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CHAPTER|

INTRODUCTION



1. Brassinosteroid discovery

In 1930-40s, scientists at the USDA cudi that pollen extracts from maize and
other plants can promote plant growth. Using a Heatinternode bioassay, Mitchell
and his colleagues screened over 60 kinds of pallehfound that pollen extracts from
almost half of them, includindrassica napus and Alnus glutinosa, were capable of
promoting growth of bean first internode (Mitchalhd Whitehead, 1941). The novel
growth-promoting substance was named as Brassi@0 (Mitchellet al., 1970). In the
effort to find out what the substance actuallyabput 10 mg crystallinérassinolide
(BL), the most active BR and the final product & Biosynthesis in plants, was purified
from about 227 kg pollen drassica napus in a USDA laboratory at Maryland in 1979
(Groveet al., 1979). Its structure was determined by spectqmscanalysis and X-ray
diffraction with the crystalline BL. It turned toeb (22R,23R,24S)-2a,3a,22,23-
tetrahydroxy-24-methyl-B-homo-7-oxa-5a-cholestaor@, showing structure similar to
animal steroid hormone. The second BR, castastd©8g was isolated by a Japanese
group in 1982 (Yokotat al., 1982). CS shows the same structure as BL ordgralof a
Baeyer-Villiger oxidation. So far, over 50 BRs kaween isolated from a wide variety of

plant species (Figure 1.(lkekawaet al., 1984; Fujioka and Yokota, 2003).

2. Functions of brassinosteroidsin plants

It is tempting for scientists to investie what their functions are in plants after the
discovery of the novel plant steroid. After extemsistudies, it has been well

demonstrated that BRs can regulate many biologicatesses during normal plant



growth and development. These include: increadd ynecrop plants, increase assistance
to biotic and abiotic stresses and promote plan¢ldpment.
2.1. Increasing yield in different crops

It was reported that BL treatment camificantly increase weight of leaves and
seeds in rice (Linet al., 1987; Meudtet al.,1983). The yield increase was also observed
in corn after BL treatment (Lim and Han, 1988)tréating potato with BL, not only its
yield but also its starch content can be incredkbdipachet al., 1996). Recently, it was
found that application of BL can also increase yledd of soybeanZullo and Adam,
2002).
2.2 Increasing biotic and abiotic resistance of plants

BL treatment can increase plant rasst to low and high temperature. For
example, BL can increase resistance to cold in enfitleet al., 1991; Katsumkt al.,
1991); twenty-four epiBL treatment can protect sgrrape from freezing (Janeczkb
al., 2007). In tomato, BRs casignificantly increase expression of heat shockeqins,
which may account for their resistance to high terapure(Dhaubhadett al., 1999). It
was also reported that BRs can increase plantt@aeses to drought stress. For example,
when BL was applied to wheat, plants showed ine@gsowth under drought (Sairasn
al., 1994). Cucumber plants also displayed improvedugino tolerance with BL
application (Pustovoitovet al., 2001). In addition, it was also reported thattBtatment
can protect barley from salt stress (Kulaetaal., 1991). Besides increasing abiotic
resistance, BRs also can increase plant resistémdeiotic stresses. BR treatment
increased abscisic acid and ethylene levels int@otahich may confer its higher

resistance tdhytophthora infestans (Krishnaet al., 2003). In rice, BL application can



improve its resistance to rice blast and bactdight. It was also well documented that
BL can induce tobacco resistance against tobacsaimeirus and the bacterial pathogen
Pseudomonas syringae (Nakashitaet al., 2003).
2.3 Promoting plant development

Besides the above physiological rategshe whole plants, BRs’ effect at the
cellular and sub-cellular level has also been egdloAs summarized in Table 1.1, it was
well elucidated that BRs can promote cell expansind elongation by modulating the
plasticity and relaxation of cell wall, and BRs cgtimulate and enhance cell division in
protoplasts(Xu et al. 1995; Kokaet al. 2000). BRs can interact with ABA and GA to
regulate seed germination (Steber and McCourt, RERs also interact with other plant
hormones, such as auxin and GAs, to regulate planith and development (Takese
al. 1982). Furthermoréirabidopsis BR mutants showed delayed senescence of leaf and
cotyledon tissues, suggesting their roles in rdggesenescence. The male sterility seen
in BR mutants also suggests their functions in gdpctive biology. BRs also can
promote vascular structure development since exageBL induces differentiation of
tracheary elements (Clouse & Zurek, 1991). In aoldjtit was widely considered that
BRs also regulate photo-morphogenesis, skoto-mgmaiesis and embryogenesis in
plants (Clouse, 1998). Today, BRs are widely a@sbid be essential for regulating
normal plant growth and development (Clouse, 18@Gischmanret al., 1996; Khripach
et al., 1999). The notion was demonstrated by the pheestgb BR deficient mutant or
BR insensitive mutant. As shown in Figure 1.2, bothtants exhibit severe defects
including dwarfism, curled leaves, delayed flowgriime, male sterility, suggesting its

indispensible functions in plant kingdom.



3. BR biosynthesis pathway

Since BRs modulate so many aspecttamt growth and development, it prompts
scientists elucidate how the group of plant steyade synthesized in plants. The BR
biosynthesis pathway was first elucidated in auratl Catharanthus roseus cell system
by several Japanese groups (Fujioka 1994; Fuji0k&2Suzikiet al., 1995a, 1995b). At
the end of the last century, an outline of the B&ynthesis pathway was successfully
established based on their research.

As shown in Figure 1.3, cycloartensl produced from mevalonate via the
mevalonic acid pathway in plants. Cycloartenol d@n synthesized to plant sterol
precursors including BR precursor, campesterobutjn the general sterol biosynthesis
pathway. Specific BR biosynthesis pathway then bdlstarted from the BR precursor,
campesterol. As shown in Figure 1.4, in the specBR biosynthesis pathway,
campesterol is converted into campestenol firgn tBRs will be synthesized through an
early C6-oxidation pathway, from campestenol tox6eampestenol to cathasterone to
teasterone to 3-dehydroteasterone to typhasterotasiasterone to brassinolide; or
through a late C6-oxidation pathway from compedténo6-deoxocathasterone to 6-
deoxoteasterone to 3-dehydro-6-deoxoteasterone ideogotyphasterol to 6-
dehydocastasterone to castasterone to brassindlideearly side chain C22-oxidation
and C5 hydroxylation was also elucidated from castgrol to (29)-22-
hydroxycampesterol to (&24R)-22-hydroxyergost-4-en-3-one to &24R)-22-
hydroxy-5-ergostan-3-one to 6-deoxocathasteronéchMeads to the late C6-oxidation

pathway(Fujiokaet al., 1997, Sakuradt al., 1997, Yokotat al., 1997).



The proposed BR biosynthesis pathwes been established with the
identification and characterization of BR biosyribenutants. For example, in the early
steps of sterol biosynthesiamtl, cyp51, fackel and hyd mutants have been identified.
These mutants showrd unique defects during embnesie that couldn’t be rescued by
BR application (Jangt al., 2000; Schriclet al., 2000), which means other sterol pathway
may also be disrupted. In the late steps of steimdynthesisdwfl, dwf5 and dwf7
mutants also showed reduced BR concentration asplagi developmental defects,
however, the phenotypes of these mutants couldebeued by BR application. It was
found that theArabidopsis dwfl mutant was defective in the last reaction for sgathing
campesterol (Feldmanmt al., 1989; Klahreet al., 1998); in dwf5 mutant, 24-
methylenecholesterol cannot be synthesized frommubstrate 5-dehydroepisterol (Choe
et al., 2000); and inArabidopsis dwf7 mutants, convertion of episterol to 5-
dehydroepisterolvas blocked (Choet al., 1999; Catteroet al., 2001);

In recent years, several BR deficimnitants were identified in the specific BR
biosynthesis pathway. For example;etiolated2 (det2) was identified as a de-etiolated
mutant fromArabidopsis (Choryet al., 1991).DET2 encodes a protein sharing sequence
similarity with the mammalian steroidnSeductase (Lt al., 1997). Biochemical and
feeding experiments using intermediates of BR hitdsssis indicated that DET2 is
indeed responsible for the reduction step that edevcampesterol to campestanol during
BR biosynthesis (Fujiokat al., 1997). It was found thatet2 mutants were still able to
synthesize about 5-10% wild type levels of BRs. réfae, det2 null mutant was
considered as an intermediate biosynthetic mutBnojidka et al., 1997; Fujioka and

Yokota, 2003).dwarf 4 (dwf4) is another BR deficient mutant isolated fréwabidopsis



(Choeet al., 1998). The dwarfed stature aff4 can be rescued by brassinolide (BL), the
final product of the BR biosynthetic pathway, ahéd tmost active form of BR®OWF4
encodes a 22-hydroxylase and is responsible fotiprei22-hydroxylation steps during
BR biosynthesis. It was proposed that DWF4 catalyseate limiting step during BR
biosynthesis (Kimet al., 2006). Constitutive photomorphogenesis and dsrarfcpd) is
another dwarf mutant isolated by T-DNA insertioralgsis. It was shown thaPD
encodes a 2Bhydroxylase and participates in a criticala28ydroxylation step in BR
biosynthesis (Szekeres al., 1996). Recent feeding and biochemical analyseésated
that two P450 proteins, CYP90C1 and CYP90D1, adrte 28-hydroxylases (Ohnishi
et al., 2006). The severe phenotype of thd mutant indicated that it should be involved
in a step prior to the 23hydroxylation reaction. Another gene involved IrRB
biosynthesis isBR6ox, which was first identified in tomato by transponstagging
(Bishop et al., 1996). BR60x catalyzed the C-6 oxidation of anber of different 6-
deoxoBRs (Bishopet al., 1999). BR60x orthologs fromi\rabidopsis and rice have
conserved functions, responsible for linking thelyeand late C-6 oxidation pathways

(Bishopet al., 2006).

4. Maintenance of BR homeostasis

Maintaining steroid hormone homeostasis turns ouiet extremely critical not only for
animals but also for plants. So how is BR metanoliregulated to maintain BR
homeostasis to ensure the proper functions of BRdants. In the efforts to address this
guestion, some negative mechanisms modulating BRebstasis have been found

recently, however the positive mechanisms aretsthown.



