually turreaed to be localized in the nucleus and at

different cellular membranes (Mehlmer et al., 2010)

4.3. Phylogenetic approach

In a different approach | set out to identify Arddwpsis chloroplast-localized protein kinases
based on sequence homology to cyanobacteria. labooation with bioinformaticians 465
Arabidopsis could be identified as inherited frohe tcyanobacterial ancestor using very
stringent selection criteria. As a proof of concagtomoserine kinase (HSK), a fructosamine
kinase (FAK), an aspartate/glutamate/uridylate $en@AGUK), and a NAD kinase (NADK1)
were subjected to YFP analyses whereas three of toelld be confirmed to be chloroplast-
localized.

Within the set of 465 proteins only five proteiméses were contained: cKin21, cKin22,
ABC2, ABC4, and ABC5. Using relaxed criteria gaveerto further two protein kinases:
PIDPK and PHOT1. Out of these seven proteins dmythree ABC kinases were shown to
be true chloroplast proteins.

Interestingly, already four members of the ABC1 itgnof protein kinases (ABC1, ABC2,
ABC4, and ABC5) could be confirmed in the chlorgpldntriguingly, three of them have
initially been identified in proteomic studies dagtoglobules, which are thought be storage
compartments and were shown to contain vitamindgd and quinones (Vidi et al., 2006;
Ytterberg et al., 2006).

The presence of three protein kinases in plastodgsbis very surprising regarding the fact
that protein kinases are already appearing to lkeroepresented in the chloroplast. But an
alignment of the protein sequences of ABC2, ABCd arconventional STK (AT3G02810)
revealed that despite an overall high conservatiathe protein kinase domains, two crucial
glycine residues within the ATP-binding site aressmg (Fig.41). Additionally, compared to
the ATP-binding region signature from Prosite, arexpected leucine residue is present.
Therefore it has to be considered that ABC1 farpiigtein kinases possibly are not able to
bind ATP and as a consequence are not able to pbodate substrates. This could be
elucidated by investigating the enzymatic actiatyecombinant ABC1 family proteins.
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B
ABC2-ATPbinding TAALSTS O

'TKAQLRYS Qv
ABC4-ATPbinding ITAMASLIEORSYRATIMRATEED
ProteinKinase-ATPbinding LGEGGF 'fTKGTLKST ")

Consensus

Fig. 41. ATP-binding site of ABC2 and ABC4. AA part of the ATP-binding signature of protein &ées
according to PrositeB, Alignment of the putative ATP-binding sites of ABCABC4, and a conventional
STK (AT3G02810). Consensus sequence is also shastrrisks indicate positions of the missing glycine
and the unexpected leucine residues.

4.4. Proteomic approach

Size exclusion chromatography proved to be a véu&dol in order to deplete stromal
protein extracts of Arabidopsis and pea from thestmabundant protein Rubisco and to enrich
for low-abundant proteins such as protein kinaSesequently, the protein kinase-enriched
fractions were subjected to direct protein idecifion by mass spectrometry, to a second gel
filtration step using a S75 column, to anion-exgerchromatography using a MonoQ
column and to affinity chromatography. In total &svable to identify seven protein kinases,
cKinl17-20 and cKin23-25, but only cKinl8 could ben@irmed to be localized in the
chloroplast by YFP analysis.

In the case of MonoQ chromatography only one foactexhibiting the strongest protein
kinase activity was subjected to protein identtiima by MS while other fractions showed
different phosphorylation patterns indicating theegence of different protein kinases. It
would be interesting to analyze these fractionsMfy as well. Furthermore, the pooled
fractions after gel filtration on the S200 columauld also be applied to hydrophobic
interaction chromatography using the Phenyl-Sugeroslumn, which exhibited a very
efficient separation of root extract proteins itest run.

Disappointingly, the proteomic approach resultedthe identification of only a single
chloroplast-localized, putative protein kinase. blheless, the affinity strategy coupled to

gel filtration led to interesting discoveries whiefll be discussed now.

4.5. Proteomic approach - ATP/PurB/Eu™ affinity chromatography

A strategy to enrich for low-abundant proteins frohtoroplasts of the non-model organism

pea was developed and led to the identificatiodd® proteins. First, all available data on the
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localization of these proteins were extracted fidmtabases and the literature in order to get
an overview on what is already known. However,@seg protein localization is error-prone
when data originating from different experimentslifierent laboratories are combined. Also,
it has to be considered that proteins can be dualigeted (Karniely and Pines, 2005).
Furthermore proteins are sometimes assigned towttumg location, especially when
identified in MS-based studies. For example sonmentifled proteins are present in the
mitochondrial AMPDB although they are already cedato be exclusively localized in the
chloroplast according to PPDB (e.g. AT1G14810, A22G/0 or AT4G34200).

In order to assign putative novel chloroplast preteall identified proteins were divided into
three classes: contamination, already known chlasbpand putative novel chloroplast. In
case of contradicting evidences for different l@zlons a protein was assigned to the
chloroplast when at least one experiment pointegitds chloroplast localization. Only if no
experimental evidence on the localization of a girothad been presented so far, it was
considered as a putative novel chloroplast protdinrmay well be that putative novel
chloroplast proteins were overlooked, because yltalbeted proteins or chloroplast proteins
identified in other non-chloroplast proteomic skgliwere assigned as contamination. The
example of cKinl18, which was clearly localized be tthloroplast but only showed up when
using relaxed identification criteria, further segts that the affinity approach has the
potential to identify even more putative novel ebjdast proteins. But it has to be considered
that lowering the identification criteria would t&nly increase the false-positive rate.

All in all, the localization analysis of the 448emtified proteins showed a good overall
quality of the chloroplast isolations as reflecbsdthe high rate of known chloroplast proteins
being 84% and the low contamination rate of 5%total 11% or 49 proteins were classified

as putative new to the chloroplast.

