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ABSTRACT

Plants are usually exged to a wide array of environmental stresses, such as drought, increased
salinity, temperature changes and nutrient deprivation. To maximize their chances of survival
under stressful conditions plants utilize various cellular response mechanisms,nmcludi
changes in gene expression and the production of protective proteins. In addition to mounting a
stress response, plants must have the correct response mechanism only when required and occurs
only for the duration of the stress. Plants utilize the ubigproteasome system (UPS) to
regulate stress responses such as signal transduction pathways that are activateddigtsitless
hormones or kinases. The UPS regulates the abundance of proteins by first attaching ubiquitin
molecules and then targetingetmodified protein by the 26S proteasome for degradation. The
ubiquitin ligases (E3) are the central enzymes of the UPS as they are responsible for selecting
substrates for ubiquitination. Recently, the Arabidopsis thaliana E3 Keep on Going (KEG) was
shown to negatively regulate the activity of the stress hormone abscisic acid (ABA) by
ubiquitinating components of the hormone signaling network, including CalcinetirikeB
Interacting Protein Kinase 26 (CIPK26). This revealed a possible role for ubidegendent
proteolysis in regulating the activity of members of the CIPK family of stedased protein
kinases. CIPKs activate downstream signaling proteins via phosphorylation, which leads to
changes in gene expression that mediate responses to divarsamental stimuli. With this

work, we investigate the role of the UPS in regulating members ocArtilgidopsis thaliana

CIPK family, specifically CIPK3, CIPK8, CIPK20, and CIPK24. | examine ubiquitination and

the proteasomdependent degradation of thelected CIPKs in the plant cell using transient
protein expression systems. All the examined CIPKs were found to be ubiquitinated in plant
cells. Interestingly, the outcome of the ubiquitination in the CIPK proteins are different. | found
that CIPK3, CIPK, and CIPK20 are targeted for degradation by 26S proteasome, while CIPK24
remains stable when expressed in plant cells. These findings expand our understanding of how
the UPS regulates these essential proteins under normal growth condition. The sa@mndican

the regulation of the CIPK proteins by the UPS will ideally lead to improving our understanding

of plant responses to environmental stresses. This knowledge could be applied to the generation
of stress tolerant plants with improved crop quality aletdymaintenance during growth under
adverse environmental conditions.
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CHAPTER ONE: INTRODUCTION

1.1.Ubiquitin Proteasome System (UPS)

The UbiquitinProteasome System (UPS) is a complex regulatory pathway that is involved
in modulating the activities ofumerous proteins in eukaryotic cells (Hershko et al., 1998). The
UPS works mainly to control the degradation of unnecessaryfoidisd and shotflived
regulatory proteins (Ciechanover, 1998; Goldberg, 2003). The pathway consists of two distinct
sequentiakteps, starting with ubiquitination of a particular substrate followed by degradation
of the modified substrate by the 26S proteasome (Figure 1) (Vierstra, 2003). The 26S
proteasome is an ATé&ependent protease, which functions in the cytoplasm and the
erdoplasmic reticulum (Rivett et al., 1992; Pickart & Cohen, 2004). The UPS controls many
cellular processes that are essential for growth and development, including protein signaling,
cell cycle progression, and transcription (Vierstra, 2009; Lander 20&R). In plants, the UPS
functions as one of the major regulatory systems to control the activity of intercellular proteins
to regulate growth, development and responses to biotic and abiotic stresses (Smalle et al., 2003;

Kurepa & Smalle, 2008).

The stucture of the 26S proteasome is comprised of 33 different subunits forming two
subcomplexes, the Core Particle (CP) or 20S proteasome and the 19S Regulatory Particle (RP)
(Figure 1C) (Coux et al., 1996; Smalle & Vierstra, 2004; Finley, 2009). The CGiResnaled
from four heptameric rings, consisting of two peripheral and two central rings (Figure 1C). The
related peripheral rings are composed of se
composed of seven beta (b),200R)bThenRPtisdocafeGdni c k ma
both ends of the CP and makes up the lid and base subcomplexes (Figure 1C). The RP serves as

a gate that recognizes and control access of the ubiquitinates substrate into the interior of the



CP. The lid subcomplex contains gbitin receptors that work to recognize polyubiquitinated
proteins with four attached ubiquitin moieties (Yao & Cohen, 2002). The base subcomplex
directl y i nisubunigsofthe CRwand cbntaingsix didiinct AAA+ ATPases (named

Rptl to Rpt6)hat work to unfold the substrate protein and translocate the polypeptides into the

CP (Glickman & Ciechanover, 2002). The CP is responsible for cleaving the substrate allowing
the short peptides to be -sebyaibée2d, ianldt hbe5 ,c eolf
ring work to breakdown the substrate into short peptides28 i@sidues in length (Kisselev et

al., 1999; Callis, 2014). The degradation of a particular protein by the 26S proteasome require

at least four ubiquitin molecules attacheslia linear polyubiquitin chain to the target protein

(Bhattacharyya et al., 2014).
1.1.1. Ubiquitination

The covalent attachment of ubiquitin molecule(s) to a selected substrate is known as
ubiquitination. Ubiquitin (Ub) is a small, 8.5 kD, regulatorptain that is widely conserved in
all eukaryotic cells (Craig et al., 2009; Zuin et al., 2014). Examination of the ubiquitin amino
acid sequence across eukaryotes has shown that ubiquitin is highly conserved between human,
yeast and plant species (Koman&eRape, 2012; Zuin et al., 2014). Only three to four amino
acids variation is observed between eukaryotes when comparing ubiquitin across eukaryotes
(Zuin et al., 2011 Ubiquitin consist of 76 amino acids and contains seven lysine (K) residues
at positims K6, K11, K27, K29, K31, K48 and K63, each of which can be used to create

ubiquitin-ubiquitin linkages on a target substre®eig& Chen, 2004



The process of ubiquitination is accomplished by the sequential action of three enzymes
E1l (ubiquitinactivating enzyme, UBA), E2 (ubiquitinonjugating enzyme, UBC) and E3
(ubiquitin-protein ligase) (Glickman and Ciechanover, 2002). Ubiquitination begins when the
ubiquitin molecule is being activated through an Addpendent reaction by the E1 (Figure 1A)
(Vierstra, 2003). The activated ubiquitin is then transferred from E1 to the E2 forming an E2
Ub intermediate. The E2 is involved in regulating the topology of the polyubiquitin chain in that
it assists in determining which lysine is used for ubiquitbnquitin linkages (Van Wijk&
Timmers, 2010; Valimberti et al., 2015). In the final step of the ubiquitination cascade, an E3
ligase mediates the transfer of ubiquitin from thelERintermediate to a lysine residue on the

substrate (Figure 1B) (Spratt et 2012).

A single ubiquitin molecule can attached to a lysine residue on the substrate, referred to
as monoubiquitination. Alternatively, a chain of ubiquitin molecules can be attached to the
lysine residue and this is called polyubiquitination (Hunter,72@adowski et al., 2012). The
attachment of one or more ubiquitin molecules to a target protein may have varied outcomes
including regulation of protein activity, trafficking, localization as well as changes in abundance
(Komande& Rape, 2012; Stone, 20)L The lysine residue used to assemble the ubiquitin chain
also determines the fate of the modified substrate (Sadanandom et al., 2012). For example, K63
linked ubiquitin chains primarily function by regulating protein activation and endocytosis (Sun
& Chen, 2004;yang et al., 2010 Whereas, a polyubiquitin chain that is assembled using K48
linkages is involved in targeting modified proteins for degradation via the 26S proteasome

(Verma et al., 2004).



Figure 1. The Ubiquitin Proteasome System

The Ubiqutin Proteasome Systers a multtenzyme pathway that uses the ubiquitin moiety as

a signal to target a substrate for degradation by the 26S proteasome.

(A) Ubiquitination pathway. The process of ubiquitination is controlled by a cascade of three
enzymesknown asubiquitin-activating enzymeE1, ubiquitirconjugating enzyme E2, and
ubiquitin ligaseE3 (Glickman and Ciechanover, 2002he pathway begins with the activation

of an ubiquitin molecule by the E1 enzyme. The activated Ub is then transferresl B2 th
enzyme. The E3 enzyme interacts with thelfRintermediate and the substrate and facilitates

the transfer of ubiquitin from the E2 to the substrate.

(B) The process of ubiquitination is repeated to generate a chain of ubiquitin molecules, called
polyubiquitination. The polyubiquitinated protein modified with a chain containing at least four

ubiquitin molecules ands sent for degradation by the 26S proteasome.

(C) The 26S proteasome mediates substrate degradation. The polyubiquitin chain enables
subgrate recognition by the 19S RP, which recognizes and unfolds the polyubiquitinated
substrates. The unfolded protein is fed into the central chamber of the 20S CP where it is broken
down into short peptides by proteases. Ubiquitin is recycled into tharatlis available for

reuse
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1.1.2. Ubiquitin Ligases

The capability of the ubiquitin pathway to regulate protein abundance is dependent on
the large variety of ubiquitin ligases (Stone at al., 2005; Deshaies & Joazeiro, 2009). The
Arabidopsis thaliaa (Arabidopsis) genome contains more than 1400 genes that encode for E3
ubiquitin ligases (Smalle & Vierstra, 2004). E3 ubiquitin ligases can be classified based on the
type of domain used to interact with the-BB intermediate including the Homology E&-
Associated Carboxyerminus (HECT), tbox, and Really Interesting New Gene (RING)
domains (Moon et al., 2004) (Figure 2A). The Arabidopsis genome encodes for #tAeeCT
64 U-box-type, and 470 RIN@ype E3 ligases (Stone et al., 200&azzucotelli et B, 2006. In
addition to the E2 binding domain, E3 ligases utilize different types of pptetrin
interaction domains to interact with various substrate proteins (Pickart, 2001; Smalle & Vierstra,
2004). The HECTtype E3s form an isopeptide bond witbiquitin before transferring the
molecule to the target substrate (Figure 2A) (Kim & Huibregtse, 2009). In contrast to HECT
type E3s, Wbox-type and RINGype E3s function by bringing the target substrate and the E2
Ub intermediate into close proximity axder to mediate the transfer of ubiquitin to the substrate

(Figure 2A) (Azevedo et al., 2001; Stone et al., 2005).

RING-type E3s are the most abundant class of ubiquitin ligases in the Arabidopsis
proteome (Moon et al., 2004). They are characterized RING domain that contains eight
cysteine and histidine residues that coordinate two zinc ions forming abcexesl structure
(Freemont, 1993; Pickart, 2001). RIN@oe E3 ligases can be further divided into single or
multi-subunit enzymes (Figure 2B¥ingle subunit RINGype E3s contains both the E2 and
substrate binding domains within a single polypeptide (Berndsen & Wolberger, 2014). The

multi-subunit RINGtype E3 ligase utilizes different proteins within the complex to bind the E2



and substrate Berndsen & Wolberger, 2014). The mestibunit RING E3s ligases, known as
Cullin-based RING E3 (CRLs) are comprised of the scaffold protein Cullin, which interacts
with the E2binding RINGbox 1 (RBX1) protein and the substrate binding protein. The
substrée recognition proteins can bind directly to the Cullin or indirectly through adapter

proteins (Hotton & Callis, 2008; Berndsen & Wolberger, 2014) (Figure 2B).



Figure 2. The Different Types of E3 Ubiquitin Ligases

A) Schematic representation of theadrmajor groups of E3 ubiquitin ligases, which are
characterized based on the domains that bind to tRdbkE2Homologous to E&P carboxyl
terminus (HECTXype E3s play a direct role in catalyzing the transfer of ubiquitin to the
substrate by first forming E3Ub intermediate prior to transfer of ubiquitin to the substrate. U
box-type and Really Interesting New Gene (RIN§g)e E3s function by bringing the EZo

and substrate into close proximity in order to promote the transfer of ubiquitin directly to th

substrate.