4.1 I nactivation of BRs

As shown in Figure 1.5, it was demoristtathat several BR inactivation
mechanisms contribute to reduce BR concentrationplants, such as epimerization,
hydroxylation, conjugation, sulfonation, and oxidat (Asakawa et al., 1996).
BNST3/AtST1, a BR sulfotransferase, was isolated frBrassica napus and Arabidopsis
thaliana, respectively. They sulfonated 22-OH of 24-epiBBgeduce their biological
activities (Rouleawet al., 1999; Marsolaist al., 2007). ThephyB activation-tagged
suppressor 1-dominant (basl-D) was isolated as a suppressor of phgB-4 mutant via
activation taggingbasl-D exhibited a dwarf phenotype resulted from activatad a
cytochrome CYP734A1BAS1 may convert active BL into an inactive form 28-
hydroxyBL (Neff et al., 1999; Turket al., 2003). BAS1 homologs have also been
identified to inactivate BL (Takahashi al., Nakamureet al., 2005; Turket al., 2005).
UGT73C5, a UDP-glycosyltransferase enzyme (UGT), catal\g&le23-O-glucosylation
of the BL and CS, resulting inactive CS-@3glucoside and inactive BL-23-glucoside,
respectively (Poppenberget al., 2005). BENL1 ifri1l-5 enhanced 1- 1 dominant) was

also identified to inactivate BRs through an unknawnechanism (Tong al., 2007).

4.2 Feedback regulation of BR biosynthesis

Recently it was also revealed thatBRebiosynthesis pathway is regulated by a
feedback mechanism using BZR1. BZR1 is a transongactor functioning downstream
of the BR signaling pathway to control the expressof several BR response genes.
BZR1 directly binds to the promoter of the BR binthetic genesl{WF4, CPD, BR60x)

and represses their transcription. BL treatmens thill enhance the repression of these



biosynthetic genes, while inhibition of BR biosyesis can attenuate the repression by
disrupting the interaction between BZR1 and itgeaigenegWanget al., 1999, Heet

al., 2002).

5. Brassinosteroid signal transduction pathway

After BRs are produced in plants, aHfartquestion is how these essential plant
hormones function in plants, such as: how they @eeceived in plants, how they
eventually transduce BR responses in plants. Ifdastetwo decades, especially after the
discovery of BR receptor, some important compon@mntBR signaling pathway have

been found.

5.1 BRsare perceived by a membrane-bound LRR-RLK BRI1in plants.

BRs are a group of plant steroid horesosimilar to animal steroid hormone. In
animals, steroid hormones are perceived by inti@deelreceptors. Once the ligand binds
to its receptor, the ligand-receptor complex isngported to the nucleus where it
regulates the expression of hormone-respongerees (Agarwal, 1992; Beatd al.,
1995). However, genes encoding for intracellulareptors could not be found in the
genome ofArabidopsis. Therefore, it is proposed that BRs could be peeckat the
plasma membrane to mediate downstream signal watisd (Arabidopsis Genome
Initiative, 2000; Liand Chory, 1997; McCarty and Chory, 2000; Gerald &saba,
2002). In the effort to seek BR receptors, thet flBRs receptor mutanbril was
identified in 1996(Clouseet al., 1996). Thebril showed extreme dwarfism, with curly
leaves and male sterility, similar to the BR defiti mutant. However, unlike BR

deficient mutantoril is insensitive to BRs. With more and more alleledbal mutant

9



were found, BRI1 was successfully cloned in 1997 et al., 1997). As shown in Figure
1.6, BRI1 turned out to be a membrane-bound leudtte repeat (LRR)-receptor like
kinase (LRR-RLK), implying its role in BR perceptioBRI1 contains a cytoplasmic
kinase domain, a transmembrane domain, and anceltiar domain containing 25
leucine-rich repeats (LRRs) which are interruptgdaly 0-amino-acid island between the
2% LRR and the 22LRR, the island together with nearby LRR forms ligand binding
domain. Further studies demonstrated that BRI1t®@s an inactive homodimer before
ligand binding, once BRs associate with receptorl1BRBRI1 will be auto-
phosphorylated and activated, the activated BRIL fsim a heterodimer with its co-
receptorm BAK1, to initiate downstream signal tidungtion (Liet al., 2002; Heet al.,
2000; Wanget al., 2001; Kinoshiteet al., 2005).
5.2 BAK, a co-receptor of BRs

BAK1 was identified independantly bg activation-tagging approach and a
yeast two hybrid method at the same timeeflal., 2002; Nanet al., 2002). BAK1 is an
LRR-RLK with structure similar to BRI1, including aytosolic kinase domain, a
transmembrane domain and extracellular LRRs dor{faigure 1.6). But BAK1 only
contains five LRRs domains. When BL binds to BRHe auto-phosphorylated BRI1
will further phosphorylate BAK1. Phosphorylated BAKhen transphosphorylates BRI1
to enhance BRI1 activity. The reciprocal phosphatigh between BRI1 and BAK1 will
initiate downstream BR signal transduction (Wahgl., 2005).
5.3 BRSl isan upstream regulator of the BR signal transduction

BRS1 was identified using a weak all®i1l mutant by activation-tagging. Over-

expression of BRS1 can rescue the weak atielemutant, suggesting its positive role in

10



BR signal transduction. Since BRSL1 is a secretedaative serine carboxypeptidase, it
probably processes a protein involved in BRs péiaepn an early ever(Li et al., 2001;
Zhouet al., 2004)
5.4 BK11, an inhibitor of BRI 1

BKI1 is a transthyretin-likgotein (TTL), identified as BRI1 interacting proten
a yeast two hybrid assay. BKI1 specifically intesawith the kinase domain of BRI1 to
inhibit BRI1 probably by preventing interaction Wween BRI1 and BAK1. When BL
binds to BRI1, BKI1 is released from BRI1 whichoais BRI1 to associate with BAK1
or other substates and initiate BR signal tranduactlt was hypothesized conformation
change may underlie the release of BKI1 from BRUAget al., 2006).
55BSK1

BSK1 was identified from proteomic seglusing two-dimensional difference gel
electrophoresis (2-D DIGE). BSK1 becomes phospltegl upon BL treatment.
Phosphylated BSK1 migrat at different rate compane2-D DIGE compared to BSK1.
BSK1 is a receptor-like cytoplasmic kinase (RLCBEYnsisting of an N-terminal kinase
domain and a C-terminal tetratricopeptide repe@®R) domain known to mediate
protein-protein interactions. BSK1 is specificgtiyosphorylated and activated by BRI1.
Activated BSK1 disassociates from BRI1 to mediateviastream signal transduction,
which is different from BAK1, active BAK1 will intect with BRI1 (Tanget al., 2008).
5.6 BIN2, a GSK3/SHAGGY-Like Kinase, negatively regulates BR signaling

bin2 is identified as a gain-of-function mutant whighinsensitive to BLbin2
resembles BR insensitive mutants, suggestingeggtive role in BR signaling. Later it

is found that BIN2 will phosphorylate two importatdwnstream transcription factors,

11



BZR1/ BES1. Phosphorylated BZR/BES1 are likely degd through proteasome, which
prevents their accumulation in nuclei to induce EBRponse (Lit al., 2001; Liet al.,
2002; Heet al., 2002 ).
5.7 Downsteam componentsin BR signal transduction pathway

Transcription factors, BZR1 and BE&ife their own two closest homologs in
Arabidopsis thaliana. A point mutation stabilizes BZR1 and enables BZRil
constitutively accumulate in the nucleus to regultte transcription of BR response
genes. The resulting gain-of-function mutdzr 1-1D, shows constitutive BR responses,
and is insensitive to BR biosynthesis inhibitortive dark(Wanget al., 2002; Heet al.,
2005). Forbesl-1D, one point mutation occurs at the same positiooeels1D. besl-1D
not only shows constitutive BR response, but alsws insensitivity to BR biosynthesis
inhibitor under both dark and light condition (Yehal., 2002; Yinet al., 2005). When
BR is absent, BZR1/BES1 is phosphorylated by BiM2ich stimulates their degradation
in the cytoplasm. A 14-3-3 protein can facilitatéARBL/BES1 degradation by binding and
retaining these proteins in cytoplasm (Gampalal., 2007). When BRs are present,
BSUL1, a phophatase, will be activated by BSK1. victBSU1 de-phosphorylates BIN2
and prevents BIN2 to phosphorylate BZR1/BES1. (\&xd Chory, 2006; Garci al.,
2004; Wang, ). De-phosphorylated BZR1/BES1 willianalate in nuclei to activate BR
response genes, such#8JR-AC, MYB30 (Li L. et al., 2009). They will also repress BR
biosynthetic genes, such @D, DWF4, to feedback inhibit BR biosynthesis (Wagg
al., 2002; Heet al., 2005). Other transcription factors, such as BEULF6, REF6 and
MYB30, also interact with BZR1/BES1 to control BRsponses in plants (Yet al.,

2008; Li L.et al., 2009).

12



5.8 Proposed model for BR signal transduction pathway

After significant discoveries in the BRjnaling pathway, a BR signaling pathway
has been proposed, as shown in Figure 1.7. WhebiBd#& to BRI1, inhibitor BKI1 is
released from BRI1, and BRI1 undergoes through platsphorylation to be active.
Activated BRI1 will phosphorylate and activate @e-receptor BAK1, and activated
BAK1 trans-phophorylates BRI1. Active BRI1 phospjlates and activates BSK1.
BSK1 then activates BSU1, a phosphotase. BSU1 dgplooylates BIN2 and inhibit its
phosphorylation activity to BZR1/BES1. De-phosphatyd BES1/BZR1 accumulates in
nuclei to modulate the expression of BR responsegi@nd eventually regulate BR-
inducible plant growth and development Anabidopsis. When BR is absent, BIN2
phosphorylates BES1/BZR1, and 14-3-3 proteins dmrte to retain phosphorylated
BZR1/BES1 in cytoplasm. Phosphorylated BES1/BZR1 & degraded through an
unknown 26S proteasome. Therefore no BR resporeede elicited, which leads to
severe defects in plant growth and developm@&ibuse, 2002; Vertt al., 2006;

Belkhadiret al., 2006; Li,et a.l, 2007; Kim and Wang, 2010).

6. Per spectives

In last two decades, with the idenéifion and characterization of BR deficiency
mutants and BR insensitive mutants, especially #ifie characterization of BR receptor
BRI1, our knowledge about BR biosynthesis pathwag BR signaling pathway has
been great advanced, important components funogioim either the BR biosynthesis
pathway or the BR signaling pathway have been fobtadvever, many critical questions

remain to be answered.
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Firstly, BRs are ubiquitously presenttire whole plant. However, the levels of
endogenous BRs vary among different plant tissiedlen, young seeds and tissues
usually contain more BRs than shoots and old leastggyesting that BR is accumulated
in reproductive organs and growing tissues in glaitwill be intriguing to find out how
BR biosynthesis is regulated in specific organs @#sgiies, even at the sub-cellular level
(Shimadaet al., 2003; Choeet al., 2001). Furthermore, it is known that unlike oth&nt
hormones, BRs do not undergo long distance traastot which suggests BR
homeostasis may be more finely tuned in plants (8t al., 2008). So it is critical to
understand how BRs homeostasis is spatially angddeatly maintained in plants.

