Lniversitat
wien

DISSERTATION

Ca’" Dependent Protein Kinases in Arabidopsis thaliana

angestrebter akademischer Grad

Doktor der Naturwissenschaften (Dr. rer.nat.)

Verfasser:

Mag. Norbert Mehlmer

Matrikel-Nummer:

9820609

Dissertationsgebiet:

Genetik/Mikrobiologie

Betreuer:

Univ.-Prof. Dr. Markus Teige

Wien, am 04. Dezember 2008




Danksagung

Danksagung

An dieser Stelle mochte ich mich bei allen bedanki® zum Gelingen dieser Arbeit
beigetragen haben. Ein ganz groRes Dankeschodadiéir Prof. Markus Teige fur die
interessante Aufgabenstellung, fiir die exzellergrddiung und schlie3lich auch fur die
Korrektur meiner schriftlichen Arbeit.

Vor allem mdchte ich mich bei Roman Bayer, Geortarfasov Dermendjiev, Edina
Csaszar, Daniela Hofmann RodriguSsnja Kolar, Christian Kolowrat, Andrea Mair,
Helga Waltenberger und Bernhard Wurzinger fur dieeZusammenarbeit bedanken.
Fur die Hilfe bei der Korrektur meiner schriftlianeArbeit mochte ich mich ganz
besonders bei Hannelore Breitenbach-Koller und &telxa Koller bedanken.

Auch danke ich allen Studenten die mir bei meimakiischen Arbeit geholfen haben.
Es ist mir eine grol3e Freude an dieser Stelle metiern, Eva und Lothar Mehlmer,

fur lhre treue Begleitung durch mein Jugend - uhdi®nzeit zu danken.



Zusammenfassung

Zusammenfassung

Pflanzen sind nicht in der Lage, den Standort zehseln und missen daher auf
Anderungen der Umwelt adaquat reagieren um zu étbenl und sich fortzupflanzen.
Viele extrazellulare Signale wie Licht, biotischeduabiotische Stressfaktoren losen in
pflanzlichen - und auch in tierischen Zelleneine kurzfristige Erhéhung der zellularen
Cd* Konzentration aus, die als Signal wirkt (Harpeakt 2004; Cheng et al., 2002;
Sanders et al., 2002). €aabhangige Protein Kinasen werden in der Gegenvart
erhohtem CZ aktiviert und leiten das urspriingliche (Stressynai durch Protein
Phosphorylierung weiter. Somit spielen diese Pnéteasen eine zentrale Rolle in der
Regulation der zellularen Stressantwort. In dids&eit beschreibe ich die subzellulare
Lokalisierung von mehreren €a abhangigen Protein Kinasen (CDPKs) im
Allgemeinem und CPK3 im Detail, und analysiere delle von CPK3 in der
Anpassung an abiotische Stressbedingungen. Duraiwevidung von CDPK-YFP
Fusionsproteinen und biochemischer Zellfraktiomgruvar ich in der Lage zu zeigen,
dass viele CDPKs Membranassoziiert sind. Ich konmégterhin zeigen, dass N-
terminale Acylierungen (Myristoylierung und Palmiierung) fir diese Lokalisierung
verantwortlich sind. Diese Ergebnisse bestatigen Bkobachtung, dass N-Terminale
Myristoylierung und Palmitoylierung eine wesentictRolle fir die subzellulare
Lokalisation dieser Proteinkinasen spielen. CPK3ikerdings nicht palmitoyliert und
infolgedessen auch im Zellkern lokalisiert. Diesd@rt die Anzahl von moglichen
Zielproteinen, die durch CPK3 phosphoryliert werdeinnen. Um molekulare
Zielproteine von CPK3 zu isolieren, wurden mikrosdenMembranen isoliert und mit
rekombinanter CPK3 phosphoryliert. Durch einen komneoten Einsatz pho-
spezifischer  Antikérper und  massenspektroskopische&nalyse  konnten
Phosphoproteine als CPK3 Targets identifiziert wardinteressanterweise war ein
Grol3teil dieser Proteine in den Transport von dgefoSubstanzen und lonen involviert,
wie z.B. lonen Pumpen und Kanal-Proteine, was &ir slalz-sensitiven Phanotyp der

cpk3 Knock-out Linie verantwortlich sein dirfte.



Abstract

Abstract

Plants as sessile organisms have to respond tougagxternal stimuli such as different
forms of stress (i.e. pathogens, abiotic stresgjifterent light intensities. Many extra
cellular signals such as light, biotic and abiaticess factors elicit changes in the
cellular C&* concentrations in plant and animal cells (Harpeal g 2004; Cheng et al.,
2002; Sanders et al., 2002). In plants, decodirthede calcium signals is performed by
protein kinases such as calcium dependent proteasés (CDPKs), which mediate
cellular responses by either directly changing emjyc activities via protein
phosphorylation, or indirectly by changing gene respion patterns. In this work |
describe the subcellular localization of severalRBB, in particular that of CPK3 in
detail and analyse the role of CPK3 in adaptatmmltiotic stress conditions. Using
expression constructs, in which the CDPKs were duseyellow fluorescent protein
(YFP) and in biochemical cell fractionation expegims, | was able to demonstrate the
attachment of several CDPKs to cellular membrafbsse results are consistent with
the observed N-terminal myristoylation and palmiatipn of many CDPKs. However,
CPKa3 is not palmitoylated and localizes also to nineleus, thus enabling targeting a
great number of proteins with different subcelldtazalizations. To identify molecular
targets of CPK3 isolated microsomal membranes wkasphorylated by recombinant
CPK3 and identified phosphoproteins were analyzaeB. Interestingly a major part
of the identified proteins is involved in transpoftsolutes and ions including porins
and ion pumps/channel proteins, which could explaénsalt sensitive phenotype of the

cpk3 knock-out line.
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Introduction

1 Introduction

1.1 Protein kinases in plant signaling

Plants as sessile organisms have to cope repeatétilyhanges in their environment
such as altered growth conditions or different ferai biotic or abiotic stress during
their life-cycle. Therefore they have evolved aagnreumber of adaptation mechanisms.
Their survival depends on the ability to adapt tibecent environmental changes by
recognizing those extracellular signals and to @sed¢hem into a cellular response. This
could either be an adaptation of their cellular abetism or a switch in their
developmental program. The recognition of extesighals occurs at the molecular
level by intracellular or cell-surface receptordiieh can detect environmental changes
or signaling molecules. Usually, the recognitionsajnals by the receptor causes its
activation and could also change its biochemicaltuees resulting for example in
different enzymatic properties, conformational aes) interaction with other proteins
or release of second messenger molecules. Indkigdn the generation of chemical
signals and their further release in the signalprgcess can activate numerous
downstream receptors and thereby forward and aynphé signal within signal
transduction pathways (McCarty and Chory 2000; @wolget and Hirt 2008).

Mitogen Activated PPotein Kinase (MAPK) cascades present a prototype of such a
signaling pathway, which is evolutionary highly semved in animals (Avruch,
Nemenoff et al. 1982; Ray and Sturgill 1988), yefsStrede, Cade et al. 1995;
Herskowitz 1995), and plants (Colcombet and Hir0&0 The signal transduction
cascade starts with the activation of the MAP kenkimase kinase by activation of a
cellular receptor. In animal-cells, these receptams for example G-protein-coupled
receptors reacting to hormones. Accordingly theathways were initially named
mitogen-activated protein kinase pathways (RossdmaRayne et al. 1989). The MAP
kinase kinase kinase subsequently phosphorylageBI&P kinase kinase, which finally
phosphorylates and activates the MAP kinase. Tdssade thereby transmits the signal
towards the final targets, i.e. transcriptionalulegprs in the nucleus, and furthermore
amplifies the signal from recognition of only a fesignals at the cellular surface to
phosphorylation of a great number of target mokesullranscription factors present
bona fide targets for MAP kinases, which could badified in many ways including

control of their sub-cellular localization, express stability, or their ability to bind to
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Introduction

other components of transcriptional complexes it @ability to remodel chromatin
structure. (Yang, Sharrocks et al. 2003; WhitmaGah7).

Another completely different strategy to transduce extiatl signals to cellular
targets for adaptation processes is the generafi@o-called secondary messengers.
These are small molecules, which are generatedsiponse to an extracellular signal.
The second messenger?Cas stored in the apoplast or organelles (i.e. whguthe
endoplasmatic reticulum, and chloroplast) and elease is mediated by specific ion
channels (Sanders, Pelloux et al. 2002). In contoathe surrounding compartments,
the cytosolic C& concentration is maintained at low levels (10-b00) under resting
condition. C&" reaches the cytoplasm through a large numberafris in organelles
and can increase rapidly in concentration in respoto either external or internal
signals. The removal of &afrom the cytoplasm is done by membrane transporBart
Cd" is not distributed randomly in the cytoplasm ahi known that the influx of Ca
generates localized domains of high calcium comagah next to membranes (Etter,
Minta et al. 1996).

The detection of G is mediated by receptors which can act as seesponders or as
sensor relays. G& binding proteins like the calmodulins represergnsor relays”.
Calmodulins are well known Gareceptors, binding Gawith their EF hands. Other
C&"* binding proteins like the CBLs are able to bind"C&ensor relays have different
conformations in the G& bound state and therefore different binding progerto
target proteins. Protein kinases like the CaMKs,aM&s, SRKs and SnRK3s are
regulated by these calcium binding proteins. Bwibahe regulation of membrane
proteins like C&-ATPase ACA is regulated by an Tabinding protein (Sanders,
Pelloux et al. 2002). A sensor responder diredtignges the enzymatic activity if €a
is bound to it. CDPKs are sensor responders bedaaesealmodulin domain is part of
the CDPK and is activated by the binding o Cto the calmodulin. Also the &a
sensing receptor (CAS), a membrane bound proteidiréctly activated by Gaand it

is supposed to be responsible for the detectidgheofnflux of C&* from the apoplast of

stomata (Han, Tang et al. 2003).

Interplay of Protein Kinases and plant hormones

Many different aspects of plant growth and develeptmare regulated by signaling

pathways, which involve plant hormones and inclymetein phosphorylation by
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protein kinases at one or the other step. | withsarize recent evidence for interaction
of protein kinase signaling and different plantrhones.

Auxins (Aux) are well-known signal molecules, which arevdlved in many
developmental processes, including shoot and rawty, leaf formation, lateral root
formation, apical dominance (Fleming 2006). Althbuguxin can be synthesised in all
tissue to some extent, the biosynthesis of Auxiosus mainly in rapidly growing
tissues, especially in shoots (Ljung, Bhalerao |et2801). Auxins are redistributed
within the plant through the vasculature systenscific transporters, and polar auxin
transport, mediated by PINs, is a major drivingéom plant development. For example
phyllotaxis, a developmental program resultinghe asymmetric architecture of plants,
is established by Auxin gradients (Reinhardt, Pextical. 2003). Recently PIN7 has
been shown to be phosphorylatedplanta in a phospho-proteomics study (Nuhse,
Stensballe et al. 2004).

Ethylene (ETH) is an example of a small gaseous signal moleagelating many
aspects of plant growth and development. It ist®sized from ACC, a side product
from the methionine cycle. However, the rate-limgtistep in the synthesis of ethylene
is the synthesis of ACC by the ACC synthase, cdiettoby the stability of ACC
synthase. The degradation of ACC synthase is regllay the phosphorylation state on
the N-terminus of ACC synthase. Un-phosphorylat&SA is fast turned over by the
26S proteasome pathway and it is known that trencaersions of ACC synthase
lacking the phosphorylation sites are not degradtedias recently shown that MAP
kinases are responsible for the phosphorylatiothefN-terminal domains stabilizing
ACC synthase (Joo, Liu et al. 2008).

Gibberdlins (GA) are plant hormones that regulate especiallwelbgmental
processes, for example germination or floweringvdis shown that DELLA proteins,
which act as transcription factors, play an impartale in the negative control of GA
signaling (Fleet and Sun 2005). These DELLA prataare degraded via the ubiquitin
proteasome pathway upon GA treatment (Itoh, Matawatlal. 2003). On the other hand
light increases the amount of DELLA proteins byuaidg the GA levels (Achard, Liao
et al. 2007; Feng, Martinez et al. 2008). Acharaletshowed the complex interplay
between abiotic stress signals and plant hormoongegigermination in a “quadruple-
DELLA” mutant lacking four DELLA proteins (GAI, RGARGL1 and RGL2).

Germination of this mutant was less sensitive tbsteess (Achard, Cheng et al. 2006).
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Brassinosteroids (BR) are derivatives of cholestane that are considirda the plant
analogues of steroid hormones in the animal kingdoapending on the plant species,
the distribution of the various BRs differs sigo#ntly. In general the application of
BRs to plants shows a strong growth promoting &€ff€onsequently, mutations in the
receptor for BR (bril) show a dwarfish phenotyp&IBis a receptor like kinase
localized on the membrane. If BRI1 binds BBRI1 interacts with BAK1 and both will
be phosphorylated (Eckardt 2005).

Abscisic acid (ABA) is an important plant hormone that is invalvie many phases of
the plant life cycle, including seed developmerd dormancy, and in plant responses
to various environmental stresses (Seo and Koskil§2). ABA is produced in root
tissue under drought stress condition and thensp@mted to the leaves, where it
mediates the closure of stomata guard cells (T2gwjes et al. 1993; Trejo, Clephan et
al. 1995). In these cells ABA mediates the releals€d” from the vacuole into the
cytoplasm blocking the uptake of KMcAinsh, Brownlee et al. 1992; MacRobbie
2000). For a long time it was not clear how thenplzell recognizes ABA but finally
receptors were found. The nuclear RNA-binding proteCA which is involved in the
control of flowering and a chloroplast H subunit bfg-chelatase (CHLH) was
identified (Sheen 1996; Razem, El-Kereamy et aD620Also GPA1 a membrane
bound G protein-coupled ABA receptor was identifieds, Yue et al. 2007). ABFs are
basic leucine zipper-type (bZIP) transcription ¢astincluding ABF1, ABF2 (AREB1),
ABF3, ABF4 (AREB2), and ABI5, and they can bindttee ABRE elements in the
promoters of many ABA-induced genes (Choi, Hon@le2000; Uno, Furihata et al.
2000). But it was already known that the activemferof two Arabidopsis CDPKs
CPK10 and CPK30 activate an ABA stress-induciblenmter in leaf protoplasts
(Sheen 1996). Supporting evidences for the invor@nof CDPKSs in transcriptional
induction came from a Yeast-Two-Hybrid screen, gened with ABF4 as bait. In this
screen CPK32 was identified and confirmed as iotarg partner byin-vitro binding
and phosphorylation assays (Choi, Park et al. 20Qp the protein-expression and
kinase activity of CPK4 and CPK11 were induced BAAand it was shown that ABA
induced the transcription factors ABF1 and ABF4evehosphorylated by both kinases.
On the other hand, CPK4 and CPK11l knock-out linresmed an ABA insensitive
phenotype, which could be complemented by the apeession of CPK4 or CPK11

(Zhu, Yu et al. 2007). Similar results were obtdiveith loss-of-function mutants of
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CPK3 and CPK®6, which showed an impaired closurstofmata (Mori, Murata et al.
2006).

Light is quite obviously a key-issue for plant’s liftronly for driving photosynthesis
and thereby enabling the autotrophic life-stylelaints, but also as important regulator
of plant-growth and development. Therefore plarasvehdeveloped different light-
sensing systems. The detection of red light andddrlight is done by phytochromes.
These are localized in the cytoplasm or the nu¢ldepending on the light conditions
and the type of phytochromes (Sakamoto and Nagdt@fb). Phytochromes are
synthesized in a red light—absorbing form Pr in daek. The absorption of red light
converts Pr to the far-red light-absorbing and dgatally active form Pfr. Exposure to
far-red light can revert Pfr back to its inactiverh Pr. InArabidopsis there are five
known phytochromes (phyA-phyE), each of them hath hmique and redundant
functions (Devlin, Patel et al. 1998). Analysisnafitants has shown that the C-terminus
is important for phytochrome function in vivo, btite biochemical mechanism of
phytochrome signaling is still unclear (Quail 199There are evidences that phytA has
a serine-threonine kinase activity induced by ligieh and Lagarias 1998). PKS1
(phytochrome_knase_sbstrate 1) was identified in a Yeast-Two-Hybridegn and is
light dependently phosphorylated by phyA (Fankhgugeh et al. 1999).

Calcium signaling pathways

Calcium mediated cell signaling is involved in esstvaumber of processes including
stress response, growth and development. Manyckaotl abiotic signals can cause the
influx of C&* elevating the cytosolic free calcium (fCR) concentration (Knight,
Trewavas et al. 1997). Also a large set of kinasesgulated directly or indirectly by
cd" including CDPKs, CaMKs, CCaMKs, SRKs and SnRK3an&rs, Pelloux et al.
2002).

Cd* activated protein kinases have different activativechanisms (figure 1.2).
CDPKs are the only kinases which are directly fusethe C&" binding and activation

domain.

Calcium in the salt stress response of plants

High salinity is one of the most severe environrakstresses for plants and for crop
production (Tuteja 2007). Therefore it is fundanaérior productive plant growth to

12
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keep the cellular concentration of toxic ions bekwhreshold level and to accumulate
certain ions to correct ion imbalance. At the dalldevel it is necessary for plants to
keep the homeostasis betweeh ahd Na because increased concentration$ Mas
are toxic for cellular metabolism. Furthermore, niéa need to establish high
cytoplasmic K concentrations to keep their turgor pressuregdthéng force for plant
growth (Hastings and Gutknecht 1978; Walker, Leaglal. 1996). Accordingly a large
set of genes is transcriptionally up regulated ursddt stress conditions to counteract
the negative effects of Naoxicity and to maintain cellular ion-homeostasifiese
genes include different Nand K ion channels (like SOS1, NHX1, NHX8, TPK1 and
HKTL1), receptors, metabolic enzymes for synthedesompatible solutes acting as
osmolytes, and signaling factors. One characteristiture of Nastress is the elevated
cytosolic C&" concentration, which regulates a wide range &f @apendent pathways.
It is possible that a Garelease also results from the activation_bbgphoipase C
(PLC), leading to hydrolysis of PIP to IP3 and twbsequent release of Cdrom
intracellular C4" stores (Mahajan, Pandey et al. 2008).