B) RING type E3 ligases can be assemblethasomeric or multimeric enzymes. Monomeric
E3s contain the ERb and substrate binding domains within the same protein, whereas the
multimeric E3 ligases use different subunits to interact with ®x&Jlz and the substrate. An
example of the complex mulsubunit E3 ligases is the SKRullin-F-box (SCF) CRL which
contains CUL1 that interacts with the substrate recognitibox-protein through an adaptor
called Arabidopsis 9hase kinasassociated ptein Llike (ASK1) (Hotton & Callis, 2008;

Deshaies & Joazeiro, 2009)
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1.1.3. The Role of UPS in Plant Responses to Environmental Stresses

Plantsareexposedo awide arrayof environmentathangessuchasdrought,increased
salinity,andtempeaturechangeswhich negativelyaffecttheirgrowthanddevelopmentPlants
have establishednumber of defensemechanismgo enablesurvival during environmental
changesThe ubiquitinationpathwaycaninfluenceplantresponseto particularenvironmental
stressedy modulatingthe abundancef stressresponsiveproteins(Zhou et al., 2010; Stone,
2014).During stresghe ubiquitin geneexpressiombservedo increasediuringtheexposurdo
high temperature salinity, and drought which indicate the important of the ubiquitination
pathwayin plantresponses$o stress (Suné& Callis, 1997 Guoetal., 2008).The E2 enzyme,
Arabidopsisthaliana Ubiquitin-conjugatingenzyme32 (AtUBC33), is a stressinducible gene
thatis upregulatedn responséo droughtandsaltstressegCallisetal., 1995;Zhouetal.,2010).
Theoverexpressionf AtUBC32is ableplantto belesstoleranceo droughtstresswhereasthe

lossof AtUBC32resultsin highertoleranceof the stresqCui etal., 2012).

E3 ligaseshavealso been shownto play importantrolesin stressresponsesRecent
studies have identified significant roles for E3 ligase in regulating synthesisand signal
transductionof plant hormones,including the stressrelated hormoneabscisicacid (ABA)
(Vierstra,2009 Stone 2014).ABA is anessentiaplanthormonethatregulategplantresponses
to abiotic stressesuchas droughtand salinity (Nakashimaet al., 2013). ABA functionsby
regulatingmaturationandprolongsdormancyto ensurethat seedlinggrowth anddevdopment
occursduring favorablegrowth conditions(Finkelsteinet al., 2013). The singlesubunitRING
domaincontainingE3 ligasesSalt andDroughtinducedRing Fingerl(SDIR1),is functionto
up regulating ABA signalling (Ryu et al,. 2010; Stone,2014). SDIR1 is expressedn all

Arabidopsigissuesandits expressions increasedy high salinity anddroughtstresgZhanget

1C



al.,2007).0Overexpressionf SDIR1causehypersensitivitto ABA, high salinity,anddrought
conditions(Zhanget al., 2007).SDIR1 actsas a positive regulatorin the ABA signalingby
upregulatingexpressionof ABA -responsivetranscription factors including Abscisic Acid
Insensitive5 (ABI5), Abscisic Acid-ResponsiveElementBinding (ABREbinding) Factor 3
(ABF3), and ABF4 (Zhanget al., 2007). The single subunitRING-type E3 Keep on Going
(KEG) mediategshe degradatiorof ABI5, ABF3, andABF1 (Finkelsteinet al., 2005; Stoneet

al.,2006;Chenetal., 2013).

During favorablegrowth conditions KEG hasbeenshownto negativelyregulate ABA
signalingby targetingABI5 for degradationusingthe 26 Sproteasoméo preservdow levelsof
ABI5, enablingseedlingestablishmen{Stoneetal., 2006).During stresggrowthconditions the
level of ABA increasesandpromoteKEG self-ubiquitination leadingto degraétion of the E3
by the 26S proteasomdLiu & Stone,2010). The decreasen KEG abundanceesultsin the
accumulatiorof ABA -responsivdranscriptionfactorsthatmediatechangesn geneexpression
requiredfor minimizingthenegativeeffectsof stresson growthanddevelopmen(Liu & Stone,
2010).KEG is alsoinvolvedin regulatingthe abundancef the CalcineurinB-like Interacting
ProteinKinase26 (CIPK26)(Lyzengaetal.,2013).KEG hasbeendemonstratetb interactwith
andtargetCIPK26 for degradatiorvia the 26SproteasoméLyzengaet al., 2013).By targeting
boththekinase(e.g.CIPK26)andtranscriptiorfactors(e.g.ABI5) for degradationKEG is able

to effectivelyinhibit ABA signalinganddamperABA responses theabsencef stress.
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1.2. Calcineurin B-like Interacting Protein Kinase (CIPK) Family

Sucrose notfiermenting 1 (SNF1) is a protein kinase originally foun8atcharomyces
cerevisiae(yeast) (Alderson et al., 1991). SNF1 proteins control many important cellular
activities including cell division and responses to external environmental stimuli (Hunter, 1987).
Plants contain a large group of protein kinases related to SNF1 known ags&atEd kinases
(SnRKSs) (Hunter, 1987). The SnRK family has been categorizethirde subfamilies: SnRK1,
SnRK2 and SnRK3 (Figure 3) (Xtkei et al., 2012). SnRKs are serine/threonine (Ser/Thr)
protein kinases that participate in various cellular processesK&uet al., 2012). SnRK1s
regulates glucose metabolism, hormonal sigigglsuch as Auxin and ABA, and generation of
alternative energy sources including sucrose, starch, amino acids and lipids (Ruben et al., 2011).
The SnRK2 and SnRK3 subfamilies are involved in abiotic stress responses and regulating

abscisic acid (ABA) sigaling (Kulik et al., 2011; Xud-ei et al., 2012).

SnRKa3s, also known as CalcineurinliBe Interacting Protein Kinases (CIPKs), are
located in the nucleus and cytoplasm of plant cells (Batistic et al., 2010). CIPKs interact with
intercellular calcium (@) binding Calcineurin Bike (CBL) proteins (Shi et al., 1999; Kim et
al., 2000). The primary role of the CIPKs is to induce the required cellular changes in response
to environmental stress in order to maintain nutrient homeostasis and promote wedll sur
(Ruben et al., 2011; XuEei et al., 2012). The numbers of CIPK proteins differ among plant
species; for instance, Arabidopsis contains 26 genes that encode for CIPKs while Deyrae (
sativg genome encodes for 31 CIPK proteins (Table 1) (Kskhdglu et al., 2004; Chen et al.,
2011). The table number 1 presents number of -CHRK obtained from bioinformatics
research reports that used comparative genomic analyses to identH¢ lBBLprotein family

members in different plant species. Accordingcomparative genomic analyses, CBIPK

12



networks are found in a large number of plant species, that provides evidence for the importance

of these proteins in plants (Weinl & Kudla, 2009; Kanwar et al., 2014).

13



Table 1. Numbers of CBL and CIPK proteins indifferent plant species.

Species CBL-CIPK Evident

Arabidopsis thaliana 10 CBLs and 26 CIPKs | Kolukisaoglu et al., 2004
Populus trichocarpa 10 CBLs and 31 CIPKs | Zhang et al., 2008
Oryza sativa 10 CBLs and 31 CIPKs | Chenetal., 2011

Zea mays 8 CBLs and43 CIPKs Chen et al., 2011

Vitis vinifera 8 CBLs and 21 CIPKs Weinl & Kudla, 2009
Sorghum bicolor 6 CBLs and 32 CIPKs Weinl & Kudla, 2009

14



1.2.1. Structure and Regulation of SnRK Proteins

All SnRK proteins consist of an amuterminal Ser/Thr kinaseothain, a variable domain
followed by a carboxyterminal auteregulatory domain (Figure 3) (Jiang & Carlson, 1996;
Hashimoto et al., 2012). Although the SnRK subfamilies are similar in structure, each subfamily
has unique structural characteristics (Fig8je SnRK1 members have a ubiquiissociated
(UBA) domain and a kinasesssociated 1 (KA1) domain (Figure 3A). The UBA domain is used
to mediate the interaction with ubiquitinated proteins (Farras et al., 2001). The KA1 domain is
responsible for the ietaction with the clade A type 2C protein phosphatases (PP2C), which
dephosphorylates and inactivate the SnRK1s (Rodrigues et al., 2013). The SnRK2 €arboxyl
terminal regulatory domain is divided into two domains, DI and DIl (Figure 3B). DIl has an
interacton region for recognition of the PP2C phosphatases (Yoshida et al., 2002). Interactions
with PP2C inhibit the activity of SnRK2 proteins in ABgignaling responses (Fujii & Zhu, 2009).

The DI domain contains an autophosphorylation site, which enablds2SnR gain full activity
independent of ABA (Belin et al., 2006). The SnRK3/CIPK carboeginal regulatory domain

has an autanhibitory NAF domain and a protein phosphatase interaction (PPI) domain (Figure
3C) (Albrecht et al., 2001; Weinl & Kudla, @9). The 24 amino acid NAF domain, named for the
presence of conserved amino acids asparagine (N), alanine (A) and phenylalanine (F), is required
for mediating the interaction with calcium binding CBLs, which activates the kinase (Guo et al.,
2001; ChavesSanjuanet al., 2014). The protein phosphatase interaction (PPIl) domain is
responsible for the interaction with PP2C such as the-A&f0onsive ABAInsensitive 1 (ABI1)

or ABA-insensitive 2 (ABI2) (Ohta et al., 2003).
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Figure 3. Comparison of Domain Struture of SnRK Subfamilies

Schematic representation of the general structure of the SnRK1, SnRK2, and SnRK3 sub families.

A) Common structure of SNRK1 proteins. SnRK1contains a kinase domain (green), variable
domain (gray) and regulatory domain that inéutie ubiquitin (Ubjassociated (UBA) domain

and the kinaseassociated 1 (KAl) domain. The UBA domain is used to interact with
ubiquitinated proteins and KA1lis responsible for the interaction with clade A type 2C protein

phosphatases (PP2C).

B) SnRK2 preein structure showing the regulatory domain, which is divided into DI and DII. DI
is essential for kinase activity and is responsible for ABdependent activation. DIl has a region

for recognition of the PP2Cs.

C) The regulatory domain of SnRK3/CIPKkdamily protein consists of an adtiohibitory NAF

domain and a PPl domain, which interacts with PP2Cs.
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1.2.2. CIPK Dependergignaling

Plant CIPKs and their activators, the calctomding CBLs, act asignalingmechanisms
that decode intracellar calcium levels and function to regulate cellular responses to different
environmental stimul{Batistic & Kudla, 2012). In the absence of stress, CIPKs have little kinase
activity (Gong et al., 2002a). PP2Cs that bind to CIPK function to inhibit gctivy
dephosphorylating the activation loop of the kinases domain (Figure 4A) (Ohta et al., 2003).
During exposure to stresses, the level of cellular calcium increases and generates a specific and
temporary unique oscillation inside the cell. The incréaalcium levels results in activation of
CBL allowing for interaction with other proteins (Figure 4B) (Luan et al., 2002; Batistic et al.,
2008). The interaction between CBLs and CIPKs disrupt theinahiboitory effect of the NAF
domain to allow activadn of the kinase domain. The activated CIPK then phosphorylates the
appropriate target proteins to mediate stress responses (Figure 4B) (Guo et al., 2001; Gong et al.,

2002Db; Li et al., 2006).

The physiological role of the CBCIPK network was first iddified in the Salt Over
Sensitive (SOS) pathway during the study of plant response to high salt stress (Qiu et al., 2002;
Mao et al., 2016). The SQ&thway contributes to plant salt stress tolerance, which consists of
two signaling components, changesritracellular C&' levels and the interaction between CBL
and CIPK (Zhu et al., 1998; Gong et al., 2004). Under high salt conditions, CBL4 interacts with
CIPK24 to maintain the transport of sodium ions across the plasma membrane (Shi et al., 2002;
Gong etal., 2004). In addition to response to salt stress, the-CIBPK pathway has been found
to play a major role in plant adaptation to the changing environment, by regulating the uptake of
ions, including potassium (Li et al., 2006), and magnesium (Tang €04b; Mao et al., 2016).

For example, in order to regulate potassium uptake from the environment CBL9 and CBL1 interact
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with CIPK23 in response to low potassium levels. The interaction leads to increases in potassium
ion uptake from the environment irttee cell (Li et al., 2006; Hashimoto et al., 2012). GBIPK
pathways also targeting in the vacuolar membrane in order to help plants avoid toxicity due to
harmful ions such as high level of magnesium {M¢Kim et al., 2007; Tang et al., 2015). CIPK3
interaction with CBL2 is involved in protecting plants from high®May sequestering it into the

vacuole (Tang et al., 201Mao et al., 2016

Some members of the CIPK family are responsive to changes in ABA levels during
environmental stress (Sanchez iBaa et al., 2013). ABA is an essential plant hormone that
regulates plant responses to stresses such as drought and salinity (Nakashima et al., 2013). In the
absence of ABA, the clade A type 2C protein phosphatases (PP2Cs) interact with several CIPKs
to inhibit activity through dephosphorylation of the kina@eifitero et al., 2011Sanchez Barrena
et al., 2013). In response to stress and an increase in ABA levels, PP2C activity is inhibited, which
allows for phosphorylation of CIPKs and activation of AB§nal transduction pathway (Figure
4C). The activated CIPKs phosphorylate AlB#sponsive transcription factors that mediate
changes in gene expression required for plant responses to stresses such as drought and salinity
(Pandey et al., 2008). In additio@BLs interact with CIPKs to regulate ABA signaling. The
interaction between CIPK3 and CBL9 has been shown to negatively regulate ABA signal

transduction (Kim et al., 2003; Pandey et al., 2008).
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Figure 4. Regulation of Calcineurin Blike Interacting Pr otein Kinase (CIPK) Activity

A) In theabsencef stresCIPK is inactive.Theautainhibitory NAF domain(red)andinteraction

betweerthe PP2CproteinandPPInegativelyregulateCIPK proteinsby inhibiting kinaseactivity.

