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1 Brassinosteroid signal transduction pathway

1.1 BRsareanew class of plant hormones

In 1970, Mitchell et al. reported unknown compounds extracted from lpegssi €a
napus L.) pollen could stimulate plant growth; and the compounds were nased a
brassins (Mitchell et al., 1970). It was not clear what the natubeassins was and how
brassins promoted plant growth. After the first brassin, brassindide (Figure 1.1)
was purified and the structure of BL was determined by X-rayysisasubsequently
(Grove et al., 1979), researchers were able to analyze ttseafobeassins in regulating
plant growth and development. To date, more than 60 branssins have bedieddzmdi
they are collectedly named as brassinosteroids (BRs) (Fujiaka 8003). The essential
roles of BRs have been demonstrated by severe phenotypes of nummer@unts in
either BR biosynthesis pathway or BR signaling pathway (Figute (Li et al., 1996;
Clouse et al., 1996; Szekeres et al., 1996). Lately, the identficafithe BR receptor
BRI1 (BRASSINOTEROID INSENSITIVE 1) (Li et al., 1997) inrébidopsis not only
dramatically accelerated the research of BR signal tranedudiut also indisputably
supported BRs as a new class of plant hormones, together with atémnown plant
phytohormone classes including auxins, gibberellins (GAs), abseisid (ABA),
cytokines and ethylene. This section will focus on the prognestsidies on BR signaling
pathway, including the processes from ligand binding, receptor actiyatawnstream
signaling and induction of BR response genes.
1.2 BRIl istheligand-binding receptor of BRs

1.2.1 BRI 1 protein structure



Arabidopsis BRI1 belongs to a protein kinase family called leudate repeat
receptor-like kinase (LRR-RLK) family with at least 223 mieers (Shiu et al., 2001).
BRI1 consists of an extracellular domain, a single-pass transraee domain and a
cytoplasmic kinase domain (Figure 1.2). As a typical LRR-RLK, BRas twenty-five
leucine-rich repeats in the extracellular domain. LRRs forralletedp-sheets connected
by a-helix, proving conformational structure for protein-protein inteoac{Bella et al.,
2008). Although the LRRs in BRI1 suggest BRI1 might interact withrgbheteins in
extracellular space, there is still no direct evidence shoBRI has any extracellular
protein interactors. LRR21 and LRR22 is separated by a 70-amidaséand. In the
cytosol, there is a Thr/Ser kinase domain, containing 11 conserved susloma
Activation of BRI1 kinase domain triggered by perception of BRag plays a central
role in initiating BR signaling cascade.
1.2.2BRsbind to BRI 1

Null BRI1 mutants show complete insensitivity to the BL treatment (Cletise.,
1996), implicating the essential function of BRI1 in BR perception. Bggubiotin-
tagged photoaffinity BL precursor castasterone, BPCS, it was deatedsthat a 94
amino acid region including the 70 amino acid island domain and ntkirfiia LRR22
within the BRI1 extracellular domain is responsible for the diB# binding (Kinoshita
et al., 2005). Thus, BRI1 has been confirmed as a ligand-binding receptor igrakng.
1.2.3 Activation of BRI 1

The kinase activity of BRI1 is negatively regulated by it®oplasmic C-terminal
tail. Deletion of a 41 amino acid fragment at the C-terminal medth BRI1 kinase

activity, as was revealed by its capability to suppress BByhthesis mutartet2 (Wang



et al., 2005a). Phosphorylation at S/T residues at C-terminalievdelto play a positive
role in BRI1 activation; mutations of certain S/T residues tonOdistal C-terminal
domain, mimicking a phosphorylation effect, dramatically incre&®id kinase activity,
suggesting the mechanism of inhibition of BRI1 activity by theei@hinal domain and
mechanism of BRI1 activation by phosphorylation in the C-terminal domain (Wahg et
2005a).
1.2.4 Guanylyl cyclase activity of BRI 1

Near the C-terminal region, BRI1 contains a guanylyl cyc(&@) domain. This
GC activity of BRI1 was confirmed by an experiment using #eombinant BRI1 GC
domain containing 114 amino acids can catalyze GTP to cGMP (Katedd., 2007).
Since cGMP acts as a secondary messenger in multiple isggnthways such as
stresses and hormones, it suggests cGMP may play a role in BR signaling.
1.2.5BRI1 endocytosis

BRI1 was observed to be endocytosed from plasma membrane into endosomes
(Russinova et al., 2004). The endocytosis of BRI1, however, is independ&R of
treatment or BR deficiency. Brefeldin A (BFA), a proteimsport inhibitor, treatment
resulted in an accumulation of BRI1 in endosomes. The BR signhtimggver, was not
blocked, indicating endosomal BRI1 is active (Geldner et al., 200 Mwutated BRI1
protein, bril-9, is retained in endoplasmic reticulum (ER), leadiragtypical BR mutant
phenotype (Jin et al.,, 2007). With the help of a UGGT (UDP-glugh®eprotein
glucosyltransferase), bril-9 protein was relocated to plasma memimank,suppressed

the bril mutant phenotype. This result implicated BRI1 can initiate d8fhaling in



endosomes but not in ER (Jin et al., 2007). However, the reason of BiRidy#osis is
still unknown.
1.3 BRI l-interactors
1.3.1 BAK1
1.3.1.1 Identification and structure of BAK1

BAK1 (BRI1 ASSOCIATED RECEPTOR KINASE 1) was identified a BRIl
kinase domain interactor by a yeast-two hybrid screen (Nah, &002) and &aril-5, a
BRI1 weak mutant, genetic suppressor by an activation tagging Streenal., 2002).
Like BRI1, BAK1 is also a LRR-RLK, containing an extracellud@mmain with only five
LRRs, a transmembrane domain and a cytoplasmic Thr/Ser kinasend&ingarre 1.3).
Adjacent to the signal peptide, there is a leucine-rich domaiedckdlcine zipper with
the pattern Lx6LX6Lx6L. Leucine zipper motif contains leucingdiges at every seven
amino acid residues, providing the conformational structure to forneip+ptotein
interaction throughu-helix (Landschulz et al., 1988). SERK1, a BAK1 paralog, interacts
with another SERK1 molecule to form a homodimer. The homodimerization of SERK1 is
reduced when the extracellular leucine zipper is deleted, timdickeucine zipper is
essential for homodimerization. Following the leucine zipper moiifet are five LRRs.
There is a unique proline-rich region between five LRRs and @hsrtrembrane domain.
Proline-rich motif creates flexibility to extracellular domauring the signal perception.
BAK1 protein has a typical Thr/Ser protein kinase domain, containinghadacteristic
subdomains.

1.3.1.2 BAK1linteractswith BRI1toregulate BR signaling



Overexpression oBAK1 suppressesd the dwarfed phenotype of a week5
allele but not a nulbril-4 allele (Li et al., 2002), suggesting the role BAKL in
mediating BR signaling is dependent on a functioBRl1. The in vivo interaction
between BRI1 and BAK1 was demonstrated by the dominant negative phenotys result
from the overexpression of a kinase dead fornBAK1 (mBAK1) in bril-5 (Li et al.,
2002); and the co-immunoprecipitation result showing BRI1 interactdd BAK1 in
vivo (Li et al., 2002; Nam et al., 2002). BAK1 and BRI1 can also phosphorylate ea
otherin vitro andin vivo. Further analyses indicated the interaction between BRI1 and
BAK1 was dramatically enhanced by BL treatment and the phosphoryl&vels of
BRI1 and BAK1 were also stimulated by BL (Wang et al., 2005b).eSa®AK1 single
mutant did not show the dwarfed phenotype as sevdrd lasull mutant does (Li et al.,
2004; He et al., 2007), it was assumed that therdAKeL homologous genes playing
redundant roles witBAK1 in BR signaling.
1.3.1.3 BKK1, the closest paralog of BAK1, plays a redundant role with BAK1 in BR
signaling

BKK1 (BAK1-LIKE 1), also known a$ERK4, was proven to function in the BR
signaling pathway in a way similar 8AK1 (He et al., 2007). BKK1 is the closest
paralog of BAK1, sharing 82% amino acid identity. BKK1 ailsteracts with BRIlin
vivo and the interaction is stimulated by BL. In addition, the kinaseitgcof BKK1 also
can be regulated by BL. Althoudgakl andbkkl single mutants do not obviously show a
typical bril mutant phenotypepakl bkkl double mutant exhibits a de-etiolation
phenotype with opened cotyledons when grown in dark, a typical BR metpunse,

further suggesting the roles BAK1 andBKK1 in BR signaling.



1.3.1.4 The interplays of BR signaling and other pathways regulated by BAK1 and
its paralogs
1.3.1.4.1 bak1 bkk1 double null mutant islethal
Besides showing somleril mutant phenotypebakl bkkl double mutant also

exhibits a spontaneous cell death phenotype that is not observedathani3R mutants
(He et al.,, 2007), including BR deficient and BR signaling mutafnke cell death
phenotype ofbakl bkkl double mutant is not observed until 5 days after germination
(DAG). Lesions on the cotyledons of tiakl bkkl start emerging around 7 DAG.
Accompanied with the cell death are the accumulation of ROS, degasailose, and
up-regulation of defense-related genes. Introduction of NahG genallpatippresses
bakl bkkl cell death phenotype, suggesting the salicylic acid (SA) langnpathway is
partially related to the cell death in the double mutant (He et al., 2007).
1.3.1.4.2 The cdl death in bakl bkk1l double mutant is independent of BR signaling
pathway

The spontaneous cell death phenotype seeaki bkkl double mutant is opposite
to BR mutant phenotype that usually shows dark-green leaves, detestesnce, and
prolonged life span. The up-regulation of defense-related genes, sbBii,d3R2, PR5,
ACS2, and ACS5, observed inbakl-4 bkkl-1 double mutant was not seen or showed
opposite expression patterns nil-4 mutant (He et al., 2007). These observations
implicate the BAK1/BKK1-controlling cell death is BR signaling-independebakl
single mutant developed a runaway cell death (RCD) phenotype upondamtéungal

pathogen infection, whereas the BL treatment cannot rescue theedgsanotype, also



supporting that thBAK1-controlling cell death pathway is BL-independent (Kemmerling
et al., 2007).

1.3.1.4.3 BAK1lisinvolved in an FLS2-mediated innate immunity response pathway

The recognition of pathogen-associated molecular patterns (PAMyS)
corresponding cell surface receptors initiates PAMP-trigg@redunity (PTI). FLS2
functions as the receptor of bacterial flagellin. A 22-aminal @&ptide conserved in
flagellin, flg22, is sufficient to trigger PTI through FLS2-meddh pathway (Gomez-
Gomez et al., 2000). Recently, two groups reported simultaneouslyB#&kal was
involved in FLS2-mediated plant defense pathway. BAK1 interactéu MiS2in vivo
upon flg22 treatment anbtakl-4 showed reduced sensitivity to the flg22 treatment
(Chinchilla et al., 2007; Heese et al., 2007).
1.3.2BKI1

Through a yeast-two hybrid screen, BKI1 was identified as amactte of BRI1
kinase domain (KD) via BKI1’'s C-terminal region (Wang et 2006). Overexpression
of BKI1 resulted in a dwarfed phenotype similar tbrél mutant and showed reduced
accumulation of phosphorylated BES1, a BR downstream signalingriggion factor.
In absence of BRs, BKI1 interacts with BRIfh vivo; whereas, BKI1 is rapidly
disassociated from BRI1 complex upon BL treatment. The BL-dependent refdasE
from BRI is thought to be an essential process to activate BRI&h allows BAK1 to
associate with BRI1. Transphosphorylation between BRI1 and BAK1l kioi@as@ins
activates their downstream substrates, triggering intracelliRasignaling.

1.3.3BSKs



By using two-dimensional difference gel electrophoresis (ABH), BSK1 and
BSK2 were identified as early BR-regulated proteins (Tangl.et2008). BSK1 and
BSK2 belong to a receptor-like cytoplasmic kinase subfamily RIXIK-Co-
immunoprecipitation assay showed the interaction of BRI1 and BSKihdfomore,
BSK1 Ser-230 was phosphorylated by BRilvitro, suggesting BSK1 is a substrate of
BRI1. Lost-of-function ofBSK3, a paralog oBSK1 and BXK2, showed reduced BR
sensitivity; overexpression dSK3 partially suppressetril null mutant but nobin2
mutant, indicating BSKs function as downstream components of BRI1 buktapst
components of BIN2. However, no evidence has proved BINZ2 is the directaselust
BSKs; and whether and how BR signaling is transduced from B&SB$N2 is still not
understood.
134TTL

Transthyretin-Like (TTL) protein was identified as a BR#leracting protein
through a yeast-two hybrid screen by using BRI1 kinase domabaiagNam et al.,
2004). N-terminus of TTL is involved in the interaction with BRI1. @x@ression of
TTL resulted in a growth inhibition, whereas ttte mutant showed opposite growth-
promoting phenotype. AlthoughTL overexpression line antl mutant show some
different phenotype compared to wildtype, more evidence is needpbte TTL is
involved inBRI1-mediated BR signaling.

1.35 TRIP-1

In mammals, TRIP-1 is involved in T@Psignaling, acting as the substrate of

TGFJ type 1l receptor kinase. Arabidopsis TRIP-1 can be phosphorylatedRby &

three sites, Thr-14, Thr-89 and Thr-197/Ser-198 (Ehsan et al., 2005). Co-



immunoprecipitation array revealed TRIP-1 had interaction with BRRiivo. However,
like TTL, there is no evidence showing TRIP-1 connects BR rec&dt with BR
downstream components BIN2 or BSU1; and the function of TRIP-1 in &falsig
pathway is not confirmed in plants.
1.4 BR downstream signaling

BZR1 and BESL1 are two BR downstream transcription factors, yalgitiegulated
by BR signaling. Through DNA binding domain, BZR1 directly intésawith the
CGT(T/G)G sequence of the promoters of BR feedback-regulateginbiesis genes,
such adDWF4, CPD, ROT3 andBR60X, acting as a repressor (Wang et al., 2002; He et
al., 2005). As a paralog of BZR1, BES1 binds to BIM1, a basic htmp-helix
transcription factor, and its homologs, BIM2 and BIM3. The BES1/Btivhiglex binds
to the E box (CANNTG) of the promoters of BR-induced genes (ah 2005). BZR1
and BES1 are regulated by a glycogen synthase kinase-3 (&8K)rAase named BIN2
(BRASSINOSTEROID-INSENSITIVE 2) in a post-translatioteel (Yin et al., 2002;
He et al., 2002). BIN2 is negatively regulated by BR signalimgt @n2-1, a BIN2
dominant mutant, showshail-like dwarfed phenotype and blocked feedback regulation
of BR biosynthesis genes (Mathur et al., 1998). BIN2 phosphorylates BARBES1
and the phosphorylated BZR1 and BES1 are unstable and are likenized by E3
ligase then degraded through an E3-mediated ubiquitin-dependenn piletgiadation
pathway. Phosphorylated BZR1 also binds to phosphopeptide-binding proteins, 14-3-3,
leading to accumulation in the cytoplasm and inhibition of BZR1 functi@am(pala et

al., 2007). Playing an opposite role with BIN2, a Thr/Ser phosphataS&)1,B

10



dephosphorylates BZR1 and BES1 and stabilizes both transcriptiorsf@dimma-Garcia
et al., 2004).
1.5 Current model for BR signaling

BRs are perceived by two plasma membrane-localized LRRsRIBRI1, and
BAK1. BRI1 functions as a ligand-binding receptor; whereas BAK1 actcaseceptor.
BR binding to BRI1 releases BKI1, a BRI1 kinase domain-binding profeom BRI1
complex and the conformational change subsequently leads to BRI1 autophosphorylation.
The phosphorylation activates BRI1 kinase domain that interacts BAKL kinase
domain to form BRI1-BAK1 heterodimmer complex. Transphosphorylation leetwe
BRI1 and BAK1 initiates BR signaling cascade. BIN2 phosphorytatesBR-regulating
transcription factors, BZR1 and BES1. Phosphorylated BZR1 and BESdegraded
through E3-mediated ubiquitin-dependent protein degradation pathway. A ptasspha
BSU1, dephosphorylates BZR1 and BESI1, stabilizes both transcripticorsfeand
maintains their normal functions. BZR1 acts as a repressogutatang BR biosynthesis
genes; and BES1 promotes the expression of BR-induced genes. Altheaghty of
proteins have been identified to interact with BRI1, such as TTUP-IRand BSKs,
there is still no evidence to show any BRI1-interacitng proteamnecting BRI1/BAK1
with BIN2 or BUS1. (Figure 1.4)
1.6 Per spectives

Identification of a secreted serine carboxypeptidase, BRS1, iBRhaignaling
pathway suggested a proteolytic protein modification proceeding B&nigi to BRI1
may be necessary (Li et al., 2001). One possible function of BR8Heégrade a steroid-

binding protein MSBP1 and releases free BRs that can be usegher AR signaling. It
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is equally possible that BRS1 is to degrade a BRI1-binding proupying the BR-
binding site in order to make BR perception possible (Figure 1.4).rtheless, these
hypotheses need to be further tested in the future.