Cytosol  NHXx1

Vacuole

Chloroplast

Figure 1.1: Overview on the most important ion chan nels in plants according to Mahajan et
al., 2008

The uptake and removal of ions is regulated by dewange of ion pumps/channels
maintaining ion homeostasis (Figure 1.1). Some w©éBnincluding the K inward-
rectifying channel have more selectivity t6 than for Na. These channels mediate the
influx of K* upon the plasma membrane and selectively accumiaions. The K

outward-rectifying channel opens during depolarwatof the plasma membrane and
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mediates the efflux of K and the influx of N& ions. The low-affinity N&
ion-transporter_istidine knase tansporter (HKT1) blocks the entry of Nanto the
cytosol. The efflux of Nafrom the vacuole is done by the vacuolar/N& exchanger
(NHX1) and the F/C&" antiporter (CAX1) is responsible for the uptakeGaf" into
the vacuole. The plasma membrane localiz&Ne antiporter SOS1 is responsible for
the removal of Nafrom the cytoplasm and was identified in a mutagénscreen (Wu,
Ding et al. 1996). The mechanism for regulatiorSQIS1 consists of a protein kinase
complex, which is regulated by the presence of Cehe calcineurin B-like protein
(CBL) SOS3 acts as sensor relay molecule by bin@i#d and subsequently activating
protein kinase SOS2, which phosphorylates and aetsvSOS1 (Wu, Ding et al. 1996;
Mahajan, Pandey et al. 2008).

SOS1 is not the only known target for the protamake complex SOS2/SOS3. Under
salt stress condition the low-affinity Naransporter AtHKT1 is repressed by the
activated SOS2/SOS3 kinase complex. In additioB@&51, the activated SOS2/SOS3
kinase complex also activates the vacuolar localidHX1, which mediates the

removal of N& into the vacuole.

Calcium cependent Ptein Kinases (CDPKS)

CDPKs are broadly distributed in the plant kingdand in alveolate protists, including
Eimeria (Bumstead, Dunn et al. 1995; Dunn, Bumstetadl. 1996),Plasmodium
falciparum (Zhao, Kappes et al. 1993; Farber, Graeser ét98l7; Gardner, Tettelin et
al. 1998) andParamecium tetraurelia (Kim, Messinger et al. 1998). Based on genomic
sequence analysis 34 CDPKs have been annotatedtiefnlly sequenced genome of
Arabidopsis thaliana, and 29 CDPKs were found in rice (Asano, Tanakal.e2005).
Sequence analysis of all 34 knowArabidopsis CDPKs showed that the overall
identities are 39% to 95% and the similarities 8686 to 96%. According to their
homologies the Arabidopsis CDPKs can be sub-grouped4 branches (figure 1.2)
and phylogenetic analysis of the intron structirevsed that CDPKs are evolved by the

fusion of ancestral CaMK with ancestral calmod@ffthang and Choi 2001).
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CPK29 CPK09 CPK19

CPK33 [ cPK15 CPK22
CPK23
CPK%P o CPK21
CPK18 i CPK27
CPK31
CPK16
CPK25
CPK20
CPKO1
CPK30
CPKo02
OFSIG CPK12
CPKo04
GHEE CPK26% okt
CPK32 CPKOGCPK05
CPK14 cpkog CPKO7
CPK24
0.1

Figure 1.2: Phylogenetic tree of all 34 known CDPKs from Arabidopsis thaliana using
ClustalwW and PHYLIP.

The nearest CDPK homologues of’Ceependent or activated protein kinases are the

cdmodulin-dependent proteinifases (CaMKs), alcium and_cknodulin-dependent
protein_knases (CCaMKs), thelPK-related protein ikwases (CRKs) and the SnRK3s.
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Figure 1.3: Ca *_activated protein kinases in plants (Harper, Breto  n et al. 2004). CDPK:
calcium dependent protein kinase. CRK: CDPK-related portein kinase. CCaMKs calcium
and calmodulin-dependent protein kinases. CaMK: cal modulin-dependent protein
kinases. SnRK3: SNF1-related protein kinase 3.

The CaMKs are well characterized in animals andtydaut there is only one putative
representative known in plants (Watillon, Kettmaginal. 1995). CCaMKs contain
calcium-binding domains but these are more simtitawvisinin than to calmodulins
(Poovaiah, Xia et al. 1999). CRKs have kinase gatatiomains closely related to those
of CPKs, and the C-terminal domains share sequeinuéarity to calmodulin, but the
EF-hands are poorly conserved. CRKs are not djremttivated by C&(Furumoto,
Ogawa et al. 1996). It is assumed that they corbtaiding sites which activate the
kinase. In contrast to the other’Cdependent protein kinases SnRK3 kinases do not act
on calmodulin, they recognize thal€ineurin BLike C&*-binding potein (CBL) in its
C&* bound form.

The protein structure of a CDPK consists of weliwtesd domains including N- and
C-terminal variable region, a kinase domain, ano-@wniibitory domain and a
calmodulin domain with EF hands as’Cainding sites (Harmon, Gribskov et al.
2000)(figure 1.3 and 1.4). The amino acid sequentd¢ise N-terminal and C-terminal
domains have the highest variations and it is kndhat these domains affect the
subcellular localisation (Dammann, Ichida et al020 Most of the CDPK N-terminal
sequences contain consensus motifs for myristoyladind palmitoylation, which are

important for subcellular localisation.
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Figure 1.4: The activation mechanism of CDPKs (Harm on, Gribskov et al. 2000). Under
low calcium condition the kinase catalytic domain i s repressed by the binding to the
auto-inhibitory domain. In the presence of Ca ' the calmodulin domain changes the
conformation by the binding of Ca  ** to the EF hands. The conformational change of the
calmodulin removes the auto-inhibitory domain from the kinase catalytic domain and
activates the kinase.

Known targets of calcium dependent protein kinases

Protein phosphorylation requires the physical atribetween the protein kinase and the
target protein substrate for the transfer of thesphate group. The specificity for this
interaction and phosphorylation depends on bindind phosphorylation motifs on the
substrate protein and is in general different feheprotein kinase family. The fact that
a certain protein kinase can strongly interact wghsubstrate was used in Yeast-Two-
Hybrid assays to identify substrates of kinasesz@duchi, Ichimura et al. 1998;
Rodriguez Milla, Uno et al. 2006). But it is noigé#hat a protein which interacts with a
protein kinase is also phosphorylated by them, Umahis depends also on the
appropriate consensus sequence in the proteinratédsFor that reason interaction
between a protein kinase and a prospective substias to be confirmed by
phosphorylation assays. Besides these facts, temation and the phosphorylation is
not a final evidence for a relevant connection leetvthe protein kinase and the
substrate. It is also necessary to show that bghca-expressed in the same cell,
localized in the same cellular compartment and heegical relevance.

All these experimental methods were used to idestibstrates for CDPKs in the past
but for most of them at least one line evidence mising. First experiments with €a
dependent protein kinases were done with solubleteps and with in-vitro
phosphorylation assays. It was shown that the plwgfation of the leaf itrate
reductase (NR) from spinach by a CDPK down-regulétesnzymatic activity of NR.
The phosphorylation of the spinach NR on serineis43£* dependent and leads to the
binding of a 14-3-3 protein to the phosphorylatedpl in the NR protein, which shuts
down its enzymatic activity (Bachmann, Shiraishaketl996; Moorhead, Douglas et al.
1996; Douglas, Moorhead et al. 1998; MacKintosh89%ucrose_posphate ythase
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(SPS) is a soluble enzyme, which catalyzes sucsgaghesis in source leaves and
responds rapidly to extracellular changes likeraftdight intensities or osmotic stress.
A fast regulatory mechanism is necessary to adbgt é€nzymatic activity to
environmental conditions. One important switching ecimnism is protein
phosphorylation (Huber and Huber 1996). Two phosghtion sites at serine-158 and
serine-424 were identified in spinach SPS. The phag/lation at serine-158 occurs in
response to changing light conditions and is cat&yby a calcium independent stress
induced kinase (McMichael, Klein et al. 1993). Ore tother hand, when SPS is
phosphorylated at serine-424 in spinach by a CDR#eu osmotic stress conditions,
serine-424 phosphorylation leads to increased Sf@ta (Toroser and Huber 1997).
Similar to NR, SPS binds to 14-3-3 proteins afteogphorylation (Moorhead, Douglas
et al. 1999). Sucrose synthase (SuSy), which ig fmnind in plants and cyanobacteria,
has a dual role in producing both UDP-glucose abdPAglucose. Because of that it is
necessary for cell wall, glycoprotein and starabshnthesis. SySy was detected in the
cytosolic and plasma membrane fractions (Amor, ldaigt al. 1995; Carlson and
Chourey 1996; Sturm, Lienhard et al. 1999). A pdlti purified CDPK from maize
leaves and soybean nodules was identified as kimdgseh phosphorylates SuSy
(Huber, Huber et al. 1996; Zhang and Chollet 199hjs phosphorylation leads to a
higher enzymatic activity of SuSy (Huber, Hubeakt1996). The phosphorylation of
the amino terminal part of SuSy affects the membssociation (Hardin, Winter et al.
2004). The actin-depolymerising factor ADF3 is ghtusrylated by CDPK (Smertenko,
Jiang et al. 1998; Allwood, Smertenko et al. 2001).

There is also increasing evidence for transcripfextors as targets of CDPKs: In a
Yeast-Two-Hybrid screen, usingrabidopsis CPK11 as bait, the nuclear zinc finger
protein AtDi19 was identified and further confirmad CPK11 interacting protein by a
pull-down assay. It was also shown that CPK11 phosgpates AtDi19 and both
proteins co-localizen vivo (Rodriguez Milla, Uno et al. 2006). However, fuooal
evidence for this interaction could not be provithgdhe authors. The dimerization and
the DNA-binding affinity of the wheat basic/leucingper (bZIP) histone DNA binding
protein (HBP-1a) is modulated by the phosphorytatba CDPK (Tabata, Takase et al.
1989; Meshi, Moda et al. 1998). The ABA induced BZ4tanscription factor ABRE
Binding Factor (ABF4) fromArabidopsis interacts with CPK32 in the yeast two hybrid
system and is dependent on the phosphorylatioeraies110 of ABF4 (Choi, Park et
al. 2005).
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Most of the CDPKs are believed to be associateti wiembranes because of their
N-terminal myristoylation and palmitoylation, whichincreasing the hydrophobicity of
their N-terminal domains. This localisation als@kxins the great number of identified
targets or substrates of CDPKs, which are assaliaitn membranes. Phosphorylation
of the potato NADPH oxidase Respiratory Burst Ozalddomolog (RBOH) by St
CPKS5 is associated with the production_eéctive_aygen_pecies (ROS) (Kobayashi,
Ohura et al. 2007). ACA2 is an ER localized calmlivddependent Cd pump which
was shown to be phosphorylated by a CDPK, resulimgnhibition of its C& pump,
activity (Hwang, Sze et al. 2000). Furthermore, ribdulation specific trans-membrane
channel protein nodulin 26 from soybean which im@mber of the major intrinsic
proteins (MIPs) is phosphorylated by a CDPK. Thegphorylation of nodulin 26
increases the permeability for water and is resptm$or the voltage-sensitivity of this
channel protein. (Weaver, Crombie et al. 1991; VéeaShomer et al. 1994; Lee, Zhang
et al. 1995). Also the voltage dependent potassihamnel 1 (KAT1) fromvicia faba,
which is localized to the plasma membrane is phogpéited by a CDPK (Li, Lee et al.
1998). This is true as well for the seed specifiatgin vacuolar membrane protein
TIP, a member of the Major Intrinsic Protein fam{johnson and Chrispeels 1992;
Maurel, Kado et al. 1995).

1.2 Myristoylation and palmitoylation

Post-translational and co-translation modification$ proteins can alter their
biochemical properties, such as localisation, Btgbenzymatic activity and interaction
with other proteins or molecular targets.

Myristoylation is an irreversible co-translationadodification which occurs during
translation on the nascent chain. It starts witt temoval of the first amino acid
methionine from the nascent chain by the methioaméo peptidase. This is followed
by the attachment of myristic acid on the secondnanacid by the_Nmyristoyl-
CoA:protein _nyristoyltransferase (NMT). Myristoylation requires a glycioa the
second amino acid and a consensus motif, whicledsgnized by the NMT. The
attachment of the fatty acid myristic acid increaiee hydrophobicity of the protein
affecting the localisation (Resh 1999).

Palmitoylation is a similar protein modificationytithe difference is that it takes place
after translation and it is therefore a post-tratghal modification. Palmitic acid is also

a fatty acid and it is attached to cysteine by alyh acyl transferases. In contrast to
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myristoylation, palmitoylation is reversible. Mudbss is known about the process of
palmitoylation but it must be assumed that it oscon membranes because proteins
with increased hydrophobicity are more frequentynptoylated (Resh 1999). For that
reason it is believed that the increased hydromhigttaused by myristoylation favours
palmitoylation and therefore a strong membranechitteent.

Sequence comparison of the 34 known CDPKs fanabidopsis reveals that 29 of
them contain a glycine on the second amino acid2é&nolut of the 29 CDPKs have also
one or more cysteines in their N-terminus. Themnly one CDPK (CPK3), possessing
only a glycine on position two without cysteinesiis neighbourhood. Interestingly,
CDPKs without a glycine on position two do alsoklaysteines and it is assumed that
these CDPKs are not associated with membranes (F&&91 Dammann, Ichida et al.
2003). Thus the co-appearance of N-myristoylatiod palmitoylation motifs could be
taken as evidence for N-myristoylation and palmatgn of these CDPKs because
CDPKs without myristoylation do not contain a pdabglation motif. It seems that both
modifications are important for the appropriatdwal localisation of the CDPK, which

will also be shown in this work.

1.3 Aim of this work

The aim of this work was to gain insights into ttode of CDPKSs in the context of
cellular function and salt stress response by ugingck-out and over-expression
mutants of CPK3. It was found thapk3 mutants are salt sensitive and CPKS3
overexpressor plants showed increased salt tolerdimis effect could not be explained
by changes in transcription of typical stress-iretligenes, and showed furthermore no
interference with MAP kinase signaling. To inveatgy if protein phosphorylation is
affected in response to salt stress in an unbiagguloach, a 2D-gel separation of
protein extracts from wild type andpk3 mutants was performed. Moreover, the
endogenous localisation of CPK3 was determined molertstand the molecular
mechanism how CPKS3 regulated the salt stress resporArabidopsis. To test the
effect of N-terminal myristoylation of CPKS3, it wamnsiently expressed as YFP-fusion
protein in tobacco leaves. Finally, recombinantkpressed, CPK3 was used for
phosphorylation of isolated microsomal membranesepns to identify phosphorylated

targets by MS.
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2 M aterial and methods

2.1 Buffer and Media

TAE: 40 mM Tris acetate, 1 mM MaDTA, pH 8.0

Resuspension buffer P1: 50 mM TrisCl pH 8.0, 10 mM N&DTA (including 100
png/ml RNase)

Lysisbuffer P2: 200 mM NaOH, 1% SDS

Neutralisation buffer P3: 3 M potassium acetate pH 5.5

TE: 10 mM TrisCl pH 8.0, 1 mM N&DTA

CTAB buffer: 2% CTAB; 100 mM TrisCl (pH 8.0); 20 mM EDTA; 1.4MaCl; 1%
polyvinylpyrrolidone

REX buffer: 1% SDS; 10 mM N&DTA

Phenol extraction buffer 1: 1% SDS; 1x TE

Phenol extraction buffer 2: 0.7 M sucrose; 0.1 M KCI; 0.5 M TrisCl, pH 7.5) M
EDTA

Coomassie staining solution: 2.5 g Coomasie R250/G250 (4:1); 10% isopropatshh
acidic acid

Coomassie de-staining solution: 10% isopropanol; 10% acidic acid

SDS-PAGE equilibration buffer: 75 mM TrisCl at pH 8.8; 6 M urea; 2% SDS;
0.002% bromophenol blue

Anode buffer 1: 300 mM TrisCl pH 10.4; 10% methanol

Anode buffer 2: 25 mM TrisCl 10.4; 10% methanol

Cathode buffer: 25 mM Tris base pH 9.4; 40 mM glycine; 10% metilan

TBS-T: 50 mM TrisCl pH 7.4; 150 mM NacCl; 0,1% Tween

I[P buffer: 25 mM TrisCl pH 7.5; 15 mM MgGj 15 mM EGTA; 75 mM NaCl; 1 mM
DTT; 0.1% Nonidet P-40; 15 mM beta-glycerophosphai® mM NaVOs; 1 mM NaF;
1 x Complete-EDTA free from Roche (per 50 ml)

I P wash buffer: 50 mM TrisCl pH 7.5; 5 mM EGTA; 5 mM EDTA; 0.1%ween 20;
0.1% Nonidet P-40; 250 mM NaCl; 5 mM NaF; 1 x CoetplEDTA free from Roche
(per 50 ml)

IP kinase buffer: 20 mM HEPES pH 7.5; 15 mM Mg&€Il5 mM EGTA; 1 mM DTT
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SDS-PAGE sample buffer: 125 mM TrisCl pH 6,8; 2% SDS; 50% glycerine; 5%
B-mercaptoethanol; 0,01% bromphenole blue

Kinase buffer (without and with Ca*"): 20 mM HEPES pH 7.5; 15 mM Mgg€Ils mM
EGTA or 100 pM C&; 1 mM DTT

Homogenization buffer: 400 mM sorbitol; 40 mM HEPES KOH pH 7.0; 10 mM
Na,P.O7; 2.5 mM MgC}; 2 mM ascorbate

PpTWIN buffer B1: 20 mM Na-HEPES pH 8.5; 1000 mM NaCl; 1 mM EDT&2
mM [-mercaptoethanol

pTWIN buffer B2: 20 mM Na-HEPES pH 7.0; 500 mM NaCl; 1 mM EDTA2 0nM
3-mercaptoethanol

Hoagland medium: 4.03 mM Ca(N@), 4H,O; 0.522 mM NHH.PO;; 6.04 mM KNQ;
1.99 mM MgSQ 7H;0; 0.125 mM NaOH; 89.6 uM EDTA; 89.6 uM FeS0OH,0;
9.68 uM HBOg3; 2.03 UM MnC} 4H,O; 0.314 uM ZnSQ7H,O; 0.21 pM CuSE
5H,0; 13.9 nM MoQ; 8.59 nM Co(N@), 6H,O

LB: 1% peptone; 0,5% yeast-extract; 1% NaCl

YEB: 0.5% tryptone; 0.1% yeast extract; 0.5% peptorie%0 Sucrose; 2 mM MgSO
Induction media: 1.38 % KHPO, 3H,0O; 0.45% KHPO,; 0.213% MES HO pH 5.6;
0.1% (NH,).SOy; 0,0246% MgSQ@7H,0; 0.2% Glucose; 150 uM Acetosyringone
Arabidopsis thaliana suspension media: 0.5 x MS; 3 % sucrose; 1 pug/ml 2,4-D

TB Buffer: 10 mM CaCj; 10 mM PIPES-NaOH pH6.7; 15 mM KCI; 55 mM MnCl
S.C. Trafo solution (filter sterilized): 40% PEG (4.000); 200 mM LiAcetate; 100 mM
DTT