Chloroplast targeting prediction

Using a test set of proteins with known localizattbe sensitivity of TargetP was calculated
with 72% (Richly and Leister, 2004). But when apglito the experimentally identified data
set the program performed much better. Out of B @ready known chloroplast proteins
that are not encoded within the chloroplast, 337ewgredicted to contain a cTP (92%).
Interestingly, chloroplast prediction decreasednfi@4% for all 448 proteins to 61% for all 49

putative novel chloroplast proteins. This meang #ither non-chloroplast contaminants are
enriched or that several proteins with non-candnteageting peptides were identified

(Bhattacharya et al., 2007).
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Out of the 13 selected candidate proteins seven watfirmed to be chloroplast-localized by
YFP-fusion analysis. By a combination of the fouedction programs TargetP, ChloroP,
MultiP and Aramemnon all experimentally verifiedlaioplast proteins were at least once
correctly predicted. The best individual performasbowed ChloroP, which predicted six out

of the seven chloroplast-localized proteins colyect

Saturation of protein identifications

Most of the peptide measurements were performeal lofQ XL mass spectrometer. It can be
argued that using an instrument with higher sansjtcould increase the amount of protein
identifications. A LTQ Velos for example was abteidentify almost twice as many proteins
compared to a LTQ XL instrument when analyzing IyigCaenorhabditiselegansdigest
(Second et al., 2009).

In the case here, analyzing the calculated saturatirves for both affinity strategies showed
that already with the second biological sampleghgas almost no increase in new protein
identifications (Fig.23D). A significant increasenlp occurred with the third biological
sample but this was due to changes in the expetahsetup. In the case of the ATP binding
strategy the ligand of the affinity column was ofpash from PurB to ATP and in the case of
the EG* column gel filtrated stroma was used instead otdweahloroplasts. This, together
with the fact that the sample complexity alreadyswaighly reduced prior to MS
measurements, suggests that the experimental sedspthe limiting factor for protein
identifications rather than the type of instrumesed. Reanalyzing the samples with an

instrument such as LTQ Velos would allow verificatiof this hypothesis.

Identified proteins - ATP/PurB vs. EU**

Affinity chromatography was performed usin~

the ligands ATP, PurB and Eu With each il

affinity ligand a specific subset of proteins cou

be identified (Fig.42). As expected, the overl:

between ATP and PurB was bigger (75 proteir %v

than between ATP and Eu14 proteins) or PurB v

and Ed* (39 proteins). This reflects the differer ATP PurB

; ) R i~ Fig. 42. Comparison of proteins identified in
nature of the ligand’'s binding afflnltlesATP’ PurB, and EL** affinity runs. Number.

Nevertheless, even with PurB and ATP sevefdp overlaps of identified proteins using the t
different affinity ligands are shown in this Ve

unique proteins could be identified, indicating diagram.
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slightly different mode of action on ATP-bindingopeins. Unexpectedly, 91 proteins were
identified with all three ligands which may be diweunspecific binding of proteins to the
column matrices. On the other hand, since chromapby was carried out under native
conditions and thus protein complexes were maiatjiit is possible that one protein of a
multimeric complex bound ATP while another proteiteracted with metal ions. Also, it is

possible that a single protein bound to two diffiielegands.

Selected candidate proteins

In total 13 candidate proteins, 11 from the 49 fwanovel chloroplast proteins, were
selected for verification by YFP-fusion analysisil{Dseven proteins could be confirmed to
be chloroplast-localized. The overrepresentationaf-chloroplast contaminants is probably
due to the fact that in some cases candidate swlests directed to proteins with a function
unexpected in chloroplasts. The L-galactose delggirase GDH for example is involved in
the biosynthetic pathway of L-ascorbic acid whichassumed to be carried out in the
cytoplasm except for the last step which is lo&lim mitochondria (Smirnoff, 2000). YFP
analysis showed that GDH is localized in the cyaspi which confirms the classical pathway.
A further example is PHR2 a protein with sequeniceilarity to photolyases, which are
enzymes that repair UVB-induced DNA damages. Amaisis chloroplasts were reported to
lack photolyase activity which is supported by theative ER localization of PHR2 (Chen et

al., 1996). All confirmed chloroplast-localized pems will now be discussed in detail.

OTL (OTU-like cysteine protease)

The protein OTL belongs to the family of proteasmsd clearly showed chloroplast
localization. Chloroplast proteases have a veryomamt function in processes such as cTP
removal and degradation of misfolded and damagedeips or proteins lacking their
cofactors (Nair and Ramaswamy, 2004). OTL belorgshe OTU-like superfamily of
predicted cysteine proteases. Homologous proteamsanserved throughout all kingdoms of
life (Makarova et al., 2000). In plants the impara of cysteine proteases for chloroplast
function was investigated by overexpressing théetys protease inhibitor cystatin in tobacco
leaves. Cysteine proteases were shown to be indatvéhe turnover of Rubisco as well as
Rubisco activase and to regulate chloroplast protgimposition (Prins et al., 2008). In
Arabidopsis no cysteine protease inside the chlasbhas been identified so far. Thus, it
would be interesting to test whether cysteine @sdeactivity of OTL can be confirmed

Vivo.
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Furthermore, OTL harbors the canonical PTS1 peoox# targeting signal SKL at the very
C-terminus (Subramani, 1996). Since YFP localizattudies were carried out using a C-
terminal YFP-fusion, the PTS1 was masked. Repedtioglization studies using an N-

terminal YFP-fusion would allow analysis of peraxisal targeting of OTL.

ATF (aminotransferase)

ATF is annotated as aminotransferase. Its closestolog in Arabidopsis is the aspartate
aminotransferase AAT (AT2G22250), which is alreakiyown to be localized in the
chloroplast and which was also identified in thisdy. Furthermore, the plastidiar isoform
AAT3 (AT4G31990) was also detected. Besides loasin in the chloroplast, ATF was also
distributed within the cytoplasm. This is probabigt an artifact due to overexpression
because all other investigated chloroplast protdidsiot show any background signal. Thus,

ATF seems to have a specific function within theoplasm.