One of the major questions in BR signal transduction is what th&oreship
between BRI1 and BAK1 is. As a co-receptor of BRs, BAK1 does@&e to interact
with BRs directly. This raises a question that whether BAK1 fanstas an essential
regulator in BR signaling or alternatively BAK1 only sesvas an enhancer of BRIl
kinase activity. Wang et al. reported even inltbkl bkkl double mutant, BRI1 was still
active and BR signaling pathway was intact. The authors propogedlttiteugh BAK1
can enhance BR singling pathway by tansphosphorylating BRIInat isssential for BR
signaling pathway. Nevertheless, given the fact Bfd{1 has three additional paralogs
besidedBKK1, and they might play redundant roles Ww#AK1 in BR signaling as well, it
prompts us to investigate the functions of ofB&K1 paralogs in BR signaling.

Although a number of proteins were identified as BRI1 substrateBRii-
interactors, such as TTL, TRIP-1 and BSKs, the immediate apstregulator of BIN2,
however, is not identified yet. The development of new approaches, s®ih-REE
which was recently used to successfully identify BSKs (Tan@glet2008), in BR
signaling research provide alternative opportunities to discovew megulatory
components, filling gaps of the BR signaling pathway.

2 ROSin plants

ROS (reactive oxygen species), which include superoxide radigaogen
peroxide and singlet oxygen, are ubiquitous molecules produced as exjwemse of

normal cellular metabolisms. In green plants, ROS are continuqusiguced as
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byproduct of several physiological processes, such as photorespiraton
photosynthesis (Foyer et al., 1994). In addition, ROS also act @aalisgg molecules
produced during biotic and abiotic tresses, regulating plant respoasesribus
environmental challenges (Elstner et al., 1991; Malan et al., 199G dPeasal., 1994;
Tsugane et al., 1999).

2.1 Generation of ROS

2.1.1 ROS are byproducts of normal physiological processes

ROS are produced continuously during photosynthesis, a plant unique anékssent
physiological process. In chloroplasts;(Hloses an electron and is oxidized tg i®
photosystem Il (PSIl). Through electron transport, the PSIl complesepalectrons to
photosystem | (PSI), where the electrons are used to oxidize O~ O*-is unstable
and is rapidly catalyzed by superoxide dismutase to fow@,.HPSI also transfers
electrons to NADPto generate NADPH and eventually produce glycolate. Glycolate is
relocated to peroxisome where it is oxidized by glycolatelase to produce J9..
(Figure 1.5)

In mammals, respiration is the major resource of ROS thapracduced in the
mitochondria. However, the contribution of mitochondria to ROS generaticaiatively
low in plants due to two reasons: one is the production of ROS in chistoEaelative
high in green plants (Purvis et al., 1997); the second reason i=8enpe of alternative
oxidase (AOX) in plant mitochondria, catalyzing the reduction gfgénerated during
electron transport (Wagner et al., 1995; Maxwell et al., 1999).

2.1.2 ROSaretriggered by stresses
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As signaling molecules, ROS are rapidly generated in responsgious stresses:
biotic stresses (attacks by other organisms, such as baategaahd virus) and abiotic
tresses (environmental challenges, such as high/low temperaturehtdneagnding and
high light etc.).
2.1.2.1 Biotic stresses

In plants, recognitions of PAMPs by corresponding receptors tadgenate
immunity responses. In Arabidopsis, cell surface RLKs were ftkohtas pathogen
receptors, such as FLS2, a receptor of bacterial flagellin é2ddomez et al., 2000);
and EFR, a receptor of bacterial PAMP EF-Tu (Zipfel et 2006). The activation of
disease resistance response pathways lead to enhanced aftiglgsma membrane
localized enzyme NADPH-oxidase that utilizes NAD® produce @ (peroxide radicals)
in apoplast (Sagi et al., 2001). Sinc& i® a strong oxidizer and highly toxic to pathogens,
plants are able to protect themselves from biological invasiarsing ROS as weapons.
O is unstable and is rapidly dismutated intgOh that can diffuse into the cell. This
rapid accumulation of ROS is called oxidative burst (Apostol .et1889). The highly
accumulated bD, in the cell ultimately cause programmed cell death (PCDBW@&I et
al., 1999; Dangl et al., 2001), known as hypersensitive response (HR)g&huth et al.,
2002). By this strategy, on one hand, plants use ROS to kill invading pathogethe
other hand, ROS work as signaling molecules to trigger HR, sawgifinfected areas to
protect surrounding tissues and limit pathogen movement and spreaidiung (E6a). In
some cases, if a plant fails to control HR in a limited ateacell death will be spread
out to the whole tissue, known as runaway cell death (RCD).

2.1.2.2 Abiotic stresses
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In abiotic stresses, intracellular ROS level is also erdthncROS are mainly
produced in chloroplasts and mitochondria in the electron transportniragoto biotic
stresses, the increased ROS levels are negatively regulaiR@®P scavengers that are
involved in the removal of ROS in cytosol and specific organeR€3S-scavenging
pathway is up-regulated by ROS signaling, suggesting a felediegulation of ROS
signaling in abiotic stresses. Cell death can also be triggérihe ROS-scavenging
system fails to detoxify excessively accumulated ROS. (Figure 1.6b)

2.2 ROS-scavenging pathways

As strong oxidizers, ROS are toxic to plant cell. Thereforegthmust be a system
continuously removing ROS to maintain a steady state redox (redogiotation)
homeostasis in a plant cell. Different mechanisms contribute t8 B&oxification,
including antioxidants, such as glutathione and ascorbate, and ROSegogw@mzymes.
In Arabidopsis, five major groups of ROS-scavenging enzymesnamdved in ROS
metabolism, including SOD, CAT, APX, GPX and PrxR. (Figure 1.7)

2.2.1 SOD (superoxide dismutase)

SOD catalyzes superoxide, which is highly toxic and unstable, ipdoogen
peroxide (HO,). H.O; is more stable and steadily diffuses membranes and can be furthe
reduced by other mechanisms. No antioxidants are needed in this process.

2.2.2 CAT (catalase)

CAT reduces B, into HO and Q. There are no antioxidants involved in CAT-

mediated HO, removal.

2.2.3 APX (ascor bate peroxidase)
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By wusing an antioxidant ascorbate, APX catalyzesOH to HO,
monodehydroascorbate (MDA) and dehydroascorbate(DHA). MDA and [Hf&
catalyzed by MDA reductase (MDAR) and DHA reductase (DhA&spectively to
regenerate ascorbate.

2.2.4 GPX (glutathione peroxidase)

With the help of antioxidant glutathione (GSH), GPX catalyzeg®,Ho H,O and
oxidized glutathione (GSSG). GSH is regenerated from GSS@8yzad by glutathione
reductase (GR)
2.2.5PrxR (peroxiredoxin)

Using HO, as oxidant regent, PrxR oxidizes the thiol groups of cysteinguess
to form disulfides. The state of thiol-disulfide of proteins retpddy ROS is believed to
be essential for redox sensing mechanism.

2.3 ROS signaling pathway
2.3.1 Two-component histidine ROS sensor in prokaryotes

In prokaryotes, ROS signals are perceived by a two-componentisigagstem,
including a plasma membrane localized histidine kinase (as a ROS sensorggpoinse
regulator (Quinn et al., 2002; Whistler et al., 1998). Upon oxidative stitmigtidine
kinase is autophosphorylated at a histidine (H) residue and subsegaetntbtes a
response regulator by transferring the phosphoryl group to the aspaljtatsi@ide of the
response regulator. The activated (phosphorylated) response regatdasoras
transcription factors, promoting the expression of ROS-responses.géneplants,
although there are two-component histidine kinases identified (Hetaalg, 2002), it is,

however, still unknown whether these histidien kinases are involved in ROS sensing.
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2.3.2 MAP kinasesareinvolved in ROS signaling in plants

Mitogen-activated protein kinases (MAPKSs) are involved in multiplgnal
transduction, including stress signaling, hormone signaling and disessstant
pathways in yeast (Gustin et al., 1998). In Arabidopsis, two MAPKSs, 3/&it MPK®6,
showed responses to,® treatment (Kovtun et al., 2000).,8, treatment rapidly
increased the kinase activity of MPK3 and MPK6. The activatiomesliated by a
mitogen-activated protein kinase kinase kinase (MAPKKK), APNL1, upstream
regulator of MPK3 and MPKG6. Constitutively active ANP1 mimicsOH effect,
promoting the expression of,8,-inducible stress-response genes, indicating a central
role of MAPK cascade in ROS signaling.

ANP1-MPK3/MPK®6 cascade initiated by,®&, eventually regulates the expression
of defense genes and blocks auxin signaling, suggesting thelagtéetween oxidative
stress and hormone signaling pathway. Arabidopsis NPR1 protein, igls$entSA
signaling, is regulated by redox homeostasis (Mou et al., 2003). RiRdins form
oligomers, localized in cytoplasm and connected by intermolecudaifide bonds at
cysteine residues. Antioxidant glutathione, ROS scavenger andbdugh of ROS
metabolism, reduce disulfide bonds to thiol groups, disuniting NPR1 okgtoedPR1
monomers that are moved into nuclear and lead to induction of pathdgeearéPR)
genes and initiation of oxidative burst.

2.4 Conclusions and per spectives

Different from animals, plants are not capable of escaping fumhesirable

environments. During the evolution, plants have developed unique ways to sarvive

hostile conditions. As side product of normal plant physiological psesess well as
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signals triggered during a variety of environmental stresses, [R&y essential roles in
orchestrating essential physiological metabolisms and plagtsmonment
communications. ROS, toxic to plant cells when they exceed reltaels, are
continuously produced during photosynthesis, photorespiration and respiration. On the
other hand, the produced ROS by different metabolisms are rapidlyifeetoly
different mechanisms with the help of a variety of antioxidantswe as ROS
scavenging-enzymes, maintaining a steady state redox honeostaa cell. The
balanced redox homeostasis can be impaired by rapid accumulaiRidS)fa response
to a variety of biotic and abiotic stresses, known as oxidative. Atras, ROS play as
signal messengers involved in multiple signaling pathways, modulkatizgme activity,
regulating gene expression and ultimately showing stress respensh as callose
deposit, induction of PR genes and hypersensitive response. Thalksobstween ROS
signaling and plant hormone signaling pathways, such as auxin anthdsts®id (BR)
pathways, suggest the hormones are engaged in regulating inteacedidibx state in
plant growth and development.

Although MAPK cascade is known to be involved in ROS signaling sémsing
mechanisms of ROS are largely unknown in plants. The mechanism&k@&vare
sensed can be further investigated. One possible mechanism mighvdbeed in
oxidation of thiol groups in cysteine residues to form disulfide bomaisrmhay be intra-
molecular or inter-molecular. Subsequent structure conformationajetan formation
of hetero/homo-polymers activate downstream signaling mediated by APNB/&IRKd

ultimately regulate the expression of ROS-inducing genes. A nuohlbtrKs, including
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BAK1 and BKK1, contain cysteine pairs in the extracellular damaroviding a novel

avenue to examine the mechanism of ROS-sensing in plants.
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det2-28

Figure 1.1 BL structure and representative BR mutants (Adapted frammdGou, 2007).

More than 60 BRs are identified in plant. Brassinolide, the mosteaBtR, is a C28
steroidal lactone. BR mutants, either signal transduction mutamis5) or biosynthetic
mutants @et2-28) show similar defective phenotypes.
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Signal peptide —
Leucine zippers —)-

Paired cysteines LRR1-LRR21

«—— 70-3a island
~ - LRR22-LRR25

Transmembrane domain ——> |
Juxtamembrane region ——

= Thr/Ser kKinase domain

C-terminal region ——

Figure 1.2 Structure of BRI1 protein. BRI1 is a LRR-RLK (1196 aa). It con&inskRs
in extracellular domain, separated by a 70-amino acid island704aenino acid island
with C-terminal flanking LRR22 is responsible for ligand-bindindRIB contains a
typical Thr/Ser kinase domain. C-terminal region negatively réggl®8RI1 kinase
activity.
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Signal peptide
L g —
Leucine Zippers ——> fd
] } LRR1-LRR5

. 3 ] 6—_ = _ g -
Transmembrane domain—— | Proline-rich region

Juxtamembrane region —>

—

= Thr/Ser kinase domain

C-terminal region——
Figure 1.3 Structure of BAK1 protein. BAK1 is a LRR-RLK (615 aa)xdnsists of an
extracellular domain with only five LRRs, a transmembrane domatha cytoplasmic
kinase domain. Leucine zipper motif provides the structural basiprégein-protein
interaction. Unique proline-rich region creates flexibility tdrazellular domain during
the signal perception. BAK1 has a typical Thr/Ser kinase domain.
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Figure 1.4 Current model for BR signaling pathway. BRs areepeed by BRI1 and
BAK1. BR binding to BRI1 releases BKI1 from BRI1 complex amdds to BRI1
autophosphorylation. The phorphorylation activates BRI1 kinase domain thaciate
BAK1 kinase domain to form heterodimmer complex. Interaction and
transphosphorylation between BRI1 and BAKL initiate BR signalingacks BIN2
phosphorylates BZR1 and BES1, BR-signaling-regulating transmmiféictors, and the
phosphorylated BZR1 and BES1 are degraded through E3-mediated ubigpéirddst
protein degradation pathway. BSU1 dephosphorylates and stabilizes &tRBES].
The gap between BRI1/BAK1 to BIN2/BSU1 is still mysterious. écreted serine
carboxypeptidase, BRS1, is hypothesized to function in the modificateneding BR
binding to BRI1, either by degrading a steroid-binding proteinyoddgrading a BRI1-
binding protein occupying BR-binding site.

23



Cyt b6f
Hzo 0> Glyoxylate

Peroxisome

Chloroplast

Figure 1.5 ROS are generated in chloroplast and peroxisome during pilo&sssy.
Under light condition, KO loses electrons in PSIl. Electrons are transferred to PSI,
where Q is oxidized into superoxide radicals @ and the superoxide radicals are
dismutated into hydrogen peroxide ;(). Glycolate, one photosynthesis product, is
relocated into peroxisome where glycolate can produce.H
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Figure 1.6 ROS are triggered under biotic and abiotic tregstespled fromApel and
Hirt, 2004). (A) Recognitions of invading pathogens by cell surfaceptecg activate
NADPH-oxidase that produces,On apoplast, trying to kill the pathogens, Qs
dismutated into kD, that can diffuse into the cell. The highly accumulate@Hn the
cell ultimately cause programmed cell death (PCD), knownypsriensitive response
(HR). The down-regulation of ROS-scavengers facilitates thisepsodB) In abiotic
stresses, intracellular ROS level is also enhanced. The sedreROS levels are
negatively regulated by ROS scavengers, which are up-regutatéusiprocess. Cell
death can also be triggered if the ROS-scavenging systesntdailetoxify excessively
accumulated ROS.