2.2 Bacteria and yeast strains

Escherichia coli strain used for cloning:
DH5a F-, @80dlacZDM15, D(lacZYA-argF)U169, deoR, recA&ndAl,
sdR17(rk,mk+), phoA, supE44, |-, thi-1, gyrA96 Al

Escherichia coli strain used for protein expression:

ER2566 fhuA2 lacZ::T7 genel [lon] ompT gal sulAll R(m@:miniTn10--
Tef)2 [dem] R(zgb-210::Tn10--T&t endA1A(mcrC-mrr)114::1S10
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Saccharomyces cerevisae strain used for complementation:
AXT3K Aenal::HIS3::enadAnhal::LEU2 Anhx1::KanMX4

Agrobacterium strain used for transient expression in tobacco epidermal cells and
transformation of Arabidopsisthaliana:
AGL1 AGLO (C58 pTiBo542) recA::bla, T-region deleteidp(+) Cb(R)

2.3 Plant lines

Coal-0 Wild type ecotype Col-0

cpk3 T-DNA insertion line cpk3-2 KanR, SALK_0228624&0fn NASC)
35S.CPK3-1 35S:CPK3-YFP KanR over expressing line in Col-6kgaound
35S.CPK3-2 35S:CPK3-YFP KanR over expressing line in Col-6Kggound

2.4 Antibodies

aCPK3 Affinity purified antibody from rabbit against tHast 15 amino acids
of CPK3 (mkkgnpelvpnrrrm)

apThr Commercial antibody (Cell signaling: #9381) frambbit against
phosphorylated threonines

aGFP Commercial antibody (Roche: 11814460001) from reoagainst
phosphorylated threonines

aMPK4 Published antibody from rabbit against MPK4 (Tei§eheikl et al.
2004)

aMPK6 Published antibody from rabbit against MPK6 (Tei§eheikl et al.
2004)

2.5 Isotopes

L-[**S] methionine: 1175 Ci/mmol (Perkin Elmer)
[9, 10-3H]-myristic acid: 60 Ci/mmol‘(American Radiolabeled Chemicals)
[Y2PIATP: 6000 Ci/mmot (Perkin Elmer)
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2.6 Oliogonucleotides

Cloning and point-mutagenesis oligonucleotides

Name Sequence (from 5’ to 3’) ID (TAIR)

CPK2nt AGGGCCCATGGGTAATGCTTGOGTTGG

CPK2ct AGCGGCCGCAATGT TTCAGAGAAATGCTAA At3g10660

CPK2G2Ant TTGGGCCCATGGCTAATGCTTGOGT TGGA

CPKaNt AAAAGGAT CCGGGCCCAT GGGCCACAGACACAGCAAGT CCAAA
TCCTCCG

CPK3GL TTTTGTCGACCTAGCGGCCGCACAT TCTGOGT CGGT TTGGCAC
CAATTCTGGATTTCCC

CPK3G2A-1 GCTGTGTCTGTGGGOGTAGGGCCCGGATCC

CPK3G2A-2 GGGCCCATGGCCCACAGACACAGCAAGTCC

CPK3K107R-1 ACAGGT CGCATGCCGGT CAATCCCTACGCG

CPK3KI07R-2 | GGATTGACCGGCATGOGACCTGITGTTTCG At4g23650

CPK3 F358A-1 CAGGAT GAAACAAGCCCGGGCGATGAAC

CPK3 F358A-2 CATCGCCCGGGCTTGTTTCATCCTGG

CPK3 S242A-1 | GGATCTTGT TGGOGCCGCATACTATGTTGOCCC

CPK3 S242A-2 | GTATGOGGOGCCAACAAGATCCTTAAACTTATCACC

CPK3-S242D-1 | TCTTGTTGGAGATGCATACTATGT TGCCCCAGA

CPK3-S242D-2 | GGGGCAACATAGTATGCATCTCCAACAAGATCC

CPK4nt TTGGATCCATGGAGAAACCAAACCCTAGAAGACCC At4g09570

CPK4ct TTGOGGOCGOGT GAATCATCAGATTTAGCAGTGCTGC

CPK5nt GGGCCCATGGGCAATTCTTGCCGTGGATCT At4g35310

CPK5ct GOGGCCGCACGOGT CTCTCATGCTAATGT

CPK6nNt TTGGGOCCATGGGCAATTCATGTCGTGGTTCT

CPKe6ct AGCGGCCGCACACATCTCTCATGCTGATGT At2g17290

CPK6G2AnNt TTGGGOCCATGGOCAATTCATGTCGTGGTTCT
AAAGGATCCGGGCCCATGGGAAATTGT TTTGCCAAGAATCATG

CPKO9nt AT

CPKOct TTTGOGGCCGOCGAACAGCCGAGGT TGTTGTTGT TGTGG At3g20410

CPK9G2AnNt CCOGGGCCCATGGCCAATTGT TTTGCCAAGAAT

CPK11nt GGGCCCAT GGAGACGAAGCCAAACCCTAGA AtLg35670

CPK11ct GOGGCCGCAGTCATCAGATTTTTCACCAT

CPK12nt GGGCCCATGGOGAACAAACCAAGAAC At5G23580

CPK12ct GOGGCCGCAGACATTCATAGACTCATCAG

CPK13nt TTGGGCCCATGGGAAACTGTTGCAGATC

CPK13ct AGCGGCCGCATTCGT TGCCTAGGT TCAAAG At3g51850

CPK13G2Ant TTGGGOCCATGGCCAACTGTTGCAGATC

CPK16nt TTGGATCCGGGCCCATGGGTCTCTGT TTCTCCTCCGOCGCC

CPK16ct TTGOGGOCGOCCT TGOGAGAAATAAGAT

CPK16G2Ant COGGGCCCATGGCCCTCTGT TTCTCCTCOGCC At2g17890

CPK16CA4F-1 GGTCTCTTCTTCTCCTCGGCCGCCAAAT CCTCOGGCCACAAC

CPK16CA4F-2 GTGGCCGGAGGAT TTGGCGGCCGAGGAGAAGAAGAGACCCAT

CPK17nt AAGGGCCCATGGGAAATTGT TGCTCTCACGG

CPK17ct TTGCGGCCGOGGAAT GAAAGT TCACGCCGCTTCTTTGGG At5g12180

CPK17G2Ant AAGGGCCCATGGCCAATTGT TGCTCTCACGG

CPK24nt TTTGGGOCCATGGGAAGT TGTGT TTCGT CGCCATTGAAAGGC

CPK24ct AG,:\AG(CZBCGGCCGCTTAGACCTGAGG(JI TTATAGGTTTTGGAGATCT | y1na1500

CPK24G2Ant AGGGCCCATGGCCAGT TGTGT TTCGTCGCCATT

CPK28nt AAGGGCCCATGGGTGTCTGTTTCTCCGCC

CPK28ct TTGCGGCCGCGAAGAT TCCTGT GACCTGCAGGGC At5966210

CPK28G2Ant AAGGGCCCATGGCCGTCTGTTTCTCCGCC
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CPK29nt T AGGGCOCAT GCTTCAAAACCAACATAA AtLg76040
CPK29ct TGGCGGEOCGCATCTGATCAGCTTTGGATCTG

KCO1nt GGGCOCATGTCGAGT GATGCAGCTCG

KCO1ct GOGGOCGCTOCTTTGAATCTGAGACGTGG At5g55630
KCO1Ntermct GCGGOCGOCGATCACTCGCCTGAGATTCG

RT PCR oligonucleotides

Name Sequence (from 5’ to 3’) ID (TAIR)
ERF6-1 CCGTTGOCTACTACTGOCACC

ERF6-2 GCACTTTCTCAACCACCGTC At4g17490
ACS6-1 GAGCGGOGGOGCAACCGRAG

ACS6-2 CCACCCTGTCATTGTAAGAG At4g11280
Gols2-1 AAGGCTGTGTCGTGOGTGAG

GolS2-2 GOCTTGGATCCAGCTGCACAG At1g60470
STZ11 ATGGOGCTCGAGECTCTTAC

STZ12 TOCTTOGTAGT GGCACCGC Atlg27730
P5CS2-1 CGTCGTCAAGGTTGRGACTGT

P5CS2-2 TCTAGCGACAGAAGAGOGRC At2939800
ERD10-1 TCTTOCTCTTCGAGT GATGAAG

ERD10-2 TCTCTTOCTCTCCAGTGG At1g20450
RD20-1 CCAAAACCATACATGGCAAGAGT

RD20-2 TGAAAGOCAT CCAAAAGGATCG At2933380
RD29a-1 AGCACCCAGAAGAAGTTGAACATC

RD29a-2 CGTTACATCCTCTGTTCCAG At5g52310
ACT31 ATGGTTAAGGCTGRITTTGE

ACT3-2 AGCACAATACCGGTAGTACG At2937620
CPK3I-1 AGATGTTCGCOGTGAAGTCC

CPK3i2 ACGGATGATTTAGCACTTCOG At4923650
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2.7 DNA Methods

Agarose gel electrophoresis

0.7% - 2.0% agarose gels were prepared accorditigetsize of the DNA molecules to
be separated. TAE was used as running buffer angreparation of agarose gels
including 0.25 pg/ml ethidium bromide. The DNA wasplied in DNA loading buffer
to estimate fragment sizes. The GeneRuler™ 1kb DIdAder Plus from Fermentas
was applied as well. Gels were run at 100-130 \& DINA fragments were visualized
under UV light.

Plasmid DNA mini preparation frota. coli

2 ml over-night-culture was centrifuged for 2 minl&%100 g and the supernatant was
removed. The pellet was resuspended in 200 plsefspension buffer P1 followed by
addition of lysis buffer P2 to lyse the cells. Taxnthe suspension, the tubes were
inverted three times and incubated for 5 min atré@mperature. ThE. coli lysate was
neutralized by the addition of 200 ul of neutraima buffer P3 and mixed by inverting
three times. After 20 min incubation at 4°C thepamsion was centrifuged for 10 min
at 16100 g. To precipitate the DNA the supernataas mixed with 0.7 times
isopropanol and incubated at -20°C for 20 min felbd by an centrifugation step at
16100 g at 4°C. The supernatant was removed angetlet was washed with 500 pl
70% EtOH. The pellet was dried in the speedvacrasdlved in 50ul 0,5x TE.

Plasmid DNA midi preparation frot. coli

The midi preparation of plasmid DNA fronk. coli was done with the Jetstar
Midiprep Il kit (GENOMED GmbH) in accordance witho tthe manufacturer’s

instructions.

Isolation of genomic DNA from Arabidopsis thaliana

50-150 mg plant material was grinded in 200 pl CThfer with a spatula tip of
polyvinylpyrrolidone and sand until a fine suspenswas generated. This suspension
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was mixed with additional 200 ul of CTAB buffer ahdated up to 65°C for 60 min.
One volume of chloroform was added to the suspensi® mixture was vortexed and
then centrifuged for 10 min. The supernatant wascipitated with 0.7 volume of

isopropanol for 20 min at -20°C and centrifuged.&t00 g for 10 min. The pellet was
washed with 500 pl 70% EtOH and dried in the spaed¥he pellet was resolved in
150 ul P1 with RNase A and incubated at 37 °C forndn. After the RNase A

treatment the solution was well mixed with one woduof chloroform and centrifuged
for 10 min. The supernatant was precipitated withu@lume of isopropanol for 20 min
at -20°C and centrifuged at 16100 g for 10 min. paket was washed with 500 pul 70%
EtOH and dried in the speedvac. The pellet wadwedaon 50 pul ddHO.

Polymerase chain reaction

PCR reactions were carried out according to theufiagturer’s instructions for the used
polymerase. The following polymerases were usedid@gdrom Promega, Vent from
NEB and Turbo Pfu Stratagene.

Ligation of DNA
DNA fragments were cut out from an agraose andfipdrwith the Wizard® SV Gel

and PCR Clean-Up System from Promega, accorditigetonanufacturer’s instructions.
A total volume of 10 ul including ligase buffer 1@0ligase from NEB, 100-200 ng
insert and 25-50 ng vector DNA fragments was lidateroom temperature for 20 min.

The reaction was directly used for transformatiao E. coli.

Analytical digestion of plasmid DNA

1.5 pg plasmid DNA was digested with the appropri@striction endonuclease from
NEB in a total volume of 20 pl, according to thenufacturer’s instructions. After

digestion the DNA was separated by Agraose getrelgicoresis.

Preparative digestion of plasmid DNA

3 ug plasmid DNA was digested with the approprigsgtriction endonuclease from

NEB in a total volume of 40 pul, according to thenufacturer’s instructions. After
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digestion the DNA was separated by Agraose geltrelgicoresis. The appropriate
bands were cut out and purified with the Wizard® G#®1 and PCR Clean-Up System

from Promega.

Plasmid DNA vectors and cloning

pBAT: in-vitro transcription and translation vector itrabbit 3-globin leader
(Annweiler, Hipskind et al. 1991).

PGEXA4T1: IPTG-inducibleE. coli vector for the expression of N-terminal GST-fusion
proteins from Amersham-Pharmacia.

pTwinl: IPTG-inducibleE. coli vector for the expression of N- and/or C-termiyall
intein-chitin tagged proteins from NEB.

pBIN19: binary plant transformation vector (Bevan 1984).

pSK11+: blue white selectablg. coli vector from Stratagene.

pTLT: CMV 35S promoter based plant expression vectopfotoplast transformation
and sub cloning into pBIN19. This vector was crdatethis work.

YEPIac195: yeast cloning vector with the yeast ura selectiarker, blue white

selectablée. coli multi cloning site and a 2 origin of replication.

RNA isolation from Arabidopsis thaliana

10-14 day old Arabidopsis thaliana seedlings weseen in liquid nitrogen and grinded
to a fine powder. In a 1.5 ml Eppendorf-tube 100-20g of the plant material were
mixed with 130ul phenol pH 4.0 and 13@ REX buffer. The mixture was grinded with
a pre-cooled glass-rod Eppendorf homogenizer irpteeence of 50 pl sea sand until a
fine suspension was generated. 400REX buffer and 40Qul phenol pH 4.0 were
added, vortexed and centrifuged for 10 min at 164.00he aqueous upper phase was
extracted twice with one volume of PCI and oncéhwibe volume of chloroform. The
supernatant was mixed with 1/3 volume of 10 M L&D incubated over night at 4°C.
To precipitate the RNA the mixture was centrifuged 6100 g at 4°C for 20 min. The
pellet was washed once with 2.5 M LiCl and two smeith 80% EtOH. The RNA
pellet was resolved in 25 ul,8 and the concentration was determined by measating
260 nm and 280 nm.
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Reverse transcription RT-PCR

Reverse transcription was carried out using thenega M-MLV reverse Transcriptase,
RNase H Minus, Point Mutant, according to the maatufrer’s instructions. In a final
volume of 14 ul 1 pg total RNA and 0.5 pg oligo(gWere mixed and heated to 70°C
for 5 min, then cooled quickly on ice for 5 minleaed by the addition of 5 pl M-
MLV RT 5X Reaction Buffer, 1.25 pul 10 mM dNTP mixé@ 1pl M-MLV RT (H-). The
reaction was mixed and incubated at 40°C for 60. v il reverse transcripted cDNA

was used for PCR amplification using the GoTaq frRmmmega.

2.8 Protein methods

Phenol protein extraction from Arabidopsis

2 g of plant material were grinded in liquid nitesg A second grinding in phenol
extraction buffer 1 followed. The suspension wastrieiged at 12000 g and the
supernatant was mixed with the equal amount of gphphil 7.4. The mixture was
vortexed for 1 min and centrifuged at 3500 g for rhih at 4°C. The supernatant
consisting of aqueous phase was replaced with ahee srolume of phenol extraction
buffer 2, vortexed for 1 min and centrifuged at @59 for 10 min at 4°C. The
supernatant consisting of the organic phenol phasemixed with the same volume of
phenol extraction buffer 2 and vortexed for 1 miihe mixture was centrifuged at 3500
g for 10 min at 4°C. The supernatant consistintheforganic phenol phase was mixed
with 5 times methanol including 100 mM ammonium tatee To precipitate the
proteins the suspension was incubated over nigl2QRC and centrifuged at 16100 g
for 10 min. The supernatant was removed and thietpebs washed one time with
100% MetOH and 2 times with 100% acetone. The peiées dried in the Speedvac and

resolved in the appropriate buffer (Isaacson, Daevas et al. 2006).

SDS-PAGE

Protein molecular weight determination was doneel®ctrophoresis using 12% and
8-15% gradient polyacrylamide gels using Mini Paot& from BIORAD and Multigel-
Long from Whatman Biometra. As running buffer ausioin of 25 mM Tris, 250 mM
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glycine and 0,1% SDS was used (Fling and Greget986). The electrophoresis was
performed, according to the manufacturer's instomst For determination of the
molecular weight the PageRulerTM Prestained Prdtadder Plus from Fermentas was

used.

Coomassie staining

After electrophoresis, the SDS-PAGE gel was place@oomassie staining solution
and was heated up to ~ 60°C and incubated und&mshéor 15 min. When the gel

turned blue the Coomassie staining solution wakced by the Coomassie de-staining
solution heated up to ~60°C and incubated undéddmspdor 15 min. The last step was

repeated until the gel was completely de-stained.

Silver stain

All incubation steps were done with light shakifidqne SDS-PAGE was incubated in
50% methanol and 5% acidic acid for 20 min. Aft@rriin washing in 50% methanol
the gel was rinsed for 2 h in,® The gel was sensitized for one min in 0.03%M@s,
rinsed two times in water and incubated in 0.1% A&@\or 20 min at 4°C. After two
washing steps in ¥ for one min, the developing was started by appbn of 2%
N&COs; and 0.00014% Formaldehyde until the protein batsed to dark. The
reaction was stopped by replacing the staining temuwith 5% acetic acid.
(Shevchenko, Wilm et al. 1996)

2D-Gel electrophoresis

The protein was purified as described in phenotginoextraction from Arabidopsis.
200 ul 2d-gel sample containing 100 pg, 7 M ured) fhiourea, 2% CHAPS, 0.5%
IPG buffer (pH 3-11) NL and 0.002% bromophenol bluas applied on a 11 cm
Immobiline DryStrip (pH 3-11) NL from GE Healthcar&€he proteins were focused
using an IPGphor from GE Healthcare according ® ranufacturer’s instructions.
After isoelectric focusing, the IPG strip was eduidted for 15 min in SDS-PAGE
equilibration buffer with 100 mg DTT. Then the ptivas incubated for additional 15
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min in SDS-PAGE equilibration buffer with 250 mglamacetamide. The separation in

the second dimension was carried out using a 8-36%-PAGE.