HAC (haloacid dehalogenase-like protein)

The haloacid dehalogenase-like protein HAC was uskekly localized in chloroplasts. It
belongs to the HAD superfamily including enyzmeshwa diversity of functions such as
dehalogenases, phosphoesterases or sugar phospeembtt the majority of members are
phosphatases and P-type ATPases (Burroughs 20@6). Protein phosphatases are the well-
known counterparts of protein kinases and are wredin many signaling processes. Thus, it
would be interesting to elucidate the enzymatiovagtof HAC regarding a putative function

in chloroplast signaling.

PIF (PRL1-interacting factor)

PIF was identified in a screen for proteins intérecwith the WD (tryptophan-aspartate)-
repeat protein PRL1. This regulatory protein cdstglucose and hormone responses and is
imported into the nucleus (Nemeth et al., 1998nc&i PIF was clearly localized in
chloroplasts and probably mitochondria the inteéoactwith PRL1 is much likely an
experimental artifact.

According to TAIR PIF contains a CobW-like doma@obW is involved in the biosynthesis
of vitamin By, (cobalamin) and contains a P-loop motif for nutisbinding (Rodionov et
al., 2003), which explains binding to the affintglumn. But it is known that only bacteria

are capable of synthesizing cobalamin and in ewkesyonly three cobalamin dependent
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enzymes have been described so far, which allanang in Arabidopsis (Herbert, 1988;
Zhang et al., 2009). Thus, the function of PIH stilnains elusive.

But PIF is present in the Chloroplast 2010 datababkéh collects information from screens
for chloroplast-related phenotypes of thousandsexberimentally verified or predicted
chloroplast proteins (http://www.plastid.msu.edtiihere, a knock-out of PIF is shown to

result in altered plant morphology and chloropliiyibrescence.

PGL (phosphoglycerate mutase)

Phosphoenolpyruvat (PEP), together with erythrepla@shpate, is the precursor of aromatic
amino acids synthesized via the shikimate pathvaayistherefore a key metabolite in plants.
Strikingly, in G plants, PEP has to be imported into the chloroftasn the cytoplasm by a
specific (PEP)/phosphate translocator of the mlasther envelope membrane (Voll et al.,
2003) A knock-out mutant of this transporteugl exhibited a reticulate leaf phenotype and
delayed chloroplast development, which could beued by overexpression of,@/pe
pyruvate, orthophosphate dikinase. But the fadtttacuelmutant was still viable indicates
that some capacity to produce PEP must also residastids of G-plants.

In principle, PEP can be formed from 3-phoshoglgteeiin two consecutive reaction steps
involving a phosphoglycerate mutase and an enolasg&rabidopsis the enolase ENO1 was
already shown to be localized within the chlorop(&abhakar et al., 2009). In this study the
missing phosphoglycerate mutase, PGL, could betifadehand its chloroplast localization
could be confirmed by YFP fusion protein analyfecently, PGL was also identified in
another independent chloroplast proteomic studyafdbet al., 2009).

Integrated data analysis of shotgun proteomics RN& profiling indicated a significant
molecular mass bias for the detection of protewisich are expressed at very low levels
(Baginsky et al., 2005). This seems to be the e plastidiar PGL, thus explaining why
its detection by mass spectrometry had been suliffin contrast other metabolic enzymes
like transketolase accumulate at much higher letieda it would be expected based on their
transcripts (Baginsky et al., 2005), even enabitagprotein purification from plant tissues
(Teige et al., 1998).

PAP (P-type ATPase)

The protein PAP was already identified in a chlémepproteomic study and its localization
could be confirmed within this thesis. This proteeglongs to the family of P-type ATPases,
which are mostly membrane proteins that use theggn@ovided by ATP hydrolysis to pump
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ions across membranes. They are usually specifia fingle ion such as'HC&", Mg**, Na'
or C¥* (Axelsen and Palmgren, 1998). Interestingly, tHEPAse PAP seems to lack any
transmembrane domains as analyzed by the prograM$éiMM and HMMTOP
(Sonnhammer et al., 1998; Tusnady and Simon, 19983.is in contradiction to the expected

function as a membrane-bound ion pump.

Pea database vs. Arabidopsis database

The pea EST database used for the identificatiopratieins from pea samples is known to
have a lower coverage of sequences compared tbgefitome database, as it is available for
Arabidopsis. In order to assess the impact of the different databases on the protein
identification potential, the targeted proteomigumgach using ATP as affinity ligand was
repeated with Arabidopsis chloroplasts.

Although the same amount of chloroplasts (corredpmnto 20 mg chlorophyll) was used,
after gel filtration only 0.82 mg protein could exovered compared to 1.5 mg with pea. This
indicated that isolated pea chloroplasts contaimat the double amount of stromal proteins,
probably because Arabidopsis chloroplasts partikdbt their stromal content during the
isolation procedure. Remarkably, although less gimotvas present in the sample, 365
proteins could be identified with Arabidopsis immt@ast to 234 with pea. This was probably
due to the low coverage of the pea EST database.pibssible that peptides present in the
sample mixture were measured but could not be redtth a protein simply because the
sequence is missing in the EST database.

Strikingly, although approximately 50% more proteimere identified with Arabidopsis only
nine putative novel chloroplast proteins were foaothpared to 21 with pea. Only two of the
putative novel proteins were identified in both amgms. Firstly, this indicates that the
Arabidopsis chloroplast proteome is already qui@@ted and that secondly, using pea gives
rise to the identification of a different subsetabfloroplast proteins. On the one hand this
could be due to species-specific differences indfleroplast protein content. On the other
hand this could reflect differences in the develeptal state of the analyzed chloroplasts,
because for chloroplast isolation from pea seedlimgre used, while in the case of
Arabidopsis leaves of mature plants were used. Miamthesis is strengthened by the fact
that the overlap of identified proteins betweerhbmiganisms accounts for only 160 proteins.
The general weakness of the pea EST databaserfwéiserevealed by the higher rate of non-
chloroplast contaminants (4.7%) compared to Argisd(3.6%; Fig.25). This is much likely

not due to contaminations per se - pea chloroplegiarations are known to be highly pure -
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but rather due to wrong protein assignments. Asnseguence of the low coverage of the pea
EST database it is possible that peptides of aaplast protein, which sequence is missing in
the database, were measured in the sample. Sulbsigche peptide may have been matched
to a similar protein which is not localized in tbleloroplast. Thus, a major improvement for

the targeted affinity approach presented in thesighwould be the sequencing of the complete
pea genome. | predict that usage of a whole gerdatabase would result in the detection of
more (putative novel) chloroplast proteins acconguamvith a decrease of the contamination

rate.