PCD
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Figure 1.7 ROS scavenging system (Modified fréypel and Hirt, 2004). ROS are
removed by five groups of ROS-scavenging enzymes: SOD, CAR, ARX and GPX.
ROS are presented in orange and enzymatic ROS-scavengereserted in red. ROS
scavengers reduce ROS with the help of antioxidants (presented in blue
regeneration of antioxidants is catalyzed by the enzymes presented in green
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Chapter 11

BAK 1 and BKK1, Two Arabidopsis L RR Receptor-Like Protein

Kinases, Regulate BR-mediated Growth and BR-Independent Cell

Death Pathways
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1 Summary

Brassinosteroids (BRs) are phytosteroid hormones controlling various physablogi
processes critical for normal plant growth and development. BRpaeived by a
protein complex containing two transmembrane receptor kinases, RASTEROID
INSENSITIVE 1 (BRI1) and BRI1-ASSOCIATED RECEPTOR KINESL (BAK1) (Li
et al., 1997; Li et al., 2002; Nam et al., 200BRI1 null mutants exhibit a dwarfed-
stature with epinastic leaves, delayed senescence, reducecenibfg-fand altered light
responses. BAK1 null mutants, however, only show a subtle phenotype, suggesting
functionally redundant proteins may be present in Arabidopsis genome. Here we
report BAK1-LIKE 1 (BKK1) functions redundantly with BAK1 in regulating BR
signaling. Surprisingly, rather than the expedigd-like phenotypepakl bkkl double
mutants exhibit a seedling lethality phenotype due to constitutivensief gene
expression, callose deposition, reactive oxygen species (ROShwaeton, and
spontaneous cell death under sterile growing conditions. Our detalagses
demonstrate that BAK1 and BKK1 have dual physiological roles:ipelsitregulating a
BR-mediated plant growth pathway, and negatively regulatiigRandependent cell
death pathway. Both BR signaling and developmentally-controlled ceh dea critical
to optimal plant growth and development, but the mechanisms regutatitygevents in
these pathways are poorly understood. This study provides novel ingigitshe
initiation and crosstalk between both signaling cascades.

2 Results
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The model planfArabidopsis contains a large family of proteins called leucine-
rich repeat receptor-like protein kinases (LRR-RLKS). A typidaR-RLK contains an
extracellular LRR domain and a cytoplasmic serine/threonine&kih@sain separated by
a single-pass transmembrane domain. The extracellular domenaimdy involved in
ligand binding and signal perception, and the cytoplasmic domain psnsble for
downstream signal transduction. There are at least 223 LRR-RLK®Arabidopsis
genome (Arabidopsis Genome Initiative, 2000), only a handful of which hege b
functionally characterized. Those characterized have been shovaytoritical roles in
regulating various processes directly modulating growth and devetbpiae well as
immunity responses (Becraft et al., 2002; Dievart et al., 2004; Mailgal., 2006). The
discoveries of two LRR-RLKs, BRI1 and BAK1, in controlling thelga&vent of the BR
signaling pathway, suggested that the heterodimerization dinalisLRR-RLKs
following ligand binding could be a central paradigm in the activabbhRR-RLK-
mediated signaling cascades (Li et al., 1997; Li et al., 2002; Nam et al., 2002).

The biological significance of BRI1 has been well documented bgriassof
elegant genetic and biochemical studies. Genetic analyses @adibatbril null alleles
are extremely dwarfed and insensitive to exogenous brassinBligetie most active
BR, but remain sensitive to other known phytohormones (Clouse et al., 199&i)hdB
analyses demonstrated that the 70-aa “island” segment and "theRR of the BRI1
extracellular domain together confer BR binding activity (Wangl.e 2001; Kinoshita et
al., 2005), whereas the kinase domain of BRI1 activates downstreapoments by
protein phosphorylation. BAK1 is a member of a distinct LRR-RILLKfamily that

contains only 5 LRRs and lacks the “island” region within its LRB&K1 physically
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interacts with BRI1in vivo (Li et al., 2002; Nam et al., 2002; Russinova et al., 2004). In
addition, BRI1 and BAK1 are able to phosphorylate each other. Both thactnde and

the phosphorylation of BRI1 and BAK1 are BR-dependent (Wang et al.,.200bke
BRI1, however, null alleles of BAK1 display subtiei1-like phenotypes, suggesting at
least one additional protein Arabidopsis is functionally redundant with BAK1 (Li et al.,
2002; Nam et al., 2002).

To identify the presumed BAK1 functionally redundant protein(s), th&K BA
sequence was used to search Mnabidopsis database for related paralogs. BAKL1
belongs to the LRR type Il subfamily containing 14 members (8hal. 2001), five of
which were previously named SERK1 to SERK5 (Figure 2.1A; (Hecht., 2001)) due
to their protein structure similarity to the carrot DcSER8cHmidt et al., 1997).
Phylogenetic analysis indicated that SERK4 and SERKS aravthelbsest paralogs of
BAK1/SERK3 (Figure 2.1A), and they may have biological functianslar to BAK1.
Since overexpression &AKL1 is able to suppress a webkil allele, bril-5 (Li et al.,
2002), it was predicted that BAK1 redundant gene would also suppréssl-5
phenotypes when overexpress88RK4 andSERKS were subsequently transformed into
bril-5 to test whether they can supprbesd-5 upon overexpression. LIKRAK1, SERK4,
but notSERKS5, was able to partially rescupeil-5 when overexpressed (Figure 2.1B and
2.1C). SERK4 was subsequently renamB&K1. Further analyses indicated that Col-0
SERKS5 bears an amino acid substitution of Leu for Arg at position 4®invihe critical
“RD” kinase motif which may block its function in the BR signalpathway (Figure 2.6;
(Dardick et al., 2006)). Interestingly, the same mutationweagound in SERKS5 from

otherArabidopsis ecotypes such as WS2 (data not shown).
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To examine the genetic significance of BAK1 and BKK1 ina& physiological
setting, single T-DNA knock-out lines were isolated from SALHONA insertion pools.
Several knock-out lines were obtained for both genes. Only the lireslglirelevant to
this work are shown (Figure 2.2A). Whered®AK1 null allele,bak1-4, showed a subtle
bril-like phenotype, 8KK1 null allele,bkkl-1, did not exhibit any defective phenotypes
(Figure 2.2Bto 2.2E). The double null mutantsakl-4 bkkl1l-1, however, illustrated
extremely dwarfed phenotypes, distinct from typiball null mutants such alsril-4.
During the first 4 days after germination, the double null mutant show observable
defective phenotypes compared to wild-type plants. A week dftergérmination,
however, shoot apical meristem (SAM) growth of the double mutardsaloompletely
ceased (Figure 2.7). Ten days after germination, the seedlingedleany senescence
symptom starting at the cotyledons. Careful analysis dirgms from the progeny of
bakl-4 (+/-) bkkl-1 (-/-) or bakl-4 (-/-) bkkl-1 (+/-) plants failed to identify any
abnormal embryos during embryogenesis. It was expected that 254 eimbryos
would be aberrant ibak1-4 bkk1-1 double mutations did affect zygotic embryogenesis.
The onset of seedling lethality is, therefore, a post-embryonimopyyee likely controlled
by unknown developmental cues. The phenotypes observed in the double mar&ant w
reproduced using differeriakl and bkkl allele combinations from Col-0 background
(Figure 2.8), and were restored to wild-type-like seedlings pyessing eitheBAK1 or
BKK1 (Figure 2.2F to 2.2G). Various genetic segregation analyser demonstrated
that the observed phenotype was solely caused by the ddakte and BKK1 knock-

outs (Table 2.1).
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The overexpression @KK1 suppresselril-5 phenotypes suggesting that BKK1
has a role in BR signal transduction. To further substantiatieiticion of BKK1 in the
BR pathway, a series of tests were conducted. To bedKK4 kinase-dead mutant
mBKK1 (K322E) was generated and introduced iotid-5. Over 50% of the transgenic
plants displayed dominant-negative phenotypes, with phenotypic seyeasiyively
correlated with the expression levels of the transgene (FijB8feto 2.3B). The most
severe plants resembled the phenotypes oftnidl] characterized by extreme dwarfism
and complete male sterility (data not shown). The observed domirgativees
phenotype suggested that BKK1 may interact with BRNivo, which was subsequently
confirmed by a co-immunoprecipitation analysis using transgenicsplearboring35S-
BKK1-GFP and35S-BRI1-FLAG (Figure 2.3C). The interaction was greatly enhanced by
exogenously applied BL. Moreover, biochemical analysis indic#tatl thein vivo
phosphorylation levels of BKK1 were also regulated by exogenouslyedpBli (Figure
2.3D), similar to that of BAK1 (Wang et al., 2005) and BRI1 (FiguBE). Depletion of
endogenous BRs by treatidgabidopsis seedlings BKK1-GFP in bakl-4 bkkl-1, or
BRI1-GFP in Col-0) with the specific BR biosynthesis inhibitor brassinaZ&@RZ,
(Asami et al., 2000)) for a week showed basal levels of threonine phyispioorin both
BKK1 and BRI1. A 90-minute treatment of these BRZ-pretreatstilings with BL
greatly increased phosphorylation levels on their threonine residiesse results
demonstrated that BKK1 is truly a functionally redundant proteinAKB To examine
whether the BR signaling is completely blocked inlibkl-4 bkk1l-1 mutant, the double
mutant seedlings grown in darkness were carefully analyzed andine@a$he double

mutant seedlings from darkness showed a typical de-etiolationphenmtgioeling

41



opened cotyledons and shortened hypocotyls (Figure 2.9). The hypocotyls, howeve
were considerably taller than that lafil-4, indicating that the BR signaling was not
entirely blocked in the double mutant. These results suggested thatstheuld be
additional proteins, besides BAK1 and BKK1, involved in BR signal transufuct
Consistently, it was recently reported that SERK1 was path@fBRI1 and BAK1
complex and may also participate in BR signal transductiondiart al., 2006). Since
bak1-4 bkk1-1 double mutant showed a seedling lethality phenotype, a triple muaant w
not generated in this study.

To investigate the molecular mechanisms leading to the seeldithglity
phenotype ofbakl-4 bkkl-1, Affymetrix arrays were employed to compare the global
gene expression patterns of the 8-day-old double mutant with Cddaype. Among
the most significantly up-regulated genes were those involved Bnskefresponses.
Representative up-regulated defense and senescence related®BéneR2, PR5, ACX2,
ACS5, and the down-regulated geneDF1.2, were further analyzed by RT-PCR to
examine whether the expression patterns were similar to thosasnbril-4. If BAK1
and BKK1 are involved exclusively in BR signaling, one would expleese genes to
show similarly dramatic expression changes in bbthl-4 and bakl-4 bkkl-1.
Interestingly, these defense- and senescence-related dgenesdseither no or opposite
expression changes bmil-4 (Figure 2.4A). Consistent with these observations, aniline
blue (Dietrich et al., 1994) staining analysis of the 8-day-oldlsgs indicated that
only the double mutant showed irregularly-distributed blue fluorescgpmts due to the
accumulation of callose, a known spontaneous defense response. None oiglhe si

mutants or wild-type showed similar staining patterns (FigudB to 2.4G). Since
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extreme dwarfism, constitutive defense gene expression, esmdgcence, and seedling
lethality are common phenotypes of cell death mutants (Lam, &0&4; Ichimura et al.,
2006), trypan blue staining (Shirasu et al., 1999) was used to test wbetharath was
the culprit in seedling lethality. Only the 8-day-old double mutamtswed a
spontaneous cell death phenotype in cotyledons without pathogen treatriNents.of
the wild-type and single mutant plants showed any cell dea#gmotypes at this
developmental stage (Figure 2.4H to 2.4M). In mammalian systeme;¢hmulation of
reactive oxygen species (ROSs) was one of the most common methdnggering
apoptosis (cell death). To test whether the observed cell ddagkli4 bkkl-1 is caused

by the accumulation of #D,, 8-day-old seedlings were stained with 3, 3'-
diaminobenzidine (DAB, Thordal-Christenseret al., 1997)). The unique brownish
patterns were only observedbakl-4 bkk1-1 but not in other plants tested (Figure 2.4N
to 2.4S). The resulting 4, staining patterns consistently and closely mimicked the cell
death patterns revealed by the trypan blue assay. FJeddcumulated cells were often
clustered as groups that typically emanated from areas atjaceascular tissues. Many
cell death mutants such ksll showed a cell death phenotype in a salicylic acid (SA)-
dependent manner (Aviv et al., 2002). To test whether the céll ghanotype observed
in bak1-4 bkkl-1 was also SA dependent, Bactef#ahG gene was introduced into the
double mutant by genetic crossing with a transgenic Galabidopsis plant expressing
NahG (Delaney et al., 1994NahG encodes a salicylate hydroxylase that convert SA to
catechol. The fact thdiak1-4 bkk1l-1 NahG seedlings were much healthier and bigger
than the double mutant suggested that the cell death phenotype in the otdoht was

likely SA-dependent (Figure 2.4T-2.4V).
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3 Discussion

Our extensive genetic and biochemical analyses demonstrateBAKat and
BKK1 are not only involved in BRI1-mediated pathway, but also involve@d BR-
independent signaling pathway. The two pathways mediated bylB&xd BKK1
showed some antagonistic features. For example,bndlimutants usually displayed
prolonged life spans and a dark green phenotype, whéskdsbkkl double mutant
plants exhibited shortened life span, early cotyledon senesceiuice, raitroscopic cell
death phenotype. Expression of senescence-related genes SACB2aand ACS6 are
reduced in nulbril mutant but enhanced lvakl bkkl double null seedlings, relative to
their wild-type backgrounds. The seedling lethality phenotyphefdouble mutant is
likely a consequence of the blocking of the second unknown, BR independent pathway.

We hypothesize that BAK1 and BKK1l regulate BR-dependent and BR-
independent pathways via an alternating interaction with eithdd BRd/or another
defense-related LRR-RLK (Figure 2.5). In wild-type plants, BAdad BKK1 positively
regulate the BR-mediated cell growth pathway, and negatieglylate a defense-related
cell death pathway. lbakl-4 bkkl-1, the BR signaling pathway is interrupted, and the
cell death pathway is constitutively activated, which leadfi¢oaccumulation of ROS
and spontaneous cell death. This hypothesis is partially supportad lylependent
study from Nurnberger and colleagues (Kemmerling et al., 20079, recently found
that BAK1 expression was up-regulated in response to pathogen treatmenthad
BAK1 knock-out allelespakl-3 and bakl-4, were more susceptible than wild-type to
several different pathogens. They similarly concluded that B&K4 likely involved in

a BR-independent immunity pathway (Kemmerling et al., 2007). This noadetlso be
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used to explain several early observations. For example, it eperted that
overexpression o€PD, a key gene regulating multiple steps in BR biosynthesis, could
induce the expression of a number of defense-related genes (Satkare$996). Early
experiments also indicated that application of BL induced seneschnis likely that
when the BR signaling pathway was enhanced, its antagonistic gyathvas
automatically reduced which led to the up-regulation of defensedetpnes (Figure
2.5). Post-embryonic seedling lethality observetakil-4 bkk1l-1 may have been caused
by the activation of this constitutive defense response and celh desthway.
Developmentally controlled programmed cell death is criticalnfmnmal plant growth
and development, as well as defense against numerous biotic and atredges. It
would be interesting to further define the second signaling pathwaipich BAK1 and
BKK1 are involved. If the hypothesis is correct, the proposed candidd®RLKs
should have roles in plant defense and/or cell death control. Up to datestawo LRR-
RLKs are known to be involved in plant defense against pathogefsldopsis. For
instance, ERECTA, known to regulate plant growth and development €T @i, 1996),
was found to be responsible for plant immunity against pathogens (Gedial., 2003).
FLS2 is another LRR-RLKs controlling plant immunity response (Ge@Gmnez et al.,
2000). In the future, it will be particularly intriguing to investig whether BAK1 and
BKK1 can dimerize with ERECTA or FLS2 to mediate their cgponding signaling
pathways.

4 Experimental procedures

4.1 Materials and Plant Growth Conditions
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bril-5 is in ecotype Wassilewskiji 2 (WS2). Knockout linbakl-4 (SALK_116202) and
bkk1l-1 (SALK 057955), andNahG transgenic plants used for crossing, were also in
ecotype Col-0 background. Double nulls used for these analysessekted from the
progenies of self-pollinatedak1-4(+/-) bkk1-1 (-/-) or bakl-4(-/-) bkk1l-1 (+/-) plants.

All plants or seedlings were grown at 22°C under 16 h light/8 h darkssuot&erwise
specified.