Western blot

Transfer of proteins on PVDF membranes was donb thi¢ Tran-Blot® Semi-Dry
blotting chamber from Biorad. Protein samples wseparated by SDS-PAGE. After
electrophoresis, the gel was incubated in cathafferunder light shaking for 15 min.
The PVDF membrane was a short time equilibratesh@thanol for 15 sec, rinsed with
H,O for 2 min and incubated in anode buffer 1 undgtishaking for additional 5 min.
Two layers of Whatman papers soaked in anode bufferere placed on the metal
anode of the blot-chamber followed by one layeMtifatman paper soaked in anode
buffer 2. On top of the Whatman paper the membréme,gel and three layers of
Whatman papers soaked in cathode buffer were pla¢edblot-chamber was closed by
pressing the metal cathode on top of the last Whaathayers. The transfer was
performed for 90 min at 1.8 mA/émThe blotting efficiency was verified by staining
the proteins on the membrane with 0.1% PonceausSoiacetic acid and washing them
with H,O. The Ponceau S was removed by washing the membwiin TBS-T. After
blotting, the membrane was blocked in TBS-T with &z#free dry-milk and incubated
on a horizontal shaker for 30 min. The blockingu§oh was replaced with the primary
antibody diluted in TBS-T with 5% fat free dry-milknd incubated for 2 h at room
temperature or over night at 4°C under light shgkifio eliminate unspecific bound
antibodies the membrane was washed 3 times forihOuith TBS-T. The membrane
was incubated with the secondary antibody coupedRP diluted in TBS-T with 5%
fat free dry-milk for 45 min. To get rid of unspgcibound secondary antibodies the
membrane was washed 3 times for 10 min with TB&6F.detection of the secondary
antibodies, the SuperSignal® WestPico ChemilumieisSubstrate from PIERCE was

used, according to the manufacturer’s instructions.

Kinase assay of immunoprecipitated proteins

About 150-250 mg Arabidopsis seedlings were grinohedP buffer and clarified by
centrifugation at 16100 g for 10 min at 4°C. AfteEtermination of the protein content

100 pg were incubated with 10 protein A-Sepharose. The clarified supernatang wa
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immunoprecipitated for 1 hour with 20 pl of protérSepharose and @ antibody at
4°C. The beads were washed three times with IRehusihce with IP wash buffer and
finally once with IP kinase buffer. Kinase reactivas started by adding to the beads 20
ul IP kinase buffer including 2 pg MBP and 2 ugEB2ATP. The reaction was
terminated after 30 min at room temperature byragithe SDS-PAGE sample buffer.
The sample was analyzed by SDS-PAGE. The incornporadf radioactivity was
measured by exposing the dry gel over night oroeage phosphor screen which was
scanned in a GE Healthcare Typhoon 8600 VariabldeMmager. (Bogre, Calderini et
al. 1999)

Kinase assay of recombinant proteins

Kinase assay was performed by incubating about fepgmbinant protein kinase, 3-10
Hg substrate (histone S3, N-Terminus of Kcol anctasomal membranes) and 2 uCi
y-32ATP in kinase buffer without and with €aThe amount of kinase and substrate was
10 times higher for 2-D gel electrophoresis. Afterubation at room temperature for 30
min the reaction was terminated by adding SDS-PA@aHIng buffer. The sample was
analyzed by SDS-PAGE. The incorporation of radiv@ggtwas measured by exposing
the dry gel over night on a storage phosphor sdtesnvas scanned in a GE Healthcare

Typhoon 8600 Variable Mode Imager.

Isolation of microsomal membranes form Arabidopiséiana

10 g ofArabidopsis thaliana suspension culture were first grinded in liquitogen and
then homogenised in 30 ml homogenisation buffefuting Complete-EDTA. The
suspension was filtered through 2 layers of Mirtickind centrifuged at 500 g for 5 min
at 4°C. To remove large insoluble cell compartméimessupernatant was centrifuged at
10000 g for 15 min. The microsomal membranes werecipitated by ultra
centrifugation at 100000 g for 90 min at 4°C. Thellgg was washed once with
homogenisation buffer without Complete-EDTA freedatored at -80°C until it was
used.
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Protein purification using the pTWIN protein pucdition system

The isolation of recombinant proteins was done gusine IMPACT™-pTWIN protein
purification system from NEB, according to the mi@aturer’s instructions. All CDPKs
were expressed as N-terminal fusion. An over nigifture ofE. coli (ER2566) carrying
the pTWIN expression plasmid was inoculated in 80Q.B-ampicillin and adjusted to
ODgoo Of 0.2. The culture was incubated at 37°C undgonaus shaking until Ofg, of
0.6 was reached. Then the expression was inducédebgpplication of 100 pl of 1 M
IPTG. The best expression was achieved by inculpdtia culture at 16°C over night
under vigorous shaking. coli were harvested by centrifugation for 10 min at®§Gat
4°C and resuspended in 10 ml pre-cooled pTWIN buifé. To break the cells the
suspension was sonificated and clarified by cergéation at 16000 g at 4°C for 20 min.
All the following purification steps were performat4°C. The supernatant was applied
to a column packed with 2 ml (bed volume) of chiigads which were washed in pre-
cooled pTWIN buffer B1. The column was washed wAthml of pre-cooled pTWIN
buffer B1 and fast flushed with 4 ml pre-cooled pNAbuffer B2. To induce protein
cleavage the column was incubated on room temperateer night. After the elution
with pTWIN buffer B2, the buffer was exchanged fodse buffer (without Ca and
EGTA) and the protein was concentrated by ultrafiion in an Amicon® Ultra-4 filter
device from MILLIPORE.

Protein determination by the Bradford method

50 pl protein sample was mixed with 950 dilutedd3oad (BIO-RAD Protein assay)
reagent and measured at 595 nm. For determinafigmiotein concentration a BSA
calibration curve was made with the following pmteoncentrations: 1.0, 0.5, 0.25,
0.125, 0.0625 mg/ml.

In-vitro Myristoylation assay

Myristoylation assay was done by coupled in-vitamscription/translation in a cell free
system using the TNT Coupled Wheat Germ Extractédydrom Promega. ag of
pBAT-CPK plasmid DNA was linearized with Notl ana-vitro translated. The
reactions were either carried out in the presericB0quCi of L-[**S] methionine for
total protein labelling, or 5QCi of [9,10>H]-labelled myristic acid. Immediately before
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starting the 90 min reaction at 30°C, th&][gyristic acid was dried in the speed-vac
and resuspended in the reaction-mix by pipettirige $amples were separated by SDS-
PAGE. After Coomassie staining the gel containlm’H labelled proteins was soaked
in Amplify™ Fluorographic Reagent from Amersham & min and dried in the gel-
drier. Light emission was measured by incubatirggdhed gel with an x-ray-film for 5-
14 days at -80°C. The uptake of £§] methionine was measured by exposing the dry
gel over night on a storage phosphor screen. This scanned in a GE Healthcare

Typhoon 8600 Variable Mode Imager.

2.10 Plant methods

Vapor-phase sterilization @frabidopsis seeds

Seeds were surface sterilized using the vapourepimethod published by (Clough and
Bent 1998). Open Eppendorf tubes containing ab60t & seeds were placed in a 10 |
plastic box. Next to the Eppendorf tubes a 400 ealkier was placed with 150 ml bleach
(2.8 % NaClO). After the plastic box was placedfume hood the generation of
chlorine gas was started adding about 50 ml of BI®4 to the bleach and the lid was

closed immediately. Seeds were sterilized at lieast h or over night.

Cultivation of Arabidopsis thaliana

Sterile cultivation ofArabidopsis plants (Col-0) was done on %2 MS agar plates or%: M
agar plates, containing 50 pg/ml kanamycin undeh 1ght with 80 pmol nf sec*
light intensity at 25°C. Stratification was carriedt prior putting the seeds into light for
2 days in the dark at 4°C. Non sterile cultivatmmArabidopsis was done by placing
them on soil (10 parts Spezialblumenerde, DiwokgaBd: Rasenquarz, Kornung 0.2-
2.0 mm, Quarzwerke Osterreich GmbH, Melk, Austoiae part perlite: Granuperl S3-
6, #50140050, KNAUF Perlite GmbH, Vienna, Austoa)y sawing them directly.
Hydroponical cultivation of Arabidopsis plants wasne according to Tocquin et al.,
2003. Seeds were placed directly into 0.5 ml PGfe4dilled with ¥2 Hoagland medium
with agar and grown for one week. The bottom ofRIR tube was cut off and the tube
was placed into a 1 ml Gilson (Middleton, WI, USt#y) box filled with % Hoagland

medium which was covered with aluminium foil. Tointain a high humidity the box
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was covered with transparent foil for about 3 we@ksen the cover was opened partly
during one week and then entirely removed (TocqQorpesier et al. 2003).

Soil and hydroponical cultured Arabidopsis werevgrowith an light intensity of 200
umol m? se¢* under short (8 h light / 16 h dark) or long dag (. light / 8 h dark)

condition.

Agrobacterium mediated expression Micotiana tabacum leafs

Transient expression of proteins Micotiana tabacum was done, according to the
method described in (Bucher, Sijen et al. 2003)np® 35S: C-terminal YFP constructs
were transformed via electroporation Agrobacterium (AGL1) plated on LB media
containing 50 pg/ml kanamycin. One clone was inateadl in liquid YEB containing 50
png/ml kanamycin and incubated over night at 30°@eurshaking. On the next day 50
ml of YEB containing 50 pg/ml kanamycin was inod¢ath with the pre-culture and
adjusted to an Ofgp of 0.05. Then the culture was incubated at 30°Ceumijorous
shaking until an OBy, of 0.2 was reached. The bacteria suspension wastegokeby
centrifugation at 2900 g at room temperature fornii@ and resuspended in 25 ml
induction media. After 2 h incubation at 30°C tleiwere again centrifuged at 2900 g
at room temperature for 10 min and resuspended imllof 5 % sucrose containing
300 puM acetosyringone. This suspension was usethfiiirate young Nicotiana
tabacum leafs with a 1 ml syringe grown under Arabidopstsort day condition.
Directly after infiltration plants were incubated the dark over night and were placed
back in the growth chamber on the following day.ol'days after infiltration the

expression of proteins could be detected.

Transformation oArabidopsis thaliana (floral dip)

Stable transformation dArabidopsis thaliana was performed by the floral dip method
(Clough and Bent 1998) and (Zhang, Henriques éQfl6) by using thégrobacterium
strain GV3101 (Bevan 1984) carrying pBIN19 plasmRb0 ml Agrobacterium
suspension was grown in LB under selective conditimtii an ORy of 0.8 was
reached. Then the cells were precipitated by degation and resuspended in 5%
sucrose containing 0.05% Silvet L-77. Flowers @& %B«eek-old Arabidopsis thaliana

(Col-0) plants grown under long day condition weigped into the bacteria suspension.
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Then the Arabidopsis thaliana plants were covergd plastic foil and placed in the
dark over night. On the next day the plastic fodsaremoved and the plants were put
back into the grow chambers until the seeds werkine@ The selection of positive
Arabidopsis thaliana plants was carried out on % M&hts containing 50 pg/mi

kanamycin.

Arabidopsis suspension culture

Arabidopsis thaliana suspension culture (provided by Andrij Belokurogvoup Hirt)
was grown in adequate media. 45 ml of suspensittareuvas grown in a 250 ml flask
at 22°C under shaking at 140 rpm. Every 7 daystispension culture was diluted 1:3

with Arabidopsis thaliana suspension media.

2.10 Yeast and bacteria methods

Preparation of chemical competé&ntcoli

A pre-culture of LB supplemented with 20 mM MgS@as inoculated with 3-5
independenE. coli clones and incubated at room temperature und&mghaver night.
600 ml of LB supplemented with 20 mM Mgg®@as adjusted with the pre-culture to
ODgoo of 0.2 and incubated under shaking at room tentperauntil an Olgy of 0.5
was achieved. Cells were harvested by centrifugadto700 g for 10 min at 4°C and
resuspended in 50 ml ice cooled TB buffer. Afteruipation on ice for 30 min the cells
were again harvested by centrifugation at 400 dlfbmin at 4°C and resuspended in
ice cooled TB buffer supplemented with 7% DMSO. Bhgpension was incubated on
ice for additional 30 min, spitted into 450 pl alais and frozen away at -80 °C. (Inoue,
Nojima et al. 1990)

Transformation of chemical competdntcoli

In a total volume of 10 pl 2-50 pug plasmid DNA weansferred into a 1.5 ml reaction
tube and placed on ice. CompetEntoli suspension was thawed on ice. 50 ul of the E.
coli suspension was mixed with the 10 ul plasmidAD&hd incubated on ice for 15

min. The reaction mix was heat-shocked at 37°Clfosec and placed back on ice. To
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recover the cells 800 pl LB media was added andtispension was incubated for 60
min at 37°C under shaking. The cells were harvelsyedentrifugation at 16100 g for 1
min at room temperature, resuspended in about 80Buand plated on appropriate

selective LB media.

Transformation of. cerevisae

150 pl of S.C. Trafo solution (including 20 pg @arrRNA) were mixed with
approximately 50 pl of fresls cerevisae cells grown on YPD over night. 2 pg of
plasmid DNA were added and mixed by vortexing. Bhagpension was incubated at
30°C for 20 min and heat-shocked for additionah#f on 44°C. 1 ml sterile 0 was
added and mixed by inverting the tube. The celleevpgecipitated by centrifugation at
room temperature at 2000 g for 2 min. Most of tbhpesnatant was removed and the

cells were resuspended in 50-100 pul sterd® ldnd plated on selective media.

Preparation of electro competent Agrobacteria

Over night culture of Agrobacteria was inoculateds00 ml LB and incubated at 30°C
under vigorous shaking for 1.5 days until an gDof 1.5-2 was reached. The
suspension was cooled down on ice for 10 min. Téks overe precipitated by
centrifugation for 15 min at 6000 g at 4°C and sg&inded in 50 ml of 1 mM HEPES
pH 7.0. Cells were again precipitated by centrifigyaat 4000 g at 4°C for 15 min and
resuspended in 1 mM HEPES pH 7.0. This washing st@p additionally repeated
twice and then the 1 mM HEPES pH 7.0 was replagetid?o glycerol. The cells were
again precipitated by centrifugation at 4000 g°& fbr 15 min and resuspended in 4-6
ml 10 % glycerol. Aliquots of 400 ul per 1.5 ml Epplorf tube were frozen in liquid

nitrogen and stored at -80°C.

Transformation of electro competent Agrobacteria

1-2 ul (1 pg/ul) of plasmid DNA were placed intetarile pre-cooled electroporation
cuvete. 60 pl of electro competent Agrobacterigpsnsion were added and mixed by
pipetting. Electroporation was carried out at 20tCand 1,4 kV and 25 pF with a Bio-
Rad (Hercules, CA, USA) Pulse Controller electr@pion device. After electroporation
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800 ul LB were added the suspension was transféor@d1.5 ml Eppendorf tube and
incubated at 30°C for 30-60 min. Cells were preatpid by centrifugation at 14000 g
for 2 min, resuspended in 50-10 pl LB and plated Ldh media containing the

appropriate antibiotics.
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2 Results
2.1 Characterisation of CPK3

Phenotype ofpk3 mutants

To elucidate the functional role of CPK3planta, acpk3 knock-out line was obtained

from the Salk Arabidopsis Insertion Library (N522866ALK 022862, Salk Institute

Genomic Analysis Laboratory, La Jolla, CA, USA,piMfsignal.salk.edu/). This line

was further analyzed by mapping the T-DNA insertma PCR and subsequent
sequencing of the PCR products. This mutant coalddmfirmed as null mutant at the
protein level by Western blot analysis using a gmeantibody against the C-terminal
15 amino acids of CPK3 (figure 2.1).

cpk3 (At4g23650) T-DNA insertion:N522862

A Exon5

Exon1 Exon2 Exon8

2x T-DNA insertion

RB LB
- =
- -
LB RB
PCR analysis
B FW+RV LB+RV LB+FW C Western-blot
WT KO WT KO WT KO \Da WT KO WT KO
ey
-8
130 = Y44
70— —
==
55 => w— '
35— ~
-
-
- e

a-CPK3 Coomasie

Figure 2.1: CPK3 T-DNA insertion mapping. A: The T- DNA insertion was mapped by PCR,
using primers specific to the CPK3 gene and the T-D  NA. B: PCR products were produced

with the primer combination LB+RV and LB-FW which i ndicates a double T-DNA
insertion in the first exon of CPK3 locus. C: Weste rn blot analysis using a specific

antibody for CPK3 shows that the CPK3 knock-out lin e lacks the endogenous CPK3
protein.

Since activation of CPK3 kinase activity by satess had previously been shown in the
laboratory (M. Teige, unpublished), germinationagsson ¥2 MS plates were carried
out in order to test for a salt sensitive phenotgpepk3 mutants.CPK3 knock-out
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(cpkd) and two independent CPK3 overexpression l[InERPK@-1 and -2) were
germinated on %2 MS plates, either without saltinothe presence of 150 mM NacCl.
The germination rate on media without salt was 100f4all lines, thus indicating that
observed changes in germination must be due tetsa#ts. On the plates containing 150
mM NaCl, the germination rate of all lines was imed. However, a very clear
differentiation emerged: Wild type plants had angeation rate of 22.3% + 7.82, and
the cpk3 line was severely impaired showing a strongly cedugermination rate of
only 8.4% £ 7.08 (figure 2.2). In contrast, the CP#verexpression lines displayed an
increased germination rate which moreover corrdl&tethe level of CPK3 expression
as revealed by RT-PCR. The weak overexpressoCiHiS3-1 had a germination rate of
about 29.2% * 2.48, and the strong overexpres#@TPK3-2 had a germination rate
of 55.1% * 16.95 (figure 2.2). In summary, thes@eziments clearly showed the
essential role of CPK3 for the salt stress adaptati Arabidopsis.

Germination on

. H H 0,
150 mM NaCl Expression Germination rate (%)
Col-0 min 0 30 60
: 80"
G CPK3
701
£
cpk3 507
301
4 201
35S::CPK3-1
e 107
wy Col-0 cpk3 35S::CPK3 35S::CPK3
35S::CPK3-2
» § -

Figure 2.2: Salt sensitive phenotype and analysis of CPK3 expression-levels in the CPK3
knock-out mutant ( cpk3) and two independent over-expressor lines (CPK3-1 and CPK3-
2). Germination was scored for seven days on ¥2 MS p  lates supplemented with 150mM
NaCl and survival was scored for seven days. Statis  tical analysis of survival rates from
three independent plates, n>300 per plate and plant  line.

Crosstalk with salt stress triggered MAP kinaséywal/s?