Secondly, regulating hormone biosysihels a basic wisdom to maintain
hormone homeostasis. And regulating the activisfesite-limiting biosynthetic enzymes
is fundamental important. In the BR biosynthesishpay, several key biosynthetic
enzymes have been characterized. Among these eszydwéF4 is thought to be the
rate-limiting enzyme in BR biosynthesis, because HIWcatalyzes multiple flux-
determining steps in BR biosynthetic pathwaygwf4 mutant, 95% BR biosynthesis is
blocked, resulting in an severe defective phenot{@eoe et al., 1998). AndDWF4
expression level is relatively low compared to tleatother enzymes, its transcript
accumulates in the actively growing tissues, argl akpression is correlated to
distribution of endogenous BRs in plar{tsim et al., 2006; Hoet al., 2006). Other
mechanisms are believed to regulate the activitipbfF4 in addition to the feedback
regulation shared with other BR biosynthetic enzyriBanaket al., 2005). Therefore
DWF4 may represent a pivotal point to ensure BR dwstasis in plants. However, the

mechanisms underlying DWF4 is largely unknown.
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Thirdly, when BRs are over provduedpiants, BR biosynthesis is feedback
inhibited and BRs is inactivated using multiple mm&gisms. However, positive
regulations of BR homeostasis are barely understéodexample, how BR biosynthesis
is elicited at the beginning, and how its biosysthes accelerated when more BRs are
required at particular development stages, argetotlear.

Fourthly, there are big gaps that neecloe filled in the BR signaling cascade. For
example, what is the downstream substrate of BBAK1 heterodimer? How does
BSK1 mediate BR signal transduction? How are BRaases induced after BZR1/BES1
and other transcription factors accumulate in theleus? In addition, ligand binding

proteins may facilitate the BR perception by BRIt their identities are unknown yet.

In order to address these questions fantier dissect BR biosynthesis and
signaling pathway, more novel components need tdidsovered in the field. Since BRs
play so important roles in regulating many biol@agiprocesses in plant growth and
development, the gained knowledge in the field shlbw its great significance not only

in plant science but also in agriculture.
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Table 1.1 BR functions in plants (According to Cloueteal., 1998; Khripaclet al., 2000)

Cellular and molecular level Whole plant level

Regulate gene expression promote plant growth

Activate protein and nucleix acid synthesis Modulate biotic and abiotic stress

responses
Control fatty acid composition Increase the yidldmp and fruits
Interact with different hormones Promote vascdiarelopment

Enhance the photosynthetic capacity and
. Accelerate senescenc
translocation of products

Promote cell expansion, cell division and cell
Promote fertilization and flowering
elongation

Regulate the properties of cellular membranes Efeo skotomorphogenesis

Effects on photomorphogenesis
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Brassinolide Cathasterone

Figurel.1 BL structure and CS structure. They contain A, Brd D four rings with side

chain.
Their structural variation comes from different nfmétion on the A/B-rings and the

side chain.
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bri1-5 det2-28

Figurel.2 BR receptor mutants and BR deficient mutants. Bothallelebril mutant
bril-4 and BR biosynthesis mutagyid are tiny and sterile with curled leaves. Weak
allelebril mutantbril-5 and a weak BR biosynthetic mutalet2 show intermediate

phenotypes.
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Figure 1.5 BR inactivation mechanism#. Inactivation through sulfonation by BNST3
and AtST1.B. Inactivation through hydroxylation by BAST. Inactivation through
conjugation with glucose by UGT73CE. Proposed role of BEN1 in BR inactivation
(Modified from Li and Gou, 2007; Yuaet al., 2007)
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Figurel.6 BRI1 structure and BAK structure. Both BRI 1andHAcontain a cytosolic
kinase domain, a transmemebrane domain and extiacdleucine Rich Repeat (LRR)
domains. There are 25 LRRs with a 70 aa islanddmtv2l and 22 LRR in BRI1. The
island will bind to BRs. There are only 5 LRRs IAI&L.
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degradation

Figure 1.7 BR signal transduction pathway Arabidopsis. When BR binds to BRI,
BRI1 is activated. Inhibitor BKI1 is released frdRI1. BRI1 forms a heterodimer with
BAK1. Activated BRI1 phosphorylates and activattss do-receptor BAK1. Activated
BAK1 trans-phosphorylates and activates BRI1. TBBl phosphorylates and activates
BSK1. BSK1 activates BSU1, a phosphotase. BSU1 aigyitorylates BIN2 to prevent
BIN2 to phosphorylate BZR1/BES1. De-phosphoryla@8S1/BZR1 accumulate in
nuclei promote BR responses. When BRs are absédg ghosphorylates BES1/BZR1,
and 14-3-3 proteins retain phosphorylated BZR1/BESTytoplasm. Phosphorylated
BES1/BZR1 is degraded through an unknown 26S psotea.
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Chapter 11

Genetic modifier screen on theweak allele BR receptor mutant via

activation tagging
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1. Abstract

Identifying and characterizing mutants afficient methods to dissect a genetic
pathway. In the BR pathway, the classic loss otfiom screening has been extensively
utilized to identify related mutants. However, alligh several genes related to the BR
biosynthesis pathway have been successfully idedtifonly BR receptor BRI1 was
repeatedly obtained for the BR signaling pathwayictv suggests the functional
redundancy may exist for other molecules in BR &ligg. To overcome this barrier, a
gain of function approach, activation-tagging, Hssen used to screen for genetic
modifiers mutant for the weak allele BR receptortants in our lab. In my research,
through a large scale activation tagging screengeyeral promising mutants were
successfully isolated for further characterization.

2. Introduction

Screening loss-of-function mutant is noelty used to elucidate genetic
mechanisms in plant molecular biology. Althougrsiain efficient method, it also shows
obvious limitations. For example, if one molecidesgsential for plant survival, it will be
impossible to obtain a loss of function mutantoiffe gene has redundantly functional
homologs or its functions can be replaced by aerrative pathway, it will be rarely
observe a substantial phenotype for its loss aftian mutant (Weigel, 2000; Nakazawa,
2003; Tani, 2004). In the genome Arfabidopsis, functional redundancy exists for over
70% all of genes, which limits the application afs$ of function screening in
Arabidopsis (Arabidopsis Genome Initiative, 2000). To overcome this obstacl
activation tagging screening, a gain of functioresaing strategy, was developed. In the

scheme of activation-tagging, four tandem copiesthed cauliflower mosaic virus
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(CaMV) 35S enhancer sequence were engineered iFDNA region in a binary
transformation vector. When the vector was tramséat into a host plant, the T-DNA
containing 35S enhancers will be randomly insentgd the genome of the host plant.
Those enhancers will then enhance transcriptioneajhboring genes on either side of
the insertion, which will result in gain-of-funchcanalysis ( Hayashi, 1992; Kardailsky,
1999; Weigel, 2000) Activation tagging was firstedsin identifying a His kinase in
tissue culture oArabidopsis (Kakimoto, 1996). From then on, it has been widgdplied
to study hormone pathways, plant development, noéta and disease resistance in
Arabidopsis (Kardailsky, 1999; Neff, 1999; van der Graaff, Q0@®002; Li J, 2001,
Borevitz, 2002; Busov, 2003; Grant, 2003; Hayahlhiva, 2006; Perrella, 2006;)
However, since BR mutants are sterilejvatton tagging was not used in BR
pathway until a weak allelaril mutant was identified. As shown in Figure 1.2 lagter
[, bril-5 is an intermediate BR receptor mutant comparetutballele bril-4. Although
bril-5 still shows typical defects of BR mutants suchdasrfism, curled leaves and
small rosette size, it is completely fertile, whitiakes it an ideal genetic background for
activation-tagging screening. BRS1 and BAK1 are fhst two regulators of BR
signaling identified through activation tagging frdoril-5 background (Li, 2001; Li,
2002), and both genes have several homologs wgthidentities in sequence. Especially
for BAK1, some of its homologs function redundantty BAK1 in the BR signaling
pathway (Karlova, 2006; He, 2007; Albrecht, 2008iter that, more regulators of the
BR pathway were identified using the gain of fuastscreening, such as BEN1 (Toetg

al., 2007). Now activation tagging is routinely usemt fjenerating genetic modifier
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mutants in BR pathway and other genetic pathwaysants (Busov, 2003; Grant, 2003;
Niwa, 2006; Perrella, 2006; Zhang, 2006; KondoW@&®Rboul-Soud, 2009).

As shown in Figure 2.1, two weak allBle receptor mutantdyril-5 andbril-9,
were used to screen genetic modifier mutants utigadion tagging. The activation vector
was first transformed intobril-5 or bril-9 through Agro-bacteria mediated
transformation Once the T-DNA containing four copies of 35S ertdeas are randomly
inserted and integrated into the genoméioi-5 or bril-9, the enhancers will activate
the transcription of those genes flanking enhancHrsa positive regulator in BR
biosynthesis or signaling pathway is activated bigascers, its over-expression would
partially or even completely rescue defectsbafl-5 or bril-9, which will lead to a
suppressor mutant with rescued phenotypes. Ontlilee band, if the gene plays negative
role, its over-expression will negatively impact Bftosynthesis or BR signaling
pathway, which will result in an enhancer with mesxere defects (Li, 2001). Since the
T-DNA is randomly inserted into a genome, all senglenes in the genome could be
tagged and activated. Theoretically, if a big ertoagtivation tagging transformant pool
is generated, all genes functioning in BR biosysither signaling pathway could be
identified theoretically.

3. Results

3.1 Suppressorsand enhancersidentified from activation-tagging screening

Twenty plates difri1l-5 mutant and 20 plates bfil-9 mutants were grown. After
4 weeks, plants bearing flower buds was ready Agrobacterium-mediated
transformation. About 8000 transformants were ssgfcdly generated from activation-

tagging screening. Among these transformants, akgeppressors and enhancers were
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successfully isolated. As shown in Figure 2.2a, suppressors and two enhancers were
obtained fronbril-5 background. One suppressoseskl-1D, the other igcpl-1D. Both
suppressor have much larger rosette, and are is@mif taller than the genetic
backgroundbril-5. Two enhancersyril-5G19-1D and bril-5 cur-1D, displayed more
severe defects in growth and development comparbd 1-5. As shown in Figure 2.2b,
from bril-9 background, three suppressdms1-9-bril-1D andbril-9-brl3-1D andbril-
9-203-1D, were obtained. All three suppressors are talan tgenetic background and
show larger rosette with expanded leaves. Amongupressors obtainebki1-9-bril-

1D andbril-9-brl3-1D mutants showed best rescued phenotypes, they tates®mble

wildtype plants (Figure 2.3).