4.2 Gene Cloning and Arabidopsis Transfor mation

BAK1 expression vector used was the same as reported by L{latetlal., 2002).Full

length cDNAs ofBKK1 and AtSERKS5 were amplified by RT-PCR from Col-0. The

primers used for RT-PCR were BKK1-fw
STCTAGATCTATGGAACAAAGATCACTCCTTTGCT, BKK1-rv )
TCTAGATCTTTATCTTGGACCCGAGGGGTAATCGT, AtSERK5-fw
STCTAGATCTATGGAACATGGATCATCCCGTGGCT, AtSERKS-rv S'-

TCTAGATCTTTATCTTGGCCCCGAGGGGTAATCGT. The PCR products wer
cloned into theKpnl site of the binary vectopBIB-BASTA-35S Constructs were
transformed into theAgrobacterium tumefaciens line GV3101 by electroporation and
subsequently transformed irtta 1-5 by the floral dipping method (Clough et al., 1998).
Full lengthBAK1 andBKK1 cDNAs were also cloned into thepnl and BamH]I
sites of the binary vectompBIB-BASTA-35S-GFP using the primersBAK1-fw
STCTAGATCTATGGAACGAAGATTAATGATCCCT, BAK1-rv
5TCTGGATCCTCTTGGACCCGAGGGGTATTCGTT, BKK1-fw and BKK1-rv2

5TCTGGATCCTCTTGGACCCGAGGGGTAATCGT. The constructs wees|senced

46



to ensure correct sequences and in-frame fusions. The resuttirgfructs were
transformed into botbril-5 and Col-0 plants.

4.3 RT-PCR Analysis

Two pg total RNA was reverse transcribed in ai2@olume with Superscript Ill reverse
transcriptase (Invitrogen). Twa-first strand cDNA was used for RT-PCR with Ex Taq
polymerase (Takara). A preliminary experiment was perfornedddtermine the
exponential range of each individual gerie-1a was used as a quantitative control. For
semi-quantitative RT-PCR analysis, PCR cycles used weMK1l 22, BKK1 22,
AtSERKS5 28, CPD 22, PR1 30, PR2 30, PR5 22, ACX 26, ACS5 22, PDF1.2 30, and
EFla 19, respectively. Primers used for amplifyBB8K1 and its paralogs were the same
primers used for cloning. The primers used to am@m®p, defense-related genes, and
senescence-related genes were the same as reportedrey(bimaka et al., 2005; Oh et
al., 2005; Yamagami et al., 2003).

4.4 Protein Extraction and | mmunopr ecipitation

Five grams of liquid cultured seedlings of Col-0, 3#8K1-GFP in bakl (-/-)/bkkl (-/-)
and 35SBRI1-GFP in Col-0 plants were ground in liquid:Ms described by Wang et al.
(Wang et al., 2005). Various seedling treatments withML BRZ or 1 uM BL and
membrane protein isolation was the same as reported by LisatdaWang et al. (Li et
al., 2002; Wang et al., 2005). BKK1-GFP was immunoprecipitated from sa&dbtiotal
membrane protein using anti-GFP mouse antibody (Invitrogen) followedduji-down
process using protein G beads (Roche).

4.5 Western Blot Analysis
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GFP-immunoprecipitated membrane proteins were separated using ID%
polyacryamide gel electrophoresis. Various antibodies a@FP, a-FLAG, a-
phosphothreonine and Western analysis procedures were all the sgmneviasisly
described (Li et al., 2002; Wang et al., 2005).

4.6 Site-Directed M utagenesis

BKK1 was cloned into the Gateway donor vector pDONR/zeo (Invitrogeggnerate
PENTRBKK1. PCR was conducted by using pPENBRK1 as a template and primers
AATCTAGTGGCTGTCGAAAGGCTAAAAGAAGAA and
TTCTTCTTTTAGCCTTTCGACAGCCACTAGATT. PCR product was digastwith
Dpnl overnight followed by a heat shock transformation tgoli DH5a. The plasmids
were isolated and the mutation confirmed by sequencing analysesobtained pENTR-
mBKK1 was further cloned into pBIB-BASTA-35GFP using a Gateway strategy for
plant transformation.

4.7 Varioustissue stainings

Tissuestainings with aniline blue (0.01%, Sigma), trypan blue (1.25mg/ml, Sigma), and 3,
3’-diaminobezidine (DAB, 1mg/ml, Sigma) were the same as repdReetrich et al.,
1994; Shirasu et al., 1998hordal-Christenseat al., 1997).

4.8 bkk1-3 isolation and bak1-3 bkk1-1 generation

bkk1-3, SALK 034523, was isolated from SALK T-DNA insertion lines. The double
mutantbakl-3 bkk1-1 was generated via crossing homozygaalsl -3 with homozygous
bkk1-1 single mutants. The homozygous double mutant was isolatedygnEration.

The genotype was confirmed by regular PCR and RT-PCR.

4.9 Scanning Electronic Microscopy analysis
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Eight-day-old seedlings from ¥2 MS salts supplemented with 1% sucrose and 0.6% agar
were harvested and immediately fixed in 2.5% glutaraaldehyde prepared in 0.1 M
cacodylate buffer (pH 7.4) for 4 h at room temperature. The samples werealetiyda

a gradient ethanol series, dried in a critical-point drier. The pretreatgdesawere

coated with carbon in a vacuum evaporator. The samples were analyzed using a JEOL
JSM-800 high resolution scanning electron microscope.
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Figure 2.1 BKK1 plays a redundant role witBAK1 in suppressingoril-5 when
overexpressed. (A) Phylogenetic analysis suggesting BKK1/8E&He closest paralog
of BAK1 in Arabidopsis.(B) Overexpression oBAK1, or BKK1, but not SERKS5,
suppresses the phenotypes oil-5. (C) RT-PCR analyses to confirm the elevated
expression of the transgenes in the transgenic plants.
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Figure 2.2 Abakl-4 bkkl-1 double null mutant shows a seedling lethal phenotype at an
early developmental stage. (A) T-DNA insertion sites of sikgleck-out linespakl-4
(SALK 116202) andbkkl-1 (SALK_057955). Both are in Col-0 background. (B-C)
Phenotypes of wild-type (in Col-0, left side) and double null mutaght(side) at
different developmental stages after germination. (D) Phenotypesld-type, bakl-4

and bkk1-1 single mutants, double mutant, abid1-4 mutant seedlings. (E) RT-PCR
analyses to confirm the genotypes shown in (E). Genotypic analysis1ed is not
included. (F) Overexpression of eith®AK1 or BKK1 driven by 35S promoter
completely rescues the lethbbkl1-4 bkkl-1 double null phenotypes. (G) RT-PCR
analysis verifies the genotypes of the plants shown in (K).
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Figure 2.3 BKKL1 interacts with BRI1 and mediates BR signahdduction. (A)
Overexpression dBKK1-GFP suppressebril-5 phenotypes; whereas overexpression of
mBKK1-GFP results in a dominant negative effect, which greatly enhabods5
defective phenotypes. (B) Severity of transgenic plant phenotygpparently correlated
to the mBKK1-GFP protein levels. Equal amount of total protein wsesl for each
sample for a Western analysis to show differently expres®idKi-GFP levels.(C)
BKK1 interacts with BRIlin vivo and the interaction is BL-enhanced. Wild-type and
transgenic seeds harboring 3BRI1-FLAG and 358BKK1-GFP in Col-0 were grown in
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liquid culture (Wang et al., 2005). A week after germination, on& fhseedlings was
treated with mock (DMSO), and a duplicated flask of seedlings treated with 1uM

BL. The membrane fractions from these two treatments wereacted and
immunoprecipitated witli-FLAG. The co-immunoprecipitated BKK1-GFP was detected
by a Western blot using-GFP. A duplicated blot was hybridized withFLAG to
confirm equal loading of the immunoprecipitated BRI1-FLAG (bottom panBKK1-
GFP, immunoprecipitated with-GFP from single transgenic plants harboring 35S-
BKK1-GFP, was used as a size reference.(D) Exogenous ajgplicAtBL increases the
phosphorylation level of BKK1. Liquid- cultured seedlings harboring BER&1-GFP in
bak1-4 bkkl-1 double null background were either treated or untreated wiill BL,
after treatment with 1M BRZ to deplete endogenous BRs in liquid culture. Levels of
threonine phosphorylation were detected with anti-phosphoThr antibody (pa@pel).
The same amount of transgenic seedlings, as well as non-tran€gé@ias a negative
control, were harvested and immunoprecipitated with anti-GFP antikdegyal amounts

of BKK1-GFP proteins were used, as demonstrated in a duplicatednablot with an
anti-GFP antibody as shown in the lower panel. (E) Exogenous Blcappth elevates
the phosphorylation level of BRI1. Seedlings harbo/3&BRI1-GFP in Col-0 were
used for the experiments. The treatments and detection werargionWhat is described
in (D).
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Figure 2.4 BAK1 and BKK1 are also involved in BR-independent cell degitialsng
pathway. (A) A number of defense-related genes are either ugevan-regulated in
bakl-4 bkkl-1, relative to its background Col-0 plants; whereas these geresoar
affected or oppositely regulated bril-4, compared to its background, WS2. (B-G)
Aniline blue stained cotyledons of 8-day-old seedlings grown on “zpMt&s under
sterile conditions. Only vascular tissues and guard cells steireed in wild-type (Col-0,
B), bakl1-4 (C), bkk1l-1 (D), andbril-4 (E). Additional clustered signals ¢ak1-4 bkkl1-

1 (F, G) double mutant were stained, indicating callose accummlaf typical
spontaneous defense response. (H-M) Trypan blue stained cotyledordapfoli
seedlings grown on ¥2 MS medium under sterile conditions. No cell deathiound in
cotyledons of wild-type (Col-0, H}ak1-4 (1), bkk1l-1 (J), andbril-4 (K). Significant
microscopic mesophyll cell death (shown as blue-stained cels) detected in the
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cotyledons of théak1-1 bkk1-1 double mutants (L, M). (N-S) DAB stained cotyledons
of 8-day-old seedlings grown on %2 MS medium under sterile conditiog®, Wwhs only
detected in the vascular tissues of wild-type (Col-0os8l1-4 (O), bkk1-1 (P), andoril-

4 (Q) and relatively little in their mesophyll cells,® accumulation was observed in the
clustered mesophyll cells of thoak1-1 bkk1l-1 double mutants near the vascular tissues
(R, S). (T-V) Expression of bacteridlahG in the double mutant partial rescues its
seedling lethality phenotype. Phenotypes of 9-day-old Col-0b@KL-4 bkkl-1 (U), and
bak1-4 bkk1-1 NahG (V) seedlings. Size bars, B-F = pth, G = 10um, H-K = 40um, L
=150um, M = 40um, N-R = 1mm, and S = 2Qdn. T-U = 2mm.
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Figure 2.5 A proposed model indicating that BAK1 and BKK1 positivehulate BR
signaling pathway, and negatively regulate a spontaneous cdil pkgthivay. Cell death
was observed obakl-4 (-/-) bkkl-1 (-/-) seedlings grown under sterilized conditions,
suggesting that the death signal is produced by the plant it production of this
cell death signal is likely controlled by unknown developmental cues.

56



#* “"RD" motif
K| | HRDVKAANI LLDEEFEAVVGDF GEY
K| | HRDVKAANI LLDEEFEAVVGDF Gidd
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- activation loop -
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gkl AKLMNYNDSHVTTAVRGTI GHI AP EESS

Figure 2.6 Partial sequence alignment of BAK1, BKK1/SERK4, andKSER ecotype
Col-0, SERKS is likely not a functional kinase due to a single ArgéQldingle amino
acid substitution compared to the same gene from WS2.
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Figure 2.7 Shoot apical meristems (SAMs) of wild-type (Qoland bakl-4 bkkl-4
seedlings revealed by Scanning Electron Microscopy (SEM).)(Eight-day-old Col-0
wild-type seedlings at low magnification (A) and a highemgnication (B) view of
shoot apical meristem region (as an inserted boxed area dfCA)) SEM analysis
showing meristem structure of 8-day-didk1-4 bkkl-1 seedlings at low magnification
(C) and higher magnification (D) view of shoot apical meristegion (as an insert of
boxed area of C).
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Figure 2.8bak1-3 bkk1-1 show early senescence and seedling lethality phenotypen (A) |
bakl-3, a single T-DNA fragment was inserted in the fourth intrbthe BAK1 genomic
sequence,(B) Phenotypes of 3-week-old soil-grown CdlaR]-3, bkkl-1, andbakl-3

bkk1-1.
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Figure 2.9 Inbakl-4 bkkl-1 double mutant, BR signaling pathway is partially blocked.
(A) Five-day-old dark-grown seedling phenotypes of Cdiell-4 bkk1-1, bak1-4, bkk1-
1, bril-9, WS2, andoril-4.(B) The measurements of the dark-grown seedlings shown in

(B).
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Genotype Survival Plants Lethal Plants Predicted Ratio® Observed Ratio® T P

Col. 248 0 N/A N/A N/A

bak1-4*'~ bkk1-17'~ 212 72 3:1 2.94:1 0.005, 0.94
bak1-4~'~ bkk1-1*~ 254 88 31 2.89:1 0.062, 0.80
bak1-4"'~ bkk1-1*'~ 205 14 15:1 14.64:1 0.003, 0.96
355-BAKT in bak1-4~'~ bkk1-1~/" 146 46 31 3.7 0.063, 0.80
355-BKKT in bak1-4 '~ bkk1-1'"8 102 3 3:1 3.29:1 0.123,0.73

“Ratio of survival plants:lethal plants.
"The transgenic plants used for analysis contains only one insertion. The seedlings for counting are from the T, generation.

Table 2.1 Genetic segregation analysis to confirm that thditgtisacaused by the loss-
of-function recessive mutations of both BAK1 and BKK1.
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Note

Materials in this chapter have been publishedCunrent Biology (He et al., 2007,
Current Biology. 17, 1109-1115). | have obtained permission from Cell Press to include
the full text of this published paper in my dissertation. | haveirsddathe permission
from all co-authors, Xiaoping Goiliong YuanHonghui Lin Tadao AsamiShigeo
Yoshidg Scott D. RusseklindJia Li, to use the published paper as a chapter in this

dissertation.
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Chapter 111

Arabidopsis L eucine-Rich Repeat Receptor-Like Kinases, BAK1 and

BKK1, Regulate the L evels of Reactive Oxygen Speciesin Chloroplasts
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Key Words: BAK1, BKK1, ROS, ROS-scavenging, cell death

1 Abstract

BAK1 and BKK1 regulate aBRI1-mediated BR signaling andBRI1-independent
cell death control pathwaybakl1-4 bkk1-1 double null mutant shows a spontaneous cell
death phenotype, which is not seen in any other BR mutants. A deedite mutant,
bak1-3 bkkl-1, is identified to show much milder cell death symptom compared to nul
double mutant. The cell deathbak1-3 bkk1-1 is highly environment-dependent. Light is
proven to be responsible for triggering the cell death. Microarsatsereveal thaBAK1
and BKK1 positively regulate a number of chloroplast-localized ROS-scavenig
transcription levels. Under a light conditiobakl bkkl double mutant likely fails to
detoxify ROS produced in chloroplasts, leading to cell death; whexeasxpression of
BAK1 or BKK1 dramatically delays leaf senescence.

2 Introduction

To regulate growth and development under a normal condition and to respond
various environmental challenges, plants have developed unique strategisance
physiological processes and biotic/abiotic stress responses. dptech2, it is
demonstrated that two Arabidopsis leucine-rich repeat receptdtiiiises (LRR-RLKS),
BAK1 andBKK1, are simultaneoushggulating two distinct pathways:EBRI1-mediated
BR signaling pathway and a cell death control pathway (chaptée 21 al., 2007). BRI1
physically interacts with BAK1 and BKK1n vivo (Li et al., 2002; Nam et al., 2002;
Wang et al.,, 2005, He et al., 2007). Activation of BRI1 and BAK1 initidtes
downstream signaling cascade. Unexpectedly, double null mutdBAKi and BKK1,

the closest paralog dBAK1, showed a spontaneous cell death and seeding lethality
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phenotype observed about one week after germination (He et al., 2007)vefothe
defense-related genes up-regulatedbakl-4 bkkl-1 did not show same expression
patterns and even showed opposite patterndrifi-4 mutant; and the cell death
phenotype is not seen in any BR lost-of-function and gain-of-fumctnutants,
suggesting3AK1 andBKK1 negatively regulate a cell death pathway independent of BR
signaling pathway (He et al., 2007). In addition, it was recengigrted that BAK1 also
functions as an FLS2-interactor in an innate immunity respons&agatupon bacterial
pathogen attacks (Chinchilla et al., 2007; Heese at al., 2007). Thuspdulating the
interplays among diverse signaling pathways, BAK1 and BKK1 aceasal regulators
integrating internal and external signals and eventually triggerdsponses to a variety
of challenges.