B) During stressthe level of cellular Ca2+increasesndthis leadsto CBL interactionwith the
NAF domain,which disruptsthe inhibitory effect of the domainand activatesthe kinase.The

activatedkinasethenphosphorylatetargetproteinsrequiredfor stressesponses.

C) In reponseto stressABA levels increaseleading the activation of the ABA receptors
(PYR/RCAR),which interactwith PP2Csto disruptthe interactionbetweenPP2Cand CIPKs.
Subsequenth\CIPK is activatedandavailableto phosphorylat@ specifictargetproten to promote

stresgesponses.
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1.2.3. CIPK and the Ubiquiti#Proteasome System

The SnRKs subfamily proteins are involved in ABA signaling and were recently shown to
be regulated by the UPS (Farras, 2001; Lyzenga et al., 2013). CIPK26 a membéantefrdoe
with the ABA-responsive protein phosphatases, ABI1 and ABI2, as well as the transcription factor
ABI5 (Lyzenga et al., 2013). These interactions leads to inhabit the kinases activites of CIPK26.
In fact, overexpression of CIPK26 renders plantsisé@e to the inhibitory effects of ABA on
germination and root growth (Lyzenga et al., 2013). Prqisdtein interaction assays also
demonstrated interactions between CIPK26 and the Rig& E3 ligase, KEG (Lyzenga et al.,
2013). CIPK26 was shown to béiquitinated and degraded by the 26S proteasome, and KEG is
involved in regulating the proteasordependent turnover of the kinase (Lyzenga et al., 2013).
CIPK26 is the only ShnRK3 subfamily member that regulated by the UPS. In contrast, the members
of the SnRK1 subfamily have been shown to be regulated by the UPS. The abundance of SnRK1
family members, AKIN10 and AKIN11, are modulated by S&#&lin-F-box E3 complex in
Arabidopsis (Farras, 2001). SnRK2.6 is also a target for Arabidopsis CHY-EINGER AND
RING PROTEIN1 (CHYR1) E3 ligase (Ding et al., 2015). Interaction between SnRK2.6 and

CHYRL1 positively regulates plant responses to ABA and drought stress (Ding et al., 2015).
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1.3. Purpose of Study

The UPS is involved in every aspect of plant glownd development including plant
responses to biotic and abiotic stresses. E3 ligase mediates the selection of specific substrates for
ubiquitination, thus regulating protein activity and abundance changes in the cell. The importance
of E3 ligases has ba well established; however, the identities of many ubiquitination substrates
remain unknown. This project investigates the regulation of the CIPK family members by the UPS,
specifically CIPK3, CIPK8, CIPK20, and CIPK24. This goal will be achieved logtErmining
if CIPK proteins are ubiquitinated in plant cells and 2) demonstrating proteatepeadent
degradation of the selected CIPKs. Studying the regulation of CIPK by the UPS will provide a
better understanding of how plants regulate these edddntiaes. The significance of UPS and
CIPK interactions will ideally lead to an improved understanding of how plants respond to
environmental stresses. This knowledge could be useful in the generation of stress tolerant plants
with improved crop qualityrad yield maintenance during growth under adverse environmental

conditions.
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CHAPTER TWO: MATERIALS AND METHODS

2.1. Plant Materials and Growth Conditions

Tobacco Nicotiana tabacumseedling were grown in the soil for 6 weeks in a photoperiod
of 16 h licht, and 8 h dark at 22°C in a growth chamber. Plants were watered twice weekly with a
1g/L of plant fertilizer (PlanProd, product number 10529). TAeabidopsis thalianaecotype
Columbia (Col0) seeds were sterilized with sterilization solution whickuites 50% (v/v) bleach
and 0.1% Triton X100, then grown on solid ¥2 Murashige and Skoog (MS) medium (0.8% agar
and 1% sucrose). Seeds were subjected to a cold treatment at 4°C for 48 hours. After cold
treatment, seeds were incubated under continuous dgta2°C for 10 days and seedlings

transferred to soil then grown under the same photoperiod as described above.

2.2. Transient Protein Expression irNicotiana tabacum

Transient expression of fusion proteins in tobacco plants was carried out as previously
described in Sparkes et al., 2006. Hefigth cDNAs of CIPK3 (At2g26980), CIPK8 (At4g24400),
CIPK20 (At5g45820), and CIPK24 (At5935410) were previously cloned into the plant
transformation vector pEarleyGate 201 (Earley et al., 2006), which allows fprdtaction of
CIPK as a fusion protein with the Yellow fluorescent protein (YFP) and hemagglutinin (HA) tag
(YFP-HA-CIPK). The plasmid was then introduced intAgrobacterium tumefaciens
(Agrobacterium) strain GV3101. The transformed Agrobacterium wasated overnight in
Luria-Bertani Broth (LB) medium with appropriate selection antibiotics at 27 °C. The
Agrobacterium cultures were then harvested and resuspended in an infiltration solution containing
5 mg/ml Dglucose, 50 MM MES, two mM NBQy, and 0.1 iVl acetosyringone. The resuspended

Agrobacterium were adjusted to an optical
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infiltration solution. The prepared Agrobacterium were then injected into the underside of tobacco
leaves using a 1 ml needleless syeinghe infiltrated plants were placed in a growth cabinet for
48h. The infiltrated tobacco leaves were then collected and frozen in liquid nitrogen and stored at

-80°C.

2.3. Transient Protein Expression imArabidopsis thaliana

Transient expression of fusi proteins in Arabidopsis plants was carried out as described
in Lee and Yang, 2006Agrobacterium was transformed with plant transformation vector as
described above in section 2.2. Transformed Agrobacterium were incubated overnight in LB
medium with appopriate selection antibiotics at 27 °C. The incubated Agrobacterium cultures
were collected through centrifugation (30009 for 5 min). Agrobacterium cultures were suspended
in 4 ml of induction mediun10.5 g/L KkHPQy, 4.5 g/L KHPQy, 1 g/L (NH4) 2SQ, 0.5¢g/L
NaCitrate, 1 g/L glucose, 1 g/L fructose, 4 g/L glycerol, 1 mM MgS0O mM 2 methanesulfonic
acid (MES) and 100 &M acetosyringone) supp!
appropriate antibiotics. The suspension Agrobacterium was grown at 27°C for 6h. After
incubation, Agrobacterium cultures were collected by centifog (3000g for 5 min) then e
suspend in the infiltration medium (10 MM Mg§O 10 mM MES, and 200 &M
Agrobacterium were adjusted to an OD of 0.4 at 600 nm. The bacterial suspension was infiltrated
into 4weekold leaves using a 1 ml ndelkss syringe. After infiltration, Arabidopsis plants were
placed in the growth room for 48h. The infiltrated tissues were collected and frozen in liquid

nitrogen then stored a80°C.
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2.4. Protein Extraction and Western Blot Analysis

For extraction, infiltrated tissue was homogenizedin the protein extraction buffer
containingof 20mM Tris-HCI (pH 7.5), 100mMNaCl, 1ImM EDTA, 1mM EGTA, 1mM PMSF,
10mM DTT, 3 0 € M5132, 6% glycerol, and proteasanhibitor cocktail (SigmaAldrich). The
samplesverecentrifugedfor 10 minutesat 14,0009 at4°Cto pelletplantdebris.Thesupernatant
of plant homogenatevastransferredto a fresh 1.5 ml tube.5x Sodiumdodecylsulfate (SDS)
loadingbuffer (300mM Tris-HCI pH 6.8,30%glycerol,12% SDS,5% b-mercaptoethano().6%
BromophenoBlue) wasaddedto samplesandboiled for 5 minutefollowed by centrifugationat
10,000gfor 1 minute. Sampleswverethen subjectedo SDSpolyacrylamidegel electrophoresis
(SDSPAGE). Separatedproteins were then transferred from the SDSPAGE gel to
polyvinylidene fluoride (PVDF) membraneusing a semidry electotransfer unit (Thermo
Scientific).After transfermembranesvereblockedin aTBST (50mM Tris-HCI, pH 7.5,150mM
NacCl, 0.05% Tween20) with 5% milk for 1 hour at room temperaturefollowed by incubation
with primaryantibodiedor 1 hour(Table2). Membranesverewashedhreetimesfor 10 minutes
with TBST.Secondanantibodieq Table2) werethenappliedfor 1 hour. Antibodieswerediluted
in TBST with 0.5% milk andusedaccordhgto ma n u f a cinstwuctiens(Table 2). Table 1
showsthe list of primary andsecondarantibodieghatwe usedto detectYFP-HA-CIPK fusion
protein. GFP antibody was usedin immunoblot analysisfor protein extractionand cell free
degradatiorassaydo detectthe presenc®f the protein.Ubiquitin antibodywasusedto detectthe
ubiquitinationin CIPK proteirs. After the incubationwith the secondaryantibody membranes
were washedthree times, 10 minutes each wash, with TBS-T before visualization with an

EnhancedChemiluminescencf@ECL) WesternBlotting Substrateit accordingoma nuf act ur e
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instructions(ThermoScientific). Ponceals (1g\L Ponceals, 3% (v/v) aceticacid) wasusedto

visualizetotal proteinonthemembrane.
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Table 2. List of primary and secondary antibodies used

Protein Tag Primary Antibody Secondary Dilution Factor
Antibody
Ubiquitin Mouse antiUbiquitin | Anti-Mouse 1:5000
(SigmaAldrich) (SigmaAldrich)
GFP Rabbit anti GFP Anti- Rabbit 1:500
(SigmaAldrich) (SigmaAldrich)
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2.5. Cellfree Degradation Assays

Cell-free degradationassayswere performedas previously describedby Wang et al.
(2010). Briefly, plant tissue was collected from infiltrated tobacco and Arabidopsistissue
expressingy FP-HA-CIPK andproteinextracton wascarriedoutasdescribedn section2.4.Total
protein extractwas divided equallyinto two treatmentspne treatedwith the 3 0 ¢ dflthe 26S
proteasomeénhibitor MG132 andthe otherwith an equivalentvolume of extractionbuffer. The
reaction mixtures were incubatedfor 30 minutes at 25°C before adding 10mM adenosine
triphosphat€ ATP) to activatethe reaction,which markedtime point zero.Equalvolumeof each
reactionmixturewasremovedat the indicatedtime points,and6x SDSloadingbuffer wasadded
to stopthe reaction.Sampleswere subjectedto SDSPAGE, and the abundancef eachCIPK

proteinwasdetectedy Westerrblot analysiswith YFP antibodiesasdescribedn section2.4.

2.6. PostTranslational Modification Prediction, Sequence Alignnent and Generation of the

Sequence Similarity Tree

Sequences for all 26 CIPK proteins were obtained from The Arabidopsis Information Resource
(TAIR) database (https://www.arabidopsis.org). For posttranslation modification predictions, the
ubiquitin predicion software UbiProber (Chen et al., 2013) was utilized to predict the

ubiquinitation sites (http://bioinfo.ncu.edu.cn/UbiProber.aspx). Sequence alignments were done
using The European Bioinformatics Institutes (EBI) Clustal Omega protein sequence alignmen

program (McWilliam et al.,, 2013) h{tp://www.ebi.ac.uk/Tools/msa/clustalo/A sequence

similarity tree comparingCIPKs was constructedusingcompleteFASTA formattedaminoacid

sequenceandthe Phylogeny.frwebsite(http://www.phylogeny.fy (Dereepeetal., 2010).
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2.7. Immunoprecipitation

Total protein extracts,preparedas describedabove, from ur-infiltrated (control) and
infiltrated tobaccotissue expressing YFP-HA-CIPK were incubatedwith EZview Red HA-
Agarose beads (HA-beads) (SigmaAldrich). HA-beads were prepared according to
ma n u f a cimstuctiens @&nd incubatedwith protein extractsat 4°C for 2 hours. After
incubation thebeadsverecolleciedthroughcentrifugatiorat8, 200gfor 30 secondsfollowed by
two washeswith the TBS for ten minuteseach(50 mM Tris-HCI, pH7.5,150 mM NacCl), then
3 0 egot.1X SDSwasaddedandthe samplewasboiledfor 5 minutes followed by 3 minutesin a
centrifugeat 10 000g. Samplesvereloadedontothe SDSPAGE gels,followed by westernblot
analysiswith ubiquitin antibodyto detectthe ubiquitinatedoroteinandGFPantibodyto detectthe

isolationof the protein(Table?2).