4.6. cKinl8

cKinl8 is the only novel chloroplast-localized ot kinase that has been identified within
this work. Although it is lacking its active sitearding to Prosite, it was shown to be able to
phosphorylate a substrate in a stromal but not thydakoid protein extract. Interestingly,
phosphorylation of at least one thylakoid proteamsvinhibited upon the addition of cKinl8. |
assume that this is more likely a redox-depend#atteof glutathione, which was used to
elute recombinant GST-tagged cKinl18 during prominification, than an effect of inherent
phosphatase activity of cKinl8. To address thisstioe, protein kinase assays of thylakoid
protein extracts in the presence or absence oéthione should be performed. Nevertheless,
redox sensitive protein phosphorylation in thylalsohas already been described (Vener et al.,
1998). Concluding, it seems that cKinl8 exhibits #ctivity exclusively within the
chloroplast stroma.

In order to elucidate the function of cKinl8, fugthinvestigations should focus on the
identification of its substrate(s), for example ymast two-hybrid assays or pull-down assays
using a cKinl8-specific antibody. Also, if becomirayailable, T-DNA insertion lines
exhibiting a complete loss of cKinl8 transcript sldobe analyzed regarding a phenotype

which would help to clarify the physiological radé this protein kinase.

4.7. A revised survey of chloroplast protein kinases anghosphatases

In 2008 a survey of chloroplast protein kinases phdsphatases in Arabidopsis has been
published (Schliebner et al., 2008). | integratathdextracted from publications, also from

other organisms, and data obtained during thisigheasd created a revised version of this
survey (Tab.14).
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Tab. 14. Revised survey of chloroplast protein kinges and phosphatases.

name organism(s) chloroplast
conventional protein kinases
STN7P Chlamydomonas reinhardtifrabidopsis yes
STNg® Arabidopsis yes
CKIl 2 Sinapis albaArabidopsis yes
TAK1? Arabidopsis yes
CIPK13? Arabidopsis yes
AT1G5117G Arabidopsis yes
ABC1 Arabidopsis yes
ABC2 Arabidopsis yes
ABC4 Arabidopsis yes
ABC5 Arabidopsis yes
CDPK1 Spirodela oligorrhiza disputed
MKK4 Arabidopsis disputed
unusual protein kinases
AtRP1%° Arabidopsis yes
CSK Arabidopsis yes
NDPK2 Arabidopsis yes
cKinl8 Arabidopsis yes
excluded protein kinases
TAK2? Arabidopsis plasma membrane
TAK3? Arabidopsis plasma membrane
MSK4 Medicago sativaArabidopsis cytoplasm
NtDSK1 Nicotiana tabacum cytoplasm
protein phosphatases
AtRP12P Arabidopsis yes
SEX4/DSP4 Arabidopsis yes
AT2G3002G Arabidopsis yes
AT4G33500 Arabidopsis yes
AT1G67820 Arabidopsis yes
AT2G3017CG Arabidopsis yes
AT3G1094G Arabidopsis yes
AT4G03418 Arabidopsis yes
AT1G0716CG Arabidopsis yes
TAP38 Arabidopsis yes

¥Protein is present in the original survey of Sdiier et al. (2008)°STN7 and STN8 both are
homologs of theChlamydomonas reinhardtirotein kinase STT7 (Bonardi et al., 200Bue to its
activity AtRP1 was counted as protein kinase a$ agh protein phosphatase.

In the original survey only the seven protein kem$STN7, STN8, CKIl, TAK1, CIPK13,
AT1G51170 and AtRP1 were contained. InterestinggP1, which was also identified in
my proteomic experiments, was shown to possess paitein kinase and phosphatase
activity on pyruvate, orthophosphate dikinase (Ghiaset al., 2008). TAK2 and TAK3 were
not accepted as chloroplast protein kinases, becthey were only identified by sequence
homology to TAK1. In the meantime, TAK2 and TAK3Jeaeven been curated to be

localized at the plasma membrane according to PPDB.
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Based on the results of this thesis, ABC1, ABC2,CABABC5, NDPK2 and cKinl18 were
added to the complement of chloroplast-localizentgdn kinases. The ABC1 family kinases
are supposed to be involved in quinone synthesisthrir protein kinase activity still is
disputed and has to be confirmed experimentallyalfy, the recently published chloroplast
sensor kinase CSK, which was shown to undergo hosghorylation and to be involved in
the redox-dependent regulation of chloroplast geqeession, was included (Puthiyaveetil et
al., 2008).

Chloroplast localization of the already publishedtein kinase MSK4 from was falsified in
the course of this thesis and thus, it was exclutalo excluded the protein kinase NtDSK1
from tobacco, because | was not able to confirmdfleroplast localization of its closest
homolog in Arabidopsis, AtDSK1. I8pirodela oligorrhizahe C&*-dependent protein kinase
CDPK1 was shown to be chloroplast-localized by imnvitro chloroplast import assay
(Raskind, 2001). But due to the bad quality of Hesay, chloroplast localization of CDPK1 is
disputed. Also, the MAPKK MKK4 was shown to be innfgal into chloroplasts in an vitro
assay (Samuel et al.,, 2008). Since this is in ednttion to the nuclear and cytoplasmic
localization pattern observed in a previous stutlyr¢leva et al., 2005) and to its function in
the cytoplasmic and nuclear localized MAPK signgloascade, chloroplast localization of
MKK4 is also disputed.