To elucidate the detailed mechanisnBaK 1/BKK1-regulating cell death pathway,
we investigated whether environmental factors contributed to timggeell death. This
study revealed the role of light as an elicitor of trigggreell death irbakl bkkl. The
cell death was suppressed by growlmakl-4 bkkl-1 in a continuous dark condition.
Further analyses indicateBAK1 and BKK1 positively regulate the expression of
chloroplast-localized ROS-scavengers.

ROS include superoxide radical, hydrogen peroxide and singlet oxygegmeen
plants, ROS are continuously produced as byproduct of several physablpgicesses,
especially in the photosynthesis (Foyer et al., 1994). ROS alsg agnaling molecules
produced during biotic and abiotic tresses, regulating plant respoasesribus
environmental challenges (Tsugane et al., 1999). ROS are toglarit cells when they

exceed certain levels. Therefore, there must be a systentotafgddROS. A variety of
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ROS scavenging-enzymes, as well as antioxidants, are involvessnioval of ROS to
maintain a steady state redox homeostasis in aB&H1 and BKK1 likely positively
regulate ROS-scavenging genes fundamentally. Loss-of-functiddAKfi and BKK1
leads to down-regulation of ROS scavengers and accumulation ofirR€$oroplasts,
and ultimately causes cell death.
3 Results
3.1 Thecdl death in bak1-4 bkk1-1 is postembryonic

T-DNA disrupted alleles oBAK1 and BKK1 were screened from SALK pools.
Two BAK1 T-DNA insertion allelesbak1-3 andbak1-4, and twoBKK1 T-DNA insertion
alleles, bkk1-1 and bkk1-2 were generated (Figure 3.1A)akl or bkkl single mutant
plants do not show obvious defective phenotype; whevaes4 bkkl-1 double mutant
exhibits severe spontaneous cell death symptom (Chapter 2). When growhe
sterilized ¥2 MS mediunbakl-4 bkkl-1 double mutant showed no defective phenotype
compared to Col-0 wildtype 3 days after germination (DAG). ArobrdAG, bakl-4
bkk1-1 ceased growing and started showing lesions on the cotyledom¥A4% .8The cell
death phenotype was clearly seen at 13 DAG (Figure 3.1B). Thatletfddak1-4 bkkl-
1 was recapitulated by another double T-DNA insertion combination muiaki-4
bkk1-2, which showed identical cell death phenotypdakl-4 bkkl-1 (Figure 3.1C). It
takes at least one week to detect cell deathaki-4 bkkl-1, implicating the embryonic
development obakl1-4 bkk1-1 is normal and the cell death is a postembryonic process.
3.2 bak1-3 bkk1-1 is a weak mutant

bak1-4 bkk1-1 is completely lethal, making leéss useful for further genetic studies.

Besidesbakl-4, we were able to identify anothBAK1 T-DNA insertion allelepakl-3,
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containing the T-DNA insertion at the fourth intron, the largesbmtof BAK1 gene
(Figure 3.1A).bak1-3 mutant is able to express minute amounBAK1 transcripts. By
using RT-PCR, th8AK1 transcripts cannot be detectedakl-3 andbakl-4 at 22 PCR
cycles. TheBAK1 expression, however, was observedbalkl-3 but not inbakl-4 when
the PCR cycles increased to 32 (Figure 3.2A). BAK1 expressed irbakl-3 was
sequenced to be wildtypBAKL. It is possible that the T-DNA located at the largest
intron of BAK1 was spliced out in a less efficient manner. Sivalel-3 is a weak allele,
it makes possible to generabakl bkkl weak double mutant showing a less severe
phenotype, more valuable for elucidating the detailed mechanismlladeath inbakl
bkkl mutant.
3.3 Céll death in the weak double mutant bak1-3 bkk1-1 is environment-dependent
Unlike null bakl-4 bkk1l-1 double mutant, weak double mutapdkl-3 bkkl-1
shows much milder defective phenotype. Grown on sterilized ¥2 Mumddr 17 days,
bak1-3 bkkl-1 was perfectly healthy and phenotypically identical to a tyid plant
(Figure 3.2B). When grown in the potting soil in greenhouse condition, thk e@ible
mutant seedlings showed an accelerated early senescence pae(feigure 3.2C),
similar to lesion mimic mutants, such bsll(Aviv et al., 2002) The leaf cell death
symptom ofbakl1-3 bkkl-1 is highly environment-dependent, suggesting cell death is
unlikely caused by developmental defects, such as vascular tikfeet. These
observations indicated that certain death signal(s) is/areetddgby unknown
environmental factors including biotic or abiotic stresses and the doulient is more
susceptible to the stresses.

3.4 ROS are accumulated in bak1-3 bkk1-1
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Cotyledons and the first three pairs of true leaves from 2&Hth¢Zol-0 wildtype
plants andbakl-3 bkk1l-1 mutant plants were compared. In contrary to Col-0, which still
maintained healthy leavelsakl-3 bkk1l-1 showed an accelerated senescence phenotype:
the cotyledons and first pair of true leaves were completely deadecond pair of true
leaves showed senescence but less severe; while the thirdfgaies leaves were almost
healthy. This result suggested the cell deatbakil-3 bkk1l-1 was accumulative: older
leaves showed more severe cell death symptoms (Figure 3.3€)ciéted with cell
death, ROS are usually triggered. Previous study indicatedypgal tdefense response,
H,O,, one of ROS, was accumulated bak1-4 bkkl-1, accompanying the cell death
symptom (He et al., 2007). DAB staining showed similar ROS aglation in bak1-3
bkk1l-1 and the accumulated levels 0f®3 depend on the ages of leaves (Figure 3.3A).
Higher HO, accumulation was detected in older leaves, consistent with phesotype
observed. For example, by comparing first five pairs of ledvesides the cotyledons of
bak1-3 bkk1l-1 that were already completely dead, the first and secondgdditge leaves
of bakl1-3 bkk1l-1 showed highest #D, accumulation (Figure 3.3B). Considering the cell
death is a progressive effect in the weak double mutant and RO&% gaoduced and
accumulated after germination (Elstner et al., 1991; Malan et al., 188&det al., 1994;
Tsugane et al., 1999), it is logical to hypothesize the accumiR&&Imay contribute to
the cell death.

3.5 Thecell death in bak1-4 bkk1-1istriggered by light

The signal triggering the cell death bakl bkkl mutant is accumulated after

germination and eventually causes cell death when it reachesettaa limit. Given the

fact that ROS are produced continuously under a light condition (ebr, 1994), it is
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possible that light might be involved in triggering cell deathRAS. Cotyledons from
eight-day-old Col-0 antdakl1-4 bkk1l-1 seedling grown in the dark and long-day lighting
condition were stained by trypan blue and DAk1-4 bkkl-1 seedlings grown in a
long-day lighting condition showed severe cell death symptoms and Hi®,
accumulation (Figure 3.4A.B). Conversebakl-4 bkkl-1 plants grown in dark did not
show any cell death symptom op® accumulation (Figure 3.4A.B). Even at 12 DAG,
dark-grownbak1-4 bkkl-1 plants did not show cell death. However, when transferred
from dark to light condition at 9 DAMyak1-4 bkkl-1 started showing cell death in 3
days (Figure 3.4C). These results suggested that the cell death sligedy isiggered by
light. bak1-4 bkk1-1 might fail to protect plant from killing caused by the signalmay
have lost a mechanism to get rid of the cell death signal.

3.6 ROS areaccumulated in chloroplasts

In plants, ROS can be largely produced as byproducts during phdtesignand
photorespiration (Foyer et al., 1994). ROS accumulation is algpieak response to
biotic and abiotic tresses. Knowing ROS were accumulatedkih bkkl double mutant,
we then examined the subcellular localization of accumulated RMaki-4 bkkl-1.

DAB staining clearly indicated #, was mainly localized in the chloroplasts, where
photosynthesis is taken place (Figure 3.5A).
3.7 Chloroplast-localized ROS-scavenger s are down-regulated in bak1-4 bkk1-1.

ROS, as signaling molecules, can be rapidly produced in responseesses,
known as oxidative burst. On the other hand, ROS can also be produced dubing PC
Therefore, there is a critical question that needs to be agdwisrthe accumulation of

ROS inbakl-4 bkkl-1 the cause of cell death or the consequence of cell death? By
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analyzing microarray data comparing global gene expregsaiiie between 9-day old
Col-0 andbak1-4 bkk1l-1, ROS-scavenging genes were examined. In Arabidopsis, there
are five major ROS-scavenging gene groups: SOD, APX, GPXT @Ad PrxR,
involving in detoxifying ROS by reducing ROS with the help of aatiants (chapter 1).
The microarray data revealed, out of total 39 major ROS-scangngenes in
Arabidopsis, 9 genes were down-regulated at least two-fdidkir4 bkk1-1 (Table 3.1).
Interestingly, except CSD®calized in perioxisome, all other 8 down-regulated ROS-
scavengers are chloroplast-localized (Table 3.1). RT-PCR wdsasenfirm the down-
regulation ROS-scavenging geneshakl-4 bkkl-1 (Figure 3.5B). The data strongly
suggestedBAK1 and BKK1 positively regulate ROS-scavengers in chloroplaskl-4
bkk1-1 likely fails to sense the redox state in chloroplasts and to ifletexcessive
amount of ROS. Uncontrolled ROS eventually trigger cell death.

2.8 Overexpression of BAK1 and BKK1 delays leaf senescence

bakl bkkl double mutant shows a severe cell death phenotype, while the plants

overexpressind3AK1 and BKK1 exhibit delayed senescence. Driven by a constitutive
active 35S promoter, BAK1 and BKK1 were overexpressed ibakl-4 bkkl-1. The
transgenic plants were still undergoing vegetative growth, produosgjte leaves not
inflorescences when they were three-week old (Figure 3.6A)0@aldtype plants at the
same age started producing inflorescences and flowers. FolralgeCol-0 plants
started showing lesions on the fifth pairs of true leaves, wdesame leaves from four-
week old35S.BAK1/BKK1 plants were still completely healthy (Figure 3.6B3k1-3
bkk1l-1 mutant plants, on the other hand, showed early senescence compareldype wi

plants. The opposite phenotypes shown by lost-of-function and gain-ofefunct
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BAK1/BKK1 mutants indicated the role BAK1 andBKK1 in negatively regulating cell
death.

3.9 bak1-3 bkk1-1 resembles|sd1 phenotype

The environment-dependent cell death phenotype sdeakln3 bkkl-1 resembles
that of a lesion mimic mutantsdl (LESON SMULATING DISEASEL) (Aviv et al.,
2002).LSD1 encodes a transcription factor of the C2C2 zinc fifey®mily. LSD1 is an
important regulator of plarRPCD through several interactions with PAD4 and EDS1
(Rusteruccet al., 2001)EDSL andPAD4 are required for accumulation of salicylic acid
(SA), a phenolic defence-potentiating molecule in plaNisl mutationsin PAD4 and
EDSL block Isd1-conditioned runaway cell death triggered by light or supply of the
signalingmolecule SA (Jabs et al., 1996; Rusteretal., 2001; Mateo et al., 20049d1
mutant shows spontaneous lesion on the leaves, similar to thakl1e8 bkkl-1. Grown
in the soil under greenhouse condition for three weeks, llsdthand bak1-3 bkk1-1
showed accelerated leaf senescence phenotype, starting franhealdes (Figure 3.6A).
The comparison in the fifth pairs of true leaves from four-week a@t0Clsdl, and
bak1-3 bkk1l-1 showed similar leaf lesion phenotypelsdl andbakl-3 bkkl1-1 (Figure
3.6B). The cell death dsdl can be rescued by growing the plants under a short-day
condition. Similarly, the cell death symptombakl bkkl is also light-triggered and can
be suppressed in darkness. In additid®)1 play crucial role in SA signaling pathway in
disease resistant pathway. SA pathway was previously reporpedtialy participate in
BAK1/BKK1-mediating cell death control. Therefore, current genetic esugiiovide an
interesting potential connection betweBAK1/BKK1-regulating pathway andSD1-

mediated pathway.
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3.10 Current model for BAK1/BKK1-mediated pathways

BAK1 andBKK1 are involved in at least three signaling pathways: BR Bigna
innate immunity response and cell death control pathways. Actiogreeceptors, BAK1
and/or BKK1 interact with ligand-binding receptors, BRI1 and FL82egulating BR
and pathogen defense pathways respectively. Based on this paf&rh,aBd BKK1
may have other interacting RLK(s) for their functions inl cdath control pathway.
Specific ligand(s) may be involved in triggering this protein-@rotinteraction. One
possible ligand could be described as “survival signal(s)” that beillsynthesized as
metabolic products or polypeptide and serve to maintain the activdtiBAKL/BKK1-
medaiting ROS scavenging pathway, protecting plants from ROSityoXite other
possible ligand could be ROS themselves. The levels of ROS and statex are
continuously checked by BAK1 and BKK1; and the levels of ROS andategl by a
feedback manner. Excessive ROS enha®wk1/BKK1-mediated ROS-scavenging. In
prokaryotes, two-component histidine kinases work as the ROS caltsgensors and
the downstream signaling is mediated by a MAP kinase cascaddérabidopsis,
although the ROS sensors or receptors have not been identifddPKKK, ANP1,
together with its two MAPK downstream regulators, MPK3 and MR¥&e found to be
rapidly activated by bD, treatment (Kovtun et al., 2000). We hypothesize if BAK1 and
BKK1 can sense ROS signals, ANP1 and MAPKS3/6 might function as d@anst
components of BAK1/BKKL1.
4 Discussion
4.1 BAKLUBKK1-regulating cell death is independent of BR signaling and FLS2-

mediated signaling
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The spontaneous cell death phenotype showdmki+4 bkkl-1 double mutant is
not seen in any BR biosynthesis mutants or BR signaling mutugggesting the cell
death control pathway is independent of BRI1-mediated BR signalittyvgya Up-
regulation of pathogen-related genes and senescence-relatedngesie€s4 bkkl-1 was
not noticed inbril-4 null mutant. Therefore, evidence indicated the cell death control
mediated byBAK1 andBKK1 is BR signaling-independent.

Upon bacterial pathogen attacks, FLS2 recruits BAK1 and trigigease immunity
responses, such as ROS accumulation and PR gene expression. SiicasB#aly
recruited to FLS2 complex when exogenous pathogen ligands are pFesghthas no
physical interaction with BAK1 in normal growth conduction (or iniBte&d condition)
(Chinchilla et al., 2007; Heese et al., 200B3k1-4 bkk1-1 shows spontaneous cell death
phenotype even when grown in sterilized medium, implicaBAl1 and BKK1 protect
plants from cell death without pathogen elicitors. FLS2, therefasnb contribution to
regulating the cell death due to lack of pathogen ligands in normal condition.

4.2 BAK1 and BKK1 regulate BR signaling and cell death control pathways under

normal condition

As essential plant hormones, brassinosteroids control many agpetant growth
and development, such as cell expansion and division, vascular developmestesee,
fertility, skotomorphogenesis and photomorphogenesis, and biotic/abiotess str
responses. As BR co-receptor, BAK1 regulates BR signaling pgtlwder a normal
growth condition, by promoting plant growth and development. ConsideringBtat
cannot be transported for long distance, the synthesis and utilifgofsHimited to local

areas. Similar t@8RI1, promoter:GUS staining result reveaR8K1 has high expression
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levels in almost all stages and all tissues, suggesting the fentzrfunction oBAK1 in
BR signaling. Yeast-two hybrid analysis revealed the ighysnteraction between the
kinase domains of BRI1 and BAK1 without BR ligand; and BRI1 Khgke domain)-
MBP fusion protein interacts with BAK1 KD-GST and phorsphorylatd edleerin vitro.
These results indicate, although BR treatment dramaticallyneakaBRI1-BAK1
interaction and phosphorylation, the basal BRI1-BAK1 interaction idylikgand-
independent.