3.2 Deter mination of T-DNA insertion siteby TAIL-PCR

To find the T-DNA insertion site in thgenome, TAIL-PCR was performed.
TAIL-PCR is an efficient method to amplify unknowaequences adjacent to known
sequences resulting from T-DNA insertion in chrooms. In TAIL-PCR, nested
specific primers are designed according to a kneequence. These primers together
with arbitrary degenerate primers are then usedotmduct PCR with template DNA
extracted from transformants (Liu and Whittier, 899 erauchi and Kahl, 2000). After
sequencing the PCR product, the T-DNA insertioe sitthe genome can be determined
by comparing the sequence with sequence datababAIBf As shown in Figure 2.4,
the T-DNA insertion sites were determined for dloee suppressors and enhancers.
Among these suppressors or enhancers, SERK1 isrkasvithe homolog of BAK1, the

BR co-receptor. SERK1 was originally reported teoive in microsporogenesis, which
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is independent of the BR pathway (Hecht, 2001).eR#¢ it was demonstrated that
SERK1 also functions redundantly to BAK1 in the BRynaling pathway (Karlova,
2006; Albrecht, 2008). The receptor of BRs, BRIhd ats homolog BRL3 were also
identified in our screening. Although BRL3 was thgbtito be not as important as BRI1,
brI3-1D activation tagging line almost shows phenotypeasilar to wildtype plants
(Zhou, 2004; Cafo-Delgado, 2004). As to the oty suppressors, TCP1 is a plant
specific transcription factor and MYB21 is a membérthe MYB transcription factor
family in Arabidopsis. Transcription factor TFIIB and F-box protein CUWRere
activation tagged respectively ibril-5G19-1D and bril-5cur-1D. Among these
molecules, although BRI1, BRL3 and SERK1 repredamtwn entities in the BR
pathway, four new promising molecules were obtaime®R pathway. To understand
their potential functions in BR pathway. All foungpressors or enhancers were further
characterized. Results fdoril-5-G19-1D and bril-9-203-1D are described in this
chapter. The detailed analyses lwil-5tcpl-1D and bril-5cur-1D are presented in
Chapter Il and Chapter IV respectively.

3.3 G19-1D enhancer

Compared tdoril-5, bril-5G19-1D showed even more severe defects; it is dwarfer and
much smaller with curled leaves. After being crossath wild-type WS2 to segregate
out mutated BRIIWS2-G19-1D also showed dwarf statue with curled leaves, sstque

a function in plant growth and development. Aftetetmining T-DNA insertion site, it
was found thaB5S enhancers are located neadt$g57370, about 930 bp upstream of
the start-codonAt3g57370 encodes a TFIIB transcription factor, whose futtis to

recruit RNA polymerase Il to the promoter to forntranscription initiation complex
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(Greenblatt, 1992; Rowlands, 1994). To find out thiee or not the TFIIB transcription
factor is truly activated, RT-PCR analysis was perfed. The result indicated that the
transcription ofAt3g57370 was elevated 2-fold in the enhancer mutant congpéoe
backgroundbril-5. To further confirmAt3g57370 is real candidate gene of tlbeil-
5G19-1D enhancer, th@FIIB was cloned and over-expressed in eittret-5 or WS2,
driven by the 35S promoter. Although no transgdmes were obtained witlril-5,
over-expression cAt3g57370 in WS2 generated transgenic lines with phenotgadar

to W-G19-1D (Figure 2.5), which suggests that the TFIIB traipgmn factor is
responsible for enhanced phenotype bml1l-5G19-1D. Since it is a general TFIIB
transcription factor, we hypothesized that it magatively control the expression of BR
response genes. However, its target genes neealittebtified to clarify its true roles in

the BR pathway through further research.

3.4 bril-9-203-1D suppressor

bril-9-203-1D exhibits significantly suppressed phenotypes wittigher
inflorescence and larger rosettes compardatitt9. The35S enhancer cassette inserted
in the promoter ofAt3g27810, MYB21, in the bril-9~203-1D suppressor, RT-PCR
analysis indicated that the transcription MiYB21 was elevated about 4 fold in the
suppressor compared bwil-9. The recapitulation experiment demonstrated thatr-o
expression oMYB21 in bril-9 resulted in suppressed phenotypes simildrib-9-203-
1D (Figure 2.6). These results suggested MYB21 maypeséive regulator involved in
the BR biosynthesis or signaling pathwayArabidopsis. In recent studies, AtMYB30

null mutants display decreased BR responses araheatthe dwarf phenotype of a weak
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allele of the BR receptor mutabtil. AtMYB30 was further identified as a direct target
gene of BES1. AtMYB30 could function to regulate #xpression of BR response genes
(Li L., 2009). These results prompted us to thimkt tits homolog-MYB20 may be also a

regulator of BR signaling iArabidopsis.

4. Discussion

Functional redundancy commonly existshe genome of plants, which greatly
limits the application of loss of function analyamsresearch. The problem also exists in
the studies of BR signaling pathwayAnabidopsis since loss of function screening only
identified BR receptor repeatedly. An alternativengof function approach, activation
tagging, was used to identify those molecules & BR pathways using weak BR
mutantsbril-5 andbril-9. When a positive regulator is activation-tagggcehhancers,
its activation will rescue the developmental defeaft the background mutants, resulting
in a suppressor. On the other hand, when a negaiijdator is tagged, its activation will
produce an enhancer with enhanced developmentattdefSeveral important regulators
of the BR pathway have been identified throughgbeetic modifier of BR weak allele
mutants via activation tagging. In our researchess interesting mutants were obtained
in a large scale screening. After cloning the cdati genes, it was found that some well
known BR regulators such as BR receptor itself BRELhomolog BRL3 (Zhou, 2004;
Cano-Delgado, 2004), homolog of BR co-receptorptreSERK1, and some novel loci
were successfully activation tagged. The resulth&ur indicates that genetic modifier
screening via activation tagging is an efficienpaach for dissecting the BR pathway in

Arabidopsis.
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However, not many suppressors or erdgranwere obtained through the large
scale activation tagging screening as we originelpected. Even some important loci
with known function in the BR signaling were nogged. For example, as mentioned in
Chapter I, BSK1 was identified as the substrat8Rfl by biochemical analysis, over-
expression of BSK1 significantly rescued the wedklea BR mutant,bril-5 (Tang,
2008). However, BSK1 was not activation taggedun research. Probably it is because
the transformant pool generated by activation tagas not big enough. Another reason
may be that T-DNA does not insert into specificioeg of the genome. It could be true,
since the exact mechanism fgrobacterium-mediated transformation is still unclear. In
the case, many molecules in the BR pathway will ietactivation tagged. In addition,
we cannot exclude that over-expression of someggenthe BR pathway may be lethal
for plants, which make it impossible to obtain gaifnfunction mutants for the loci via
activation tagging.

Another problem in our research is thag genetic modifier mutant may contain
multiple T-DNA insertions. In the case, it will la@most impossible to determine the T-
DNA insertion sites through TAIL-PCR, since mulapgPCR products will be amplified
at the same time, which makes the products implestilbe sequenced. In addition, even
when all insertion sites can be determined, it Wil painstaking to find out which
insertion is responsible the mutant, or are seviessrtions responsible for the mutant
together. For this reason, we did not charactesm®e of mutants. In order to obtain
more promising suppressors or enhancers, new tranation strategies need to be
developed, and more transformants need to be gedesnd alternative efficient cloning

techniques need to be applied in the genetic nesdfireening via activation tagging.
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5. Experimental procedure and methods

5. 1. Plant material and growth condition

Both ofbril-5 or bril-9 seeds are WS2 ecotypesilk5 or bril-9 seeds were
stratified in water under-¢ for two days, and grown at 23<25with 18 hours under light
and 8 hours under dark until ready for transfororati
5. 2. Agrobacterium-mediated transfor mation through floral dipping method

5.2.1. The activation tagging vector, pRlasta-AT2, was first transformed into
Agrobacterium strain GV3101. The transformants were screenedhenAtgar LB plate
with kanamycin 50ug/ml and gentamycin 30ug/ml tlesefor transformant carrying the
binary plasmid.

5. 2.2Agrobacterium tumefaciens strain GV3101 carrying the activation tagging
vector were cultured at 28 in liquid LB with in liquid LB media with kanamymu
50ug/ml and gentamycin 30ug/ml overnight.

5. 2.3. Spin down Agrobacterium 5000 rptmroom temperature, resuspend in
fresh 5% sucrose solution to an §&= 0.8.

5. 2.4. Silwet L-77 was added to a cotregion of 0.05% and mix well.

5. 2.5. Dip plant inflorescence in thgrobacterium solution for 10-15 seconds,
with gentle agitation.

5. 2.6. Cover dipped plants for 16 toHurs to maintain high humidity, then
water and grow plants normally to produce T1 seeds.

5. 3. Identification of suppressorsor enhancers
Plant T1 seeds in soil to screen fongfarmants with herbicide, and identify

suppressor and enhancer according to their pheestypransformants with rescued
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phenotypes represent potential suppressors; thispéaylng more severe phenotypes
represent potential enhancers.

5. 4. Determination of T-DNA insertion site by Thermal-Asymmetric-Interlaced
PCR (TAIL-PCR).

TAIL-PCR was conducted according to thetgcol described previously (Liu and
Whittier, 1995; Terauchi and Kahl, 2000).). BrielONA is extracted from detected
mutants with the Small Prep DNA kit from invitrogefhree nested primers TR1, TR2,
TR3 were designed according to specific sequencd-bINA. Primary PCR was
conducted with TR1 together with random primer Add 10 reduced stringency cycles.
Then 100 fold dilution of primary PCR product wased as template to do secondary
PCR with TR2 and AD primer for 10 super cycles.diyn50-fold dilution of secondary
PCR products was used to do tertiary PCR with TR@ AD for 20 normal cycles.
Tertiary PCR product was collected back from etgmtoresis Gel for sequencing.
Sequencing results were compared to a databasd A$Bto determine the T-DNA
insertion site in the genome.