To understand how CPK3 could mediate adaptaticaliostress at the molecular level,

and which downstream targets could be regulatefuttieer analysis was extended also

40



Results

to related signaling pathways which are known tariwelved in salt stress signaling.
Furthermore, the question of cross-talk betweefemint signaling pathways in salt

stress response should be addressed.

MAP kinase pathways are not affected by CPK3

MAP kinase pathways represent well characterizeginges in this respect, and the
MAP kinases MPK4 and MPK6 are activated by variabsotic and biotic stresses,
including salt stress (Ichimura, Mizoguchi et a800R; Petersen, Brodersen et al. 2000;
Asai, Tena et al. 2002; Teige, Scheikl et al. 20@4)MAP kinase pathway which
regulates MPK4 and MPKG6 includes the upstream MAfade kinase MKK2 and is
also required for the cold- and salt stress respamAdrabidopsis (Teige, Scheikl et al.
2004). The fact thankk2 mutants showed a similar phenotype on salt madjgests a
related regulation mechanism. Theref@K3 overexpressor antpk3 knock-out lines
were used to determine the activation of MPK4 arfeKid in response to salt stress by

immuno-complex kinase assay using MPK4 and MPKtbadtes (figure 2.3).

Kinase assay RT-PCR
Col-0  cpk3 CPK3-1 CPK3-2 Col-0 cpk3 CPK3-1 CPK3-2
+ -+ -+ -+ 0 30 60 0 30 60 O 30 60 O 30 60min

Kinase activity s s - — W« MBP ERF6
MPK4 protein S S B 4 B0 B8 W« MPK4 ACS6

Total protein ”-. e A - Lsu GolS2

Kinase activity s S won e oo - S <~ VIBP STZ
MPKG Protein s s sl S s s s s < IPK6 P5CS

Total protein ~-....-.<- LSu ERD10

RD20
Col-0 MKK2-1 mkk2

+ -

-+ - +

Kinase activity gy s s 8 40 @ < Histone

CPK3 protein i duh Wb W b W - CPi3 ACT3
Total proteinu H H U - H «LSU

RD29a

Figure 2.3: Salt triggered activation of MPK6 in wi  Id type (Col-0), cpk3 knock-out, and two
independent CPK3 overexpressor lines (see Figure 2.  2) towards myeline basic protein
(MBP) as generic substrate. Kinase assay: Kinase ac tivities were measured in
immunocomplex kinase assays upon salt treatment of 14-days-old seedlings for 15 min.
RT-PCR: Salt triggered induction of known salt stre  ss responsive marker genes was
compared between wild type (Col-0), cpk3, and thet wo CPK3 overexpressor lines by RT-
PCR and compared to Actin (ACT3) as internal contro  |. 14-day-old seedlings were treated
with 150 mM NacCl.

However, no difference in the activation of eithdiPK4, or MPK6 could be detected.

Vice versa, the salt stress induced activation of CPK3 wakerdaned in mkk2
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knock-out and MKK2 overexpressing lines. But agaia, difference in activation of
CPK3 could be detected, clearly demonstrating, ttiegse pathways function

completely independently at the level of the inal\protein kinases

CPKS3 does not affect the transcriptional inductafnknown salt stress
marker genes

To look further downstream in the stress resporsgbway, the expression levels of
known marker genes for salt stress adaptation aesg/zed. MAP kinase pathways are
known to target predominantly transcriptional resges in animal cells (Whitmarsh
2007). For plant cells the same seems to holdasumay be seen for studies on gene
expression in MAP kinase mutant plants (Teige, &tlet al. 2004; Qiu, Zhou et al.
2008) and from identified targets involved in tremgstional regulation (Qiu, Fiil et al.
2008). The MKK2 MAP kinase pathway plays an ess¢nile in signaling and
adaptation to cold- and salt-stresgAmabidopsis by regulating a set of 127 genes which
are required for adaptation to these stresses €T &gheikl et al. 2004). To compare
transcriptional regulation, downstream targets loé tMAP kinase- and the €a
dependent protein pathways were analyzed. The ssipre of marker genes was
analyzed by RT-PCR specifically to address the tipes these MAP kinase pathways
and the C& dependent CPK3 signaling pathway cross-talk atieliel of target gene
expression. For that reason 22 known target geméshvare known to be regulated in
response to salt stress based on microarray asalgse selected and analyzed (Kreps,
Wu et al. 2002; Seki, Ishida et al. 2002; Taji, iSskal. 2004).

The result of these experiments is exemplifiedigure 2.3 for 8 genes involved in
ethylene signaling and biosynthesBBRE6 and ACS6), synthesis of the compatible
solutes galactinol GolS2) and proline P5CS), transcriptional regulationS{Z), and
general stress response factoEERI)10, RD20, and RD29a). The transcriptional
induction was analyzed by RT-PCR 30 and 60 minr &f#dt stress treatment in wild
type plants Col-0), a cpk3 knock-out mutant, and two different CPK3 overespgoe
lines which had all been characterized beforaurligd out that all salt stress-responsive
genes were equally induced in all lines. The cotepdet of genes which was analyzed
in these studied included furthermore the’/Na antiportersNHX1 andSOSl1, the Na-
induced K channeKCl1, the trehalose synthesis ge®Sl, TPS11, andT6PP; proline
catabolism PDH), ABA- and salt stress-responsive protein phogdes AHG3,
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PP2C); and the general stress-response fadibis15, and RD29b. But also in these
cases no difference of the induction patterns treaponsive genes emerged between
the different lines studied. In line with previoascroarrays (Kreps, Wu et al. 2002)
CPK3 expression itself was also not found to be regdlat the mRNA level (figure
2.3).

Localisation of CPK3

These findings indicate that CPK3 is not involvedtianscriptional induction of salt
stress response genes and acts independently of lf¥aBe pathways. This suggests
that CPK3 uses a different mechanism to mediate stedss response. Therefore |
decided to study the localization of the kinaselifferent tissues and at the subcellular
level to get a further idea on the function of CHK3alt stress adaptation.

The amount and tissue-specific distribution of egedmus CPKS3 protein from different
plant tissues was determined using a specific adyiFigure 2.4 C) against the C-
terminal variable region (Figure 2.4 B). The endumes level of CPK3 protein in
Arabidopsis was nearly the same in all compartments slightly increased CPKS3
protein levels in old leaves and roots (figure £)4A biochemical fractionation of cell
extracts fromArabidopsis leaves and root suspension culture revealed ti3C
enriches in un-soluble sub-cellular fractions and-parified with microsomal

membranes. No CPK3 could be detected in the cytolsattion (figure 2.4 A).

Western blot
A B C CPK3
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Figure 2.4: Localization (A and B) and structure (C ) of the CPK3 protein. (A) Tissue
specific expression of CPK3 and specificity of the antibody. In the first lane 20 ng of
recombinant GST-CPK3 protein was loaded and in the following lanes total protein
extracts from the cpk3 mutant, and from different tissues of wild type pl ants: root; stem;
flower; young (20 dpg), and old leaves (40 dpg. (B) Detection of endogenous CPK3 in
subcellular fractionation from wild type plants. In lane 1, total cell extract was loaded (T),
and in the following lanes protein from the 13.000 X g (13k) supernatant (S1) and pellet
(P1), as well as the 100.000 x g (100k) k supernata nt (S2) and pellet (P2).
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Figure 2.5: Localization of CPK3 - YFP fusion proteins (A), CPK3G2A-YFP fusion
proteins (B) and YFP protein alone (C) in leaf epid ermal cells, 2 days after infiltration.
Infiltration of tobacco leaves was done as describe d in experimental procedures. The
nucleus (N) is marked by an arrow, and three chloro  plasts adjacent to the nucleus are
marked by a triangle in A. Cytoplasmic lobes of the epidermal cells are marked by the
triangle in B and C. The scale bar represents 20 um . Chlorophyll auto-fluorescence is
shown in red. (D) In vitro myristoylation of CPK3 and CPK2 as positive contro [. The wild
type (WT) and non-myristoylable G2A mutants of CPK2 and CPK3 were translated in vitro
in wheat germ extracts. This happend in the presenc e of either *H-labelled myristic acids
or 35S-labelled methionine as described in experime  ntal procedures and subsequently
separated by SDS-PAGE. Incorporation of the label w  as scored by autoradiography.

To extend this study into the sub-cellular levektuidied thein vivo localisation of
CPK3-YFP fusion proteins by confocal laser scannmgroscopy in Nicotiana
tabacum (SR1) leaves. Transient transformation was donenlffiitration of Agro-
bacteria, containing the constructs for expression undertrob of the cauliflower
mosaic virusCaMV 35S promoter. To investigate the N-terminal mediatadcellular
localisation of CPK3, the YFP portion was fusedhe C-terminus of the full-length
CPK3 coding sequence (figure 2.5). A potential effef N-terminal myristoylation
based on localisation was studied by using a mditédem of CPKS3, lacking the
myristoylation site on glycine (G2A). This mutargnnot be myristoylated per se, and
its localization was compared to either YFP, exgedsunder the 35S promoter, or the
wild type version of CPK3-YFP. Expressed CPK3-YH®Bwed nuclear and membrane
associated localisation. In contrast, the mutated&YFP G2A appeared more nuclear
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and cytosolically localized, which was similar tomfused YFP. That thebserved
difference in localization could indeed be expldifg N-myristoylation of CPK3 was
confirmed byin vitro myristoylation using wheat germ extract. CPK3, &K2 as
positive control, werén vitro translated either in the presence &-methionine, ofH-
labelled myristic acid in a coupled transcriptioarislation system as previously
described for CPK2 (Lu and Hrabak 2002). The inccapon of the label was detected
by autoradiography after SDS-page (figure 2.5 MIhBCPK2 and CPK3 were clearly
found to be effectively N-myristoylated in theseagss.

Salt stress mediated alteration in protein phospaton pattern ofcpk3
knock-out plants

The previous data indicating that CPK3 activity has influence on salt stress
dependent gene expression gave rise to the quédsiierihe salt sensitive phenotype of
the cpk3 knock-out mutants could be explained. To investigsalt stress triggered
changes in protein phosphorylation patterns in Witk and cpk3 knock-out mutants an
unbiased approach was done. Using different ph@phm acid-specific antibodies,
phosphorylated serine and threonine residues wetlgzed by 2D-gel Western blotting
of total proteins from salt-stressed and untregiéaht extracts. Considering the
important role of roots for salt stress adaptafigininns and Tester 2008) and also the
strong expression of CPK3 in this tissue, the foolthis studies was based on root
tissue, isolated from hydroponically grown plaRbosphorylation patterns of proteins
before and 30 min after application of salt stid€) mM) were compared. 100 ug of
total proteins were separated by 2D-gel electroggisr In figure 2.6 the results are

shown for detection with the anti phospho-Thr aodip
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Figure 2.6: CPK3 mediated protein phosphorylation p  atterns in response to salt stress.
Arabidopsis wild type (Col-0) and cpk3 plants were grown in hydroponic culture for four

weeks before salt stress (150 mM NaCl) was applied  for 30 min and protein extracts were
prepared from roots as described in materials and m ethods. Briefly, 100 pg of total
protein was separated on pH 3-11 (NL) immobiline dr vy strips in the first dimension,

followed by 8-15% gradient SDS-PAGE in the second d  imension. Protein phosphorylation

on threonine residues was detected after Western bl  otting using an anti-phospho-Thr
antibody (upper panels), and total protein was scor ed by Coomassie-brilliant blue
staining of the membranes (lower panels). The arrow s in the upper panels mark
significant changes in the phosphorylation level.

These separations typically resulted in more thad §pots, which could clearly and
reproducibly be detected by Coomassie-staining #&fietting on PVDF membranes.
Clear differences in phosphorylation were visib&ween wild type (Col-0) andok3

mutants in response to salt stress (upper pandis3t importantly, there were no
detectable differences in total protein spots bypr@assie-staining (lower panels). This
indicates that the observed differences are inadkedto phosphorylation and not to

differences in expression.
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This result was further confirmed by a compariséruatreated wild type andpk3
samples (figure 2.7). Also here no differences ogphorylation could be observed
pointing out that the discovered differences in-phosphorylation between wild type
and cpk3 are dependent on CPK3 kinase activity. The arrowthe upper panel of
figure 2.6 indicate the major changes.
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Figure 2.7: Phosphorylation patterns without salt s tress from Col-0 and cpk3.
Arabidopsis wild type (Col-0) and  cpk3 plants were grown under the same condition but
not treated with NaCl (see figure 2.6).

In summary, 9 spots appeared either new or in glyagnhanced intensity in wild type
as compared to thepk3 mutant; whereas 6 spots appeared new or enhamd¢beapk3
mutant as compared to the wild type. Taken togetaerlear difference in the Thr-
phosphorylation of 15 proteins betweggk3 mutants and wild type roots 30 min after
salt stress was detectable.
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Regulation of ion homeostasis

The ability to maintain ion homeostasis under stresnditions is of fundamental
importance for plants to survive salt stress. Adowly, plants apply a plethora of
different transport systems in order to either edelNd from the cell or to sequester it
into the vacuole via N#H™ antiporters (Tuteja 2007). These channels aretlyigh
controlled, which becomes particularly importantemhthe plant has to counter act
environmental changes. For that reason plants ldesta adopt to changes in soil ion
concentrations by removing toxic ions like sodiuroni the cytoplasm. Different ion

channels achieve this by pumping out these ionm fthe cytoplasm in order to
maintain the critical K/Na’ ratio. Salt stress results in a transient ris@de cytosolic

Cd"* concentration which is perceived by calcium semsolecules.

The SOS pathway is not activated by CPK3 in yeast

SOS1 is a NaH" antiporter in the plasma membrane which is resptngor salt
tolerance inArabidopsis (figure 2.8). It is known that salt stress leadsetevated
cytosolic C&" concentration resulting in the activation of th®SSpathway (Shi,
Ishitani et al. 2000; Quintero, Ohta et al. 2002uZ22002). In this pathway, the
activation of SOS1 antiporter activity is regulateg the Ca'-sensing SOS2/SOS3
complex. SOS3 (also known as CBL4) is a calcineBrlike protein (CBL), which can
bind C&* and therefore recognizes elevated'@ancentration. The Gabound form of
SOS3 binds to SOS2, which phosphorylates SOS1 aidies the NaH™ antiporter
(Qiu, Guo et al. 2002). Therefore the possibilinatt also CPK3, containing both a
protein kinase domain and a ‘Gaensing domain, could be able to activate SOS1

should be tested in a different approach.
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Cytosol

Vacuole

Figure 2.8 Schematic representation of the SOS path way. Increased Ca ** levels are
recognized by the SOS2-SOS3 and by the CBL10-SOS2 ¢ omplexes. The calcium bound
S0S2-S0S3 complex activates Na */H* antiporter SOS1 and inhibits low-affinity potassiu m
transporter, which transport Na * ion under increased salt condition. CBL10-SOS2 is also
activated by increased Ca * levels and activates the vacuolar Na ‘/H* pump NHX1
(Mahajan, Pandey et al. 2008)

The activation of SOS1 was tested by a yeast fanaticomplementation assay in the
yeast strain AXT3K (MATalfa, 7enal::HIS3::ena4, hhREU2, nhx1::KanMX). This
strain lacks four different sodium transporters i(@ro, Ohta et al. 2002) rendering
this strain extremely salt sensitive towards sodi@RK3 was overexpressed under the
control of the ADH promoter from the YEPIlac112 phad together with SOS1 which
was overexpressed when using the original plasp&®S1) from Quintero et al., 2002.
The transformed yeast cells were plated on mediacong 100 and 150 mM NacCl,
and growth on salt was compared to transformamisiptemented with the complete
SOS-pathway. It was found that the combination GS$-SOS2-SOS3 was able to
restore survival on salt media, but none of the 8#&nstructs was able to compensate
the function of the SOS2/SOS3 complex (figure 2Aljogether, these experiments
showed that CPK3 is not able to activate the SQBn\zy.
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No complementation of SOS1 by CPK3

A B C
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Figure 2.9: The yeast strain AXT3K lacking sodium t  ransporters was used to test the
activation of the Arabidopsis Na' transporter SOS1 by CPK3. The positive control

(SOS1+S0S2+S0S3) was clearly able to counteract bot  h high NaCl concentrations of 100
mM and 150 mM NaCl (B and C). But the negative cont rol (SOS1 with the empty vector
YEPIlac and both empty vectors) and SOS1 with CPK3 s  howed no increased growth on
media containing 100 mM and 150 mM NacCl.

Phosphorylation of microsomal membrane protein€byKs

The finding that CPK3 does not regulate the SO8way does of course not rule out
other membrane proteins as cellular targets, pdatiy since CPK3 revealed a
localization at cellular membranes (shown in figl#& B). Therefore membrane
associated or membrane localized proteins had smbb/zed in particular as targets of
CPK3. An important feature of those proteins ist ttreey function at the interface
between two cellular compartments.

Exchange of solutes between different cellular carmpents is mediated by membrane
integrated channel proteins which are often higbpecific for particular soluble
molecules. The regulation of these membrane potEnan essential mechanism to
maintain normal cellular function, and phosphoiglat is a known regulation
mechanism. It can mediate the adaptation to difftezavironmental conditions.

To identify membrane associated molecular targét€DPKs, | performed kinase
assays using isolated microsomal membranes that desmh isolated from an
Arabidopsis root suspension culture. The phosphorylation afrosomal membranes
was done by the incubation of recombinant CDPKsKERCPK4, CPK5, CPK11 and
CPK6) with microsomal membranes in the presencg@ATP. The phosphorylation
assays were carried out in kinase buffer, eithehénpresence of &aor without C&"
(EGTA). As negative control microsomal membranemalwere incubated with*

ATP (without CDPK). Interestingly, each CDPK showdiferent phosphorylation
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patterns, indicating that each CDPK has differemiogphorylation targets and
furthermore illustrating the specificity of thissay (figure 2.10).

Autoradiogram Coomassie

CPK3 CPK4 CPK5 CPK11 CPK6 - CPK3 CPK4 CPK5 CPK11 CPK6
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70—
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Figure 2.10: Microsomal membranes isolated from Ara  bidopsis root suspension culture were
incubated with CPK3, CPK4, CPK5, CPK11 and CPK6 in  the absence or presence of Ca > The
uptake of radioactivity was measured by autoradiogr am (left) and the total amount of protein
was detected by Commassie staining (right). Red arr ~ ows idicate potential phosphorylation of
potential targets.

Phosphorylation of TPK1 by CPK3

TPK1, the dimeric-outward-rectifying-membrané-ghannel localized to the tonoplast,
is known to be C&- and voltage-dependent (Bihler, Eing et al. 208%cently, it was
also shown that 14-3-3 proteins can interact wiKT. The 14-3-3 binding domain of
TPK1 contains a consensus sequence for serinafiheeprotein kinases and it can be
demonstrated that the phosphorylation of this moigigers the binding of the 14-3-3
proteins, resulting in the activation of thé éhannel (Latz, Becker et al. 2007).