The cell death is seen ipakl-4 bkkl-1 even grown in the sterilized medium,
suggesting th8AK1 andBKK1 protect plant from cell death under normal condition; and
similar toBRI1-mediated BR signaling, the involvementBAK1 andBKK1 in cell death
control pathway does not need exogenous ligands, such as pathogen ligaedsimeed
FLS2-meidated innate immunity response pathway. Like in BR signaBAK1 and
BKK1 also regulate cell death control pathway under normal condition.

Although the cell death control pathway regulatedBAK1 and BKK1 is BR
signaling-independent, previous study showed BL treatment promotesceroe. As
essential plant hormone, BRs promote growth and development, which tsonitic the
observation of BR triggering senescence. It is explained by our riuateBAK1 and
BKK1 are shared by BR signaling and cell death control pathwagstlae balance
between two pathways has been built up under normal growth condition. siZrces
application of exogenous BL dramatically activates BRI1 and ttieated BRI1 recruits
more BAK1 and BKK1 from cell death control pathway, resultinghi attenuation in
cell death control pathway and eventually leading to senescence and ttell dea

4.3 BAK1ismaobilized to FL S2 upon pathogen attacks
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BAK1 is not recruited to FLS2 complex until the pathogen ligand isepard by
FLS2 receptor. The ligand-independent BRI1-BAK1 interaction and ligand-depend
FLS2-BAK1 interaction indicate that the primary function of BAKL BR signaling
pathway under normal condition and participation of BAKL in diseasetarses by
joining in FLS2 complex upon pathogen attacks by a “distribution—acuptdineed”
manner. Plants utilize this strategy to maintain hormone stggradduction to promote
normal growth and development; and temporally sacrifice normal glbgsial
processes and mobilize components to fight against pathogen inVB&iGh. therefore,
controls multiple pathways by an economic way.

4.4 Accumulated ROS cause cell death in bak1-4 bkk1-1

Our results indicate the accumulation of ROSbakl-4 bkk1l-1 chloroplasts is
resulted from the large-scale down-regulation of chloroplastidechROS-scavengers.
This result strongly suggested the accumulated ROS caused atéllinlbak1-4 bkk1-1.

It is apparent thaBAK1 and BKK1 positively regulate a signaling that continuously
check the redox state and detoxify ROS through ROS-scaveAffesugh the ligand of
BAK1/BKK1 in cell death control pathway is still mysterious, it is mdsgly that BAK1
and BKK1 regulate a fundamental ROS detoxification pathway.

5 Per spectives

BAK1 and BKK1 may positively regulate major chloroplast-localized ROS-
scavengers in transcription level. In plants, the sensor of R&#H isnknown. It will be
a very interesting study to test whether BAK1 and BKK1 argirsgras ROS sensors
(receptors), regulating intracellular ROS levels and controtigigdeath. The regulation

of ROS could be a feedback way. The accumulated ROS, such,s &tt as
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BAK1/BKK1 ligand, activate BAK1/BKK1, positively regulating R@®avengers to
remove excessive ROS. Previous report showed the kinase activities of M& KB*&6
were rapidly enhanced by,6, treatment (Kovtun et al., 2000). To test whether ROS are
the ligands of BAK1 and BKK1, it is necessary to investigagerésponses of MPK3 and
MPK6 to HO, treatment inbakl-4 bkkl-1. It is also possible that ROS are not the
ligands of BAK1 and BKK1. Some other signaling molecules triggirdeath control
pathway through BAK1 and BKK1.

The patterns of BAK1 functioning in BR signaling and immunity respons
pathways indicate BAK1 may function as a co-receptors. It isilplesthat in cell death
control pathway, BAK1 also need other interacting RLK(S), ligand-bindingtexs), to
function normally. However, the hypothesized ligand-triggering BAMK interaction
makes it impossible to screen the BAKLl-interactor through regidast-two hybrid
screen or genetic screen such as activation tagging. The newatigs perhaps rely on
newly developed methods and strategies. Nevertheless, it canextlbded that BAK1
functionssolely in cell death control pathway by directly perceiving the ligand.

6 Methods

6.1 RT-PCR

Total RNA was isolated from 9-day old Col-0 plants bakil-4 bkk1-1 mutant
plants grown under long-day lighting condition. 2 pg total RNA from both samples was
reverse-transcribed into 1st strand cDNA. cDNA equivalent to 100 ng RNA wasoused f
each PCR reaction. The primers used to check the expression of ROS scavenging gene
were:GPX1 ATGGTTTCCATGACTACTTCAT and

AGCGGCAAGCAACTTCTGGAT,
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APX4 ATGGGAGGAGTGTCCTTCCTCT and TAGCTTGAGTTTGCTCAGATT,
tAPX ATGTCTGTTTCTCTCTCCGCC and GAAACCAGAGAAATCGGAGTT,
CAT2 ATGGATCCTTACAAGTATCGTCCAGCT and
GATGCTTGGTCTCACGTTCAGA,
CSD3 ATGGAAGCTCCTAGAGGAAAT and TAGTTTAGCATCCGCAGATGAT,
2-cysPrxRAATGGCGTCTGTTGCTTCTT and AATAGCTGAGAAGTACTCT,
2-cysPrxRB ATGTCAATGGCGTCTATAGCT and GATAGCTGAAAAGTATTCT,
PrxRQ ATGGCTGCTTCATCTTCCT and
AGCAGCTTTGAGAAACTTCA,
Type 2 PrxRE ATGGCGACTTCTCTCTCCGT and GAGAGCTTTAAGCATATCCT,
Efla CAGGCTGATTGTGCTGTCCT and
CAACGTTGTCACCTGGAAGT.
6.2 H,O, detection by DAB staining

Prepare 1mg/ml 3, 3’-diaminobenzidine (DAB) (Sigma D8001), adjusplkhéo
3.8 to solubilize DAB. Place the leaves in DAB solution and incubatie growth
chamber for 8 hours. Clear the tissue by placing into boiling 95% etfaarid minutes.
Transfer and store the cleared tissue in 95% ethanol. Make shideshack under light
microscope.
6.3 Cell death detection by trypan blue staining

1 part Solution | (Phenol 50g, Lactic Acid 50ml,Glycerin 50reQH0mI, Trypan
Blue 100mg) is diluted with 2 parts 95% ethanol (1 Solution | :2 ethaRtdre fresh
leaves in an EP tube and add enough diluted solution | immelgngldnt tissue. Place

the samples in the freshly boiled water bath for 30 minutesin C8alution I, add
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Solution 1l (1 ml BO per 2.5g chloral hydrate) to double the tissue depth in the tube.
Gently shake overnight and change the solution. Make slides and checkhedight
microscope.
6.4 BAK1 and BKK1 overexpression plants

bak1-4 bkkl-1 double mutant plants harborir@pS BAK1-GFP and 35S BKK1-
GFP transgenes shown in figure 3 were previously describdart( al., 2007)
6.5 Identification of bakl bkk1 T-DNA insertion alleles

Homozygous T-DNA insertion disrupted mutanbskl-3, bakl-4, bkkl-1 and
bkk1-2, were screened from SALK pool. LBb1 primer base on the T-DNArtiosn left
border sequence and two gene specific primers, RP and LP, flarleng-DNA
insertion, were used to identify mutants. The primers used were:
bak1-3 LP GCCTAACCACCAATACAAAAAGAG and
bak1-3 RP GCCTAACCACCAATACAAAAAGAG;
bakl-4 LP CTGTCTCTTTGGCCAATCAAG and
bakl-4 RP CAAATTCCTCTGTGTTCATGTTTC,;
bkk1l-1LP GGTAGAGGTGGTTTTGGTAAAGTG and
bkk1l-1 RP TTTTCGATAAGGGAATTGGAATAG;
bkk1l-2 LP GATTGCAAGTAACATGAAACCAAG and
bkk1l-2 RP AAAAATAAATTTGGCGGGAAAC;

LBbl GCGTGGACCGCTTGCTGCAACT.
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bak1-4 bkk1-2

Figure 3.1bakl bkkl double mutants are lethal. (A) Multiple T-DNA insertidn mutants
for BAK1 and BKK1. (B) bakl-4 bkkl1l-1 double mutant seedling is lethal around one
week after germination. (®akl-4 bkkl-2 shows identical cell death phenotypeoéix1-

4 bkk1-1.
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Col-0 bak1-3 bkk1-1
Figure 3.2 Cell death ibak1-3 bkk1l-1 weak mutant is environment-dependent. lfAk1-
3is a weak allele, expressing minute amourBAK1 transcripts, wheredsak1-4 is null
allele. (B) 17-day oldvakl-3 bkk1-1 grown on the sterilized medium shows perfectly
healthy phenotype identical to wildtype. (C) When grown in the mptsoil under
greenhouse condition, 17-day ddk1-3 bkk1l-1 shows leaf cell death symptom, while
wilderype plant is healthy.
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Figure 3.3 ROS product and cell death effect is accumulatbdakin3 bkk1-1. (A) 17-
day oldbak1-3 bkk1-1 plant accumulated more,8, compared to Col-0 wildtype plant.
(B) Higher HO, accumulation is detected in older leavebakl-3 bkkl-1. (C) In 28-day
old Col-0 wildtype plant, first four pairs of leaves still m@in healthy but irbak1-3
bkk1-4, older leaves show earlier senescence.
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12-day darkness 9-day darkness + 3-day light

Figure 3.4 Light triggers cell death lbak1-4 bkk1-1. (A) Cell death inbakl-4 bkk1-1 is
suppressed by growing in dark. (B) ROS accumulation is not detechadt1-4 bkkl-1
grown in dark. (C) 12-day oldak1-4 bkk1l-1 grown in dark is still healthy. Transferred
from dark condition to light conditiolpak1-4 bkk1-1 shows cell death in three days.
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Figure 3.5 ROS accumulated in chloroplast due to down-regulatiorO&-$avaging
genes inbakl-4 bkkl-1. (A) H.O, is mainly accumulated in the chloroplastsbakl-4
bkk1l-1. (B) RT-PCR conforms 9 ROS-scavenging genes are down-regutabakl-4
bkk1-1.
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Figure 3.6bakl-3 bkkl-1 shows accelerated leaf senescence. (A) 3-weelbakil3

bkk1-1 shows leaf cell death symptom similad$dl. Overexpression dBAK1 or BKK1

leads to dark-green leaves and delayed flowering phenotype h@Bjifth pairs of true
leaves from 4-week olbakl-3 bkkl-1 are completely dead, identical those frisul.

The leaves from Col-0 wildtype plants start showing lesions, but the leaneBAK1 or

BKK1 overexpression plants are still dark-green and maintain healthy.
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Figure 3.7 Current model fdBAK1/BKK1-controlling pathwaysBAK1 and BKK1 are

involved in at least three pathways: BR signaling, innate immuegponse and cell
death control pathways. BAK1 and BKK1 may have other interacting($Lin to

function in cell death control pathway and specific ligand(s) maynbelved. One

possible ligand could be “survival signal(s)” that will be synttess as metabolic
products or polypeptide and serve to maintain the activatiddA&fl/BKK1-medaiting

ROS scavenging pathway. The other possible ligand could be ROSethesnsThe
levels of ROS and redox state are continuously checked by Ba&iil BKK1. In

Arabidopsis, a MAPKKK, ANP1, together with its two MAPK downstreaiPK3 and

MPK®6, show response to ROS treatment. It is hypothesized if Bakil BKK1 can

sense ROS signals, ANP1 and MAPK3/6 might function as downstreapooents of
BAK1/BKK1.
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Enzyme Gene name AG| code localization

FeSOD (FSD2) At5g51100 chl

CufZns0D (CSD1) Atlg08830 Cyt

CufZnSOD (CSD3) 2.3 At5g01810

MnSOD-like Atlg0aa3o Sec

APX2 At3g09640 Cyt

APX4 J 4.1 Atdg09010 chl

APX6 2.2 Atdg32320 Cyt,chl,mit

Stromal-APX (s-APX) Atdg08350 Cchl,mit

Catl Atlg20630 Per

Cat3 Atlg20620 Per

2-cys PrxRA 2.7 At3glle3o chl

2-cys PrxRE At3g06050 Mt

Type 2 PrxR-related At3glle3n

2

Type 2PrxR B At1g65980

3

Type 2PrxR D At1g60740

2

Glutathione peroxidase (GPX)  GPX1 .25 At2g25080 Chl

GPX3 At2g43350 Mit

GPX5 At3g63080 ER

Table 3.1 Nine ROS-scavenging genes are down-regulateakind bkk1l-1. Nine out
total thirty-nine ROS scavenging genes are down-regulatdsbkiir4 bkkl-1. Except
CSD3, which is localized in peroxisome, eight down-regulated R@S8esgers are
localized in chloroplasts.
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Chapter 1V

Somatic Embryogenesis Receptor-Like Kinase (SERK) Family Controls

Multiple Signaling Pathwaysin Arabidopsis
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Key words: SERK, BR, cell death, FL S2, fertilization

1 Abstract

Arabidopsis SERK genes encode cell surface-localized LRR-RLKs, regulating
multiple critical signaling pathway&ERK family contains five members nam&8RK1
to SERKS. Previous studies demonstraféeRK1 andSERK2 control pollen development
and maturationSERK1, SERK3 (BAK1) and SERK4 (BKK1) act as BR co-receptor in
plant hormone signal transductidBERK3 (BAK1) and SERK4 (BKK1) regulate a light-
dependent cell death control pathway; SERK3 (BAK1) is recruited ldy2Fupon
pathogen attacks to initiate innate immunity response. This stuéaleev additional
functions of SERK genes in corresponding pathwaERK?2 in BR signaling pathway;
SERK1 andSERK?2 in cell death control pathway; a8ERK1, SERK2 and SERK3 (BAK1)
in regulating embryogenesis. More importantly, the phenotypes ofpieUBERK gene
mutants exhibit identical BR mutant phenotypebtd null mutant, strongly supporting
the notion that th&€ERK genes are essential for BR signaling.
2 Introduction

In carrot Daucus carota), SERK (Somatic Embryogenesis Receptor-Like Kinase)
gene encodes a leucine-rich repeat receptor-like kinase-RIBg. It was found as a
molecular marker for the development of somatic embryo from etampcells in culture
(Schmidt et al., 1997). One orthologl@d¢SERK in Arabidopsis was identified and named
asAtSERK1 (Hecht et al., 2001)AtSERK1 belongs to a small subfamily in LRR-RLK I
subfamily, containing five memberatSERK1, AtSERK?2, AtSERK3 (BAK1), AtSERK4

(BKK1) and AtSERKS5 (Baudino et al., 2001)AtSERK1 is seen to be expressed in
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developing ovules during magasporogenesis and in developing embryantellseart
stage (Hecht et al.,, 2001). A kinase-associated protein phosphatast¥)(Kvas
identified as a SERK1-interactors (Rienties et al., 2005). Theaaiien, however, was
only detected in the intracellular vesicles but not at the @lasmmbrane. KAPP
dephosphorylated SERK1 at the activation loop, leading to internaliz@ioach et al.,
2002). These results suggested the SERK1 kinase activity regeladedytosis. The
detailed function of KAPP in modulating SERK1 is yet unknown. A defision cycle
(CDC) 48 protein (AAA ATPase CDC48A) was identified to interasth SERK1
protein, and the interaction only occurred in very restricted plassrabrane domain,
but not in endosomes (Aker et al., 2006; Aker et al., 2007). The function o4&
SERK1-mediated pathway is also not understood.

SERK?2 is the closest paralog of SERK1, sharing 90% amino acititidéHecht et
al., 2001). BotliSERK1 andSERK?2 are found to be expressed in the anther during pollen
maturation. SERK1 and SERK2 are expressed in anther primordial and then in the
tapetum. Single knockout mutant SERK1 or SERK2 does not exhibit any defective
phenotype. Theerkl serk2 double knockout, however, fails to produce seeds and shows
a complete male sterility phenotype (Albrecht et al., 2005; Colcbmbal., 2005).
Further analyses akrkl serk2 double mutant show the microspore defect is caused by
failing to develop meiosis and an absence of tapetal ceadl,layhich is essential for
pollen maturation in the anther. The critical rolesSERK1 and SERK2 in taptum
development and microspore maturation indicateAlif¥&RK genes control pathway(s)

other than the firstly proposed function in embryogenesidd&RK does.
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BAK1 (SERK3) and BKK1 (SERK4) were previously identified to function in both
hormone brassinosteroid (BR) singling pathway and a cell deatlokpathway (Li et
al., 2002; Nam et al., 2002; Wang et ak., 2005; He et al., 2007; Kemmetrihg 2007).
The interaction of BAK1 and BKK1 with BRI1 is enhanced by tleatiment of BL, the
most active BR. Howevelhakl bkkl double mutant shows a spontaneous cell death,
revealing the role dBAK1 andBKK1 in regulating an additional cell death pathway.