5. 5. Examination of expression level by RT-PCR
Total RNA was isolated using RNeasynplanini kits with on-column DNase-

treatment (Qiagen; http://www.giagen.con® ug total RNA was reversedly transcripted

to a first strand of cDNA in a 2@ volume using the SuperScript Il first-strand gyesis

system (Invitrogen;_http://www.invitrogen.comOne microliter volume of RT product

was used as a template in 20 volume PCR. PCR products were separated and

visualized by 1% agarose gel with EB by electropbis.
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RT-PCR primer-pair foAt3g57370, TFIIB-F: 5'-
ATGACGATGAAGTGGGGTCACAG-3' and TFIIB-R: 5'-
CTAAGGAGCTCCAAGGTTTTTCAG-3'; RT-PCR primer-pairfé1YB21, MYB21-
F: 5'-ATGGAGAAAAGAGGAGGAGGAAG-3 MYB21-R: 5'-
TCAATTACCATTCAATAAATGCA-3', RT-PCR primer-pair foEFla, EFla-F: 5'-
CAGGCTGATTGTGCTGTCCT-3' an#F1a-R: 5
TCAAGTAGCAAAATCACGGCGCTT-3.
5. 6. Recapitulation experiment

The CDS oAt3g57370 was amplified fronbri1-5G19-1D with primer pair TFIIB-
attbl: 5-GTACAAAAAAGCAGGCTATGACGATGAAGTGGGGTCACAXR' and
TFIIB-attb2: 5-GTACAAGAAAGCTGGGTCTAAGGAGCTCCAAGGTTTTCAG-3;
The CDS oMyb21was amplified fronbri1l-9-203-1D with primer pair MYB21-attbl: 5'-
GTACAAAAAAGCAGGCTATGGAGAAAAGAGGAGGAGGAAG-3 MYB21-
attb2: 5-GTACAAGAAAGCTGGGTTCAATTACCATTCAATAAATGCA3'. Both
CDS were respectively cloned into vector pBIB-BAS3BS-GW with Gateway strategy
as described (Yuan, 2008). MYB21 was over-expresséd 1-9 plants.At3g57370 was
over-expressed itril-5 and WS2 respectively. Expression levels of tranegewere

further determined by RT-PCR.
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Figure2.2a, Four-week-old suppressors and enhancers idehfifoen bril-5

background.
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Figure2.2b, four-week-old suppressors identified fram1-9 background.
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Figure2.6 Recapitulation results fdoril-9-203-1D. MYB21 was overexpressed mi1-9
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level, EF1-a is used as control.

60



References

Aboul-Soud MA, Chen X, Kang JG, Yun BW, Raja MU, k&SI, Loake GJ.(2009)
Activation tagging of ADR2 conveys a spreadingdesphenotype and resistance
to biotrophic pathogens. New Phytol. 183(4):1163-75

Albrecht C, Russinova E, Kemmerling B, Kwaaitaaldé, Vries SC.(2008)rabidopsis
SOMATIC EMBRYOGENESIS RECEPTOR KINASE proteins serv
brassinosteroid-dependent and -independent signpdithways. Plant Physiol.
148(1):611-9.

Arabidopsis Genome Initiativé2000) Analysis of the genome sequence of flowering
plantArabidopsis thaliana. Nature, 408(6814):796-815

Busov VB, Meilan R, Pearce DW, Ma C, Rood SB, $tsafH(2003) tagging of a
dominant gibberellin catabolism gene (GA 2-oxiddsan poplar that regulates
tree staturePlant Physiol. 132(3):1283-91.

Cafo-Delgado A, Yin Y, Yu C, Vafeados D, Mora-Gar8i, Cheng JC, Nam KH, Li J,
Chory J(2004) BRL1 and BRL3 are novel brassinosteroid paars that function
in vascular differentiation iArabidopsis. Development. 131 (21): 5341-51.

Cafio-Delgado A, Wang Z¥2009) Binding assays for brassinosteroid receptors
Methods Mol Biol. 495:81-8.

Clouse SD, Langford M, McMorris T(1996) A brassinosteroid-insensitive mutant in
Arabidopsis thaliana exhibits multiple defects in growth and developmerant

Physiol. 111(3):671-8.

61



Friedrichsen DM, Joazeiro CA, Li J, Hunter T, Chd2000) Brassinosteroid-
insensitive-1 is a ubiquitously expressed leucink-repeat receptor
serine/threonine kinasBlant Physiol. 123(4):1247-56.

Grant JJ, Chini A, Basu D, Loake @D03) Targeted activation tagging of the
Arabidopsis NBS-LRR gene, ADR1, conveys resistance to virupaihogens.

Mol Plant Microbe Interact. 16(8):669-80.

Greenblatt J.(1992) Transcription. Riding high ba TATA box.Nature. 360(6399):16-
7. Hecht V, Vielle-Calzada JP, Hartog MV, Schmid,Boutilier K,

Hayashi H, Czaja I, Lubenow H, Schell J, WalderLlB9@) Activation of a plant gene by
T-DNA tagging: auxin-independent growth in vitzience 258: 1350-1353.

Hecht V, Vielle-Calzada JP, Hartog MV, Schmidt BByutilier K, Grossniklaus U, de
Vries SC(2001) TheArabidopsis SOMATIC EMBRYOGENESIS RECEPTOR
KINASE 1 gene is expressed in developing ovules emibryos and enhances
embryogenic competence in culture. Plant Physii(3):803-16.

He K, Gou X, Yuan T, Lin H, Asami T, Yoshida S, Rell SD, Li J(2007) BAK1 and
BKK1 regulate brassinosteroid-dependent growthlaadsinosteroid-
independent cell-death pathways. Curr Biol. 17@B)9-15.

He Z, Wang ZY, Li J, Zhu Q, Lamb C, Ronald P, Cha(2000) Perception of
brassinosteroids by the extracellular domain ofrfloeptor kinase BRIEcience.
288(5475):2360-3.

Kakimoto T(1996) CKI1, a histidine kinase homolog implicateatytokinin signal

transductionScience. 274(5289):982-5.

62



Kardailsky I, Shukla VK, Ahn JH, Dagenais N, Cheisten SK, Nguyen JT, Chory J,
Harrison MJ, Weigel 31999) Activation tagging of the floral inducer FT.
Science. 286(5446):1962-5.

Karlova R, Boeren S, Russinova E, Aker J, Vervdode Vries $2006 )
TheArabidopsis SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE1
protein complex includes BRASSINOSTEROID-INSENSIBY. Plant Cell.
18(3):626-38

Kondou Y, Nakazawa M, Kawashima M, Ichikawa T, Yiasimi T, Suzuki K, Ishikawa
A, Koshi T, Matsui R, Muto S, Matsui M.(2008) RETBED GROWTH OF
EMBRYOL, a new basic helix-loop-helix protein, egpses in endosperm to
control embryo growth. Plant Physiol. 147(4):1924-3

Li J, Chory J1997) A putative leucine-rich repeat receptor Eemavolved
inbrassinosteroid signal transducti@®l. 90(5):929-38.

Li J, Wen J, Lease KA, Doke JT, Tax FE, Walker(2G@02) BAK1, anArabidopsis LRR
receptor-like protein kinase, interacts with BRidanodulates brassinosteroid
signaling.Cell. 110(2):213-22.

Li J, Lease KA, Tax FE, Walker JC. BRS1, (2001¢are carboxypeptidase, regulates
BRI1 signaling inArabidopsis thaliana. Proc Natl Acad Sci U SA. 98(10):5916-
21.

Li L, Yu X, Thompson A, Guo M, Yoshida S, AsamiChory J, Yin Y(2009)
Arabidopsis MYB30 is a direct target of BES1 and cooperatab BES1 to

regulate brassinosteroid-induced gene expresBlant J. 58(2):275-86.

63



Liu, Y.G., and Whittier, R.1995). Thermal asymmetric interlaced PCR: autobiata
amplification and sequencing of insert end fragmdrmam P1 and YAC clones
for chromosome walking. Genomics 25, 674-681.

Nakazawa M, Ichikawa T, Ishikawa A, Kobayashi Hultara Y, Kawashima M, Suzuki
K, Muto S, Matsui M(2003) Activation tagging, a novel tool to disstot
functions of a gene familylant J. 34(5):741-50.

Neff, M.M., Nguyen, S.M., Malancharuvil, E.J., Faka, S., Noguchi, T., Seto, H.,
Tsubuki, M., Honda, T., Takatsuto, S., Yoshidaa&d Chory, J1999)BASL: A
gene regulating brassinosteroid levels and lighpoasiveness iArabidopsis.
Proc. Natl. Acad. Sci. USA 96, 15316-15323.

Niwa Y, Goto S, Nakano T, Sakaiya M, Hirano T, Tayk H, Komeda Y, Kobayashi H
(2006)Arabidopsis mutants by activation tagging in which photosystegenes
are expressed in dedifferentiated cdlant Cell Physiol. 47(3):319-31.

Odell JT, Nagy F, Chua N-H (1985) Identification@fA-sequences required for
activity of the cauliflower mosaic virus-35S proraoiNature 313: 810-812.

Pan S, Czarnecka-Verner E, Gurley WB.(2000) Rokh®fTATA binding protein-
transcription factor 1B interaction in supportibgsal and activated transcription
in plant cellsPlant Cell. 12(1):125-36.

Perrella G, Cremona G, Consiglio F, Errico A, BeasRA, Conicella G2006)
Screening for mutations affecting sexual reprodurctifter activation tagging in
Arabidopsis thaliana. J Appl Genet. 47(2):109-11.

Rowlands T, Baumann P, Jackson($894) The TATA-binding protein: a general

transcription factor in eukaryotes and archaebect&sience. 264(5163):1326-9.

64



Shah K, Russinova E, Gadella TW Jr, Willemse JVBes SC( 2002) TheArabidopsis
kinase-associated protein phosphatase controlsalization of the somatic
embryogenesis receptor kinasésenes Dev. 16(13):1707-20.

Tang W, Kim TW, (2008) Oses-Prieto JA, Sun Y, Deh@hu S, Wang R, Burlingame
AL,Wang ZY. BSKs mediate signal transduction frdre teceptor kinase BRI1
in Arabidopsis. Science. 321(5888):557-60.

Tani H, Chen X, Nurmberg P, Grant JJ, SantaMari&Nini A, Gilroy E, Birch PR,
Loake GJ2004) Activation tagging in plants: a tool for gediscoveryFunct
Integr Genomics. 4(4):258-66.

Terauchi, R., and Kahl, 2000). Rapid isolation of promoter sequences byLTACR:
the 5'-flanking regions of Pal and Pgi genes framy Dioscorea). Mol. Gen.
Genet 263, 554-560.

Wang ZY, Seto H, Fujioka S, Yoshida S, Cho(001) BRI1 is a critical component of
a plasma-membrane receptor for plant sterdidture. 410(6826):380-3.