The phosphorylation by CDPKs was tested with theeminal soluble part of TPK1
(first 80 amino acids including the 14-3-3 bindingtif) fused to GST which was
lacking the trans-membrane domain and the EF h&m€&* binding. Inin-vitro
kinase assays the phosphorylation of the 14-3-3itgn motif was done with
recombinantly expressed CPK3, CPK4, CPK5 and CHK1Hie absence or presence of
cd" (figure 2.11 B). CDPKs are able to phosphorylaf&K1 in the presence of €a
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and CPK3 showed the highest kinase activity in camspn to CPK4, CPK5 and
CPK11 which are indicated by rel. activity in figu2.11 B. Then vivo localisation of
TPK1 was confirmed byAgrobacteria mediated transient expression in tobacco
epidermal cells of TPK1-YFP under the control oé tBMV 35S promoter (figure
2.11C).

A B
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kD
2 + -+ - + - + ca*
72 =
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P1 P2 59 = <_CF’K
Tonoplast
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14-3-3 EF-hands 72— - -
Cytosol 59 —p P % = __CPK

36 =—> —— — —— — | — e —— <_TPK1

Figure 2.11: (A) Topology of TPK1 with four transme  mbrane domains (M1-M4) and two
pore regions (P1-P2). (B) Kinase assay of TPK1 with CPK3, CPK4, CPK5 and CPK11.
(C) Agrobacterium mediated transient overexpression of WT TPK1-YFP u  nder the control
of the CMV 35s promoter in epidermal leaf cells.

The previous kinase assays (figure 2.10) showet ré@mbinant CPK3 is able to
phosphorylate different membrane bound proteinsainC&*-dependent manner.
Notably, a protein phosphorylated band with a si@amparable to TPK1 appeared in
these assays when microsomal membranes, isolatedAirabidopsis root suspension
culture, were phosphorylated with recombinantly resped CPK3 (figure 2.12 C).
Therefore the kinase assay was repeated with mboagtive ATP and the

phosphorylation site was tested using a phosphorglaite specific antibody against
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the 14-3-3 binding motif. Also in this case theilaodly was able to recognize a protein
of the appropriate size of TPK1 (figure 2.12 B).

To show that the binding of the 14-3-3-phosphoigtasite-specific antibody is
specific for phosphorylated TPK1, the non-radiosckinase assay was repeated while
using the recombinant N-terminal part of TPK1 fuse@ST as substrate and CPK3 as
protein kinase (figure 2.12 A). These assays diebrty show that CPK3 does
phosphorylate the vacuolar®kchannel TPK1 specifically at its N-terminal 14-3-3

binding motifin vitro.
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Figure 2.12: Detection of the CPK3 phosphorylated 1 4-3-3 binding motif on the N-terminal
part of TPK1. CPK3 was detected with the CPK3 antib ody (A). Microsomal membranes
were phosphorylated by recombinant CPK3 in the abse nce or presence of Ca

Phosphorylation of the 14-3-3 binding motif was det  ected by Western blot analysis (A).
Total phosphorylation was detected by incubation wi th y32-ATP (©).

2+

Characterisation of the CPK3 - TPK1 interaction

To uncover the molecular properties of CPK3, acstmal model of CPK3 was
generated together with the collaborators ThomadleMiand Dirk Becker at the
University of Wurzburg (Latz and Mehlimer et al.,bsutted for publication). The
model was based on the coordinates of two diffekerases, the calmodulin-dependent
kinase 1, which shares the highest amino acid amtyl with CPK3, and the

phosphorylase b kinase gamma. The model is rexirict the kinase domain with the
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N-lobe in the open conformation and has no ATPana& bound in the ATP binding
cleft. On the substrate site, the residues of tKébR4 peptide were replaced by
residues Asn26 to Arg45 of TPK1. Side-chain-rotasearches and several steps of
energy refinement ensured that the substrate ctegtdightly with the kinase domain
and no bad van der Waals-contacts are presentifirthl model. Residues Asn26 to
Arg33 of TPK1 were modelled to form a sharthelix similar to the PKI peptide,
whereas residues Arg38 to Arg45 form an extendedndtlike structure. The
C-terminal end of thex-helix of the substrate contains multiple positweharged
amino acids, mainly arginines, which interact polysvia ionic and polar bonds with
the highly conserved Glutamate residues Glul5716JuGlul63, and Glu206 of the
B5a2-loop, the helixa2 and the substrate binding loop in the kinase dormACPK3
(figure 2.13 A and B).

To determine the molecular basis for the observiedske specificity of the tested
Arabidopsis CPKs towards TPK1 as substrate, a multiple sequatignment of the
region responsible for substrate binding in théett€PKs was performed (figure 2.13
C). Highly conserved glutamate positions (Glul66® arucial for interaction with
arginine residues in the TPK1 N-terminus accordiogthe model. This alignment
showed that exactly at one of them an alaninedaset in CPK5 and CPK1 (figure 2.13
marked by the red arrow). Thus the reduced iortieraction between these CPKs and
the TPK1 N-terminus could explain the differencearget phosphorylation.

The next from the structural model deducable insiglas the role of one
autophosphorylation site in CPK3, exactly residimghe substrate binding loop of the
kinase domain (indicated by the arrow in Figure32C). Upon activation by calcium,
autophosphorylation at different serine and thneeniesidues has been observed for
many CDPKs (Hegeman, Rodriguez et al. 2006), bdi&isa functional consequence of
this autophosphorylation is not known.

By using the recombinant protein, an autophosphton of CPK3 at multiple sites
could be detected. 6 different protein spots becuaisible after 2D separation by IEF
and subsequent SDS PAGE (Figure 2.13 D). In cotiparaith Edina Csaszar from
the mass spectrometry facility at the MFPL the sadispots from the gel were further
analysed by tandem mass spectrometry. It was fotlvad they correspond to
differentially phosphorylated forms of CPK3 by itsutral loss of phosphoric acid from
the serine residue in the indicated peptide fragatem pattern (Figure 2.13 E).
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Figure 2.13: (A & B) Molecular modelling of the CDP K TPK binding. (C) Multiple sequence
alignment of the substrate binding domain of the CP Ks. The sequence alignment was
done using BLOSUM 62 for the substrate binding regi  ons identified in the molecular
modelling. The difference at the position of Glu160 (for CPK3) is indicated by an arrow.
(D) 2D gel separation of recombinant CPK3 after aut o-phosphorylation. 30 pg
recombinant protein were separated on a 2D gel as d  escribed in material and methods
and visualized by Coomassie brilliant blue staining . The direction of the non-linear IEF-
gradient (pH 3-11 from right to left) and the phosp  horylation status of CPK3 are indicated
at the top of the figure. (E) Positive ionization M S/MS spectrum of the phosphorylated
CPK3 peptide DLVGSAYYVAPEVLK. The doubly charged io n was chosen for CID
fragmentation and the phosphorylated residue is lab elled with “p”. The peak generated
by the characteristic loss of phosphoric acid is in dicated by the arrow.

55



Results

In this analysis, Ser242 was unambiguously idexttifas phosphorylated residue by
both data base search programs (Mascot and Bioyorke doubly charged peptide
DLVGSAYYVAPEVLK was fragmented several times botlitlwphosphorylated and
with unphosphorylated Ser242 residues. The spaitritne phosphorylated peptide
(figure 2.13 E) show the characteristic loss of ggtwric acid from the parent ion, a
series of y fragment ions and several fragment indgating the loss of phosphoric
acid. This serine residue is localized at the \mgginning of kinase domain VIII and
strongly conserved in all CDPKs. Autophosphorylatad the equivalent serine residue
has been reported for CPK4, CPK11, CPK16, and CRK2&geman, Rodriguez et al.
2006).

The identified Ser242 of CPK3 seems to be importantthe recognition between
kinase and TPK1, but in Yeast-Two-Hybrid experinsean interaction between CPKS3
with the N-terminal part of TPK1 could not be désec For that reason a mutational
analysis of the Ser242 in CPK3 was performed. Seids replaced by an alanine to
mimic the non-phosphorylated state and aspartataimoic the phosphorylated state.
The Lys107Arg mutant results in an inactive kindsenain and was used because this
might stabilize the transient interaction betwees kinase and its substrate. However,
also with these mutants it was not possible toinltata on interaction between CPK3
and the N-terminal part of TPK1 in a Yeast-Two-Hgbsystem. Subsequently, | tried
to adopt the split-ubiquitin system (Dualsystems) &nalysis of this interaction.
Unfortunately this approach did also fail due te thigh auto-activation of TPK1 in this
system.

In subsequent kinase assays, | wanted to testemfmitfunctional consequence of this
auto-phosphorylation of CPK3. These experimentsguhie Ser242Ala mutant and the
Ser242Asp mutant, revealed that both mutants disgdla reduced kinase activity. This
was observed for both, autophosphorylation as agtarget phosphorylation of TPK1-
N-Terminus. However, the phosphorylation of theeNtinal part of TPK1 was not so
strongly affected by these mutations. This mighekglained by the high affinity of the
14-3-3 binding motif in TPK1 to the kinase catatydiomain in CPK3 (figure 2.14).
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Figure 2.14: Phosphorylation of CPK3 WT, K107R, S24 2A and S242D without substrate
(auto-phosphorylation *) and in the presence of TPK  1-N-term (*') as substrate. The
corespoindng Coomassie stain is shown on the lower panels.

Proteomics approach to identify molecular targétSeK3

As shown already in previous reports (Fig. 2.9)corebinant CPK3 could
phosphorylate proteins in microsomal membraneslyigpecific in a C&-dependent
manner in vitro. In these experiments it was found that CPK3 phospates
specifically proteins at molecular weights, cor@sging to 25, 28, 40, 50, 55 and 120
kDa, respectively (Fig. 2.11c). Based on theselt®esin unbiased proteomics based
approach was performed aiming at the identificatmfn further CPK3 targets in
microsomal fractions. To this end a non-radioackirease assay was performed, and

the samples were separated by SDS-PAGE.
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2D-Gel elektrophoresis

pH3 pH 11

kDa ¥
iy JER——

Coomassie

Autoradiogram

Figure 2.15: Coomassie stain and autoradiogram of t  he phosphorylation of microsomal
membranes in the presence of recombinant CPK3 and y32—ATP. Excised spots which were
analyzed by MS are marked with red cycles and are  numbered.

Slices of the size of 28 and 40 kDa (figure 2.1&&ked with *) were excised from the
gel and analysed by MS after tryptic in-gel digast{table 1 and 2). Further samples
were analyzed after 2D-gel separation of phosphteg microsomal fractions (figure
2.15).

Based on a comparison of radioactively labelled @as) where microsomal

membranes were phosphorylated by CPK3 in the pcesefiy*’P-ATP, and a non-
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radioactive 2D-gel, 18 different spots with hightiaty were selected for further

analysis by MS resulting in the identification abllbwing candidates (table 2).

Identified proteins marked with * are also found the “phosphate” database

(http://phosphat.mpimp-golm.mpg.de/) which is a pdation of allin vivo identified

phosphoproteins (Heazlewood, Durek et al. 2008¢ Jélected proteins in bold should

be analysed in future works because of there ceftaictions in ion homeostasis and

signalling.

Table 1: MSresultsof the 28 kDa gel slice

Reference name

adenylate kinase

ANACO071

AT5g58420/mgj2_10

ATPHB1 (PROHIBITIN 1)

ATPHB3 (PROHIBITIN 3)

ATPHB4 (PROHIBITIN 4)

ATPHB5 (PROHIBITIN 5)

ATPHB6 (PROHIBITIN 6)

ATPUMP1

band 7 family protein

Cytochrome ¢ oxidase subunit 2
EMB2296 (EMBRYO DEFECTIVE 2296)
EMB2386 (EMBRYO DEFECTIVE 2386)
EMB3010 (EMBRYO DEFECTIVE 3010)
enoyl-CoA hydratase/isomerase family protein
GRF9 (GENERAL REGULATORY FACTOR 9)
multicatalytic endopeptidase complex
phosphate-responsive protein
plastid-lipid associated protein PAP
porin

porin

porin

porin

putative protein

putative ribosomal protein S4

ribosomal protein L7A (RPL7aA)
ribosomal protein L7A (RPL7aB)
ribosomal protein L8 (RPL8C)

ribosomal protein L8-2

ribosomal protein S6

ribosomal protein S8 (RPS8A)

RPS6 (RIBOSOMAL PROTEIN S6)
transducin family protein / WD-40 repeat
unknown protein

v-ATPase subunit D

VHA-E3

V-type proton-ATPase

59

NCBI (GI) TAIR (GI)

3746809  AT5G63400
15236556  AT4g23630*
17979233  AT5g58420*
15235317  AT4g28510
15237488  AT5g40770
15232129  AT3g27280
15241367  AT5g14300
15225374  AT2g20530
15232420  AT3g54110
18395770  AT3g01290*
44887814  ATMg00160
15227954  AT2g18020
15218602  AT1g02780*
15238142  AT5g10360*
36693 AT4g16210
18406007  AT2g42Z5
2511592  AT2gaY
15242420  AT5g09440
18403751  AIBO
15232074  AT3g01280
15240765  AT5g67500
15242210  AT5g15090
15242146  AT5g57490
6562305  F13G24.110
6598334  AT2g17360
15226635 AT2g47610
15229338  AT3g62870
15234298  AT4g36130*
108860940 AT3g51190
2224751  AT5g10360
15241316  AT5g20290
15236042  AT4g31700*
18421762AT5¢38480*
15227104  AT2g21870
5360953  AT3g58730*
15222641  AT1G64200
1143394  AT4g11150



Tabelle2: MSresultsof the 40 kDa gel slice

Reference name

ANNAT1

(S)-2-hydroxy-acid oxidase, peroxisomal
AAC1 (ADP/ATP CARRIER 1)
anion-transporting ATPase

ATGSR1 (glutamine synthase)
ATPDIL2-1/MEE30/UNES5 (PDI-LIKE 2-1)
binding / catalytic/ coenzyme binding
carbon-nitrogen hydrolase family protein
CPK3

F23N19.17

GAPC

GHMP kinase family protein

GLN1;4 (Glutamine synthetase 1;4)
glutamate-ammonia ligase (EC 6.3.1.2)
H*-transporting two-sector ATPase
membrane-associated salt-inducible protein like
NADPH thioredoxin reductase
nucleotide-binding subunit of vacuolar ATPase
OEP37; ion channel

protein kinase
S-adenosyl-methionine-sterol-C-methyltransferase
serine/threonine protein kinase

SHS1 (SODIUM HYPERSENSITIVE 1)
terpene cyclase/mutase-related

UGE1

unknown protein

unknown protein

uridine diphosphate glucose epimerase
VACUOLAR ATP SYNTHASE

VHA-A

Results

NCBI (GI) TAIR (GI)
15220216 AT 1g35720*
152318503g14420
15231937AT3g08580
1837889V 101910
15240288 AT5G37600*
1522661AT2g47470
183993282920360
223267A%5912040
15236560 AT4g23650
6630455 F23N19.17
15229231 AT3g04120
3067838AT3g01640
184180A35g16570
996885937600
1522945 3928715
32061 AT4AG36680
468524T2g17420
TEBAT1G76030
18406408T2g43950
30695267 AT1g52540*
246856 AT1G76090
223311883g17410
15236788T4g32400
152341631933360
15222072 AT1g12780
22329857 AT1g29790
15233608 AT4g29520
12323271G63180
15233891AT4g38510
15219234 AT1g78900

Table 3: MSresultsof the 18 spots from the 2d-gel PAGE

Reference name

ACAl

ACA2

acetyl-CoA carboxylase beta subunit

ADL6 (DYNAMIN-LIKE PROTEIN 6)

AGO1 (ARGONAUTE 1)

ALDH3F1 (ALDEHYDE DEHYDROGENASE 3F1)
ALDH3H1 (ALDEHYDE DEHYDROGENASE 4)
APX3 (ASCORBATE PEROXIDASE 3)

ATACPS5 (acid phosphatase 5)

ATBAG7

ATCIMS

ATGSTF10 (EARLY DEHYDRATION-INDUCED 13)
ATPDR1/PDR1

ATPHB3 (PROHIBITIN 3)

ATRLI2 (RNase L inhibitor protein 2)

calnexin, putative

clathrin heavy chain, putative

CLPC (HEAT SHOCK PROTEIN 93-V)

60

NCBI (Gl) Tair (Gl) Found in spots

30690083 AT1G27770 11
15235643  AT4G37640 12
7525042 ATGB00 5,7,8,11,14,18
15218486  AT1G10290* 4,5,7,12
15221177  AT1G484109
42567452  AT46350 8
15219358 AT1G44Q 15
15236239  AT4G3500@7
18401643  AT3G17794
15241803  AT5G62390 17,18
15238686  AT5G17920 2,6,13
15224582  AXG30870 7
18401096  AT3G16340 3,13
15237488  AT5G407704
22328793  AT4&M0 14
15240773  AT5G0734Q
30681617 AT3G111308
18423214  AT5G5092@2,3,6,10,13
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CRT1 (CALRETICULIN 1); calcium ion binding 1522381 AT1G56340* 1
cytosolic tRNA-Ala synthetase 1673366 - 13
ECA4_ARATH Calcium-transporting ATPase 4 12643934 T1&607670 10
FUS5 (FUSCA 5); MAP kinase kinase 18378920 AT1@&RO 10
GAPC 15229231  AT3G04120 2,3,6,7
GF14chi isoform Arabidopsis thaliana GRF1 1255987 - 11
glutamate-tRNA ligase 30690281 AT5G2671®,8,18
GRF2 (GENERAL REGULATORY FACTOR 2) 18411901  AT1GD83 10,11
GRF4 (GENERAL REGULATORY FACTOR 4) 18399524  AT1G35160* 10
GRF5 (GENERAL REGULATORY FACTOR 5) 18417863  AT5GHE0 11
GRF10 (GENERAL REGULATORY FACTOR 10) 18395103 AT1ZZP0 16,17
H*-transporting two-sector ATPase 15229475  AT3G28718
HpcH/Hpal aldolase family protein 15236908 AT4G307 5
HSP81-2 (EARLY-RESP. TO DEHYDRATION 8) 15241115 A356030 5,8
KAB1 (POTASSIUM CHANNEL BETA SUBUNIT) 15219795 AT1G04690 14
KAPP (Kinase-associated protein phosphatase) 13®B96 AT5G19280 12
kelch repeat-containing protein 30686755  AT2G36364
kinesin motor protein-related 15227596  AT2G362000
legume lectin family protein 15219173  AT1G5307@&
LOS1 (Low expression of osm. responsive gen. 1) 698056 AT1G56070*3,5,8,10,11,12
magnesium transporter CorA-like protein-related 3283163  AT2G04305 12
membrane-associated salt-inducible protein like 32061 - 16
MFP2 (MULTIFUNCTIONAL PROTEIN) 15231317  AT3G068609
MgATP-energized glutathione S-conjugate pump 28297 - 18
monooxygenase, putative (MO2) 15233923  AT4G38540
NDB1 (NAD(P)H DEHYDROGENASE B1) 18417151  AT4G2822(3