SERK1 was also identified to function as a redundant gene BRK1 in BR
signaling (Karlova et al., 2006). BRI1 and BAK1 were found to be components
SERK1 complex. BAK1 could interact with SERK1 directly or indikethrough BRI1
complex. Introduction of T-DNA knockout GERK1 into bril mutant enhancelsril-
like dwarfed phenotype, providing genetic evidence tHBRK1 functions in BR
signaling.

In Col-0 ecotype, SERK5 protein contains a natural mutation at theyhighl
conserved “RD” motif in kinase subdomian Vla. RD motif is precedirggactivation
loop in subdomain VII. The R in RD motif is positively charged and $oronmic bridge
with negatively charged D in activation loop, maintaining activation BEropppropriate
structural conformation. Because R is substituted by an L, SERKHon-RD protein in
Col-0 (He et al., 2007).

Thus, previous studies reveal8aRKs, exceptSERKS, are involved in at least four
pathways:SERK1, SERK3 (BAK1) and SERK4 (BKK1) in BR signaling;.SERK3 (BAK1)
in FLS2-mediated respons&ERK3 (BAK1) and SERK4 (BKK1) in cell death control;
and SERK1 and SERK2 in microsporgensis regulation. This study provided more

evidence that alBERK genes exceERKS5 are involved in regulating BR pathway, and
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cell death control. In addition, although AtSERKSs are identified tmidogs of somatic
embryogenesis receptor-like kinase in carrot, there was no divédence showing
AtSERKSs are involved in embryogenesis. This study provided preliminary evidbate
AtSERK genes might regulate and control the embryonic development and maturation.

The pattern that BRI1 acts as a ligand-biding receptor and SERKsss co-
receptors in BR signaling pathway provides an open question thahewh®ERK
proteins work as an enhancer of BRI1 or are essential for BRIgmgnsduction. In this
study, the essentiality o8ERKs in BR signaling has been demonstrated by genetic
mutant analyses. It is the first genetic evidence to prove BHRKS not only activate
BRI1 but also play essential role in mediating BR signaling.
3 Results
3.1 AtSERK subfamily consists of five leucine-rich repeat receptor-like kinases

In Arabidopsis, leucine-rich repeat receptor-like kinase (LRR-Riafily is the
largest subfamily in receptor-like kinase (RLK), containing asi€23 members (Shiu et
al., 2001). LRR-RLK II subfamily consists of 14 members, including ISEgRnily with
five members. As typical LRR-RLKs, SERK proteins contain gmmaeellular domain
with five LRRs, a transmembrane domain and a cytoplasmic ThkiSase domain,
containing characterized 11 subdomains (Hanks et al., 1988; Stone and,\¥a8&r
(Figure 4.1).

SERK1 and SERK2 are the closet paralogs to each other, sB@#tgmino acid
identity. SERK4 and SERKS5 are encoded by tandem repeat gea#sgs83% amino

acid identity, and SERK4 is the closet paralog of BAK1, showing &2&tno acid
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identity. Although the extracellular domains show some diversily SBERK kinase
domains are highly conserved with at least 95% amino acid identity.
3.2 All SERKs except SERKS5S areinvolved in cell death control pathway

To investigate whether oth&ERKSs are involved in cell death control pathway
regulated bySERK3 and SERK4, all five SERK genes are cloned by a gateway strategy.
All SERKs are transformed through Agrobacterium-mediated plant transfamati
method intobak1-4 bkk1-1 null double mutant antdak1-3 bkkl1l-1 weak double mutant.
Driven by constitutively activ@5S promoter, all the overexpress8HRK genes except
SERKS5 suppressed cell death symptonbakl bkkl null and weak mutants (Figure 4.2),
suggesting the function 8ERK1, SERK2, SERK3 andSERK4 in cell death control.
3.3 Expression patterns of SERK genes

Since SERK1 and SERK2 play a redundant role witBERK3 and SERK4 in cell
death control, it should be investigated wdexk3 serk4 double mutant shows extremely
severe cell death phenotype. To this end, the promoter regiollsSERK genes except
SERKS were cloned and fused with tle&&#JS reporter gene and transformed into Col-0
wildtype plants. GUS staining results indicated the expressiderpsitof SERKsS are
completely distinct. In 2-day old plantSERK3 and SERK4 show high expression levels
(Figure 4.3C-D) whereaSERK1 and SERK2 are expressed in low levels, in vascular
tissue and root§ERK1) and shoot apical meristem (SAMJERK?2) (Figure 4.3A-B). In
5-day old plantsSERK3 and SERK4 are still expressed predominantly (Figure 4.3G-H)
while the low expression &ERK1 can only be detected in the root and SAM (Figure
4.3E). SERK2 has slightly stronger expression comparedSERK1 (Figure 4.3F).

Interestingly, allSERKSs are clearly expressed in SAM (Figure 4.31-L). Considerirag th
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serk3 serk4 double mutant shows a SAM defect when grown in the light, it will be
necessary to test whethé8ERK genes are involved in SAM development and
maintenance. Thus, the promoter-GUS analyses of 8&iRK genes showed high
expression level dBERK3 andSERK4 in Arabidopsis seedlinggERK1 andSERK?2 have
very low expression and are limited to certain tissues, sucdotaamd SAM. It explained
why the intactSERK1 andSERK?2 in serk3 serk4 mutant are not sufficient to complement
the function ofSERK3 andSERK4. The overexpression &ERK1 andSERK?2, however,
successfully rescuestrk3 serk4 doubly mutant, suggesting all the f&#RK genes play
redundant role in cell death.
3.4 All SERK genes except SERKS areinvolved in BR signaling pathway

Previous studies revealed three SERKs, SERK1, SERK3 and SERK4, are
regulating BR signaling pathway by binding to BRI1 and acting Rs&receptors. To
test whether othe®ERK genes are also involved in BR signaling pathway, all 3&BK
genes driven bw5S promoter were transformed intwil-5. All overexpresse®ERKS
except SERKS were able to suppredsil-5 phenotype by elongating the petioles of
rosette leaves (Figure 4.4A) and increasing the height arasitences (Figure 4.4C).
The mutated5ERK genes encoding kinase-death proteins, containing a mutation from K
to E at the highly conserved ATP-binding site, were transformeéal bril-5. The
obtained transgenic plants showedbral-like dominant-negative phenotype (Figure
4.4B). The result implicated mSERK proteins may interact with1B&d may have
poisoned BRI1 complex, blocking normal BR signaling. ExX@ERKS5, overexpression
of SERK genes in Col-0 resembled the phenotype B&i1-overexpressing plant:

elongated and curled rosette leaves (Figure 4.4D), early flowandgarly senescence
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(data not show). Thu§ERK1, SERK2, SERK3 and SERK4 play redundant role iBRI1-
mediated BR signaling pathway.
3.5 Identification of SERK T-DNA mutants

To investigate the detailed mechanisms S3HRK genes regulating multiple
pathways, T-DNA insertion mutants for eaBBRK gene were identified from SALK
pools (Figure 4.5). RT-PCR results showed the lines used in tlig wstere null alleles
(data not shown). Single-, double- and tri&RK gene knockout lines were generated
with different combinations.
3.6 sekl serk3 showsreduced fertility

Previous reports revealed the essential role SBHRK1 and SERK2 in
microsporgenesisserkl serk?2 double mutant fails to produce seeds. Further analysis
indicated the tapetum layer was missing during pollen developheading to complete
male sterility inserkl serk2. Interestingly, our result showed besideskl serk2, serkl
serk3 double mutant also showed some sterile phenotype. However, theysiesitkl
serk3 is not complete and seeds can be produced in some siliques. Observed unde
microscope, wildtype flower produces pollen and the style is eledgster pollination
and eventual develops to siliques (Figure 4.6A-B). Althaagkil serk2 andserkl serk3
are both sterile, the mechanisms are differestkl serk2 mutant failed to produce any
pollen (Figure 4.6C-D), whereasrkl serk3 mutant did produce normal pollen and the
reduced fertility was caused by the pre-elongated ¢Bytpire 4.6E-F). The chance that
mature pollen contact with stigma is drastically decreasedjrig to sterility. Manual

pollinating serkl serk3 stigma by its own pollen rescued fertility phenotype (Figure 4.6G),
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indicating the microaporgenesisserkl serk3 is intact and the mechanism of fertility in
serkl serk3 is distinct fromserkl serk2.
3.7 SERK genes are essential for BR signaling

In BR signaling pathway, the interaction between BRI1 and BAK#&r 8BR-
binding enhances BRI1-BAK1 activity by transphosphorylation. Thevaietd BR
receptors initiate downstream signaling, regulating gene ssipre WhetheBERKS are
essential for activating BR signaling is still not understodthng et al. reported a
sequential transphosphorylation model that BRI1 is activated by BiRAlgi and then
phosphorylates BAK1; inversely, the activated BAK1 phosphorylates BRI1 to turn on BR
signaling subsequently (Wang et al., 2008). The authors proposen¢héirnction of
BAK1 is dependent on BRI1 but BRI1 regulates BR pathway indeyrgnaf BAK1's
function, which suggests that SERKs only function as “enhanceBRdi. Our results,
however, suggested the SERKs play essential roles in mediating BR sagsdliction.

BR mutants show a typical de-etiolation phenotype when grown in dark. The
severity of the de-etiolation phenotype depends on how much the BR signaling is blocked.
bril-4 null mutant shows extremely de-etiolation phenotype, featured atersbdrand
swelling hypocotyls and opened cotyledons (He et al., 2007). The de-etiolation phenotype
seen inbril-4, therefore, can be used as an indicator to estimate whethegitrsy is
completely blocked. To investigate the functionSBRK genes in BR signalingdERK
single and multiple T-DNA insertion mutants were grown in the daokngared tdoril-

4, all SERK single mutants did not exhibit obvious de-etiolation phenotype (Figurg.4.7A
In double mutants, onlserkl serk3 showed enhanced de-etiolation phenotype compared

to serkl or serk3 single mutant, exhibiting typical opened cotyledon and shortened

103



hypocotyls (Figure 4.7C). This result indicated that althoug8ERKs exceptSERKS are
involved in BR signalingSERK1 and SERK3 may play major role. The de-etiolation
phenotype ofserkl serk3, however, is not as severe as thatbofl-4, suggesting
additional redundant genes are still functioningarkl serk3. Triple mutantserkl serk2
serk4 andserk2 serk3 serk4 did not show obvious de-etiolation phenotype probably due
to the intactSERK1 or SERK3, major BR signaling regulators. Comparedsdkl serk3,

the triple mutanserkl serk3 serk4 showed more severe de-etiolation phenotype that is
almost identical to the de-etiolation phenotypdmni-4 (Figure 4.7E). Also, compared to
serkl serk3, the triple mutanserkl serk2 serk3 not only showed de-etiolation phenotype,
but also showed additional defective phenotygeekl serk2 serk3 plants lack fully
developed cotyledons and roots (Figure 4.7E). Therefore, these resultsnigot
confirmed the function 0BERK2 andSERK4 in BR signaling pathway, but also indicated
the SERKSs are essential for BR signaling. Furthermore, the additionatdeddserved in
serkl serk2 serk3 triple mutant is likely resulted from abnormal embryonic development
suggesting the functions &ERK1, SERK2 and SERK3 in embryogenesis, which was
proposed for a long time but not supported by any experimental evidence.

Grown under long-day light conditiol®ERK single mutants did not show any
obvious defective phenotype (Figure 4.7B). Double musemitl serk3 showed a weak
bril-like phenotype andserk3 serk4 showed a cell death phenotype as previously
reported (Figure 4.7D). All triple mutants containing bs#k3 andserk4 showed cell
death symptom. Triple mutarsgerkl serk2 serk3 showed severe defects: extremely

dwarfed and compacted, and died a few days after germination (Figure 4.7F).
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The multipleSERK mutants show typical BR mutant phenotype and some of them
resemble the complete de-etiolation phenotypeorai-4, strongly supportingSERKs
function in BR singling pathway as essential regulators.

3.8 SERK1 and SERK3 play major rolein BR signaling

Although allSERK genes exce@ERKS are involved in BR signaling pathway, the
more severe phenotype sdrkl serk3 in dark and in light sugges&ERK1 and SERK3
play major role in BR signaling pathwagerkl serk3 then was used to test its response to
BL treatment. Grown on %2 MS mediuserkl serk3 was compared with Col-0 by BL-
based root inhibition analysis. The results indicated that,bikk4 null mutant,serkl
serk3 double mutant showed insensitivity to 100nM BL treatment (Figure Al&)ough
SERK2 andSERKA4 are also involved in BR signaling, it is possible that prior tions of
SERK2 andSERK4 are other than regulating BR signaling.

3.9 A current modedl for SERK-regulating signaling pathways

In SERK family, SERK5 might not be functional due to a naturattpoiutation at
a highly conserved “RD” motif. Experimental data also supportribt®on because no
specific function ofSERK5 has been identified by genetic evidence. All otBERK
genes,SERK1 to SERK4, are involved in at least four distinct signaling pathways.
Previous studies indicated the function SRK1 and SERK2 in microsporgenesis;
SERK1, SERK2, SERK3 and SERK4 in BR signaling pathwaySERK1, SERK2, SERK3
and SERK4 in cell death control pathway; arfERK3 in disease resistance pathway.
More importantly, the multipl&ERK knockout mutant phenotypes support the essential
role of SERKs in BR signaling. The GUS reporter gene driven $38RK promoters

indicates the high expression levels $RK3 and SERK4 in the seedling stage,
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consistent with the observation that oskrk3 serk4 double mutant shows cell death
symptom, and conformed the major role SHRK3 and SERK4 in cell death control.
Therefore, in this model, we hypothesize althouglsaRKs play redundant role to each
other, someSERKS play major roles in certain pathway&RK1 and SERK2 play major
role in regulating microsporgenes&&RK1 andSERKS in BR signaling pathwaySERK3
and SERK4 in cell death control pathway. Whether otl8iRKs besidesSERK3 are
involved inFLS2-mediated defense response pathway is still under investig&imgurd
4.9). In addition SERK1, SERK2 and SERK3 are probably involved in the regulation of
embryogenesis.
4 Discussion

BRI1 and BAK1 are two cell surface BR receptors. The undersigqmdithe roles
of BAK1 is still limited and under debating. Argument claim&K& is not essential and
only acts as a BRI1-enhancer due to the observatiorbak&tnull mutant shows much
milder phenotype, in contrary to the extremely dwarfed phenotype shgwnl null
mutant. However, this argument obviously overd®&s1 has multiple redundant genes
that are still functioning irbakl-4 single mutant. For example, tw®AK1 paralogs,
SERK1 and SERK4, are identified to function redundantly wiBAK1 in BR signaling
pathway. Recently, Wang et al. demonstrated that the aativiBRI1 is still regulated
by exogenous BL treatment $ark3 serk4 double mutant, and they supported that BAK1
or BKK1 can only activate BRI1 by transphosphorylation but not estdotiahe
initiation of BR signal cascade (Wang et al., 2008). Howewarprding to this study,
serk3 serk4 mutant still maintain§SERK function due to intacBERK1 andSERK?2 in the

double mutant. In addition, this study provided genetic evidence thatigdiRliag is
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completely blocked in certain multiplERK mutants, indicating the essential role of
SERKs in mediating BR signaling.