Weigel D, Ahn JH, Blazquez MA, Borevitz JO, Chrisden SK, Fankhauser C, Ferrandiz
C, Kardailsky I, Malancharuvil EJ, Neff MM, Nguyd, Sato S, Wang ZY, Xia
Y, Dixon RA, Harrison MJ, Lamb CJ, Yanofsky MF, Glid (2000 ) Activation
tagging inArabidopsis. Plant Physiol. 122(4):1003-13.

Yuan T, Fujioka S, Takatsuto S, Matsumoto S, Gou&K, Russell SD, Li §2007)
BENL1, a gene encoding a dihydroflavonol 4-reduc{BgeR)-like protein,
regulates the levels of brassinosteroid8nabidopsis thaliana. Plant J.

51(2):220-33.

65



Zhang J, Wrage EL, Vankova R, Malbeck J, Neff NB006) Over-expression of SOB5
suggests the involvement of a novel plant proteiayitokinin-mediated
development. Plant J. 46(5):834-48.

Zhou A, Wang H, Walker JC, Li(2004 ) BRL1, a leucine-rich repeat receptor-like
protein kinase, is functionally redundant with BRilregulatingArabidopsis

brassinosteroid signalinglant J. 40(3):399-409.

66



Chapter 111
TCP1 Modulates brassinosteroid biosynthesis by regulating the expression of the

key biosynthetic gene DWARF4 in Arabidopsis thaliana
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1. ABSTRACT

Brassinosteroids (BRs) are essentialtgiformones regulating normal plant
growth and development. Unlike other plant hormorigRs do not appear to have a
long-distance transport system. Elucidating medmsiregulating bioactive levels of
cellular BRs are especially crucial for a bettedenstanding of their roles during entire
plant life cycle.TCP1, a gene thought to be involved in floral organ setric control,
was identified as a genetic suppressor of a weakr&Rptor mutantbril-5, in an
activation tagging genetic scrediCP1 encodes a putative transcription factor possessing
a basic helix-loop-helix (bHLH) domain. The domibaallele of TCP1, tcpl-1D,
suppresses the defective phenotypesrdf-5. On the other hand, overexpression of a
dominant negative form ofCP1, TCP1-SRDX, with a 12-amino acid repressor sequence
fused to TCPHt its carboxyl terminus, results in dwarfed plaetsembling BR deficient
or BR insensitive mutants. Interestingly, the defec phenotypes can be rescued by
exogenously applied brassinolide (BL), the final BBRsynthetic product and most active
form of BR, but cannot be recovered by other grepritimoting phytohormones such as
auxins, GAs, or cytokinins. BR profile assay stignguggests that TCP1 expression
level positively coordinates with the function oNIARF4 (DWF4), a key enzyme in BR
biosynthetic pathway. Real-time RT-PCR analysisthierr demonstrated that TCP1
regulates the transcription levels @¥WF4. Confocal microscopy analysis indicated that
TCP1 is mainly confined to the nucleus. ChIP expents further showed that TCP1

indeed interacts with thBWF4 promoter region. The expression of TCP1 appeal®to
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regulated by BR levels. These studies demonstras¢har level of regulation through
which BRs mediate plant growth and development.

Key words: TCPLyril-5, brassinosteroid, transcription factor, SRDX repoe

2. INTRODUCTION

Brassinosteroids (BRs) are a class ¢yhyolroxyl steroidal hormones naturally
found in almost all plant species examined (Cloarsé Sasse, 1998). BRs play critical
roles in multiple physiological processes duringmmal plant growth and development,
from seed germination to leaf senescence. Mutaamtlunable to biosynthesize or
perceive BRs exhibit typical defective phenotypesluding extremely dwarfed statures,
shortened leaf petioles, rounded and curled legwedonged life spans, reduced male
fertility, and de-etiolated open hypocotyls whewown in darkness. Within the last two
decades, detailed information regarding BR sigraaigduction and BR biosynthesis has
been uncovered. A number of BR signaling regulatsuwsh as a cell surface BR receptor
called brassinosteroid insensitive 1 (BRI1) (Li a@Hory, 1997) and its co-receptor
named BRIl-associated protein kinase (BAK1) werentidfied via genetic and
biochemical methods (L&t al., 2002; Nam and Li, 2002). Other important reguiat
proteins, such as a secreted serine carboxypegtidasignated abril suppressor 1
(BRS1) (Li et al., 2001), a BRI1 inhibitory protein BKI1 (Wang ar€hory, 2006),
several putative BRI1 substrates includingAaabidopsis paralog of TGF-beta receptor-
interacting protein (TRIP-1) (Jiang and Clouse, Z®hsaret al., 2005), a transthyretin-
like protein (TTL) (Nam and Li, 2004), and threenimogous BR signaling kinases

(BSKs) (Tanget al., 2008), a negative regulator called brassinostemmsensitive 2
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(BIN2) (Li et al., 2001;Li and Nam, 2002), a protein phosphatasd B (Mora-Garcia
et al., 2004) , 14-3-3 proteins (Bai al., 2007; Gampalat al., 2007; Ryuet al., 2007),
and two novel transcription factors, BZR1 (Waetgal., 2002) and BES1 (Yimt al.,
2002), have also been identified utilizing vari@pproaches. Although a more detailed
mechanistic understanding as to how the aforemmedigoroteins coordinate various
steps in BR signaling is needed, evidence to datmgly indicates that they are key
signaling components in BR signal transduction tled&y information from the cell
surface to nuclear transcription factors. A propoB& signal transduction starts from
ligand (BR) binding to the extracellular domain BRI1, which triggers a sequential
phosphorylation between BRI1 and BAK1 (Waelgal., 2008). Activated receptor/co-
receptor complex initiates a phosphorylation/dephosylation cascade that can
transduce the BR signal from the cell surface tmmwasm, and eventually to nucleus
where gene expression patterns are altered thringgaction of two transcription factors
BZR1 and BES1 (Kinet al., 2009). As a consequence of these events, theiplable to
fine tune its growth and development.

The entire BR biosynthetic pathwayswaitially elucidated utilizing cultured
Catharanthus roseus cells (Fujioka and Yokota, 2003). Several genesodimg key BR
biosynthetic enzymes have also been cloned usingdiRient mutants identified from a
number of plant species suchAsbidopsis, pea, tomato, and rice (Fujioka and Yokota,
2003). For exampleje-etiolated 2 (det2) was identified as a de-etiolated mutant from
Arabidopsis (Chory et al., 1991). DET2 encodes a protein sharing sequeintiéasty
with the mammalian steroid 5a-reductasedflal., 1997). Feeding experiments revealed

that DET2 is involved in a 5a-reduction step of tiplg related sterols during BR
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biosynthesis (Fujiokat al., 1997). An ortholog ofrabidopsis det2, namedk, was also
identified from pea as an extremely dwarfed mu¢Almuraet al., 2004).dwarf4 (dwf4)
is another BR deficient mutant isolated frofmabidopsis (Choe et al., 1998). The
dwarfed stature afiwf4 can be rescued by brassinolide (BL), the final podabf the BR
biosynthetic pathway, and the most active form BEBEDWF4 encodes a 22-hydroxylase
and is responsible for multiple 22-hydroxylatioeps during BR biosynthesis. It was
proposed that DWF4 catalyses a rate limiting stepnd BR biosynthesis (Kinet al.,
2006). Constitutive photomorphogenesis and dwarfism (cpd) is another dwarf mutant
isolated by T-DNA insertion analysis. It was shotlvat CPD encodes a 23a-hydroxylase
and patrticipates in a critical 23a-hydroxylatioepsin BR biosynthesis (Szekeretsal.,
1996). But recent feeding and biochemical analysdgated that two P450 proteins,
CYP90C1 and CYP90D1, act as true 23a-hydroxyla@ésichiet al., 2006). The severe
phenotype of thepd mutant indicated that it should be involved irtegpsearlier than the
23a-hydroxylation reaction. Another gene involvadBiR biosynthesis is BR60x, which
was first identified in tomato by transposon taggi(Bishop et al., 1996). BR60x
catalyzed the C-6 oxidation of a number of differdeoxoBRs (Bishogt al., 1999).
BR60x orthologs fromArabidopsis and rice have conserved functions, which are
responsible for linking the early and late C-6 @tidn pathways (Bishog al., 2006).
Unlike other phytohormones, BRs arehlmdo be transported through a long
distance mechanism in a plant (Symons and Reid4)20Wis is uncommon for a typical
phytohormone but suggests that homeostasis of threaB8Rs must be precisely
controlled at tissue or even at cellular levelensure normal growth and development.

There are a number of mechanisms for a plant totaiai adequate levels of bioactive
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BRs. For instance, excessive amounts of BRs canaotivated by modifications of BRs
(Fujioka and Yokota, 2003). Mechanisms for the ivation of BRs include sulfonation
at a 22-OH group by a steroid sulfotransferase WaBEST3, identified inBrassica
napus (Rouleauet al., 1999); 26-hydroxylation by BAS1, found Arabidopsis (Neff et
al., 1999); conjugation by a UDPglycosyltransferaamed UGT73C5 (Poppenbergatr
al., 2005); and a putative reduction step catalyae@BN1 (Yuanet al., 2007). Plants
also use a feedback mechanism to monitor the BRybtbetic rate, which is tightly
linked with the BR signaling pathway (Mathetral., 1998; Heet al., 2005; Kimet al.,
2006). If BRs are available, they can trigger aeseof cellular processes, resulting in the
accumulation of unphosphorylated BZR1 and BESludei. Unphosphorylated BZR1
and BES1 have dual roles: repressing biosynthedite gexpression to slow down the
biosynthetic rate, and activating BR response gdoepromote growth. How BR
biosynthesis is positively regulated, however il goorly understood. In this paper we
describe the identification of a transcription @actwhich plays a positive role in
regulating BR biosynthesis.

Using a gain-of-function genetic appimaeve have identified a number of
suppressors for a weak BRI1 mutant allele]1-5 (Noguchiet al., 1999; Liet al., 2001;
Li etal., 2002; Zhouet al., 2004; Yuaret al., 2007). One of these suppressortspd-1D.
TCP1 encodes a TCP transcription factor, which contan$asic helix loop-helix
domain. Previous studies suggested that TCP1 nagygotole in regulating flower organ
symmetry (Cubast al., 2001; Busch and Zachgo, 2007).

The activation tagged locuspl-1D, can suppress the defective phenotypes of

bril-5. Overexpression of a dominant negative mui@@®1l-SRDX in wild type plants,
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conversely, resulted in dwarfed transgenic plamsla to typical BR deficient mutants
such agdet2 (Li et al., 1996), or signaling defective mutants suclbras-5 (Noguchiet

al., 1999). Our detailed genetic, biochemical, andecwar analyses demonstrated that
TCP1 positively regulates the expression of the BRRybiosynthetic gendDWF4, via a
direct or indirect interaction with the promotergi@n of DWF4. Thus, our findings
provide a new molecular pathway in the regulatidrB& biosynthesis under certain
endogenous and external stimuli. The discoverie significantly advance our
knowledge about the functions of BR in regulatimmymal plant growth, development,

and adaptation to various environments.