2.8. P62Agarose Pull Down Assay

Total protein extractswere preparedrom urtinfiltrated (control) andinfiltrated tobacco
tissueexpressing’ FP-HA-CIPK usingproteinextractionbuffer containing(20mM Tris-HCI (pH
7.5),200mMNaCl,1mM EDTA, 1ImM EGTA, 1mM phenylmethylsulfonyfluoride (PMSF), 6%
glycerol, and proteasenhibitor cocktail (SigmaAldrich). P62 Agarose(SigmaAldrich) beads
were preparedaccordingto ma n u f a dnstwuctiensadd® 5 € ahthe beadswere incubated
with protein extractat 4 °C for 2 hours. After incubation,the beadswere collectedthrough
centrifugatiomat 8, 200gfor 30 secondsfollowed by two 10 minutewashesvith the TBS washing
buffer (50 mM Tris-HCI, pH7.5,150mM NaCl)then3 0 got.1X SDSwasaddedandboiledfor
5 minutesfollowed by 3 minutesof centifugationat 10000g.SamplesvereloadedontotheSDS
PAGE gels,followed by immunoblotanalysiswith GFP antibodiesto detectthe isolationof the

protein.
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2.9. Pixel Intensity Analysis

Pixel intensity of western blot samples was quantified using ImageJ software

(http://imagej.nih.gov/i) (Abramoffetal., 2004).Exposedilms thatwereobtainedrom cell free

degradatiomssaysverescanneandimportedinto ImageJThemeanvaluefor eachproteinbands
was quartified using16-bit grey scale.The pixel intensityvaluesof were invertedto percentto
determinghe percentageemainingof eachproteinabundancever 240 minutes.The averageof
threetrails for theremainingperceniof eachproteinwasusedto compae proteinabundancén +
and- MG132treatmentStandarderrorwereobtainedo showthedifferenceof proteinabundance
at eachtime point. Oneway a novatestwereusedto determinethe significantdeferenceof the

overtimepointfor proteinabundanceén + and- MG132treatment.

2.10. Determining Protein Halflife

Protein half-life for each protein was determined using the half-life calculator

(http://www.calculator.net/halife-calcuator.htm). The decay processis computel by the

flowing formulas:Nt = NO(1/2) t/t1/2,t1/2 = In (2) U= In (2)/e- where,NO is theinitial quantity,
Nt is the quantitythatstill remainsafteratimet, t1/2is the half-life, Uis the meanlifetime, ande-

is thedecayconstan{calculator.net2017).
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CHAPTER THREE: RESULTS

3.1. Selection of CIPK Proten Family Members for Analysis

Recentlythe UPSwasshownto regulatethe abundancef CIPK26 (Lyzengaetal.,2013),
suggestingoossibleregulationof the CIPK proteinsfamily by the ubiquitinationpathway.The
main purposeof this studyis to continuethis investigationto determinef regulationby the UPS
is commonin the CIPK family. To accomplishthis, membersf the CIPK family wereselected
for this studybasedon their aminoacid sequencesimilarity to CIPK26.A phylogenetidreewas
generatedo demonstrateelationshipdbetweenCIPK26 and othermemberf the CIPK family
(Figure5). CIPK3wasincludedin our studyasit is themostcloselyrelatedto CIPK26 (Figure5).
CIPK3 was found to share77 percentamino acid sequencesimilarity with CIPK26 (Table 3).
CIPK8 and CIPK24 were also utilized in this study as slimier membersthey eachshared62
percentsequencaimilarity andbelongto the samecladeof CIPK26 (Figure5 andTable3). The
fourth selectednemberwasCIPK20,which is in adifferentcladein the sequencesimilarity tree
(Figure5) andshowsonly 53 percentsequencaimilarity to CIPK26 (Table 3). In addition,two
of the selectedCIPKs were predictedto interactwith variousRING-type E3 ligases(Table 4).
Information on predictedinteractionswere obtainedfrom Bio-Analytic ResourcePlant Biology
(BAR), which provides evidencefor CIPK8 interactionwith two RING E3 ligases(At2g16090
andAt5g06420)andCIPK24is predicedto interactwith oneRING E3ligase(At1g30860).This
analysisseaved asthe basisfor utilizing CIPK3, CIPK8, CIPK20,and CIPK24 asrepresentative
proteinsto studythe possibleregulationof the CIPK family proteinsby the UPS. The selected
proteinsarenot an extensiverepresentationf the family asmemberghatarenot closelyrelated

(> 50% Amino acidsequencsimilarity) to CIPK26 arenotincludedin the analysis.
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Figure 5. PhylogeneticRelationshipsbetweenArabidopsisthaliana CIPK Family Members

Sequencsimilarity treefor the26 memberf the CIPK family generatedisingfull lengthamino
acid sequencesThe red arrowsindicatethe four CIPKs that were chosenfor this researchThe
black arrow indicatesCIPK26 the only family memberknown to be regulatedby the UPS.

Numbersrepresenbootstrapralues.
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Table 3: Amino acid sequence similarity between CIPK3, CIPK8, CIPK20, CIPK24, and

CIPK26.
CIPK3 CIPK8 CIPK20 CIPK24 CIPK26
CIPK3 100% 57% 53% 58% 17%
CIPK8 100% 49% 52% 56%
CIPK20 100% 47% 53%
CIPK24 100% 58%
CIPK26 1005
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Table 4: Known and predicted CIPK-interacting RING -type E3

Calcineurin B-like Interacting Protein [ Interacting | Evidencefor Interaction
kinases RING E3*
Loci Name Function Loci References
At2g26980 [ CIPK3 ABA signaling | Notknown | Pandeyetal., 2008
Responséo cold
stress
At5g45820 [ CIPK20 ABA signaling | Notknown Gongetal., 2002
At4g24400 | CIPKS8 Nitratesensing | At2g16090 | GeislerLeeetal.,2007
Leranetal.,2015
At4g24400 [ CIPKS8 At5g06420
At5g35410 | CIPK24 Salttolerance At1g30860 [ GeislerLeeetal., 2007
Qiu et al.,2002; Gong et al.,
2004
At5921326 | CIPK26 ABA signaling [ At5g13530 [Lyzengaetal.,2013
(KEG)

* Prediction interactions are basedinformation obtained from Bi#\nalytic Resource for
Plant Biology (BAR) http://bar.utoronto.ca/welcome.htmsing the Arabidopsis
Interactions Viewer tool.
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3.2. Transient Expression of Selected CIPKs in Tobacco and Arabidopsis Leaves

The transientproten expressionsystemprovides an efficient and rapid approachfor
exploringproteinfunctionin the plantcellsandrepresentanadvantageouslternativeto thetime
consumingof generationof transgenicplant (Sparkeset al., 2006§. The use of the transent
expressiorapproachwill allow for posttranslationaimodifications(PTM) of the CPIKs, which
may regulatetheir activity andabundancevithin the cell. Beforethe objectivesof the studywere
carriedout, we first hadto determineif the selectedCIPKs could be efficiently expressedn the
transientexpressionsystens. Plant transformationvectas allowing the expressionof yellow
fluorescenceprotein (YFP) and hemagglutinin (HA) tagged CIPK (YFP-HA-CIPK) were
introducedinto the epidermalcells of Nicotianatabacum(tobacco)leavesusing Agrobacterium

mediatednfiltration.

After forty eighthours theinfiltrated tissuesverecollected proteinextractsvereprepared
andsubjectedo westernblot analysisusing GFP antibodiesto detectthe presencef YFP-HA-
CIPK. As shownin Figure8A, YFP-HA-CIPK3, YFP-HA-CIPKS8, YFP-HA-CIPK20,and YFP-
HA-CIPK24 were successfullyexpressedin tobaccoleaves The CIPK proteins are from
Arabidopsisthaliana thereforethe results obtainedusing the transienttobaccosystem were
confirmedusinganArabidopsishasedransienexpressiorsystem(Lee & Yang2006).Infiltrated
Arabidopsistissueswere collectedand protein extractswere preparedand subjectedo western
blot analysisusingGFPantibodiedo detectthe presece of YFP-HA-CIPK. Resultsn Figure8B
showsthat YFP-HA-CIPKS3, YFP-HA-CIPKS8, YFP-HA-CIPK20, and YFP-HA-CIPK24 are all

expressedh transientlytransformedArabidopsideaves.
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Figure 6. Expression of CIPK3, CIPK8, CIPK20, and CIPK24 in Transient Expression

Systems

Transientexpressionof YFP-HA-CIPK3, YFP-HA-CIPKS8, YFP-HA-CIPK20 and YFP-HA-

CIPK24in tobacco(A) andArabidopsigB) leaves Proteinextractgpreparedrom infiltrated and
urrinfiltrated (control) tissuewere subjectedo Westernblot (WB) analysiswith GFP antibodies

thatrecognizehe YFP tagon the YFP-HA-CIPK fusionproteins.
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3.3. CIPKs Contain Multiple Predicted Ubiquitination Sites

To begininvestigatingwhetherthe ArabidopsisCIPK proteinsundergoregulationby UPS,
we examinedthe extentto which CIPK3, CIPK8, CIPK20, and CIPK24 may be ubiquitinated.
Possiblesitesfor ubiquitinationwereidentified usingthe UbiProberpredictionsoftware(Chenet
al., 2013).The predictionsoftwareidentified ten lysine residuedor CIPK3, five lysine residues
for CIPK8, sevenlysineresiduedor CIPK20,andsix lysineresiduedor CIPK24aspossiblesites

for ubiquitination(Figure7 andSupplementafFigurel).

We thendeterminedf the predictedubiquitinationsitesarealsofoundin othermembersof
the CIPK family. A multiple sequencalignmentwas generatedising the completeaminoacid
sequencef all 26 CIPKs (Figure 7). The alignmentshowedthat threeubiquitinationsiteswere
conservedicrossall membersof the CIPK family including the selectedCIPKs (CIPK3, CIPKS,
CIPK20,and CIPK24) (Figure 7). The conservedubiquitinationsiteswerefoundin the kinases
domainof all CIPK proteins.The identification of thesethreeconserveditessuggestghat the

ubiquitinationmayregulateCIPK function.
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Figure 7. Amino Acids Sequence Alignment for the CIPK Family Highlighting Predicted

Ubiquitination Sites for CIPK3, CIPK8, CIPK20, and CIPK24

Predicted ubiquitination sites for CIPK@IPK8, CIPK2Q and CIPKR4 are highlighted in blue
andblack boxes. Three predicted sites (blue boxes) are conserved across all CIPK proteins. The
period (.) indicates amino acids that have weakly similar properties, the colon (:) shows amino

acids that have highly similar properties, the asterisk (*) indSscat@no acids that are conserved.
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CIPK3
CIPK8
CIPK20
CIPK24

“CIPKI
CIPK2
CIPKA4
CIPK5S
CIPKG
CIPK7
CIPK9
CIPK10
CIPK11
CIPK12
CIPK13
CIPK14
CIPK15
CIPK16
CIPK17
CIPK18
CIPK19
CIPK21
CIPK22
CIPK23
CIPK25
CIPK26

CIPK3
CIPKS
CIPK20
CIPK24

CIPK1
CIPK2
CIPK4
CIPKS
CIPK6
CIPK7
CIPK9
CIPK10
CIPK11
CIPK12
CIPK13
CIPK14
CIPK15
CIPK16
CIPK17
CIPK18
CIPK19
CIPK21
CIPK22
CIPK23
CIPK25
CIPK26

MANV] ==eceecccccnee== STPLAIPGPTPIQFMAGLLARIVTKNTNK-ETSTPESPR
---------------------------------------------------- MVDSDEVE