OMR1 (L-O-METHYLTHREONINE RESISTANT 1) 15232827  A10050 13
PDR8/PEN3 (PLEIOTROPIC DRUG 15218936 AT 1G59870%

RESISTANCES) 3,13,18

porin 15242210  AT5G15090 4,6,12,15,16,17
porin 15232074  AT3G01280 4,6,9,15,16,18
porin 15240765  AT5G67500 9

protein phosphatase 2C, putative/ PP2C 15232538 AT3G15260 10,11

protein phosphatase 2C, putative/ PP2C 18395099  AT1G22280* 4

putative ABC transporter 4581139 - 6,8,13
putative coated vesicle membrane protein 21595553 17,18
RPTA4A (regulatory particle triple-A 4A) 15239140 BG43010 6,16

SDH2-1 (succinate dehydrogenase 2-1) 15232149  RT¥380 5

sec34-like family protein 30698937  AT1G73433

signal recognition particle 54 kDa protein 2 110888 - 5,12

sucrose synthase 436792 - 2,11,15,17
SU4 22331535  AT3G43190 2,7,13,16,17

tetratricopeptide repeat (TPR)-containing protein 30690956  At4g37460 6
TOCT75-IIl (translocon outer membrane complex 7%-11115232625  AT3G46740 15

UbIE/COQ5 methyltransferase family protein 1524209 AT5G57300 7
Unknown protein 17065080 - 1
VACUOLAR ATP SYNTHASE SUBUNIT B2 15233891  AT4G385105
v-ATPase subunit D 5360953 - 18
o : 3,5,6,7,8,9,10,11,
VHA-A; ATP binding / H transporting ATP synthase 15219234 AT1G789 b 13.14.15.17.18
VHA-A3 (VACUOLAR PROTON ATPASE A3) 18420373  AT4GB880 11,16
VPS45 (VACUOLAR PROTEIN SORTING 45) 18411376  AT1G4D 12
V-type proton-ATPase 1143394 - 5,8,9,12,14

Y5957 _ARATH Uncharacterized protein At5g39570 73174 At5g39570 1
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2.2 Impact of N-myristoylation on localisation oD€Ks

The data presented in the previous chapters ondtdification of potential CPK3
substrates in microsomal fractions illustrate algedahe great importance of the
subcellular localization of components involvedeifidgfore a more general study should
be performed to address the regulation of CDPK lipatton by N-terminal
myristoylation and to elucidate general principbéghis mode of protein targeting. To
test whether the observed N-myristoylation of del@cCDPKs influences their
localizationin vivo, | selected several different CDPKs, also inclgdoandidates, for
which no modification had been predicted (Table fyvo different experimental
strategies were applied. The first needed the aisalgf subcellular localization of
CDPK-YFP-fusion proteins in isolatedrabidopsis protoplasts, and the second,
analyzed subcellular localization in tobacco leaafer infiltration with Agrobacteria.
The use either the wild type form of those proteunéch should be myristoylated or the
G2A mutant form which cannot be myristoylateet se should allow visualizing the

effect of N-myristoylationn vivo.

Table4: Prediction of CPK2, CPK6, CPK9 and CPK 13

Protein IMP predictor PlantsP
predictor
CPK?2 TWILIGHT ZONE Positive
CPK6 NO Positive
CPK9 RELIABLE Positive
CPK13| NO Positive
Prediction of myristoylation using two prediction p rograms. The IMP prediction site:

http://mendel.imp.ac.at/sat/myristate/SUPLpredictor ~ .htm and the PlantsP predictor:
http://plantsp.genomics.purdue.edu/plantsp/html/myr ist.ntml.

Prediction and reality: Myristoylation of unpredidtcandidatesin vitro

It was essential to demonstrate at the beginnirsg the investigated proteins are
translated with the same efficiency and that theyiadeed N-myristoylated or not, as
expected for the respective protein or its mutéhis was done in am vitro translation
system as described already for CPK3. The restdtstzown below for CPK2, CPK3,
CPK®6, CPK9, CPK13, CPK16, CPK17 and CPK28, follayihe procedure described
by Lu and Hrabak 2002. CPK2 was used as positiméralofor a myristoylated protein
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(Lu and Hrabak 2002), and the G2A served as negatontrols of all investigated
CDPKs (figure 2.16).

CPK2 CPK6 CPK9 CPK13 CPK16 CPK24 CPK28  CPK17
kDa wt GA wt GA wt GA wt GA wt GA wt GA wt GA wt GA
70— -
55— =iy ® ¥ o s .
H myristic acid
40—
BH—
CPK2 CPK6 CPK9 CPK13 CPK16 CPK24 CPK28  CPK17
wt GA wt GA wt GA wt GA wt GA wt GA wt GA wt GA

70— =S == 35
B s e i e T B e e S methionine
.

o ok il |

35—

CPK2 CPK3 CPK17
kDa wt G2A wt G2A CC wt G2A SF

100- t
70- N

3H myristic acid
55— -— - -

CPK2 CPK3 CPK17
wt G2A wt G2A CC wt G2A SF

100-

70— . -

358 methionine
L R
55- . e e - -

Figure 2.16: The wild type and the point mutants of the CDPKs were in vitro translated
using coupled transcription/translation in wheat ge rm extracts. Translation to label total
protein in the presence of | 35S] methionine. Translation in the presence of non
radioactive amino acids but [ 3H] labelled myristic acid to detect myristoylated p roteins.
CPK2 served as a positive control for a myristoylat ~ ed protein in these experiments
according to Lu and Hrabak 2002.

In summary, the N-myristoylation of all tested CDRIould be shown in these
experiments. Notably also those CDPKs which wetepnedicted by the IMP Predictor
turned out to be myristoylated in-vitro. Therefdhe next step was to test the effect of

myristoylation on the localisatiam vivo using YFP fusion proteins.
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Prediction and reality: myristoylation of unpreédtcandidates - in vivo

The localization of YFP-fusion proteins in tranglgntransformed Arabidopsis
protoplasts and in tobacco leaf epidermal cellshiswn in figure 2.17 (P1-P4 and T1-
T4). The left panel shows always the localizatibrthe wild type proteins as detected
with the YFP filter, and the corresponding transis light image of the same
protoplast is shown in the adjacent picture to rilgat. The localization of the G2A
mutants and the corresponding transmission liglagenof the protoplasts are shown in
the right panel of the figure 2.17. For all invgated CDPKSs, except for CPK6, the
functional consequence of myristoylation on sulutatl localisation could be clearly
observed. The WT versions were always membranedaidnereas the G2A mutants
showed a cytoplasmic localisation.

Additionally, young developing leaves of tobaccars were infiltrated with constructs
encoding YFP-fusion proteins of either the wild éyforms of the selected CDPKs or
their corresponding G2A mutants. The localizatidntlee YFP-fusion proteins in
epidermal leaf cells is shown in figure 2.17 T1-TWo days after infiltration.

In agreement with the results obtained in protdpld®e wild type version of CPK2 was
localized at membranes with clearly visible accuatiah at distinct spots (figure 2.17
P1 and T1). Not even the nuclear membrane wasleigithe YFP signal. In contrast,
the G2A mutant of CPK2 showed a diffuse localizatio the cytosol and also a strong
signal from the surrounding of the nucleus (figdr@7 P1 and T1). The CPK6-YFP
fusion protein showed a different localization ipidermal leaf cells as compared to
protoplasts. CPK6wt-YFP was localized to the plasnembrane and the nucleus. The
localization of the CPK6G2A-YFP mutant was the samprinciple; only the signal at
the membranes was more diffuse (figure 2.17 P2T&)d For CPK9 (figure 2.17 P3
and T3) and CPK13 (figure 2.17 P4 and T4) the teswére the same as obtained from

protoplasts.
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Figure 2.17: (continued next page)
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CPK13,-YFP'

Figure 2.17: Transient expression of YFP-tagged WT/ G2A mutants of CPK2, CPK6, CPK9
and CPK13 in Arabidopsis protoplasts (P1-P4) and in tobacco epidermal cells (T1-T4). P1-
P4: For each CDPK the YFP signal resulting from as  ingle protoplast is shown on the left,
and the corresponding differential interference con trast (DIC) image of the whole cell is
shown in the right. T1-T4: Confocal images which ar e merged from three channels. Red:
auto-fluorescence of the chloroplasts; white: trans mission light; green: YFP
fluorescence of the expressed CDPK. The dashed whit e lines indicate the position of the
nucleus and the borderline between the cytosol and the central vacuole. The pictures
were taken the day after transformation for the pro toplasts and two day after
transformation the infiltrated tobacco leafs.

Addressing general principles of myristoylation gmdtein localization

CPK3 is the only CDPK fromArabidopsis, harbouring a *“non-classical”
N-myristoylation motif in its N-terminus, which deenot also contain one or two
cysteines in close vicinity. Because of this cirstemce, CPK3 can undergo N-
myristoylation but not palmitoylation which wouléquire those cysteines. To test the
effect of an artificially “forced” palmitoylationthe N-terminus of CPK3 was altered
and two amino acids were replaced by cysteinesefh:t MGHCCSKSK). This
modification should now enable also palmitoylatiohCPK3. However, theén vivo
expression of the YFP tagged mutant did not shaneased attachments to membranes
(figure 2.18 A and B). Interestingly tha vitro myristoylation of the generated CPK3

CC mutant showed also a severe reduction in N-toylistion efficiency (figure 2.16).
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N

4

CPK3,-YFP ‘ CPK3,,-YFP

CPK3u,-YFP CPK3,.-YFP

Figure 2.18: Transient expression of YFP-tagged WT/ G2A/CC mutants of CPK3 in
Arabidopsis protoplasts (A) and in tobacco epiderma | cells (B). A: The YFP signal
resulting from a single protoplast is shown on the left, and the corresponding differential

interference contrast (DIC) image of the whole cell is shown on the right. Confocal
images which are merged from three channels. Red: a uto-fluorescence of the
chloroplasts; white: transmission light; green: YFP fluorescence of CPK3. The pictures
were taken the day after transformation of the prot oplasts and two day after
transformation of the infiltrated tobacco leafs.

CPK17 is an example for a CDPK with very clear atrdng membrane localisation.
Therefore CPK17 and the G2A mutant form of this ®DWwhich revealed a clear
cytosolic localisation were used for further muintil studies on the N-terminal
domain. The N-terminal domain of CPK17 containsrémguired glycine on the second
position for N-myristoylation, and two additionafsteines for palmitoylation. To ask
whether these cysteins are responsible for the ifmfiation and therefore for the
membrane attachment, a mutant form of CPK17, withbese two cysteines was
analyzed. In this mutant both cysteins were repldneone serine and a phenylalanine
(N-Term: MGNSFSHGRD). The expression of this CPK17 SF in tobaepmlermal
cells showed clear cytosolic localisation (figur@®B). In contrast, the expression in

protoplasts was different because most of the pratas localized to the surrounding
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of the nucleus (figure 2.19 A). Interestingly, timevitro myristoylation of CPK17 SF
showed only a weak reduction in myristoylation (fig 2.16) thus indicating that the
observed difference in localization could indeed diibuted to the difference in

palmitoylation.

CPK17,-YFP

'N

CPK17.-YFP

CPK17,-YFP ) CPK17GZ;\-YFP & CPK17.-YFP

Figure 2.19: Transient expression of YFP-tagged WT/ G2A mutants of CPK17 in
Arabidopsis protoplasts (A) and in tobacco epiderma | cells (B). A: The YFP signal
resulting from a single protoplast is shown on the left, and the corresponding differential

interference contrast (DIC) image of the whole cell is shown on the right. Confocal
images which are merged from three channels. Red: a uto-fluorescence of the
chloroplasts; white: transmission light; green: YFP fluorescence of CPK17. The pictures
were taken the day after transformation of the prot oplasts and two day after
transformation of the infiltrated tobacco leafs.

CPK16 was chosen for further studies because ptadicted as chloroplast-localized
with a very high probability (i.e. in TAIR, basedn oTargetP prediction). The
localisation of proteins to the chloroplast regsiee chloroplast targeting sequence on
the N-terminal domain which is cleaved of upon impmoto the chloroplast. The
probability for a chloroplast localisation can heibformatically estimated by analysis
of the N-terminal sequence (Emanuelsson, Nielsah @000). CPK16 contains also an

N-myristoylation as well as a palmitoylation moiii its N-terminus. Using the
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chloroplast prediction program Target P1.1 (htipaiv.cbs.dtu.dk/services/TargetP/)
the score for CPK16 is 0.939 and the score for&2& mutant CPK16 is 0.944.
Nevertheless, the expression of CPK16 in tobacideapal leaf cells and protoplasts
showed a membrane and nuclear attached localisticthe wild type version of this
protein. However, if the G2A mutant of CPK16 wasdétd it turned out to be localized
in chloroplasts and in the nucleus in tobacco emde leaf cells and in protoplasts
(figure 2.20 A and B). An evidence for chloroplastalisation is the cleavage of the N-
terminal sequence. To test the cleavage, the Nutalrdomain of CPK16 and its G2A
mutant was fused to YFP, expressed in tobaccodelld and analyzed by Western
blotting using an antibody against GFP/YFP (figr20 C). The detected size of the N-
terminal domain of CPK16-YFP was at 40 kDa as etqueovhereas the G2A mutant
form of CPK16 had a reduced size of only about B@.KThis reduction in size is a
strong evidence for a chloroplast localisation K26 G2A due to processing of the
N-terminal targeting peptide. However, it has to kept in mind that this is an
artificially created mutant form of the protein! tiong is known about whether or not a
given protein is actually N-myristoylated to 100i§4¢he cell.

To study the influence of palmitoylation of the @tdplast localized CPK16 G2A a
loss-of palmitoylation CPK16 mutant was generat€dH). In this mutant the single
cystein residue was replaced by phenylalanine (MERSAAKS). The expression of
this mutant in tobacco epidermal leaf cells reveaéoss-of membrane localization and
a strong nuclear localisation. Again, the doubletantt G2A C4F was localized to

chloroplasts and the nucleus (figure 2.20 B).
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CPK16,-YFP
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Figure 2.20: Transient expression of YFP-tagged WT/ G2A mutants of CPK16 in

Arabidopsis protoplasts (A) and in tobacco epiderma | cells (B). A: The YFP signal
resulting from a single protoplast is shown on the left, and the corresponding differential
interference contrast (DIC) image of the whole cell is shown in the right. Confocal images
which are merged from three channels. Red: auto-flu  orescence of the chloroplasts;
white: transmission light; green: YFP fluorescence of CPK17. The pictures were taken
the day after transformation of the protoplasts and two day after transformation of the

infiltrated tobacco leafs. C: Western blot (left) o~ f samples from expressed wt/G2A N-term-
CPK16-YFP in infiltrated tobacco leafs and the corr  esponding Coomassie stain.

CPK28 is the closest homolog of CPK16 in the Arapgis CDPK family revealing the
highest sequence homology. Therefore its locabmatvas studied and compared to
CPK16. The wild type form of CPK28 was found torbembrane associated in tobacco
epidermal leaf cells and in protoplasts, whereas @A CPK28 mutant was only

visible in the nucleus (figure 2.21 A and B).
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CPK28,-YFP | CPK28,,,-YFP

Figure 2.21: Transient expression of YFP-tagged WT/ G2A mutants of CPK28 in
Arabidopsis protoplasts (A) and in tobacco epiderma | cells (B). A: The YFP signal
resulting from a single protoplast is shown in the left, and the corresponding differential

interference contrast (DIC) image of the whole cell is shown on the right. Confocal
images which are merged from three channels. Red: a uto-fluorescence of the
chloroplasts; white: transmission light; green: YFP fluorescence of CPK28. The pictures
were taken the day after transformation of the prot oplasts and two day after

transformation of the infiltrated tobacco leafs.
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3 Discussion

Cellular signal transduction is a prerequisite ftants to be able to adapt to biotic or
abiotic stress. Signal transduction involves ftret recognition of a given signal and
later on its processing into a cellular responsanifasted for example in altered gene
expression patterns or regulation of fluxes or emevements. A wide spectrum of
stresses leads to the generation of free intrdaellD&™ ions which act as secondary
messenger not only in plants, but also in yeastimal cells. In this context, the €a
ions are used as fast signaling molecules. Thegwlsi are subsequently decoded by
Cd*-sensing proteins such as CDPKs. They are immégliattivated in the presence
of C&* and phosphorylate target proteins. A great nurobg@roteins are known to be
phosphorylated by CDPKs (Cheng, Willmann et al.20fnd these target proteins are
involved in biotic/abiotic stress response and I&gn of metabolism (Cheng,
Willmann et al. 2002). Notably, membrane associatechembrane localized proteins
are overrepresent in this set of canonical CDPets; which could be explained by
the large numbers of myristoylated and thereforenbrane associated CDPKs.

3.1 CPK3 is an important regulator in the sakstrresponse

The analysis of thepk3 knock-out line revealed a salt sensitive phenotypéhe one
hand, and the over-expression of CPK3 remarkalaiseased salt tolerance in a dosage-
dependent manner on the other hand. Furthermote, stass triggered CPK3-
dependent changes in protein phosphorylation pesttas detected by Western blot of
2D-gel analysis using a phosphorylation specificibaay. Both hints are strong
evidence for an important role of CPK3 in the siess response and adaptation in
Arabidopsis. However, in the current literature only littleksown about this particular
CDPK. In 2003 Dammann et al. (Dammann, Ichida et 2003) showed a
cytosolic/nuclear localization of CPK3-GFP fusiomofgins in roots in an over-
expression study. In 2006, Mori et al. (Mori, Marat al. 2006) showed thetk3/cpk6
double knock-out plants displayed altered respon$escuolar potassium channels in
leaf guard cells in response to abscisic acid (ABAIJt neither a direct phosphorylation
of the channel itself, nor a phenotype of the knoakplants in response to stress were
shown in that work. The observed phenotypepi® mutants resembled that of MAPK
mutants under similar stress conditions (Teige,efkthet al. 2004; Qiu, Zhou et al.
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2008). This was the reason to extend the functianalysis of CPK3 in the salt stress
response of Arabidopsis towards a deeper analystsnational cross-talk between
CDPK- and MAPK- dependent signaling.