Together with the phosphatase TAP38, which recemily been shown to be chloroplast-
localized (Pribil et al., 2010), the updated sureemtains now 14 protein kinases and 10
phosphatases, whereas AtRP1 was counted for btfarees.

| decided to divide the experimentally confirmedlocbplast protein kinases into two
categories: conventional and unusual. Conventigmatein kinases are containing a
conserved protein kinase domain consisting of arP-Aihding region and an active-site
signature according to Prosite. In contrast, thesual protein kinase cKinl8 is lacking its
active site and AtRP1, NDPK2 and the recently disced CSK are lacking the complete
protein kinase domain. Nevertheless, they all nehiprotein kinase activity.

4.8. Conclusion - the mystery of chloroplast protein kimses

Based on the number of protein kinases preseriiedrgenome and the predicted number of
chloroplast proteins at least 73 chloroplast-l@eali protein kinases are expected in
Arabidopsis but up to date only 14 have been ifledti

In the candidate approach out of 10 analyzed prdtaases, predicted to be chloroplast-

localized by TargetP, not a single one could befiooed in the chloroplast. This was
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completely unexpected, since TargetP was showortedly predict chloroplast localization
in 45% of all cases (Richly and Leister, 2004). fiddally, in the phylogenetic approach 465
proteins conserved between Arabidopsis and cyamet@overe identified, whereas more
than 60% of them were already known to be chlosiglzcalized. Again, this approach failed
to identify novel chloroplast protein kinases. Hiyaa proteomic approach, involving the
separation of protein extracts from isolated chasts by different chromatographic
techniques, was implemented. But also this appraachpletely failed to identify novel
conventional protein kinases in the chloroplastidantally, in the course of all experimental
approaches | was able to identify conventional grotkinases localized to almost all
subcellular compartments including plasma membmanelgus, cytoplasm, mitochondria, ER,
oleosome and even cytoskeleton but not chloropl#@dtsn all, despite the effort that has
been made within this PhD thesis, only one novelsual chloroplast protein kinase, cKinl8,
could be identified and the presence of the unuysimein kinases NDPK2 and AtRP1 in the
chloroplast could be confirmed.

Considering the already identified proteins AtRRIDPK2, CSK and cKinl8 and the
unexpected results from protein kinase substrate iahibitor experiments, evidences for
unusual chloroplast protein kinases accumulateg&lther, this suggests that unusual protein
kinases are responsible for many if not most pnopdiosphorylation events occurring inside
the chloroplast. If this is really the case, thewill be impossible to identify these protein
kinases by directed approaches involving proteentification by MS, which relies on the
functional annotation of proteins. The only chamamuld be to make use of known protein
kinases substrates in order to identify the intamgcprotein kinases for example by co-
immunoprecipitation or by biochemical fractionatiesing the substrates as markers.
Another explanation for the failure of the iderd#tion of novel, conventional chloroplast
protein kinases is, that there number is simplyresttmated. Out of 965 protein kinases
(3.5% of the whole proteome; PlantsP) only 1% ieady known to be chloroplast-localized
compared to 4.6% of all 217 protein phosphatas&94®f the whole proteome)(Schliebner
et al., 2008). This clearly indicates that protaimases are underrepresented in the chloroplast.
It is possible that chloroplasts evolved a mecharo$ signaling different from the rest of the
cell, where protein kinases are usually the keyiatets. This could be established by general
phosphorylation of all chloroplast substrates bly afew protein kinases such as CKIll and
eventual regulation of substrate activity by ph@dpbke-catalyzed dephosphorylation. This is
in accordance with the finding of the previouslyntiened chloroplast phosphoproteomic

study that the CKIl phosphorylation motif is enechwithin the 174 identified chloroplast
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phosphoproteins (Reiland et al., 2009). Hence, at wuggested that CKIl is a central
regulator of chloroplast processes. This could Ibeidated, for example, by comparison of
phosphorylation patterns in isolated chloropla$tSKll knock-out and wild-type plants.

4.9. The impact of N-terminal acylation on chloroplast mport

YFP analyses of cKin proteins and their G2A mutaésrly showed that myristoylation is
affecting membrane localization, which confirmee\pous findings that myristoylation is
crucial for the membrane attachment of many prstamvolved in signal transduction
(Taniguchi, 1999).

But more interesting, YFP-localization studies oRK26, FNR, Ruba and their acylation
mutants revealed that myristoylation as well asmgalylation is able to interfere with
chloroplast import. However, it seems that thimeg a general mechanism but has to be
analyzed for each protein separately. In the cdsePi&K16 abolishing myristoylation in the
G2A mutant led to chloroplast localization, but el of only the palmitoylation site in the
C4S mutant had no effect. Thus, myristoylation aldid clearly inhibit chloroplast impoir
vivo. In contrast, an artificial introduction of N-mgtoylation sites in FNR and Ruba in the
A2G mutants did only slightly influence chloropldatgeting. But additional introduction of
palmitoylation sites in the A2GA4C mutants led testeong accumulation of the proteins
within the cytoplasm. In these cases inhibition abloroplast import must primarily be
attributed to palmitoylation. These conclusions avdrawn based om vivo data obtained
from YFP studies. This is important because inmawitro situation wild-type CPK16, FNR,
Ruba, and all their acylation mutants, which weamdlated in a wheat germ extract system,
were imported into isolated chloroplasts withougngicant differences in their import
efficiencies.

There are two possible explanations: Either aayfatioes not inhibit the passage of proteins
through the chloroplastic TOC-TIC apparatus per @ejt does rather direct proteins to
different compartments before they can be recognime chloroplast import componerits
vivo. For example it is possible that myristoylated @BKis recognized by SRP, co-
translationally targeted to the ER and subsequerndiysported to its final destination. In
contrast, non-myristoylated CPK16G2A would not beognized by SRP and therefore, after
completed translation, CPK16G2A would be availatde components of the chloroplast
import machinery. However, YFP studies with CPKI& &CPK16G2A carrying the ER
retention signal KDEL, did not indicate involvemaitthe ER in CPK16 targeting. But since

KDEL is only triggering retrograde transport of fioms from the Golgi to the ER, it still is
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possible that CPK16 could directly be targeted fittvn ER to its final destination as it was
previously described for the protein CBL1 (Batisttal., 2008).