MNRROOVEKRRVGKYEVGRTIGEGTF? KFARNSE ~-TGEPVA ILd[hKVL—KHKMAEQ
----- MVVRKVd[FELGRTIGEGTF- IVDRSTII=-KRKMVDQ
==MDKNGIVLMRKYELGRLLGQGTFRA YHARNIK~-TGESVAIKNIDKQKVA-KVGLIDQ
===MTKKMRRVGKYEVGRTIGEGTFA2 TMAKSTIL=KNRMVDQ
EEKKAEKGMRLGKYELGRTLGEGNFGKVKFAKDTV-SGHSFAVKIIDKSRIA-DLNFSLO
==MENKPSVLTERYEVGRLLGOGTFAKNYFGRSNH=TNE SVATKMIDKDKVM=RVGLSQQ
SPEKITGTVLLGKYELGRRLGSGSFA HVARSIS-TGELVAIKIIDKQKTI-DSGMEPR
==MEEERRVLFGKYEMGRLLGKGTFA YYGKEIT-GGECVATKNINKDOVMKRPGMME Q
SDGGSSTGLLHGRYELGRLLGHGTFAKNYHARNIQ-TGKSV VVGKEKVV-KVGMVDO
SPATTPAKILLGKYELGRRLGSGSFA HLARSIE-SDELVAVKIIEKKKTI-ESGMEPR
REKATPASRTRVGNYEMGRTLGEGSFP2 KYAKNTV-TGDOAATKILDREKVF-RHKMVEQ
-=-MENKPSVLTDKYDVGRLLGQGTFRA YYGRSIL-TNQSVA IDKEKVM-KVGLIEQ
AGSGDNNDALFGKYELGKLLGCGAFA FHARDRR-TGQSVA LNKKKLLTNPALANN
KERSSPOALILGRYEMGKLLGHGTFAKVYLARNVK-TNESVA IDKEKVL-KGGLIAH
SPRTPOGSTLMDKYETGKLLGHGSFAKVYLARNTH=SGEDVA IDKEKIV=KSGLAGH
FPPENRRGOLFGKYEVGKLVGCGAFAKVYHGRSTA-TGQSVA VSKQRL-QKGGLNGN
==MEKKGSVLMLRYEVGKFLGOGTFAKVYHARHLK-TGDSVA IDKERTL=KVGMTEQ
EESNRSSTVLFDKYNIGRLLGTGNFAKVYHGTEIS-TGDDVA TKKDHVFKRRGMME Q
===MVIKGMRVGKYELGRTLGEGNSAKVKFAIDTL-TGESFA IEKSCIT=-RLNVSFQ
SPRSPRNNILMGKYE LGKLLGHGTFAKVY LAQNIK -SGDKVA IDKEKIM-KSGLVAH
QDOSNHOALTILGKYEMGRLLGHGTFAKVYLARNAQ~-SGESVA IDKEKVL-KSGLIAH
==MGLFGTKKIGKYEIGRTIGEGNFAKVKLGYDTT=NGTYVA IDKALVI=-QKGLESQ
VIGDDNKSALFGKYDLGKLLGSGAFAKVYQOAEDLONGGESVA VOKKRL--KDGLTAH
SGSS5SGGRTRVGKYELGRTLGEGTFAKVKFARNVE =NGDNVA IDKEKVL=-KNKMIAQD
EEEQOOLRVLFAKYEMGRLLGKGTFEKVYYGKEIT-TGESVA INKDOQV-KREGMME
=MNRPKVORRVGKYEVGKTLGOQGTFAKVRCAVNTE -TGERVA LDKEKVL-KHKMAEQ
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CIPK3
CIPKS8
CIPK20
CIPK24

CIPK1
CIPK2
CIPK4
CIPKS
CIPK6
CIPK7
CIPKY
CIPK10
CIPK11
CIPK12
CIPK13
CIPK14
CIPK15
CIPK16
CIPK17
CIPK18
CIPK19
CIPKZ21
CIPK22
CIPK23
CIPK25
CIPK26

CIPK3
CIPKS
CIPK20
CIPK24

CIPK1
CIPK2
CIPK4
CIPK5
CIPK6
CIPK7
CIPKY9
CIPK10
CIPK11
CIPK12
CIPK13
CIPK14
CIPK15
CIPK16
CIPK17
CIPK18
CIPK19
CIPK21
CIPK22
CIPK23
CIPK25
CIPK26

Kineyes Domeain

IRREIATMKLIK-HPNVVQLYEVHASKTKIFIILEYVTGGELFDKIVNDGR“:EDEARRY
IKREISTMKLVR-HPCVVRLYEVLASRTKIYITLEYTITGGELF VRNGRLSESEARKY
IKREISVMRLVR-HPHVVFLHEVMASKTKIYFAMEYVKGGELF S5-KGKLKENIARKY
IKREISTMKIVR-HPNIVRLYEVLASPSKIYIVLEFVTGGELFDRIVHKGRLEE SESRKY
IKREIRTLKMLK~-HPHIVRLHEVLASKTKINMVME LVI'GGELFDRIVSNGKLTETDGRKM
IKREISVMRIAK-HPNVVELYEVMATKSRIYFVIEYCKGGELFNKVA-KGKLKEDVAWKY
ITRETEAMRRLHNHPNVLKTHEVMATKSKIYLVVEYAAGGELFTKLIRFGRLNE SAARRY
IKREISTIMKLVR-HPNIVELKEVMATKTKIFFVMEFVKGGELFCKIS-KGKLHEDAARRY
IKREISVMRMVK-HPNIVELHEVMASKSKIYFAMELVRGGELFAKVA-KGRLREDVARVY
ITREIDAMRRLRHHPNILKITHEVMATKSKIYLVME LASGGE LFSKVLRRGRLPE STARRY
LKREISTMKLIK-HPNVVEITEVMASKTKIYIVLELVNGGELFDKIAQQGRLKEDEARRY
IKREISVMRIAR-HPNVVELYEVMATKTRIYFVMEYCKGGE LFNKVA-KGKLRDDVAWKY
TIKRETISTMRRLS-HPNIVKLHEVMATK SKIFFAMEFVKGGELFNKISKHGRLSEDLSRRY
IKREISILRRVR-HPNIVOLFEVMATKAKIYFVMEYVRGGELFNKVA-KGRLKEEVARKY
IKREISTLRRVR=-HPYIVHLLEVMATKTKIYIVMEYVRGGELYNTVA-RGRLREGTARRY
IQRETATMHRLR~-HPSIVRLFEVLATKSKIFFVMEFAKGGELFAKVS-KGRFCEDLSRRY
IKREISAMRLLR-HPNIVELHEVMATK SKIYFVMEHVKGGE LFNKVS-TGKLREDVARKY
IERETAVMRLLR-HPNVVELREVMATKKKIFFVMEYVNGGELFEMIDRDGKLPEDLARKY
IKREIRTLKVLK-HPNIVRLHEVLASKTKIYMVLECVTGGDLFDRIVSKGKLSETQGRKM
IKREISTLRRVR-HPYIVHLFEVMATKSKIYFVMEYVGGGELFNTVA-KGRLPEETARRY
IKREISILRRVR-HPNIVQLFEVMATKSKIYFVMEYVKGGELFNKVA-KGRLKEEMARKY
VKREIRTMKLLN-HPNIVQIHEVIGTKTKICIVMEYVSGGQLSDRLGR-OKMKE SDARKL
VKREISVMRRLR~-HPHIVLLSEVLATKTKIYFVMELAKGGELFSRVT-SNRFTESLSRKY
IKREISTMKLIK-HPNVIRMFEVMASKTKIYFVLEFVIGGELFDKISSNGRLKEDEARKY
IKREISIMRLVR-HPNIVELKEVMATKTKIFFIMEYVKGGELFSKIV-KGKLKEDSARKY
IRREICTMKLIN-HPNVVRLYEVLASKTKIYIVLEFGTGGELFDKIVHDGRLKEENARKY

g kkk te kk gy g hkyp g t* g ¥ kg H t: 2 .
Kinases Domain
FOOLIHAVDYCHSRGVYHRDIKPENLLLDSYGNLKISDFGLSALSQQ======= VRDDGL
FHOQLIDGVDYCHSKGVYHRD PENLLLDSQGNLKISDFGLSALPEQ========= GVTI
FOOLIGATIDYCHSRGVYHRDIKPENLLLDENGDLKISDFGLSALRES ====== {:bQDGL
FOQLVDAVAHCHCKGVYHRD PENLLLDTNGNLKVSDFGLSALPQE========= GVEL

FQOLIDGISYCHSKGVFHRD
FYQLTISAVDFCHSRGVYHRD
FQOLASALSFCHRDGIAHRD

ENVLLDAKGHIKITDFGLSALPQH======- FRDDGL
PENLLLDDNDNLKVSDFGLSALADC === ===~ KRODGL
ONLLLDKQGNLKVSDFGLSALPEH--==-=~~ RSNNGL

FOOLISAVDYCHSRGVSHRDIKPENLLLDENGDLKISDFGLSALPEQ======= ILODGL
FOOLTISAVDFCHSRGVYHRDIKPENLLLDEEGNLKVTDFGLSAFTEH- ===~~~ LKQDGL
FQOLASALRFSHQDGVAHRD ONLLLDEQGNLKVSDFGLSALPEH======= L=-ONGL
FOOLINAVDYCHSRGVYHRDIOKPENLILDANGVLKVSDFGLSAFSRO=-=-===~~ VREDGL
FYQLINAVDFCHSREVYHRDIKPENLLLDDNENLKVSDFGLSALADC-====~~ KRQDGL
FOOLISAVGYCHARGVYHRDIKPENLLIDENGNLKVSDFGLSALTDD === === IRPDGL
FOOLISAVIFCHARGVYHRD

PENLLLDENGNLKVSDFGLSAVSDQ=-====== IRQDGL

FOQOLISSVAFCHSRGVYHRD ENLLLDDKGNVKVSDFGLSVVSEQ= === === LKQEGI

FOOQLISAVGYCHSRGIFHRD PENLLLDEKLDLKISDFGLSALTDQ======= IRPDGL
FOOLVRAVDFCHSRGVCHRDLKPENLLLDEHGNLKISDFGLSALSDS - ===~~~ RRODGL
FQOLISAVDFCHSRGVFHRDIKPENLLLDGEGDLKVTDFGLSALMMPEGLGGRRGSSDDL
FOQLIDGVSYCHNKGVFHRD ENVLLDAKGHIKITDFGLSALSQH-====~-~ YREDGL
FOOLISSVSFCHGRGVYHRDIKPENLLLDNKGNLKVSDFGLSAVAEQ=-=-===-= LRODGL
FOOLISAVSFCHFRGVYHRDIKPENLLLDENGNLKVSDFGLSAVSDQ======= IRODGL
FOOLIDAVDYCHNRGVYHRDIKPONLLLDSKGNLKVSDFGLSAVPKS========== GDM
FROLISAVRYCHARGVFHRDLKPENLLLDENRDLKVSDFGLSAMKEQ=-====== IHPDGM
FOQLINAVDYCHSRGVYHRDLKPENLLLDANGALKVSDFGLSALPQQ--=-~-~ VREDGL
FOOLISAVDFCHSRGVSHRDLKPENLLVDENGDLKVSDFGLSALPEQ=-====== ILODGL
FOOLINAVDYCHSRGVYHRDIKPENLLLDAQGNLKVSDFGLSALSRQ=--~~----VRGDGL
* ok - g Whkgok gohggak gRg gk 1
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127
112
114
114
123
114
125
115
126
129
122
114
125
128
159
124
114
119
114
176
130
114
154
134
145
116

180
163
167
165
176
167
178
168
179
181
175
167
178
181
212
171
167
179
167
229
183
164
207
187
198
169