3.2 CPK3 signaling upon salt stress does not g¢edksvith
MAP kinases pathways

Cross-talk between Gaand MAPK signaling are well known for animal celighere
C&" signals and calmodulines (CaMs) regulate the RH&RK-MAP kinase
pathway(Agell, Bachs et al. 2002; Rozengurt 200u},this general question has so far
almost not been addressed in plants. In 2005 Lueivey.(Ludwig, Saitoh et al. 2005)
reported ethylene-mediated cross-talk between CBRKMAPK signaling. Ludwig et
al. showed that elevated CDPK activities comprothsteess-induced MAPK activities
by over-expression of a truncated and thereby déaiteyl tobacco CDPK. Furthermore,
this inhibition required ethylene synthesis andcpption. In contrast to this work, no
interference of CDPK and MAPK activities in thetsgtess response could be observed
for the investigated kinaseArabidopsis MPK4 and 6, the major players in salt stress
triggered MAPK pathways, showed normal activitiesGPK3 knock-out and over-
expressing lines, and vice versa, CPK3 activity masnally induced in MKK2 knock-
out and over-expressing lines. Furthermore, thenabinduction of MAPK dependent
salt stress marker genes, performed icplk8 knock-out and two independent CPK3
over-expressing lines, also indicated that thesbways act independently and in
parallel. In this respect, it is important to nthat even in animal cells quite different
forms of cross-talk between €aand MAPK signaling pathways have been published.
In the common view C4 signals activate the MAPKs ERK and p38 in respduose
external signals (Agell, Bachs et al. 2002) buesashere C& and CaM have a clear
inhibitory effect on ERK activation have also baeported (Agell, Bachs et al. 2002;
Rozengurt 2007). The latter would be consistenh whie observed inhibition of plant
MAPK activities by expression of deregulated CDRiK$obacco(Ludwig, Saitoh et al.
2005). However, the view that MAPK cascades are rtrgam of C& signaling
pathways can certainly not be generalized, not émethe animal system, since it was
also shown that the p38 MAPK pathway acts upstrefuthe Wnt/cyclic GMP/CA
non-canonical pathway (Ma and Wang 2007). Therefoeeconclusion is that cross-
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talk between C&-signaling and MAPK pathways cannot be generaltzedhas to be
specifically considered for each different stimuéusl the involved kinases, as already
pointed out for calcium activation of the ERK patyin animal cells (Schmitt,
Wayman et al. 2004).

3.3 CPK3 is rather involved in the immediate eadgponse to

salt stress

The result that the transcriptional response obasitclerable number of known salt
stress-responsive genes was not influencegk® mutants or by CPK3 overexpression,
raised the question how the observed salt sengitnemotype could be explained. In
this respect it is interesting to compare the ¢alldunction of salt stress-activated
protein kinases in different organisms. In yeatiscd least two signaling pathways are
involved in regulating ion homeostasis and osmatiustment. One pathway involves
the C&'-dependent phosphatase calcineurin, which reguldtesexpression of ion
transporters, e.g. ENA1, the major’Nsflux pump in the plasma membrane (Hohmann
2002; Matsumoto, Ellsmore et al. 2002). The secpathway activates the MAPK
Hogl, which is required for transcriptional adajotat But Hog1l is not only involved in
transcriptional induction of stress response genegeast cells, it also regulates the
activities of the Nhal N#&H* antiporter and the Tokl potassium channel by
phosphorylation (Proft and Struhl 2004). This du@é of the MAPK Hogl in yeast
osmotic stress adaptation seems to have splitmglHere mainly the MAPK pathway
seems to be responsible for the transcriptionalgtidn of the genes required for long-
term adaptation, whereas the CDPK seems to hawa@ortant role in the immediate
early response by phosphorylating target protéigsin, this cannot be generalized for
all CDPKs, since another Arabidopsis CDPK (CPK10aswshown to act as
transcriptional inducer of a barley ABA-responspr@moter in maize leaf protoplasts
(Sheen 1996). Additionally, a CDPK from the commoa plantMesembryanthemum
crystallinum phosphorylates a nuclear substrate protein inoresp to salt stress
(Patharkar and Cushman 2000).

The number of 15 proteins which were found to beK&HBependent differentially
phosphorylated on threonine residues after satsiresents a reasonable number of
potential targets as can be deduced from currerature reviewing CDPK or MAPK
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targets (Cheng, Willmann et al. 2002; Colcombet Hint12008). Most importantly, the
very few proteomic studies of plant salt strespoese, which have been performed so
far, focused rather on long-term changes in protewels and did not address fast
changes in post-translational protein modificati@a phosphorylation. In these studies
it was reported that salt stress first causes rassigat suppression of de novo protein
synthesis (Ndimba, Chivasa et al. 2005), whichl$® &nown to occur in yeast cells
(Teige, Scheikl et al. 2001), and that visible demin the total protein patterns could
be observed after several hours or even longeogermonly (Ndimba, Chivasa et al.
2005; Jiang, Yang et al. 2007). It is clear thatdditional and immediate mechanism
of adaptation is required to enable plant survigahn acute stress situation. Only one
single study did address fast changes in protewsporylation in response to salt
stress in plants so far. In this study multiple gtworylation of plant plasma membrane
aquaporins was reported (Prak, Hem et al. 2008).

3.4 Subcellular localization of CPK3

A co-localization of the protein kinase and itsgets would obviously favour fast and
efficient signal transduction, particularly if thectivating signal for the kinase is
extremely transient and locally restricted, as ikmown for CDPKs (Bootman, Lipp et
al. 2001). Accordingly, the observed membrane Inatibn of CPK3 would be
consistent with a potential role in regulating amanproteins. Since the membrane
localization of CPK3 seemed to contrast the publistcytoplasmic and nuclear
localization of CPK3 (Dammann, Ichida et al. 2008 question was addressed by two
independent approaches. The biochemical approahai€PK3-specific antibody for
detection of the endogenous protein and confirntes lbcalization of CPK3-YFP
fusion proteins in the nucleus and at cellular memeés in epidermal leaves. Analysis
of these constructs in transgenic plants revediatl the CPK3-YFP fusion proteins
were able to improve salt tolerance, thus proviregsé proteins to be functional. Further
experiments revealed the membrane localizationetadépendent on the N-terminal
myristoylation of CPK3. However, a partial membraassociation of CPK3 is also
visible in the work performed by Dammann et althair figure 2 (Dammann, Ichida et
al. 2003).

In contrast to CPK3, a nuclear/cytoplasmic locaiora has been reported for several
plant MAPKs includingArabidopsis MPK4 and MPKG6 (Schweighofer, Kazanaviciute
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et al. 2007). The activation of gene expressiomugh MAPK cascades involves
dynamic changes of their subcellular localizat@isp reflecting the localization of their
potential targets (Lee, Rudd et al. 2004). In tustext, the observed N-myristoylation-
dependent-membrane-localization of CPK3 would gigebvide a molecular basis for
the different tasks of CDPK and MAPK pathways iam$’ salt stress response.

3.5 Cellular targets of CPK3 in salt stress respon

The findings that CPK3 is an important regulatosak stress adaptation and that it is
localized to membranes suggest that CPK3 regulaiesbrane associated proteins
which are involved in salt stress adaptation. Ra&gad of membrane located channel
proteins by phosphorylation is already a known maedm for several proteins
(Mahajan, Pandey et al. 2008). From literature krnown that the substrates of CDPKs
contain a distinct phosphorylation motif, whichcegpable of binding of 14-3-3 proteins
(Cheng, Willmann et al. 2002). 14-3-3 proteins (&ahRegulating Factors) recognize
phosphorylation motifs in the phosphorylated statel subsequently modulate the
function of the phosphorylated protein. The regemdentified phosphorylation site in
the vacuolar two-pore Kchannel TPK1 (Latz, Becker et al. 2007) is a pr@DPK
target site for 14-3-3 protein binding after phasptation and it would therefore be an
ideal candidate for CDPK-dependent regulation. CPW&s clearly able to
phosphorylate TPK1 in vitro (figure 2.12) and thkogphorylation of microsomal
membranes further underpinned that TPK1 presewnddich CPK3 targetn vitro as well

asin vivo.

A large set of trans-membrane proteins, which amewk to be important in the
exchange of water and solute are thajdv Intrinsic Roteins (MIPs) (Reizer, Reizer et
al. 1993; Ishibashi and Sasaki 1995). MIPs tha¢ctielely transport water through
membranes are called aquaporinsAtabidopsis a family of 35 members of MIPs has
been predicted, which can be classified into 4 gsoaccording to their amino acid
sequence homology: The plasma membrane intrinsteips (PIPs), the tonoplast
intrinsic proteins (TIPs), NOD26-like MIPs (NIPsand the small basic intrinsic
proteins (SIPs) (Johanson, Karlsson et al. 200has been shown that some MIPs are
regulated by phosphorylation. For example, Nod@& (Nod26) from soy bean is
phosphorylated on Ser262 by a CDPK (Weaver, Shahed. 1994). It was further

shown that this phosphorylation enhances water galitity of the channel and it is

76



Discussion

regulated developmentally and by osmotic signalsef@her, Chanmanivone et al.
2003). The seed specifia-TIP is phosphorylated by a tonoplast localized*Ca
dependent kinase (Johnson and Chrispeels 1992geTiunctional phosphorylation
sites have been mapped in this channel (Ser7, Sen@3Ser99) regulating its water

permeability (Maurel, Kado et al. 1995).

In this work CPK3 was found to be associated witemhranesin vivo and co-
segregated with microsomal membranes in biochenceliffractionation experiments.
For that reason the search for CPK3 substratesfocased on membrane-associated
proteins.In vitro phosphorylation of isolated microsomal membramegaled different
phosphorylation patterns for the analyzed CDPKsK&PCPK4, CPK5, CPK6 and
CPK11). Interestingly, the phosphorylation pattebtained with CPK3 differed most
strongly from the phosphorylation patterns obtaimeth the other tested CDPKs. In
particular, a strong phosphorylation was visiblgaiteins with molecular masses of
about 25-28 kDa and 40 kDa, respectively.

In order to develop this approach for the detectibmembrane-localized CPKS3 targets
further, a 2D-separation approach was used. Agargmbinant CPK3 was used to
phosphorylate proteins in microsomal membranes rbefeeparation by 2D-gel
electrophoresis. This approach resulted in the tilgation of a great number of
proteins as potential targets by MS. Thereforeiddntified proteins were further
analysed in two steps. The first selection represkthe quality of the obtained spectra,
thus reflecting the confidence, for the identifioatif this particular protein. Second,
the identified proteins were analyzddr CDPK related phosphorylation motifs
according to (Cheng, Willmann et al. 2002) in ortierreduce the number of false
positives. According to their function, the idemd proteins could be classified in:

transporter, metabolism, signalling and other/umkm¢figure 3.1).
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Transporter
(26.5%)

metabolism
(22.8%)

Figure 3.1: Functional classification of identified
potential CPK3 targets in microsomal membranes.

Interestingly, there is a big overlap between thentified proteins and a recently
published list of proteins identified inetergent-esistance ®@mbranes (DRM) which
are also known as lipid rafts (Fauquenoy, Moretlale2008). In this publication it was
also shown that a subset of the identified proteiesC&" dependent protein kinases.
Moreover, these CDPKs (including CPK2) are alsowshdo be myristoylated and
palmitoylated. In vivo, these lipid rafts are organized into discrete negio
(microdomains) with distinct lipid and protein cent.

To conclude, CPK3 is localized to membranes andspharylates Cd dependently
membrane bound proteins. The analysis of theseipstevealed that a major part is
involved in transport of solutes/ions and signaliRtnosphorylation of these proteins
could be a mechanism for there activation upori* @aediated stress response and

would explain the salt sensitive phenotype ofdpie knock-out line.

3.6 Activation of CPK3

The current model of the activation of CDPKs sutgésat the binding of Gato the

calmodulin domain of CDPKs results in an refoldofgthe protein which releases the
auto-inhibitory domain from the kinase catalyticntin (Harper, Breton et al. 2004).
This event makes the kinase catalytic domain atldesand opens the possibility for
the interaction with the substrate. Therefore amnges, which would affect interaction

between the kinase domain and the regulatory dgmenld be expected to have a
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great impact on kinase activity towards a givenssiabe. Autophosphorylation of
CPKa3 revealed the existence of five differentigllyosphorylated forms (fig. 2.13 D).
One of those sites could unambiguously be idedtiie Ser 242 in CPK3, which is
localized within the substrate binding domain. Efere this phosphorylation event was
further studied by generation of loss-of-functi@el to Ala) and gain-of-function (Ser
to Asp) mutants of this site in CPK3. If the autopphorylation at this site should be
required to trigger the “dissociation” of the aumdvbitory domain from the active
kinase domain, the Ala mutation should have ligtect on the activity, and the Asp
mutation- mimicking the phosphorylated version -ewdtd render the kinase (more or
less) C4" independent. However, the functional analysishese mutants showed that
this not to be the case. Both mutants had a redwsitlity as detected by
autophosphorylation and phosphorylation of its salbs TPK1. Hence, Ser 242 seems
not to be involved in this regulatory aspect of GP&nd further studies are clearly

required to solve this complex issue involving sanymdifferent phosphorylation sites.

3.7 General principles and consequences of protehtylation

Most of the Arabidopsis CDPKs are thought to be N-terminally myristoylatadd
palmitoylated. The attachment of the myristic acdcreases not only the
hydrophobicity of the protein; it also influencedsetprocess of translation and the
sub-cellular targeting of the protein. The dataspréed in this work underpin the
significance of protein N-myristoylation for the mppriate sub-cellular localisation.
The selected CDPKs, which were studied in moreildetahis work, showed clearly
that the loss of myristoylation was responsible tfeg loss of membrane association.
Most of the analysed CDPKs displayed a membrarecedsd localisation in their wild
type form which changed dramatically if the myrig&tion sites were abolished by
introducing point mutations. Such a localisationudatherefore explain nicely the great
number of known membrane localized target protéansdifferent CDPKs (Cheng,
Willmann et al. 2002).

In agreement with other studies on CDPKs, the Nistyylation of CPK2 has already
been shown by Lu and Hrabak 2008. The N-myristaytlabf CPK9 had never been
demonstratedn vitro before, but a study by Dammann, Ichida et al. 200¥X9 was

shown to be membrane associated in root cells,(land, Carrillo-Rayas et al. 2006)

isolated in the beetroot homologue of CPK9 fromspla membranes. Moreover, in
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recent proteomic studies CPK9 was also found toassociated with membranes
(Nuhse, Stensballe et al. 2003). In addition tesé¢hmore or less “expected” results it
was possible to demonstrate experimentally N-ngylation of CPK6 and 18 vitro
despite the negative prediction for those candgda#ecordingly, those two CDPKs
were listed as not myristoylated in literature (@dpeWillmann et al. 2002). The
biological relevance of thim vitro result is clearly visiblen vivo as indicated by the
different subcellular localization of those CDPKgre 2.17 P1-P4 and T1-T4). The
difference between the different prediction progsaand the experimental result might
be explained by a different substrate specificitythe plant_NMyristoyl Transferase
(NMT) in comparison to the well studied yeast omnaad NMTs (Qi, Rajala et al. 2000;
Thompson and Okuyama 2000; Boisson, Giglione €2@)3), which serve as basis for

most currently used prediction programs.

It is known that N-myristoylation and palmitoylatianfluences the localisation of
proteins but the detailed mechanism, i.e. whichifreadion influences which particular
subcellular targeting is not well understood. Tarads this question | chose CPK3,
CPK16, CPK17, and CPK28 to investigate generaladse N-terminal myristoylation
and palmitoylation. CPK3 was mutagenized to indaicartificial palmitoylation motif
in order to test how the double acylation woulduehce localization. Of particular
interest was the question whether this additiomdingoylation would prevent nuclear
import of CPK3. Unfortunately no effect could beselbved for the YFP-constructs in
infiltrated tobacco leaves, but it remains to beted if the mutated forms are indeed
myristoylated and palmitoylated as expected.

CPK17 is N-myristoylated and palmitoylated in itddatype form and targeted to the
plasma membrane. To test the effect of palmitoytatin plasma membrane targeting,
two cysteins, which are localized in the N-termipatt of the protein, were replaced by
serine and alanine. In this mutant the membranecadsd localisation of the CPK17
wt was dramatically changed to the cytoplasma btalrly not to the nucleus as it was
seen for other CDPKs as CPK28 for example. Interglgt this mutant showed also a
similar localisation like the CPK17 G2A, which welgarly localized in the cytoplasm
and not in the nucleus. For CPK17 it seems thah bobdifications, the N-
myristoylation and palmitoylation, are necessary tfte appropriate targeting to the
plasma membrane.

The loss of N-myristoylation is not always connedctsith the loss of membrane
attachment and the change to a cytoplasmatic &atadn. The most striking example in

80



Discussion

this context is certainly CPK16, which showed a rheane associated localisation as
wt protein, but a chloroplast localization as G2Aitamt. CPK16 also contains an N-
terminal residue for palmitoylation, which could besponsible for an appropriate
membrane localisation and to keep CPK16 out ofroplasts. However, the loss of
palmitoylation mutant C4F did not show a chloropliagalisation. It seems therefore
that the palmitoylation of CPK16 is not the meckami which keeps CPK16 out of
chloroplasts. On the other hand the C4F mutant &lad a reduced membrane
associated localisation and a strong nuclear leatain, which could be taken as
evidence for a palmitoylation based mechanism ahbrane attachment. A completely
different explanation could be that the loss of rheane association of CPK16 C4F
might also be explained by a fast brake-down ofntlugant protein in the cytoplasm if
the protein is not correctly localized to the meam® or nucleus. This effect could also
be the reason why CPK28 showed a membrane assbtiatisation while the G2A
mutant was exclusively localized in the nucleudl, 8tdoes not explain the chloroplast
localisation of CPK16 G2A. CPK16 wt and G2A onlyfeli in the N-myristoylation
and a simple explanation for the chloroplast I@zdion of CPK16 could be that the
G2A mutant has a reduced hydrophobic domain oiNthkerminus.

In summary it became clear from these initial stgdhat the regulation of N-terminal
myristoylation and palmitoylation is one of the keychanisms for correct subcellular
targeting of different CDPKs. Accordingly these dies should be continued using
these CDPKs as ideal molecular tools to study g@gnprinciples of subcellular
targeting and the influence of N-terminal acylatiaioreover the localization of
particular CDPKs at distinct membranes has higHigagpons for its cellular functions,
thus offering the possibility to test even phenetypf these modificationia planta, as

it was done for the myristoylated SOS3 (Ishitany ket al. 2000) or CBL2 (Batistic,
Sorek et al. 2008) for example.
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