3.RESULTS
3.1 tcpl-1D was identified as a gain-of-function genetic suppressor of bril-5

Activation tagging is a gain-of-functiogenetic approach that activates gene
expression via inserting strong enhancers in tmomge. The enhancers are commonly
engineered in the T-DNA region of the transformatomnstruct and placed arbitrarily in
the genome by floral dipping, an effectifgrobacterium-mediated gene transformation
method (Clough and Bent, 1998). Usually only theegein the vicinity of the enhancers
can be transcriptionally activated (Weigel al., 2000). This investigation takes
advantage of a weak BR receptor mutant nabretb, in which a single cysteine has
been substituted by a tyrosine at the N-terminu89%g (Noguchiet al., 1999). The
mutatedbril-5 protein is largely retained in endoplasmic reticaland degraded through
a proteosome-mediated degradation pathway (Hsra., 2008).bril-5 plants show a

semi-dwarfed but a fertile phenotype. Activatioggang-basedoril-5 genetic modifier

73



screen has become an effective approach to idemtifel components regulating BR
signaling, catabolism, and biosynthetic pathways(lal., 2001; Liet al., 2002; Zhouet
al., 2004; Yuaret al., 2007). One of theril-5 suppressors we identified is calltpl-
1D. bril-5-tcp1-1D double mutant shows partially suppressed phenstgpenpared to
the single mutanbril-5 (Figure 3. 1A). Abril-5 mutant exhibits characteristic BR
mutant phenotypes such as rounded leaves, shorfmtades, and delayed flowering
time. Although the leaf shapes of the double mupdanits remain unaltered, the petioles
of bril-5-tcpl-1D are significantly elongated. The inflorescenceghef double mutant
plants are twice as tall as thoselwfl-5 plants at maturity. In addition, the delayed
flowering time ofbril-5 was also significantly suppressed. Genetic aralyslicated
that the double mutant phenotype was caused byghesdominant locus, because the
bril-5 suppression phenotype is closely linked with libgta resistant gene from the T-
DNA of our home-made activation tagging constrpBASTA-AT2 (Yuanet al., 2007).
We cloned the flanking sequences of THeNA insertion by tail-PCR (Liu and
Whittier, 1995) and found that the T-DNA is insertat 2,281bp upstream of the
initiation codon ofTCP1 (At1g67260) (Figure 3. 1B). To determine whethBCP1 is the
gene responsible for the suppression phenotypleeirouble mutant, we cloned the full
length cDNA of TCP1 and overexpressed it bri1-5 driven by a constitutive CaMV35S
promoter. Over 50% of the transgenic plants showkxhgated petiole phenotypes
similar to the originally identified activation tgung line (Figure 3. 1A). Real-time RT-
PCR analysis confirmed that ti€P1 expression levels in bothri1-5-tcpl-1D andbril-

5-35S- TCP1-GFP were elevated by at least 10 fold compared to tho¥eS2 andoril-5
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(Figure 3. 1C). These results demonstrated tha¢ased expression of TCP1 is the cause

of the suppression phenotype seen in the doublamut

3.2 A functional BRI1 is required for tcpl-1D to regulate plant growth and
development

To determine whethtapl-1D is a general growth regulator or has a specifie ro
in BR related pathways, we conducted a series oétge crosses. We first backcrossed
thebril-5-tcpl-1D with its background ecotype WS2 and segregatedrolHs after self-
pollination. The gain-of-functiontcpl-1D single mutant showed an elongated leaf
phenotype reminiscent of BRI1-overexpressed or DUVE#expressed transgenic plants
(Choeet al., 2001; Wangt al., 2001) (Figure 3. 2A). A similar suppression ame was
observed whencpl-1D was crossed intdet2 mutant (Figure 3. 2B)det2 was firstly
identified as a de-etiolated mutant when grownhi& dark (Choryet al., 1991). DET2
encodes a steroid reductase responsible for a tredustep from campesterol to
campestanol during BR biosynthesis €tial.,1996,1997; Fujiokat al., 1997). It was
found thatdet2 mutants were still able to synthesize about 5-20%d type levels of
BRs. Thereforeget2 null mutant was considered as an intermediateybtbgstic mutant
(Fujiokaet al., 1997; Fujioka and Yokota, 2003). To further t@kether BR signaling is
necessary for the function ¢épl-1D in regulating plant growth, we crosseghl-1D
with bril-4. bril-4 has a 10amino-acid-deletion at the N-terminus RflBresulted from
an T-DNA insertion event, which causes a premastiop codon after amino acid 153
(Noguchiet al., 1999). Therefore, this mutant is regarded agllanmutant of BRI1 bril-

4 -tcpl-1D double mutant did not show any leaf suppressianptypes (Figure 3. 2C).
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Thus, our genetic analyses clearly indicated thatrble oftcpl-1D in regulating leaf

growth is dependent on the presence of BRs anBRhsignaling pathway.

3.3 Expression of a TCP1-SRDX chimeric repressor genein wild type plants results
in atypical BR mutant phenotype

Our genetic data suggested that TCPihwvslved in BR related pathways. To
further understand the authentic role of TCP1 inrBRted pathways, we searched for T-
DNA null mutants of TCP1 from various resources.fdstunately, no T-DNA alleles
were identified from the available databases. \Wa tihied to generate TCP1 knockdown
mutants by using an artificial microRNA strateggli@abet al., 2006). All the resulting
plants did not show any obvious phenotypes, pogsil¢ to gene redundancy. Therefore,
we employed a gene silencing system, named chimegpressor gene-silencing
technology (CRES-T), in which TCP1 was fused withl2zamino-acid EAR-motif
repressor domain (SRDX) (Figure 3. 3A) (Hiraiual., 2003). Previous experiments
indicated that the chimeric version can be usesffaxtively repress the expression of the
target genes of a number of transcription factorduding TCP genes (Koyans al.,
2007). Expression of TCP1-SRDX driven by the cdustie 35S promoter resulted in
dwarfed transgenic plants similar to BR deficientsgynaling mutants, such a&t2,
dwf4, and bril-5 (Figure 3. 3B). The dominant negative plants shbwlenotypes
opposite to those ditpl-1D plants. Whereascpl-1D plants showed elongated leaves
and petioles,TCP1-SRDX plants displayed rounded and epinastic leavesttesied
petioles, and reduced statures (Figure 3. 3B, heMvgrown under darknessCP1-

SRDX plants exhibited a typical de-etiolated phenotywdh opened cotyledons
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resembling that ofdet2 and bril-4 mutants (Figure 3. S1). The dominant negative
phenotypes were likely caused by the competitivedipg of TCP1-SRDX with native
TCP1 and its paralogs to the target gene(s) viabtheH domain. Overexpression of
TCP1-bHLH (in which bHLH domain sequence was deleted)T@P1-SRDX-bHLH
failed to alter the growth of the transgenic plaffgure 3. S2), suggesting that the
bHLH domain of TCP1 is prerequisite to the functiosf TCP1 and TCP1-SRDX in
transgenic plants. To ensure that the phenotypd€PBi-SRDX transgenic plants were
caused by the overexpressionT@P1-SRDX, we crossed the transgenic plants wai-

1D and isolated homozygous plants for b®@@P1-SRDX andtcpl-1D loci. The fact that
tcpl-1D can partially complement the dominant negativeafbf TCP1-SRDX suggests
that the phenotypes were indeed caused @y1-SRDX overexpression (Figure 3. S3).
These results suggested that the target gene(3)CBfL transcription factor plays a

significant role in regulating BR biosynthesis @&l transduction.

3.4 TCP1regulates BR biosynthesis

The phenotypes of BR deficient and sigrpinutants are morphologically similar.
It is therefore challenging to determine, by moiphgg only, whether the dwarfed
phenotype offCP1-SRDX plants was caused by the failure of the transgplaots to
respond to endogenous BRs or by disruptions inipesteps of the BR biosynthetic
pathway. If the BR signaling pathway is alterede timutant should show reduced
response to exogenously applied BR. Converselyhef BR biosynthesis pathway is
impeded, the dwarf mutant should be rescued byenmggsly applied BL. Our results

show that the hypocotyl growth of tR€P1-SRDX plants can be greatly recovered by the
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addition of BL. In %2 MS medium supplemented with Eucrose and 1uM BL, the
hypocotyl length of th&CP1-SRDX seedlings was increased by 4 fold, whereas that of
wild type WS2 andcpl-1D seedlings were increased only by 20-40% (Figu#A3.B).
Comparison analysis indicated that the growth efft@P1-SRDX transgenic plants can
respond to exogenously applied BL in a similar nemres other BR deficient mutants
such asdet2 (Figure 3. S4). Application of 1 uM BRZ, a specifBR biosynthetic
inhibitor (Asami and Yoshida, 1999; Asami al., 2000), did not further reduce the
growth of TCP1-SRDX plants. Under the same treatment, the lengths $2 \Ahdtcpl-
1D seedlings were reduced by 4 to 8 fold, respegtifieigure 3. 4A, B). Furthermore,
none of the other known growth hormones such as,GA3 and IAA showed any
rescuing effects when they were added into theumlmedia (Figure 3. S5). These
results suggest that expressionT@P1-SRDX specifically blocked the BR biosynthetic

pathway.

3.5 TCP1 expression levels are positively correlated to the catalytic ability of DWF4-

a key enzymein BR biosynthesis pathway

To investigate how TCP1 is involved iragulating BR biosynthesis, we
performed BR profile analyses using four-week ol&2\tcpl-1D, and TCP1-SRDX
plants. It was apparent th@pl-1D enhanced the catalytic capability of DWF4, whereas
TCP1-SRDX greatly reduced the catalytic ability of DWF4. Fexample, one of the
substrates of DWF4, campestanol, is quantitatiadiye in three different genotypes.

Although the product of DWF4, 6-deoxocathasteraaeincreased by about 2 fold in
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tcpl-1D seedlings, it decreased about 10 foldT@P1-SRDX seedlings in comparison
with that of wild type seedlings (Figure 3. 5). 3an results were observed for the
reaction from campesterol to (22S)-22-hydroxycartgge which is also catalyzed by
DWF4 (Figure 3. 5). None of the other reactionsenaffected in such a dramatic way.
Because TCP proteins are transcription factors, IT{i€ely regulates DWF4-catalyzed

reactions via the control of DWF4 expression.