Kinases Domsin

TITKS
CIPKB

CIPK20
CIPK24

CInwd

CIPK2

CIPK4

CIPKS

CIPKG

CIPKT

CIPK9

CIPK10
CIPK11
CIPK12
CIPK13
CIPK14
CIPK15
CIPK1é6
CIPK17
CIPK18
CIPK19
CIPK21
CIPK22
CIPK23
CIPK25
CIPK26

LHTSCGTPNYVAPEVLNDRGYDGATADMWSCGVVLYVLLRGYLPFDDSNLMNLﬂBHISSG
LKTTCGTPNYVAPEVLSHKGYNGAVADIWSCGVILYVLMAGYLPFDEMDLPTLY SKIDKA
LHTTCGTPAYVAPEVIG YDGAKADVWSCGVVLYVLLAGFLPFHEQNLVEMYRKITKG
LRTTCGTPNYVAPEVLSGOGYDGSAADIWSCGVILFVILAGYLPFSETDLPGLYRKINAA
LHTTCGSPNYVAPEVLANRGYDGAASDIWSCGVILYVILTGCLPFDDRNLAVLYQKICKG
LHTTCGTPAYVAPEVINRKGYEGTKADIWSCGVVLFVLLAGYLPFHDTNLMEMYRKIGKA
LHTACGTPAYTAPEVIAQRGYDGAKADAWSCGVFLFVLLAGYVPFDDANIVAMYRKIHKR
LHTOCGTPAYVAPEVLKKKGYDGAKADIWSCGVVLYVLLAGCLPFODENLMNMYRKIFRA
LHTTCGTPAYVAPEVILKKGYDGAKADLWSCGVILFVLLAGYLPFQDDNLVNMYRKIYRG
LHTACGTPAYTAPEVISRRGYDGAKADAWSCGVILFVLLVGDVPFDDSNIAAMYRKIHRR
LHTACGTPNYVAPEVLSDKGYDGAAADVWSCGVILFVLMAGYLPFDEPNLMTLYKRICKA
LHTTCGTPAYVAPEVINRKGYDGTKADIWSCGVVLFVLLAGYLPFHDSNLMEMYRKIGKA
LHTLCGTPAYVAPEILSKKGYEGAKVDVWSCGIVLFVLVAGYLPFNDPNVMNMYKKIYKG
FHTFCGTPAYVAPEVLARKGYDAAKVDIWSCGVILFVLMAGY LPFHDRNVMAMYKKIYRG
COTFCGTPAYLAPEVLTRKGYEGAKADIWSCGVILFVLMAGYLPFDDKNILVMYTKIYKG
LHTLCGTPAYVAPEVLAKKGYDGAKIDIWSCGIILFVLNAGYLPFNDHNLMVMYRKIYKG
LHTTCGTPAYVAPEVISRNGYDGFKADVWSCGVILFVLLAGYLPFRDSNLMELYKKIGKA
LHTRCGTPAYVAPEVLRNKGYDGAMADIWSCGIVLYALLAGFLPFIDENVMTLYTKIFKA
LHTTCGSPNYVAPEVLANEGYDGAASDIWSCGVILYVILTGCLPFDDANLAVICRKIFKG
CHTFCGTPAYTAPEVLTRKGYDAAKADVWSCGVILFVLMAGHIPFYDKNIMVMYKKIYKG
FHTFCGTPAYVAPEVLARKGYDGAKVDIWSCGVILFVLMAGFLPFHDRNVMAMYKKIYRG
LSTACGSPCYIAPELIMNKGY SGAAVDVWSCGVILFELLAGYPPFDDHTLPVLYKKILRA
LHTLCGTPAYVAPELLLKKGYDGSKADIWSCGVVLFLLNAGYLPFRDPNIMGLYRKIHKA
LHTTCGTPNYVAPEVINNKGYDGAKADLWSCGVILFVLMAGYLPFEDSNLTSLYKKIFKA
LHTQCGTPAYVAPEVLRKKGYDGAKGDIWSCGITLYVLLAGFLPFODENLMKMYRKIFKS
LHTACGTPNYAAPEVLNDQGYDGATADLWSCGVILFVLLAGYLPFEDSNLMTLYKKITAG

* dwdghk ok kkkgg % * dkkdkg kg g * % 1 1 1*

- .. .

Kinases Domain

CIPK3
CIPKS
CIPK20
CIPKZ4

ClPK1
CIPK2
CIPK4
CIPKS
CIPK6
CIPK7
CIPK9
CIPK10
CIPK11
CIPK12
CIPK13
CIPK14
CIPK15
CIPK16
CIPK17
CIPK18
CIPK19
CIPK22
CIPK23
CIPK25
CIPK26

EFNCPPWLSLGAMKLITRILDPNPMTRVTPQEV=-FEDEWFKKDYKPPVFEERD=-DSNMDD
EFSCPSYFALGAESLINRILDDNPETRITIAEI-RKDEHFLHDYTPVQLIDY-EHVNLDD
EFKCPNWFPPEVKKLLSRILDPNPNSRIKIEKI-MENSWFOKGFKKIETPKSPESHQID-
EFSCPDHFSREVKFLIHRILDDN#:#RIQIQGI-KKDPHFRLNYVPIRRREE-EEVNLDD
DPPIPRWLSPGARTMIKRMLDPNPVITRITVVGI-KASEWFKLEYIPSIPDDDD-EEEVDT
DFKCPSWFAPEVKRLLCKMLDPNHETRITIAKI-KESSWFRKGLHLKQKKMEKMEKQOVR
DYRFPSWISKPARSITIYKLLDPNPETRMSIEAV-MGTVWFOKSLEISEFQS5VF ===~~~
DFEFPPHWFSPEARRLISKLLVVDPDRRISIPAI-MRTPWLRENFTPPLAFKIDERPICS-0
DFKCPGWLSSDARRLVTKLLDPNPNTRITIEKV-MDSPWFKKQATR SRNEPVAATITT -~
DYRFPSWISKOQAKSITYOMLDEPNPVIRMSIETV-MKTNWFKKSLETSEFHRNVF ===~~~
EFSCPPWFSOGAKRVIKRILEPNPITRISTIAEL=LEDEWFKKGYKPPSFDQDDEDITIDD
DFKAPSWFAPEVRRLLCKMLDPNPETRITIART -RE SSWFRKGLHMKQKKMEKRVKET -~
EYRFPRWMSPDLKRFVSRLLDINPETRITIDEI-LKDPWFVRGGFKQIK=FHDDE==1==
EFRCPRWFSTELTRLLSKLLETNPEKRFTFPEI -MENSWFKKGFKHIKFYVEDD-KLC~N
QFKCPKWFSPELARLVIRMLDTNPDTRITIPEI -MKHRWFKKGFKHVKFYIEND-KLC=R
EFRIPKWTSPDLRRLLTRLLDTNPOTRITIEEI-THDPWFKQGYDDRMSKFHLEDSDM -~
EVKFPNWLAPGAKRLLKRILDPNPNTRVSTEKI -MKSSWFRKGLOEEVKE SVEEETEV -~
ECEFPPWFSLESKELLSRLLVPDPEQRISMSET-KMIPWFREKNFTPSVAFSIDETIPS-P
DPPIPRWISLGAKTMIKRMLDPNPVTRVTIAGI -KAHDWFKHDYTPSNYDDDD-DVYLT -
EFRCPRWFSSDLVRLLTRLLDTNPDTRITIPEI -MKNRWFKKGFKHVKFYIEDD-KLC-R
DFRCPRWFPVEINRLLIRMLETKPERRFITMPDI-METSWFKKGFKHIKFYVEDDHQLC =N
OYKLPDWTSSDLRKLLRRLLEPNPELRITVEEL=LKDPWFNHGVDPSEl = ======= L=
EFTCPPWFSASAKKLIKRILDPNPATRITFAEV-TENEWFKKGYKAPKFENA--DVSLDD
EFEYPPWFSPESKRLISKLLVVDPNKRISIPAI-MRTPWFREKNINSPIEFKIDELEIQ-N
EYHCPPWLSPGAKNLIVRILDPNPMTRITIPEV~-LGDAWFKKNYKPAVFEEKE ~-EANLDD
] ® el o0¥® . W t *1
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240
223
2217
225
236
227
238
228
239
241
235
227
238
241
212
237
227
239
2217
289
243
224
267
247
258
229

298
281
285
283
294
286
291
286
296
294
294
284
292
298
329
294
284
297
284
346
301
316
304
316
287



CIPK3
CIPKS
CIPK20
CIPKZ24

CIPK1
CIPK2
CIPK4
CIPKS
CIPKG6
CIPK7
CIPK9
CIPK10
CIPK11
CIPK12
CIPK13
CIPK14
CIPK15
CIPK16
CIPK17
CIPK18
CIPK19
CIPK21
CIPK22
CIPK23
CIPK25
CIPK26

CIPK3
CIPKB
CIPK20

CIPK1
CIPK2
CIPK4
CIPKS5
CIPK6
CIPK7
CIPKY9
CIPK10
CIPK11
CIPK12
CIPK13
CIPK14
CIPK15
CIPK16
CIPK17
CIPK18
CIPK19
CIPK21
CIPK22
CIPK23
CIPK25
CIPK26

Regulatory Domain NAF

IDAVFKDS====msmscmmcaa=a== EEH--LVTEK ---REEQPAATNAFEIT -SMSRGLN
VYAAFDDP === mm - mm e e e EEQ=--TYAQD-GTRDTGPLTLNAFDLI-ILSQGLN
SLIS-===mmsmemmeemeeeeee e ee e e = =DVHAAFSVKPMSYNAFDLISSLSQGED
IRAVFDGI===scmcecmasanaas EGS--YVAENVERNDEGPLMMNAFEMI -TLSQGLN
DDDAFSIQ===mmmmmmmmmmm e ELG=-==== SEEGKGSDSPTIINAFQLI -GMSSFLD
EATNPMEAGGSGONEN=== == mcmememm GE----NHEPPRLATLNAFDIT -ALSTGFG
------------------------------ ELDRFLEKEAKSSNATTAFDLI -SLSSGLD
SSKNN-==mm - mm e e e EEEEEDGDCENQTEPISPKFFNAFEFISSMSSGED

--------------------------- TEEDVDFLVHKSKEETETLNAFHIT -ALSEGFD
------------------------------ DSEVEM---KSSVNSITAFDLI-SLSSGLD
VDAAFSNS=====ccccccceee== KEC==LVI====EKKEKPVSMNAFELI=-SSSS5EFS
===NSVEAGTAGTNENGAGPSENGAGPSENGDRVTEENHTDEPTNLNAFDLI -ALSAGFD
------------------------------ EDQ-KVESSLEAVKSLNAFDLI -SYSSGLD
VVDD=DEL=ESDSVESDRDSAAS=-ESEIEYLEPRRRVGGLPRPASLNAFDII=SFSQGFD
EDDD-NDDDDSSSLSSGRSSTAS ~-EGDAEFDIKRV -~DSMPRPASLNAFDIL-SFS-==D
------------------------------ KLPADETDSEMGARRMNAFDII-SGSPGEFN

—————— DAEA-=========m=ce=ee-=-EGNASAEKEKKRCINLNAFEII-SLSTGFD
PEPPl-==—ececcccccccccen = KK-KKKDLNEKEDDGASPRSFNAFQFITSMSSGFD
QEDVFMMK == =====eecccca——= e YEEEKSPDSPTIINAFQLI-GMSSFLD

EDED-EEEEA---SSSGRSSTVS-ESDAEFDVKRMGIGSMPRPSSLNAFDIT -SFSSGFD
VADD-DEI-ESIESVSGRSSTVSEPEDFESFDGRRRGGSMPRPASLNAFDLI ~-SFSPGFD
Vemmmmmmeem LT T AEINAATASSNFINAFQII -AMSSDLD
------------------------------ GIQADDYDLEENGKILNAFDLI -SSASSSN
VDAIFDDS=================GE SKNLVVERREEGLKTPVIMNAFELI -STSQGLN

VED=Emomm e e e ———————— TPTTTATTATTTTTPVSPKFFNAFEFISSMSSGED
VDAVFKDS=mmmmmmm e e e e EEH==HVTEK -=-KEEQPTSMNAFELT -SMSRALD
R H .

NAF Regulatory Domain PPl

LENLFDPEQE—FKRETRITLRGGANEIIEKIEEA&EPLGFDV»nQ—KKNYKMRLENVKAG
LATLFDRGKDSHKHQTRFISHKPANVVLSSHEVVSQSMGFKT--H-IRNi:hR?EGLSAN
LSGLFﬂ:k—--ERSESKFTTKKDAKEIVSKFEEI&TSSERFN—-LTKSDVGVKHEDKREG
LSALFDRROQDFVKRQTRFVSRREPSEITANTEAVANSMGFKS~--H-TRNFKTRLEGLSST
LSGFFEQEN-VSERRIRFTSNSSAKDLLEKIETAVIEMGFSV=--0-KKHAKLRVKQEERN
LAGLFGDV==-YDKRE SRFASQKPASEIISKLVEVAKCLKLKI --RKQGAGLFKLERVKEG
LSGLFERR-~--KRKEKRFTARVSAERVVEKAGMIGEKLGFRVEKK-=====--EETKVVG
LSSLFESK---RKVQSVFTSRSSATEVMEKIETVTKEMNMKV --KRTKDFKVKMEGKTEG
LSPLFEEKKKEEKREMRFATSRPASSVISSLEEAARVGNKFD~--VRKSESRVRIEGKQNG
LSGLFERK~---KKKERRFTAKVSGVEVEEKAKMIGEKLGYVVKKKM~-~--MKKEGEVKVVG
LENLFEKQAQLVKKETRFTSQRSASEIMSKMEETAKPLGFNV--R-KDNYKIKMKGDKSG
LAGLFGDD---NKRE SRFTSQKPASVIISKLEEVAQRLKLSI --RKREAGLFKLERLKEG
LSGLFAGCSNSSGE SERFLSEKSPEMLAEEVEGFAREENLRMKKKKEEEYGFEMEG=~~~
LSGLFD-D---DGEGSRFVSGAPVSKIISKLEETAKVVSFTV--RKKD-CRVSLEGSRQG
LSGLFE -E---GGQGARFVSAAPMTKIISKLEETAKEVKFMV~--RKKD-WSVRLEGCREG
LSGLFGDARK~-YDRVERFVSAWTAERVVERLEEIVSAENLTV~-~-AKKETWGMKIEG=-~~~
LSGLFEKG--EEKEEMRFTSNREASEITEKLVEIGKDLKMKV--RKKEHEWRV--~--K-M
LSNLFEIK~---RKPKRMFTSKFPAKSVKERLETAAREMDMRV--KHVKDCKMKLORRTEG
LSGFFETEK-LSERQIRFTSNSLAKDLLENTETIFTEMGFCL--Q-KKHAKLKATKEEST
LSGLFEEE ---GGEGTRFVSGAPVSKIISKLEETAKIVSFTV--RKKE -WSLRLEGCREG
LSGLFE-D---DGEGSRFVSGAPVGQIISKLEEIARIVSFIV--RKKD-CKVSLEGSREG
LSGLFEENDD-KRYKTRIGSKNTAQETTIKKIEAARATYVSLSV--ERIKHFKVKIQPKEIR
LSGLFGNFVT-PDHCDQFVSDESTAVIMRKVEEVAKQLNLRI --AKKKERAIKLEG-~-~~
LGSLFEKQMGLVKRKTRFTSKSSANEIVIKIEAAAAPMGFDV--K-TNNYKMKLTGEKSG
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3.4. Arabidopsis CIPKs are Ubiquitinated in Plant Cells