Recently, Albrecht et al. reported tI#3RK genes serve in BR-dependent and BR-
independent signaling pathways (Albrecht et al., 2008). The authorsndeated that
SERK genes function in multiple pathways in pairs orf8RK1 and SERK3 (BAK1) in
BR signaling pathwaySERK1 andSERK2 in male microsporgenesiSERK3 and SERK4
in cell death control. They excluded the role SHRK4 (BKK1) in the BR signaling
pathway which is not consistent with our previous report (He et al7)200e reason
they drew this conclusion was because they did not find enhanced ygendten they
introducedserk4 into otherserk mutants to make double or multiple mutants. However,
the BAK1 T-DNA insertion allele they usetakl-3, was confirmed to be a weak allele.
bak1-3 still expresses wildtypBAK1 transcripts although the transcription level is lower
than that in wildtype plants. Considering tHi&AK1 plays major role in BR signaling
pathway, even minute amount BAK1 expression will drastically interference with the
results when using any multiple mutant contairbagl-3 in any BR response analyses.
In addition, the measurement of root inhibition analysis they used sensitive enough
to distinguish subtle BR response change. For examald, serk3 is almost completely
insensitive to 100nM BL treatment, exactly lika1-4, whereas when grown in the dark,
serkl serk3 shows much milder de-etiolation phenotype compardutitc4, suggesting
the BR signaling is not completely block&tarting with aBBAK1 null allele,bakl1-4, we
use a more accurate and sensitive method that is focused onricompaf the de-
etiolation phenotype among different mutants and is able to stidbesdentify bkkl-1

enhancedbakl-4 de-etiolation phenotype by showing opened cotyledons. The function of
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SERK4 in BR signaling was confirmed by the lost-of-function phenotyperlglea
demonstratingserkl serk3 serk4 triple mutant resembldsil-4 phenotype. In addition,
the overexpression ERK2 suppressedril-5 phenotype; while overexpression of a
kinase-death form oBERK2 enhance$ril-5 phenotype, showing a dominant negative
phenotype, suggestin§ERK2 is also involved in BR signaling. Overexpression of
SERK1 and SERK2 suppresses cell death phenotypdakl-4 bkk1l-1 null mutant and
bak1-3 bkk1l-1 weak mutant, suggesting besidK1 andBKK1, SERK1 andSERK?2 are
also functioning in cell death control pathway. Therefore, other ttembdel thaSERK
genes function in multiple pathways in pairs, 8ERK genes, excepB8ERKS5, are
involved in BR signaling and cell death control pathway.

Although all SERK genes excepBERKS are involved in regulating BR signaling
pathway and cell death control pathway, they do function primaripairs. Among all
SERK single mutants,serk3 is the only one showing BR-mutant-like phenotype,
suggesting the predominant role BAK1 in BR signaling. Among all doubl8ERK
mutants, onlyserkl serk3 shows obviousbril-like de-etiolation phenotype and is
insensitive to BL treatment, implicating the secondary majoe afl SERK1 in BR
signaling. Lost-of-function o8ERK1 and SERK3 leads to blocking most BR signaling.
The cell death phenotype seensenk3 serk4 indicates the predominant role SERK3
and SERK4 in cell death control pathway. Thus, although SERK genes are not
functioning “only” in pairs, but they do function primarily in pairs.

SERK1 and SERK2 are identified to be essential for microsporgensis and pollen
maturation.serkl serk2 double mutant fails to produce any seeds. The mechanism of

SERK1 and SERK?2 in regulating male fertility should be further investigatedsthir
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although it is clearly tha®ERK1 and SERK?2 function redundantly in this regulation, it is
necessary to test whether otls8RKs, suchSERK3 andSERK4, are also involved in this
process. Secondly, the detailled mechanism should be clarified: whétlee
developmental defect of pollen serkl serk2 is caused by certain unknown signaling
pathway or by the interruption of known pathways regulated8¥Ks, such as BR
signaling pathway or cell death pathway.

ArabidopsisSERK genes are first identified as orthologs of cai®8RK gene
which is involved in regulating embryogenesis, providing the possiBiti8zRK genes
also control embryonic development and maturation. The potential embryefacts
seen inserkl serk2 serk3 triple mutant supported this notion. Nevertheless, the further
investigation should be conducted to reveal the detailed mechani&t8EdKs in this
process.

5 Methods
5.1 Plant growth condition

For light condition, all plants were grown under long-day (18h lightaink) light
condition either in the soil in greenhouse condition or on sterilized Ymg@&um in a
growth chamber condition. For dark condition, the plants were subjectdighto
treatment for 8 hours before wrapped with foil. The growth temperatase22C for
both light and dark treatment.

5.2 Identification of SERK T-DNA knockout lines
HomozygousSERK single T-DNA insertion mutants were screened by LP prinkips,

primers and LBb-1 primer. The primers used were:
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serk2 LP, GTTTTGAAAGACAAAGCCAATTTC andserk2 RP,
GCACTGTCTCTGTTCTTCAAAAAG;serkl LP,
TGCTCTCTCTCAATTACTTTGACG anderkl RP,
GAAAGGGTTTTTGTAGCAAAACAG; serk3 (bakl-4) LP,
CTGTCTCTTTGGCCAATCAAG anderk3 (bakl-4) RP,
CAAATTCCTCTGTGTTCATGTTTC;serk4 (bkk1-1) LP,
GGTAGAGGTGGTTTTGGTAAAGTG anderk4 (bkkl-1) RP,
TTTTCGATAAGGGAATTGGAATAG,; serk5 LP,
TGGAAGTGTTGCTTCTTGTTTAAG andserk5 RP,
TTTTTAAATTAGGGGTTATAAAGCAAC; bakl-3 LP,
GCCTAACCACCAATACAAAAAGAG andbakl-3 RP,
AAAAATAAATTTGGCGGGAAAC; bkkl-1LP,
TCTTTCATAATGCCATGGTTCTAG andokkl-2 RP,
ATAGATTCGACTTTTTGTTCTGGG,; and LBb-1,
GCGTGGACCGCTTGCTGCAACT

T-DNA insertions were identified by using priers RP and LBb-1 and priRers
and LP were used to determine the copy of T-DNA to identify homozygemris T-
DNA knockout lines.
5.3 Root inhibition analysis

Col-0, bri1-4 andserkl serk3 plants were grown on the sterilized 2 MS medium
with exogenous applied 100nM BL or mock (DMSO). The roots fromaat [20 plants
from each genotype were measured.

5.4 SERK promoter-GUS: constructs
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pPSERK3:GUS T2 plant is from Dr. Jia Li's previous studies (unpublished). The
promoter regions dBERK1, SERK2 andSERK4 were amplified by using primers:

SERK1, AAAAAGCAGGCTCACTCATTGGCAGCTGATTTAG and
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTCAAACAACAATGCTAAATTT
C;

SERK?2, AAAAAGCAGGCTTGGTATGTGTTGTGTTCACGTGAG and
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACCAAAAAAAAGCAAATTTC
T;

SERKA4,
GGGGACAAGTTTGTACAAAAAAGCAGGCTATCCCTTGTAAACCATTCCAATG
TCA and
GGGGACCACTTTGTACAAGAAAGCTGGGTCAGAGTAAAAGCAAAGCCATTAT
TA.

PCR products were cloned into donor vector pPDNOR-Zeo to make efotrgsc
Enrty clones were further subcloned into destination vector pBAGUS to make
pPBASTA-pSERK:-GUS constructs. pPBASTASERK:-GUS were transformed into Col-0
plants through Agrobacterium-mediated transformation. The transgeaits plvere
selected by spaying herbicide.

5.5 Promoter: GUS activity analyses

T2 transgenic pants harborin@gRKs-GUS were grown on %2 MS medium under
long-day condition. Plant seedlings from different ages were itedib&ith X-Gluc
solution overnight. 70% ethanol was used to destain the plants. Thet&biSesplants

were observed and taken images under light microscope.
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5.6 35S: SERKs constructs

Full length CDs of all fiveSERK genes were amplified by RT-PCR. The primers
used forSERK cloning were:
SERK1,
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAGTCGAGTTATGTGGT
TTTA and
GGGGACCACTTTGTACAAGAAAGCTGGGTCCCTTGGACCAGATAACTCAAG;
SERK2, AAAAAGCAGGCTTCATGGGGAGAAAAAAGTTTGAAGCT and
AGAAAGCTGGGTCTCTTGGACCAGACAACTCCATAGCA,
SERKS,
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAACGAAGATTAATGATC
CCT and
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCTTGGACCCGAGGGGTATTE
T;
SERKA4,
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGACAAGTTCAAAAATGGA
ACA and
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCTTGGACCCGAGGGGTAATE
T;
SERKS5, AAAAAGCAGGCTTCATGGAACATGGATCATCCCGTG and

AGAAAGCTGGGTCTCTTGGCCCCGAGGGGTAATCGT.
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PCR products were cloned by a Gateway Cloning strategy described in 5.4.
SERKs were cloned into destination vector pPBASBBSFLAG to make pBASTA-
35SSERKS-FLAG.

5.7 Site-Directed Mutagenesis
PCR was conducted by using pENBRRKSs as a template and primers:
SERK1, ACTCTTGTTGCTGTCGAGAGACTGAAGGAAG and
CTTCCTTCAGTCTCTCGACAGCAACAAGAGT,
SERK2, ACACTTGTTGCAGTCGAACGGCTTAAAGAAG and
CTTCTTTAAGCCGTTCGACTGCAACAAGTGT;
SERK3, ACTTTAGTGGCCGTTGAAAGGCTAAAAGAGG and
CCTCTTTTAGCCTTTCAACGGCCACTAAAGT,
SERK4, AATCTAGTGGCTGTCGAAAGGCTAAAAGAAG and
CTTCTTTTAGCCTTTCGACAGCCACTAGATT;
SERKS5, ACTCTAGTGGCTGTGGAACGGCTAAATGAAG and
CTTCATTTAGCCGTTCCACAGCCACTAGAGT.

PCR product was digested witBbpnl overnight followed by a heat shock
transformation intcE. coli strain DH%. The plasmids were isolated and the mutations
were confirmed by NDA sequencing. The obtained pEMIIERKS was further cloned

into pBIB-BASTA-35S FLAG using a Gateway strategy for plant transformation.
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A ___Signal Peptide tlde 4 Leucme lepers LRR1

SERK1: ----- T sswvrzLLs- T 100
SERK2: MGRKKN ~FGFVCLIS FN’ s E P : p : 103
SERK3: ----- IPCEFWALN DLv VA eNEGDA HVLQS DL THVRPCIWFHVTCNGR: B’VHRVDLG : 99
SERK4: wur: RSLL-CEL NAEGDA BENNY oswpq'rr.vnpc'mmvwc 128 HVHRVDLG : 106
SERKS5: ----- RHGSSR-GE Tl [-‘LDFVS RVTGKTQVEL i QSHIETEVIPCEWFHVTCNSENS VARIIDLGEA A ;101
SERK1 208
SERK2 211
SERK3 202
SERK4 208
SERKS 200
SERK1: & 3 i PAN{FEDVPAEEDPE VHLGOEKRESLREL S 316
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SERK3 S e A TAGGVAAGAALL ] FEDVPAEEDPE VHLGOEKRFELRELS VA 303
SERK4 P PA RRKP wrmvpmanpamcqmrauu’v y @ 308
SERK5: -& X A b RE ORKE Bva KR VTSR, : 289
424
427
411
416
397

Vib Vil Vil 1X X
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Bl 1 THRDVKAANILLDEEFEAVVGDFG Y TTAVRGTIGHIAPEYLSTGKSSEKTDVE GYGIMLLEL I TGQEAFDLARLANDDDERN : 524
ISF TTAVRGT IGHIAPEYLSTGKSSEKTDVFGYGUMLLELI TGQOMAFDLARLANDDDIMLLDI : 505

SERK1 ILREEIDLSP?——S- TLDSTYNTHAVEL - I3

SERK2 RQEVELSSHT-- S| ILDSTDN %

SERK3 MFRODFNYP THHPAVS QI IGDSTSQIENEYBRlegEl- -~~~ === ===~ 3

SERK4 P:mmm\'ﬁsrauwsnsﬂmm 4SGPR :
P IHDENYQAY SHAGT S |yL1PY SNS SIENDYPIIggY- -~ - —-=-=- :

Figure 4.1 SERK proetin sequcne allignment. SERK proetins areatyjgRR-RLKs. A

SERK contains an extracellular domain, a single-pass tansmaeenlstomian and a
Thr/Ser kinase domain. In extracellualr domian, signal peptiddéess/ged in mature
portiens. Leucine zippers are involed in protien-protein interaction KSHRwve only

five LRRs and a unique proline-rich regoin. The typical Thr/Ser kimsnian contains
11 subdomians.
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 bak1-4 bkk1-1--s

SERK1 SERK2 SERK3 SERK4 SERKS5

A

bak1-3 bkk1-1

Figure 4.2 Overexpression 8ERK genes rescues cell death phenotypsaki bkkl. (A)
Overexpression o8ERK genes, excepBERKS, in null double mutanbakl-4 bkkl-1
rescues lethality phenotype. Two-week old plants are examine\&expression of
SERK genes, exce@ERKS, in weak double mutaritakl-3 bkk1-1 suppresses cell death
symptom completely. Two-week old plants are examined.
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Figure 4.3 Expression patternsSHRK genes. (A-D) Expression patternsSBERK genes
in 2-day old plants. (E-H) Expression patternsSBRK genes in 5-day old plant. (I-J)
SERK1 andSERK?2 are expressed in SAM in 5-day old plants. (KSEERK3 and SERK4
are expressed in 3-day old plants.
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Figure 4.4SERK genes play redundant roles in regulating BR signaling pathway. (A
Overexpression oBERK genes excepBERKS partially suppressebril-5 mutant by
elongating rosette leaf petiole. (B) Overexpression of kinasé d&BRK genes except
MSERKS shows dominant-negative phenotypebml-5. (C) Overexpression o8ERK
genes excepBERKS partially suppressesril-5 mutant by increasing plant height. (D)
Overexpression ofSERK genes excepSERKS in Col-0 wildtype resemble8RI1
overexpression phenotype.
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Figure 4.55ERK gene T-DNA insertion mutants. Homozygous T-DNA disrupted mutants
for all five SERK genes are identified from SALK pools. TBERK mutants used are
serkl (SALK_071511),serk2 (SALK_058020),serk3 (bakl-4, SALK 116202),serk4
(bkk1-1, SALK_057955) anderk5 (SALK_089460).
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B D

serk1 serk2
Figure 4.6 Double mutanterkl serk2 andserkl serk3 are sterile. (A) and (B) Wildtype
flower shows mature anthers with pollen. (C) and $®k1 serk2 double mutant flower
shows anther defect, no mature pollen produced. (E) ansbr{d) serk3 double mutant
flower has elongated styles and normal anthers with mature p@Berserkl serk2 is
completely sterile. Some siliquesserkl serk3 are sterile (a). Pollination @frkl serk3
stigma by its own pollen rescues sterility phenotype (b).
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Figure 4.7 Phenotypes &ERK mutants. (A) SingleSERK mutants have no obvious
phenotype when grown in darkil-4 shows de-etiolation phenotype. (B) Sin§ERK
mutants have no obvious phenotype when grown in light condition. (C)senkil serk3
shows de-etiolation phenotype similar boi1l-4. (D) serkl serk3 shows typical BR
mutant phenotypeser3 serk4 are lethal when grown in the light. (B3rkl sek3 serk4
triple mutant shows de-etiolation phenotype almost identichtifiod. serkl serk2 serk3
mutant shows embryonic defect. (Bgrkl serk2 serk3 and serkl serk3 serk4 show

extremely defective phenotype even more severehthiant.
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100nM BL 0BL 100nM BL 0BL 100nM BL

Figure 4.8serkl serk3 is insensitive to BL treatment. Root inhibition analysis shows Co
0 is sensitive to 100nM BL treatment, whida1-4 andserkl serk3 are insensitive to BL
treatment.
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SERKs SERKs SERKs
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BR signaling pathway
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I
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Figure 4.9 SERKs regulate multiple singling pathways. ArabidopSISRK subfamily
contains five members, named &RK1 to SERK5S. SERK5S might not be functional due
to a natural point mutation at RD motif. All oth8ERK genes are involved in at least
four distinct signaling pathwaysSERK1 and SERK2 in microsporgenesisSERK1,
SERK2, SERK3 and SERK4 in BR signaling pathwaySERK1, SERK2, SERK3 and
SERK4 in cell death control pathway; arfERK3 in disease resistance pathway. We
hypothesize although aBERKs play redundant role to each other in some pathways,
someSERKSs play major roles in certain pathway&RK1 andSERK2 play major role in
microsporgenesisSERK1 and SERK3 in BR signaling pathwaySERK3 and SERK4 in
cell death control pathway. Whether otl88RKs besidesSERK3 are involved inFLS2-
mediated defense response pathway is still under investigation.
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