More likely, the observed differences between pnotargetingin vivo andin vitro can be
explained by a low efficiency of acylation duringn@at germ extract mediated translation of
proteins destined for chloroplast import assays.aAgesult, residual unmodified proteins
would be able to be imported into isolated chloasg normally. This hypothesis is in
accordance with a previous study on the effectcgfation on localization that included the
analysis of myristoylation efficiency in wheat gemmtract (Colombo et al., 2005). The
protein b5R was translated in the presence *&-methionine and®H-MyrCoA and
consequently the amount of myristic acid attacteethé synthesized protein was calculated
from the ratio of incorporatetH to *S. It was shown that the efficiency of myristoydati
increased with increasing concentration of myriatia, reaching the maximum possible 1:1
stoichiometry at 120uM. This suggests that the stgé concentration of ~6.7uM used for
the translation of CPK16, FNR, Ruba and their mistawas indeed limiting. Consequently,
only a small fraction of the myristoylable proteiastually became myristoylated explaining
their chloroplast import competence in thevitro assays.

The remaining question is, whether chloroplast lilgadon of CPK16G2A has a
physiological relevance or is just an experimeatéifact. So far, it is not clear, if acylation
affects 100% of the cellular pool of a protein wéh acylation consensus maiif vivo or
whether there’s a stoichiometric distribution bedweacylated and unmodified subpools.
Considering stoichiometry of acylation, it is exyget that at least parts of the wild-type
CPK16 protein pool are targeted to the chloropldsiwvever, this could not be confirmed by
YFP localization studies, where CPK16 was actualigrexpressed.

Furthermore, no other examples similar to CPK16ehasen reported in the literature so far
and even the most promising candidates CPK18 afdifhot localize to chloroplasts when
their N-myristoylation was abolished. Altogethdnstsuggests that chloroplast localization of
CPK16G2A is an experimental artifact. Neverthelg8BK16 provides a good example to

study the mechanism of chloroplast import impairtri®nN-terminal acylation.
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6. APPENDIX

6.1. Cloned genes and used primers

gene name AGI code primer sequence
A ATA4G25000] fw.: [5-TAATGGGCCCATGACATCTCTCCATACGTTAC-3'
rev.:| 5-CATAGCGGCCGCACTTCTTCTCCCAGACAGCAAAGTC-3'
ABC1 AT1G71810| fw.: [5-GGGCCCATGCTTCGGCTTCCTTCTTCT-3'
rev.:| 5-GCGGCCGCAAAGAAAAATCCTGCGAAT-3'
ABC2 AT1G79600| fw.: [5-GGGCCCATGAGTCTGGTGGTTGGTCAGTCT-3'
rev.:| 5-GCGGCCGCATGGGGATGGTGCAGAAGAT-3'
ABCA4 ATA4G31390| fw.: | 5-GGGCCCATGGAGTCAATCCACTGCAATAGT-3'
rev.:| 5-GCGGCCGCCTCTGTCGGATAATACTGAGTTGC-3'
AGUK AT3G18680| fw.: [5-GGGCCCATGGCAATTCCGTTGCCTCTTACC-3'
rev.:| 5-GCGGCCGCATGAGGTTGTTGTAACAATGGAGTTCC-3'
AtDSK1 AT3G13690| fw.: [ 5-TAATGGGCCCATGAGTCGACTACAGAAGCGAGGG-3'
rev.:| 5-CATAGCGGCCGCAGTATTGCTTGTTATGGTTTAGTTCAAACC-3'
ATF AT1G77670 fw.: | 5-~AAGGGCCCATGTACCTGGACATAAATGGTG-3'
rev.:| 5-TTGCGGCCGCCGATTTTTCTCTTAAGCTTCTG-3'
AtMSK4 AT1G09840 fw.: [ 5-GGGCCCATGGCATCCTCTGGACTGGGAAATGG-3'
rev.:| 5-GCGGCCGCACGAATGCAAAGCCATGAAGAGGT-3'
B AT3G53180| fw.: [ 5-TAATGGGCCCATGGAGTTTAGTGAGTTAAAGGAAGC-3'
rev.:| 5'-CATAGCGGCCGCTCTCAGAACCATAGAAATAACCACC-3'
C AT1G43710| fw.: [5-TAATGGGCCCATGGTTGGATCTTTGGAATCTG-3'
rev.:| 5-CATAGCGGCCGCACTTGTGAGCTGGACAGATGC-3'
CAT AT2G04620| fw.: | 5-TAATGGGCCCATGGTGGATCATCATCATCA-3'
rev.:| 5-CATAGCGGCCGCATGAGTTAACAGATTCCACC-3'
CKIllI (cKin5) |[AT2G23070 fw.: | 5~ AGGGCCCATGGCCTTAAGGCCTTGTACTGGATTC-3'
rev.:| 5-GCGGCCGCCCTGGCTGCGCGGCGTACGGCTGCTC-3'
cKinl AT2G02800| fw.: [ 5-AACCATGGGTAATTGCTTAGATTCATCAGC-3'
rev.:| 5-TTGCGGCCGCGTACACGAGGAGAGTGATTGTGAG-3'
cKin10 AT1G69790| fw.: [ 5-ACCATGGGGAATTGCTTGGACTC-3'
rev.:| 5-GCGGCCGCTCGACATATGAGATGAAGGAGACATGAC-3'
cKinl1l AT1G71530| fw.: [5-AACCATGGGTTGTATTTGTGCC-3'
rev.:| 5-GCGGCCGCTCTTTCTTGCTTCTTCGTTGCGAAGC-3'
cKin16 AT2G01210| fw.: [5-GGGCCCATGTTGGCCTCGCTGATCATCTTCG-3'
rev.:| 5-GCGGCCGCAATCGCCGGCCACGGGTAATCTGTCG-3'
cKinl7 AT3G09010| fw.: [5-GGGCCCATGCGTTATAATTGCTTCGGAC-3'
rev.:| 5-GCGGCCGCATCTAGGAGCCAACTCTGTGATGC-3'
cKin18 AT5G16810| fw.: [ 5-GGGCCCATGAATCTGGTCGCTATTCATCGCG-3'
rev.:| 5-GCGGCCGCAAACTACGCCATTCAAAAATCGATGAC-3'
cKin19 AT3G04810| fw.: [ 5-GGGCCCATGGAGAATTACGAGGTTCTTGAGC-3'
rev.:| 5-GCGGCCGCAATCTCCCAGCTTAGTAGTAGTGG-3'
cKin2 AT1G53050| fw.: [ 5-AAGGGCCCATGGGTTGTGTTTGTGGTAAGCCTTCTGC-3'
rev.:| 5-TTGCGGCCGCGGCTAGAAACAGATGAGGGATGATTGG-3'
cKin20 AT1G53440 fw.: [|5-GGGCCCATGGGTTTCTTTTTCTCGACCC-3'
rev.:| 5-GCGGCCGCGTCCAGAGAGTCGGTTTCCGGTTAC-3'
cKin21 AT1G73460 fw.: | 5-GGGCCCATGACGGACCAGAGCTCTGTTG-3'
rev.:| 5-GCGGCCGCTACTACTACTATCATCAATG-3'
cKin22 AT2G40860| fw.: [ 5-GGGCCCATGGTGATGGAAATTGTGAAACC-3'
rev.:| 5-GCGGCCGCGCAAATTCTTCTTGTATTCAGC-3'
cKin23 AT5G25110| fw.: | 5-TAATGGGCCCATGGGATCCAAACTTAAACTTTACCC-3'
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rev.:

5'-CATAGCGGCCGCAGCAGTCACTACCAGAATTTTCATCAC-3

cKin24 AT5G47750 fw.: | 5-TAATGGGCCCATGGCGTCCACTCGTAAACCCAGTGG-3'
rev.:| 5-CATAGCGGCCGCAGAAGAAATCAAATTCCAAATAG-3'
cKin25 AT5G50180| fw.: [5-TAATGGGCCCATGGATTCTTTGACTGGATTTAGAATGG-3'
rev.:| 5-CATAGCGGCCGCAATAACATTGATTGAAGCAGAAAAAC-3'
cKin3 AT2G17220 fw.: | 5-AACCATGGGTCTTTGTTGGGGATCTCCATC-3'
rev.:| 5-TTGCGGCCGCCGTGAGCTCGAGACAGCTTTTGTCTAGG-3'
cKin4 AT1G14370 fw.: [ 5-AAGGGCCCATGGGTAATTGTTTAGATTCATCAGC-3'
rev.:|5-TTGCGGCCGCCTCTTACACGAGGAGATTGAGTGTAAGAAGG-3'
cKin6 AT4G35600 fw.: | 5-ATCCATGGGTGCTTGTATTTCGTTC-3'
rev.:| 5-~AAGCGGCCGCATTTTTCTACTGATCCAAACCGTCC-3'
cKin7 AT1G26970 fw.: [ 5-AACCATGGGAAATTGCTTTGGG-3'
rev.:|5-GCGGCCGCGAACACGTCGACATCGTCTAC-3'
cKin9 AT1G72540 fw.: | 5-ACCATGGGATTTTCTTGGAAGAATATATGTCTTC-3'
rev.:| 5-GCGGCCGCTGGCTGGATTATATAAACTGGTTCC-3'
CPK16 AT2G17890 fw.: [5-TTGGATCCGGGCCCATGGGTCTCTGTTTCTCCTCCGCCGCC-3'
rev.:|5-TTGCGGCCGCCCTTGCGAGAAATAAGAT-3'
CPK18G2A |AT4G36070] fw.: [5-TTGGGCCCATGGCTCTCTGTTTCTCGTCT-3'
rev.:| 5-GCGGCCGCCCATCTTTTGTGAAAGCTGGT-3'
CPK3 AT4G23650 fw.: [ 5-GGGCCCATGGGCCACAGACACAGCAAGTCCAAATCCTCCG-3'
rev.:| 5-GCGGCCGCACATTCTGCGTCGGTTTGGCACCAATTCTGGATTTCCC
D AT1G55880 fw.: | 5-TAATGGGCCCATGGCGCCTGTTAATATGACTGGCGC-3'
rev.:| 5-CATAGCGGCCGCCCGCTTCTTTATCAGTCCCACG-3'
E AT4G02610| fw.: [5-TAATGGGCCCATGGATCTTCTCAAGACTCCTTCC-3'
rev.:| 5-CATAGCGGCCGCAAGAGACAAGAGCAGACTTCAAAG-3
F AT5G21060 fw.: | 5-TAATGGGCCCATGAAGAAGATCCCGGTGCTTCTC-3'
rev.:| 5-CATAGCGGCCGCAGTGAAAAAGATCCTGCAAGTCG-3'
FAK AT3G61080| fw.: | 5-GGGCCCATGGCGGTGGCTTCTCTTAGTAT-3'
rev.:| 5-GCGGCCGCAAGCTTTGAGCATCCGTAGAT-3
FNR AT5G66190 fw.: | 5-CCATGGCTGCTGCTATAAGTGCTGC-3'
rev.:| 5-GCGGCCGCAGACTTCAACATTCCACTGTTCACTCC-3'
G AT5G57040| fw.: [5-TAATGGGCCCATGGCTTCTATTTTCAGACCTTC-3'
rev.:| 5-CATAGCGGCCGCAAACTTGGGTGAACTCAAGAGCG-3'
GDH AT4G33670 fw.: | 5-AAGGGCCCATGACGAAAATAGAGCTTCGAGC-3'
rev.:| 5-TTGCGGCCGCTCTGATGGATTCCACTTGGCC-3'
HAC AT2G25870| fw.: | 5-AAGGGCCCATGCTCTCTCGTGTCTGCCC-3'
rev.:|5-TTGCGGCCGCCGAATGCGTAGCGGTAGATGGC-3'
HSK AT2G17265 fw.: | 5-GGGCCCATGGCAAGTCTTTGTTTCCA-3'
rev.:| 5-GCGGCCGCATCTGGAGACGCTGTTGACAAG-3
MPP AT1G06900| fw.: [ 5-AAGGGCCCATGTCTTCAATGAAATCCGTCTCG-3'
rev.:| 5-CATAGCGGCCGCCTTGTGCCTCCGGAGGATCC-3'
NADK1 AT3G21070 fw.: | 5-GGGCCCATGTCGTCGACCTACAAGCTC-3'
rev.:| 5-GCGGCCGCAAGGTCCATCAGCAGATTGAGTCTTTC-3'
NDPK2 AT5G63310| fw.: [5-GGGCCCATGGTGGGAGCGACTGTAGTTAG-3'
rev.:|5-GCGGCCGCACTCCCTTAGCCATGTAGCTAG-3'
OTL AT3G57810 fw.: | 5-AAGGGCCCATGATGATTTGTTACTCTCCAATT-3'
rev.:| 5-TTGCGGCCGCCTTTAGATTTTGGAATCGAAGC-3'
PAP AT1G06190 fw.: [5-TAATGGGCCCATGGCGATGTCGGGAACTTTCCAT-3'
rev.:|5-CATAGCGGCCGCAGCTGGAATCACTACCAAGC-3
PGL AT5G22620 fw.: | 5-AAGGGCCCATGATTTCTCTACCACTCACTACAC-3'
rev.:| 5-ATGCGGCCGCTGGCGGGTTTTGTGATAGG-3'
PHR2 AT2G47590 fw.: | 5-GGGCCCATGGATTCTTCGAATGTTGAAG-3'
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rev.:| 5-GCGGCCGCAAGCAAAGGCACCGGTACAGGC-3
PIDPK AT3G10540 fw.: | 5-GGGCCCATGTTGACAATGGACAAGG-3'
rev.:| 5-GCGGCCGCAACGGTTTTGAAGAGTTTCG-3'
PIF AT1G15730 fw.: [ 5-AAGGGCCCATGGCGACGCTGTTGAAACTCG-3'
rev.:|5-TTGCGGCCGCTCAAGCAAGCTCTGAAACCC-3'
plpKin2 AT3G44610 fw.: | 5-GGGCCCATGGAGCCATGGATTGACGAAT-3'
rev.:| 5-GCGGCCGCAATAATAGTCGACATGGGTTTCCGG-3'
PP1G2A |AT3G02750 fw.: | 5-GGGCCCATGGCGTCCTGTTTATCTGCAGAGAGC-3'
rev.:| 5-GCGGCCGCACTTTCCAGGCACAAATCTTGGTAAG-3'
PPR AT3G49140 fw.: | 5-AAGGGCCCATGAAACGCATCAATGTCGATCTCC-3'
rev.:| 5-TTGCGGCCGCAAGAACACGCCTTTAGAACACACG-3
RUBA AT2G39730| fw.: | 5-CCATGGCCGCCGCAGTTTCCACCG-3'
rev.:| 5-GCGGCCGCAAAAGTTGTAGACACAGGTTCCATCG-3'
UMP AT3G54470 fw.: | 5-AAGGGCCCATGTCAGCCATGGAAGCACTG-3'
rev.:| 5-TTGCGGCCGCTCTGAGAGCATTTCTCCAAGTATGC-3'
WKinl AT4G23160| fw.: [ 5-GGGCCCATGGTATCTGATGCAGATGC-3'
rev.:| 5-GCGGCCGCAGCGCGGATATAAATCAG-3'
WKin2 AT3G51990 fw.: | 5-GGGCCCATGGGTTATCTCTCCTGCAAAGC-3'
rev.:| 5-GCGGCCGCATTCCACGGGTCGACCACCC-3
WKin3 AT4G10730| fw.: |5-GGGCCCATGGTGTCTCGGTTTCGTCTTGC-3'
rev.:| 5-GCGGCCGCACAATTGCTCGCGACCGG-3'
YFP-KDEL - fw.: [5-CTCGCAAGGGCGGCCGCATGG-3'
rev.:| 5-GCCCTGTACACTACAGCTCGTCCTTGCCGAGAGTG-3'