TheaboveresultssuggesthatCIPK3, CIPK8, CIPK20,andCIPK24 maybeubiquitinated
in plantcells. To demonstrat@xperimentallythe ubiquitnationof CIPK3, CIPK8, CIPK20, and
CIPK24in planta we performedanimmunoprecipitatiomssayo isolateY FP-HA-CIPK followed
by westernblot analysiswith ubiquitin antibodiego determinef theisolatedproteinis modified
with ubiquitin. To isolateeachCIPK, HA-beadsvereincubatedvith total proteinextractprepared
from infiltrated tobaccatissuetransientlyexpressingl FP-HA-CIPK. The isolatedproteinswere
thenassessebly westerrblot analysiswith ubiquitinantibodiesn orderto detectheubiquitinaed
form of YFP-HA-CIPK (Figure8A andSupplementaFigure2) andGFPantibodiego ensurehat
YFP-HA-CIPK wasbhoundto the HA-beadqFigure8B andSupplementaFigure2). Theresultin
Figure8A andSupplementaFigure2 showsthe ubiquitinationof all four YFP-HA-CIPKs,which

is indicatedby the presencef high molecularweightversionsof the proteins.

To provide further support for ubiquitination of CIPKs in plant cells,-gaivn assays was
performed using p6agarose beads. The agarose beads uthieebiquitin-binding ubiquitin-
associateqUBA) domainof p62 to interact with and isolate ubiquitinated proteins (Kong et al.,
2015).Total protein extract prepared from tobacco tissue transiently expressifdA‘EPKS
was incubated with the p&yaros beads. If YFRHA-CIPKS is ubiquitinatedn plantathen
westerrblots using GFP antibody should be able to detect the presence (1AFRPK8 among
the isolated proteins. As shown in Figure 9, HER-CIPK8 was detected among the ubiquitinated

proteins.
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Figure 8. CIPK3, CIPK8, CIPK20 and CIPK24 are Ubiquitinated in Plant Cells

Total protein extractspreparedrrom tobaccotissuetransientlyexpressingy FP-HA-CIPK were
incubatedwith HA-beadsto immunoprecipitate(lP) YFP-HA-CIPK. Isolated proteins were
subjectedto Westerrblot (WB) analysiswith ubiquitin (Ub) antibodiedo detectthe ubiquitinaed
YFP-HA-CIPK (A) and GFP antibodiesto detectthe presenceof YFP-HA-CIPK (B). Protein

extractspreparedrom untransformedobaccaissuewasusedasa control
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Figure 9. Ubiquitin Pull-Down AssayShowingUbiquitination of CIPK8 in Plant Cells
A) Total protein extract preparedfrom uninfiltrated (control) and infiltrated tobaccotissue
transientlyexpressingy FP-HA-CIPK8 was subjectedo Westernblot (WB) analysiswith GFP

antibodiego demonstratexpressiorof YFP-HA-CIPKS.

B) Total protein extract preparedfrom urtinfiltrated (control) and infiltrated tobaccotissue
transientlyexpressingr FP-HA-CIPK8 wasincubatedwith ubiquitinrbeadqp62 agarosejo pull
down ubiquitinatedproteins. The isolated proteirs were then subjectedto Westernblot (WB)

analysiswith GFPantibodiedo detectthe presencef YFP-HA-CIPKS.
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3.5. 26S Proteasome Dependent Degradation of CIPK Proteins

Theaboveresultsindicae thatall thefour CIPK family membersareubiquitinatedn vivo.
Thereforejt is worth determiningf the outcomeof ubiquitinationis proteasomatlegradationAs
previouslydiscussedCIPK26 is degradedy the 26S proteasomethereforeother CIPK family
membersnayalsoberegulatedn asimilarmannerLyzenga2013).Cell-freedegradatiorassays
were performedto determineif the CIPKs were similarly targetedto the 26S proteasomdor
degradation(Wang et al., 2010) Protein extracts obtained from infiltrated tobacco tissue
transiently expressingeach YFP-HA-CIPK were usedin the degradationassag. In addition,
proteinextractsweretreatedwith proteasoménhibitor (MG132)to demonstrat¢hatthe observed

degradatiorof eachproteinwasdependenbn theactivity of the26Sproteasome.

The resultsin Figures 10A and 11A, show that the abundanceof CIPK3 and CIPK20
reducedsignificantlywithin four hoursduringthe assaysWhereasthe abundancef CIPK3 and
CIPK20 remainrelatively constantover the indicatedtime in assayshat includedproteasome
inhibitor (Figures 10Band11B). Thefigure 10Cand11Crepresentheaveraggercenremaining
of CIPK3 and CIPK20 over time from two separatdrials, respectively(seealso Supplemental
Figures3-4 for CIPK 3and5-6 for CIPK20). The proteasomalependenturnoverof CIPK8 was
alsoobservedn thecell freedegradatiorassayg. Theabundancef CIPK8 decreasesignificantly
overtime in the absencef proteasomeénhibitor (Figure12A; SupplementaFigure8). Whereas
in the presencef proteasomanhibitor theabundancef CIPK8 remainsrelatively stable(Figure
12B). The graph indicates the percentremaining of CIPK8 over 90 minutes (Figure 12,

SupplementaFigure?).
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Thehalf-life for eachproteinwascalcuatedusinga proteinhalf-life calculator.The half-
life is theamountof time it takesfor theabundancef eachproteinto bedecreasedy fifty percent
(Figurel3).CIPK3andCIPK20eachhavea half-life of approximately2.5hourswhereasCIPK8

hasa shorterhalf-life of approximatel\30 minutes(Figurel3).

CIPK24is ubiquitinatedin vivo, howeverthe abundancef CIPK24 remainedrelatively
unchangedavertimein all cell freedegradatiorassaygFigure16A and16B; SupplementaFigure
9 and 10). The figure 16C is the averagepercentremainingof CIPK24 abundanceover 240
minutes.TheseresultssuggesthatubiquitinatedCIPK24is nottargetedo the 26 Sproteasoméor

degradation.

To provide further evidence for proteasome dependent turnover @li€s, cell free
degradation assays were repeated using protein extracts obtained from Arabidopsis leaf tissue
transiently expressing each YfHA-CIPK. The results show that, similar to tobacco, CIPKS3,
CIPK8, and CIPK20 are degraded by the 26S proteaswrhereas CIPK24 levels remain
relatively stable over the indicated timepoints (Figure 15). Taking these results together CIPK3,
CIPK8, and CIPK20 are regulated by the UPS as shown in tobacco and Arabidopsis, while CIPK

24 is ubiquitinated but not degradeglthe 26S proteasome.
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Figurel0. CIPK3 is Degradedby the 26SProteasome

Cell free degradatiorassaysvere performedusing proteinextractspreparedrom tobaccotissue
transientlyexpressing FP-HA-CIPK3. Assayswverewithout (-) (A), or with 50uM (+) (B) of the
proteasoménhibitor, Mg132. Theabundancef YFP-HA-CIPK3 attheindicatedtime pointswas
determinedy Westerrblot (WB) analysiswith GFPantibodiesPonceals stainingshowsprotein
loading.Thefigure (C) indicatesthe averaggyercentremaning for YFP-HA-CIPK3 ateachtime
pointfor two replicatesErrorbarsrepresenstandarcerror. Theasterisk*) indicatesa statistically

significantvariationbetweemmeanof + andi MG132treatmentithin indicatedtime points.

* P<0.01
* P<0.001
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Figurell ProteasomeDependentDegradation of CIPK20

Cell free degradatiorassaysvere performedusing proteinextractspreparedrom tobaccotissue
transientlyexpressingr FP-HA-CIPK20. Assayswerewithout (-) (A), or with 50 uM (+) (B) of
theproteasoménhibitor, Mg132.Theabundancef YFP-HA-CIPK20attheindicatedtime points
wasdeterminedoy Westernblot (WB) analysiswith GFP antibodies Ponceals stainingshows
proteinloading. The figure (C) indicatesthe averagepercentremainingfor Y FP-HA-CIPK20 at
eachtime pointfor two replicatesError barsrepresenstandarcerror. The asterisk(*) indicatesa
statisticallysignificantvariationbetweermeanof + andi MG132treatmentvithin indicatedtime

points.

* P<0.01
* P<0.001
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Figure 12. CIPK8 is Degradedby the 26SProteasomein TobaccoCells

Cell free degradatiorassaysvere performedusing proteinextractspreparedrom tobaccotissue
transientlyexpressingr FP-HA-CIPK8. Assayswerewithout (-) (A), or with (+) (B) 50 uM of
the proteasoménhibitor, Mg132.Theabundancef YFP-HA-CIPK8 at the indicatedtime points
wasdeterminedoy Westernblot (WB) analysiswith GFP antibodies Ponceals stainingshows
proteinloading. The figure (C) indicatesthe averagepercentremainng for YFP-HA-CIPKS8 at
eachtime pointfor two replicatesError barsrepresenstandarcerror. The asterisk(*) indicatesa
statisticallysignificantvariationbetweermeanof + andi MG132treatmentvithin indicatedtime

points.

.* P<0.01
* P<0.001
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Figurel3. Calculated Half-life for CIPK3, CIPK8 and CIPK20.

The figure presents the calculated half life of CIPK3, CIPK8 and CIPK20. The blue and red bars
represent CIPK3 and CIPK20 hdifie, which is approximately 1.5 hours during four houials.

The orange bar represents CIPK8, which has a shortifleatff approximately 30 minutesver

one and half hour trials. The asterisk (*) indicates a statistical significant (p< 0.005) variation

within calculated halfife for CIPK3, CIPK8 and CIPRO.
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Figureld. CIPK24 is not Degradedin Plant Cells.

Cell free degradatiorassaysvere performedusing proteinextractspreparedrom tobaccotissue
transientlyexpressingr FP-HA-CIPK24. Assayswere preformedwithout (-) (A) or with (+) (B)

50 uM of the proteasomenhibitor, Mg132. The abundancef YFP-HA-CIPKS8 (arrow) at the
indicatedtime points was determinedby Westernblot (WB) analysiswith GFP antibodies.
Ponceals stainingshowsproteinloading.Thefigure (C) indicatesheaverageercentremaining

for YFP-HA-CIPK24 at eachtime point for two replicatesError barsrepresenstandarcerror.
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Figure 15: ProteasomeDependent Degradation of CIPK3, CIPK8 and CIPK20, and
Stability of CIPK24 in Arabidopsisthaliana.

Cell free degradatioassays were performed using protein extracts prepared from Arabidopsis
tissue transiently expressing YIHA-CIPK3, YFRHA-CIPKS8, YFRHA-CIPK20 or YFRHA-
CIPK24. Assays were preformed withouj (A) or with (+) (B) 50 uM of the proteasome inhibitor,
Mg132.The abundance of YFRAA-CIPK3 (A), YFRHA-CIPKS8 (B), YFRHA-CIPK20 (C) or
YFP-HA-CIPK24 (D) at the indicated time point&s determined by Western blot (WB) analysis

with GFP antibodies. Ponceau S staining shows protein loading.
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CHAPTER FOUR: DISCUSSION

4.1. The Ubiquitination of CIPK Protein Family

The purposeof this study was to determineif regulationby the UPS is a common
occurrencen the CIPK family. The analysisdemonstratedibiquitinationof all family members
that were investigatedin the study. However, proteasomedependentdegradationwas only
observedor threeof the four kinasesexamined Ubiquitinationof CIPK3, CIPK8, CIPK20,and
CIPK24 contributesan additional layer of regulationin CIPK function. CIPK proteins are
regulatedoy CBL proteins,which bind to the NAF domainto relieveinhibition andactivatethe
kinasein responseo stressinducedincreasesn calciumlevels (Weinl & Kudla, 2009). ABA
responsiveprotein phosphatasesABI1 and ABI2, play a critical role in regulatingC 1 P KO s
activities through dephosphorylatiorof the kinasein the absenceof stress.Here we provide
convincingevidencehatCIPKsarealsoubiquitinatedn plantcellsby usingimmunoprecipitation
and ubiquitin pulldown assayscoupledwith WesternBlot analysis (Figures10 and 11). The
experimentalresults are complementedoy prediction analysis,which identified a number of
potentialubiquitinationsitesin eachCIPK (Figure9). Of theidentified predictedsites,threewere
conservedvithin thekinasedomainacrossll 26 memberof thefamily (Figure9). Regulationof
function by the UPS may be more commonin the CIPK family than previously reported.A
literature searchof high-throughputmassspectrometrystudiescenteringon the Arabidopsis
ubiquitome,identified SnRK1.1and SnRK2.4asthe ubiquitinatedproteins(Kim et al., 2013).

Thus,ubiquitinationregulateghefunctionof memberdrom all threeSnRK subfamilies.
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4.2. Ubiquitin-mediated Degradation of CIPKs

Ubiquitinationof a substrates thought to havedifferentoutcomesmostnotablytargeting
themodifiedproteinto the 26 Sproteasoméor degradationAll four CIPKsexaminedn this sudy
areubiquitinatedn plantcells. The outcomeof the ubiquitinationof CIPK3, CIPK8,andCIPK20
seemgo bedegraedby the 26 SproteasomeThe degradatiorof theseCIPKsindicatesextensive
involvementof the UPS in regulatingthe activity of SnRK subfamilymembersUbiquitination
and proteasomaldegradationof CIPK3, CIPK8, and CIPK20 are observedunder nonstress
conditionssuggestinghatthe UPSis requiredfor maintainingow abundancef thekinasesduring
favourablegrowth conditions Previousreportssupportthis hypothesisas CIPK26 degradation
mediatedoy KEG alsooccursduring non-stressconditiors (Lyzengaetal., 2013).In responséo
stressubiquitinationof CIPK couldbeinhibitedallowing theabundancef thekinaseto increase.
TheaccumulatedndactivatedCIPK would thenmediatethe requiredstressesponseUbiquitin-
dependenproteolysishasbeenimplicatedin controllingthe abundancef variouskinasesandin
providingthepropemrespons¢o particularstreses ThemammaliarAMP-activatedproteinkinase
distantlyrelatedto SNF1proteins is subjectto ubiquitin-dependentiegradatiormediatedoy the
E3 ligase Cell DeathInducing DFF45like Effector Uin orderto balancethe consumptionof
energyin plantcell (Qi etal.,2008).In ArabidopsistheSnRK1.2/AKIN11labundancés degraded
throughthe 26 Sproteasomén responséo phosphatetarvation(Fragoscetal., 2009).Theresults
of this studystronglysuggesthatthe UPSregulate<CIPK functionto maintainlow abundanceéo

inhibit activity until the plantperceivesstress
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4.3. Ubiquitin-dependent, Proteasoméndependent Regulationof CIPK24

Most ubiquitinated substrateproteins are targetedfor degradationby the 26S proteasome
However,degradationis not the only outcomeof ubiquitination; other ubiquitin substratesre
regulatedn differentways(Erales& Coffino, 2014).Ubiquitinationmayregulateproteinprotein
interaction proteinactivation,or localizationwithin the cell (Katzmannetal., 2002).Proteasome
independentoutcomes of ubiquitination are usually mediated by monoubiquitination and
polyubiquitinationthatgeneragésnon K48 linked ubiquitin chains(Schnell& Hicke, 2003).For
examplepbiquitinchainsbuilt usingK63 arelinkedto proteinrelocalizationMorenoetal.,2010.
As demonstratethy massspectrometryanalysisof the Arabidopsisproteomethe mostabundant
linkagesof thepolyubiquitnchainareK48,K63,and,K11 (Kim etal.,2013).In thisstudyCIPK24
is polyubiquitinatedhowever thekinasewasnot turnedoverin cell freedegradatiorassaysThis
stronglysuggestshatCIPK24is stablein plantcellsandnotsubjectedo proteasoral degradation.
Unlike the otherfamily membersstudied,ubiquitinationof CIPK24 mayinvolve the assemblyof
nonK48 linked ubiquitin chainssuchask63 or K11 ubiquitinrubiquitin linkages Modification of
CIPK24 may resultin changedn localizationof the kinasesor promoteinteractionwith other
proteins.Alternatively, CIPK24 may havea long half-life and any decreasen abundancenay
only be apparentduring cell-free degradatiorassayscarried out for longerthan the time (four
hours)usedin this study. Future study of CIPK24 could determinethe lysine is usedto make
ubiquitin-ubiquitin linkagesin the polyubiquitin chain. This analysiscould provideinsightsinto

the outcomeof ubiquinationandthe observedstability of CIPK24in this study.
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4.4, Summary

CIPK3, CIPK8, CIPK20, and CIPK24 are regulated by the ubiquitination pathway. The
ubiquitination of CIPK3, CIPK8, and CIPK20 results in degradation via the 26S proteasome,
possibly to maintain the kinases at low lewe avoid an unnecessary activation of stress responses
during favourable growth conditions. CIPK24 is ubiquitinated in plant cells; however, the outcome
of ubiquitination of CIPK24 does not result in degradation and remains to be determined. These

findings help to demonstrate the extent to which the CIPK family is regulated by the UPS.
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APPENDIX

The following section incldes supplement figures-(ISto S6) represent replicates, different time

points for the previous data displayed in the results section.
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Supplemental figure 1. PosfTranslational Modification Predictions of Arabidopsis CIPK3
At2g2698Q CIPK8 At4g24400, CIPK20 At5g45820, and CIPK24 At5g35410. Protein
sequence of CIPK3 (A), CIPK8 (B), CIPK20 (C), and CIPK24 (D) with predicted ubiquitination
site in lysine (K) residue, red b@&<hen et al., 2013and phosphorylation sites, which presented

in theserine (S)threonine (T) and tyrosine (Y), green box (Blom et al., 1999)
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A)
MLIPNKKLREMNRRQQVKRRVGKYEVGRTIGEGHFAEVKFARNSETGEPVALHILDREKV
LKHKMAEQIRREIABMKLIKHPNVVQLYEVMASKEKIFIILEYVEGGELFDKIVNDGRME
EDEARRYFQQOLIHAVDYCHSRGVYHRDLEPENLLLDEYGNLKIEDFGLSALSQQVRDDGL
LHTSCGEPN¥VAPEVLNDRGYDGATADMWECGVVLYVLLAGYLPFDDSNLMNL¥RKISSG
EFNCPPWLSLGAMKLITRILDPNPMTRVEPQEVFEDEWFKKD¥KPPVFEERDDENMDDID
AVFKDSEEHLVEEKREEQPAAINAFEIISMSRGLNLENLFDPEQEFKREBRIFLRGGANE
IIEKIEEAAKPLGFDVORENYKMRLENVKAGREGNLNVATEIFQVAPSLHMVQVEKSHGD
TLEFHKFYKKLENSLEQVVWENNEVKKEEAK

B)

MVVRKVGEYELGRTIGEGEFARVEFAONTETGESVAMEIVDRERE I IKRKMVDOIKREISI
MKLVRHPCVVRLYEVLASRTKIYIILEYIEGGELFDKIVRNGRLSESEARKYFHQLIDGV
D¥CHSKGV¥HRDLFPENLLLDSQGNLKISDFGLSALPEQGVTILKETCGTPNY¥VAPEVLS
HKGYNGAVADIWSCGVILYVLMAGYLPFDEMDLPELYSKIDKAEFSCPSEFALGARSLIN
RILDPNPETRIffIAEIRKDEWFLKDYEPVQLIDYEHVNLDDVEAAFDDPEEQE¥AQDGTR
DTGPLELNAFDLIILSQGLNLATLFDRGKDEMKHQTRF ISHKPANVVLSSMEVVEQSMGF
KEHIRNYKMRVEGLSANKTSHFSVILEVFKVAPSILMVDIQNAAGDAEEFLKFYKEFCSK
LDDIIWKPPDASMRNRVEKAKSKRR

C)
MDKNGIVLMRKYELGRLLGQGTFARVYHARNIKTGESVAIKVIDKQKVAKVGLIDQIKRE
ISVMRLVRHPHVVFLHEVMASKEKIYFAME¥VKGGELFDVSKGKLKENIARKYFQQOLIG
AIDYCHSRGVYHRDLPENLLLDENGDLKISDFGLSALRESHQODGLLHTECGEPARVAP
EVIGHKGYDGAKADVWSCGVVLYVLLAGFLPFHEQNLVEMYRKIEKGEFKCPNWFPPEVK
KLLSRILDPNPNSRIKIEKIMENSWFQKGFKKIETPKSPESHQIDSLISDVHAAFSVKPM
SYNAFDLISSLSQGFDLSGLFEREERSESKFFIKKDAKEIVEKFEEIATSSERFNLERSD
VGVKMEDKREGRKGHLAIDVEIFEVTNSFHMVEFKKSGGDTMEYKQFCDRELRPELKDIV
WKWQGNNNNENNEKIEVIH

D)
MTKKMRRVGK¥EVGRTIGEGTFARVEFARNEDEGDNVAIKIMAKSTILENRMVDOIKREL
SIMKIVRHPNIVRLYEVLASPSKIYIVLEFVTGGELFDRIVHKGRLEESESRK¥FQQLVD
AVAHCHCKGVYHRDLEPENLLLDTNGNLKVSDFGLSALPQEGVELLRETCGEPNE¥VAPEV
LEGOGEDGSAADIWSCGVILFVILAGELPFSETDLPGLYRKINAAEFSCPPWFSAEVKFL
IHRILDPNPTRIQIQGIKKDPWFRLN¥VPIRAREEEEVNLDDIRAVFDGIEGS¥VAENV
ERNDEGPLMMNAFEMIBLEQGLNLSALFDRRQDFVKRQTRFVERREPSEIIANIEAVANS
MGFKSHTRNFKTRLEGLSSIKAGQLAVVIEIYEVAPSLFMVDVRKAAGETLEYHKFYKKL
CSKLENIIWRATEGIPRSEILRTITF
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Supplemental figure 2. CIPK 3, and CIPK8, CIPK 20, and CIPK24 are Ubiquinated in plant

cell.

Figure AE present the second replicate (A to D) and third replicate (E) ahthenopreciptate

(IP) of CIPK3, CIPK8, CIPK20, and CIPK24. Total protein extracts from tobacco tissue
transiently expressing YFRA-CIPK were incubated with HMAeads to immunoprecipitate (IP)
YFP-HA-CIPK. Isolated proteins were subjected to Western blot (WB) analygisubiquitin

(Ub) antibodies to detect the ubiquitinated YHR-CIPK (labeled as PulDown) and GFP
antibodies to detect the presence of YR-CIPK (labeled as Total protein). Untransformed

tobacco tissue was used as a control in the experiments.
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Supplemental figure 3 CIPK3 is degraded by the 26S proteasome.

Cell free degradation assay (A) was performed using protein extracts prepared from tobacco tissue
transiently expressing YFRA-CIPK3. Assay represents a replicate that shown in Fidglre

Assay was carried out withow) (or with (+) 50 uM (+) proteasomi@hibitor, Mg132 for 240
minutes. The abundance of YAHA-CIPK3 at each replicate was determined by Western blot

(WB) analysis with GFP antibodies. Ponceau S staining shows proteingoad
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Supplemental figure 4 CIPK3 is degraded by the 26S proteasome.

Cell free degradation assay was performed using protein extracts prepared from tobacco tissue
transiently expressing YFRA-CIPK3. Assays (AC) represent three replicates cadrieut

without () or with (+) 50 uM proteasomiahibitor, Mg132 for 120 minutes. The abundance of
YFP-HA-CIPK3 in each replicate was determined by Western blot (WB) analysis with GFP
antibodies. Ponceau S staining shows protein loading. The graph (2Xésdlice average percent
remaining for YFPHA-CIPK3 at each time point for all three replicates. Error bars represent
standard error. The asterisk (*) indicates a statistically significant (p< 0.001) variation between

mean of + andl MG132 treatment withimdicated time points.
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