6.2. Primers for T-DNA insertion line genotyping

primer name primer sequence
ACT3-3' 5'-AGCACAATACCGGTAGTACG-3'
ACT3-5' 5'-ATGGTTAAGGCTGGTTTTGC-3'
Cc18Nt 5'-GGGCCCATGAATCTGGTCGCTATTCATCGCG-3'
c18RTrev |[5-GGCGTTCCTCGAAATGGACCC-3'
HSF3RTfw |5-CGTCGTCTGGAGTGCCCCGG-3'
HSF3RTrev |[5-GCCTTTGCTCCATCACCTG-3'
LB 5'-CGCTGGACCGCTTGCTGCAACT-3'

6.3. Abbreviations

ATP

bp

BSA
DMSO
EGTA
ER

FNR
FSBA
GFP/YFP

Adenosine triphosphate

base pairs

bovine serum albumin

dimethyl sulfoxide

ethylene glycol tetraacetic acid
endoplasmatic reticulum
ferredoxin-NADP+ reductase
fluorosulfonylbenzoyladenosine
green/yellow fluorescent protein
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GST
HK
HY
kDa
LC
LL
LTQ
MBP
MS
NLS
o/n
PurB
RR
RT
Ruba
Rubisco
S200
S75
SPP
SRP
STK
TFA

glutathione S-transferase
histidine kinase

hybrid kinase

kilodalton

liquid chromatography
Lacroute library

linear trap quadrupole

myelin basic protein

mass spectrometry

nuclear localization signal
overnight

Purvalanol B

response regulator

room temperature

Rubisco activase
ribulose-1,5-bisphosphate carboxylase/oxygenase
Superdex 200 column
Superdex 75 column

stromal processing peptidase
signal recognition particle
serine/threonine-specific protein kinase
trifluoroacetic acid
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