3.6 The expression level of DWF4 is positively regulated by TCP1

To test our hypothesis that TCP1 candcriptionally regulat®WF4 expression,
we first generated TCP1p (TCP1 promoter)-3-glucai@se (GUS) and DWF4pGUS
transgenic plants and examined the expressionrpatté TCP1 and DWFA4. If TCP1 can
directly regulate the expression of DWF4, we woelkpect to see the overlapped
expression patterns of the two genes. We analyxethdependent transgenic lines for
each transgenic event. Each transgenic event showmesistent GUS staining results,
which clearly indicated that both genes have opgeda expression patterns (Figure 3.
S6). Both genes are expressed relatively strortbarroots and at the junctions of roots
and hypocotyls. In the leaves, both genes are gnaixpressed in vascular tissues. The
expression level of DWF4 in the leaves, howevempparently much less than that of
TCP1. Neat DWF4 expression level is determined dty bhe positive effect of TCP1
and negative action of BZR1/BES1. To examine whetihanging expression levels of
TCP1 can affect the transcription D¥WF4, we isolated total RNA from WSZ2¢pl-1D,

andTCP1-SRDX entire seedlings and carried out real time RT-R@&yses. Our results
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clearly indicated that the expression levelDdMVF4 is elevated in thécpl-1D gain-of-
function mutant seedlings, but reduced in T@P1-SRDX dominant negative mutant
seedlings (Figure 3. 6A). The expression level bfother known Arabidopsis BR
biosynthetic genes were not significantly alteredcpl-1D and TCP1-SRDX seedlings
(data not shown). We also crossed the homozygoes loftcpl-1D and TCP1-SRDX
with homozygous lines oDWF41p-GUS plants respectively and obtained F1 plants.
These F1 plants, containing only one copy of edcth® transgene, were used to test
whether overexpression of TCRtpl-1D) or TCP1-SRDX can influence the expression
levels of GUS by an immunoblotting analysis using-&US antibody. If TCP1 controls
DWF4 transcription via regulating the function bEtDWF4 promoter, we expect to see
that overexpression of TCP1 up-regulates the egmeslevel of GUS; whereas
overexpression of TCP1-SRDX down-regulates the esgwon level of GUS. Our
immunoblotting results indeed confirmed these mteahs (Figure 3. 6B). These results
confirmed that TCP1 functions as a positive regulat controlling DWF4 transcription.
In addition, whertcpl-1D was crossed into a null DWF4 mutant backgrowumd4-1, the
resultingdwf4-1- tcpl-1D double mutant plants did not show any suppregsi@motypes
(Figure 3. 6C).dwf4-1 is a T-DNA insertion mutant originally used to & DWF4
(Choeet al., 1998). The nulbwf4-1 mutant is more severe than a rigt2 mutant but
much milder than apd null mutant (Szekereat al., 1996; Fujiokeaet al., 1997; Choest

al., 1998). BR profile analysis suggested tbaf4-1 still makes trace amount of BRs
(Choeet al., 2001). The inability otcpl-1D to suppressiwf4-1 is consistent with our
notion about TCP1's role in regulating DWF4 expir@ss Without a functional target

gene, overexpression of TCP1 becomes inconsequexttisgt would not be able to
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regulate the expression of the target gene anduhsequent downstream events leading

to modified plant growth.

3.7 TCP1 associates with the promoter region of DWF4

Our genetic and biochemical analysis daiggested that TCP1 is a transcription
factor positively regulatindWF4 expression. To prove that TCP1 is a transcription
factor, which specifically regulates DWF4 expreasiwe conducted a TCP1 subcellular
localization analysis to examine whether TCP1 aliaed in nucleus and chromatin
immunoprecipitaion (ChIP) assay to determine wheth€P1l associates with the
promoter of DWF4. We overexpressed@P1-GFP fusion gene in WS2 background,
selected multiple transgenic lines, and identifiedmozygous plants for further
subcellular localization analysis. Confocal micisg data of primary roots from 4-day
old seedlings expressing TCP1-GFP indicated thabrdlscent signals originate
exclusively from the nuclei. Representative resales shown in Figure 3. 7A-D. These
TCP1-GFP homozygous transgenic lines were then used to HHP &xperiments.
According to predicted DNA binding sites of TCP fnproteins from previous reports
in rice, consensus TCP binding sites were founthénpromoter regions of both BES1
and BRZ1, but not in the promoter region of DWF4. \8e first checked whether the
TCP1 protein binds to the promoter region8@R1 or BESL through ChIP analysis. As
shown in 7E, TCP1 does not seem to associate wtitaraheBESL or BZR1 promoter.
ChIP analysis,however, did demonstrate that the IT@@tein is associated with the
DWF4 promoter sequences, either via a novel bindeguence on the DWF4 promoter

(Figure 3. 7E), or via its interaction with anothiemscription factor which directly binds
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to the promoter sequence BIVMF4. Our ChIP analysis results were consistent with ou
real-time RT-PCR results, because we did not fing @tered expression &ESL and
BZR1 in tcpl-1D or TCP1-SRDX plants compared to that in wild type plants (dabh
shown). We did find, however, th&WF4 was up-regulated imcpl-1D and down-

regulated inTCP1-SRDX transgenic plants (Figure 3. 6A-B).

3.8 TCP1 expression can beregulated by BR

To examine whether BR levels can affaet expression of TCP1, seeds from a
representative  homozygousCP1p-GUS line were germinated in Y2 MS medium
supplemented with 1% sucrose and 0 uM BL or BR4JM BL, and 1 uM BRZ
respectively. The plants were grown under eithenmete darkness or continuous light
conditions for 5 days. The seedlings were themsthifor GUS activity and were also
subjected to immunoblotting analyses using an @hts antibody (Figure 3. 8A-C). Our
results indicated that application of 1 uM BL cagngicantly stimulate TCP1 expression
as revealed by GUS staining and immunoblotting ltesuvhereas depletion of
endogenous BRs by BRZ treatment can greatly red@fl expression (Figure 3. 8A-
C). We also grew WS2iet2-28 (in WS2 ecotype), ankil-4 (in WS2 background) for 5
days in 1/2 MS medium supplemented with 1% sucesse 1 uM BL. Real-time RT-
PCR analysis indicated that TCP1 expression levele up-regulated in WS2 awuldt2-

28 but not inbril-4 in the presence of 1 uM BL (Figure 3. S7). Thaeasing level was

gquite dramatic indet2-28. These data suggest that the expression of TCRlbea
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regulated by exogenous and endogenous levels oaBd the regulation may relay on a

functional BRI1 receptor (Figure 3. 8D).

4. DISCUSSION

BR homeostasis is critical for normal milagrowth and development. BR
deficiency mutants show a severely retarded grgitgmotype mainly due to lack of cell
elongation. Excessive amounts of BR, on the othadhgreatly inhibits root growth and
triggers leaf senescence (Clouse, 1996; Clousesasde, 1998). Bioactive levels of BR
are mainly balanced by the rate of biosynthesisthadspeed of inactivation. Within the
last a few years, a feedback inhibitory regulahas been elucidated, which involves two
novel transcription factors, BZR1 and BES1 (Matletiral., 1998; Heet al., 2005).
Previous studies indicated that the expressionldegt five BR-specific biosynthetic
genes includingDET2, DWF4, CPD, BR6ox1, and ROT3 are up-regulated in plants
treated with BRZ (Bancot al., 2002; Tanakat al., 2005). The expression levels of four
of the five genes@{WF4, CPD, BR6ox1, andROT3) are significantly down-regulated in
response to exogenous BL treatment.

Previous studies also revealed a nurob®iochemical reactions which plants
use to inactivate BRs if an excessive amount of iBRresent. There have been no
reports, however, about how BR biosynthesis istpyety regulated. When additional BR
is needed at certain developmental stages or wateus biotic/abiotic stresses, how
plants perceive internal or external signals tgger the production of more BR is poorly
understood. Generally, it is thought that the @aren accumulate additional BR via two

different mechanisms including acceleration of binesynthetic rate and deceleration of
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inactivation speed or slowing down the feedbackil@gn. The most effective way is to
speed up BR biosynthesis by elevating the expresdi&ey BR biosynthetic genes.

Among the BR biosynthetic genes isalabWF4 was believed to be one of the
key genes in the BR-specific biosynthetic pathwaynf campesterol to BL (Kinat al.,
2006).DWF4 encodes a P450 protein which catalyzes multiphg@roxylation steps in
BR biosynthesis (Choet al., 1998). Relative to other BR biosynthetic gersegh as
CPD and DET2, DWF4 is expressed at an extremely low level (Kenal., 2006).
Although BR profile analysis indicated that DWF4bstrates are always plentiful in
plants, the products of the DWF4-catalyzed reastiane considerably low or even
undetectable. Previous studies also indicated@N®E4 is mainly expressed in actively
growing tissues, such as root and shoot apicesreMBRs are significantly enriched
(Kim et al., 2006). In addition, overexpression of DWF4 indwiype Arabidopsis or
tobacco plants can significantly increase biomaskseed production (Cheeal., 2001).
These results suggest that DWF4 catalyzes a flteraining step in the BR biosynthesis
pathway (Kimet al., 2006). Elucidating how DWF4 expression is retpdawill greatly
advance our knowledge about the mechanisms cang®@R homeostasis in a plant.

Our detailed analyses clearly demansttr that TCP1 is an important
transcription factor positively regulating the BRogynthesis by controlling the
expression of DWF4. This notion is supported byesalvkey observations. First, wild
type plants harborintcpl-1D allele showed a phenotype similar to that of th&/H2-
overexpressing plants (Chost al., 2001). The transgenic plants overexpressing a
dominant negative chimerical gengCP1-SRDX, on the other hand, exhibited a typical

BR deficiency or signaling mutant phenotype. Theaded phenotypes of the transgenic
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seedlings can be rescued by supplementing thereuttadium with BL, but not with any
other growth promoting hormones such as auxingeg#ilins, or cytokinins, suggesting
that TCP1-SRDX transgenic plants are BR-specific deficient mwgamather than BR
signaling mutants. Secondly, our BR profile anayssults clearly indicated that the
expression levels of TCP1 affect the function of PAWbut not other known BR
biosynthetic enzymes. Our real-time RT-PCR resaliswed that overexpression of
TCP1 up-regulatesDWF4 expression, whereas overexpressionT6P1-SRDX down-
regulates the expression BMWF4. Finally, our ChIP analysis using transgenic ant
overexpressing TCP1-GFP demonstrated that TCPlintaract with the promoter of
DWF4 via a direct or indirect manner but not with therpoters ofBZR1, BESL, EFla,
andACTIN2.

It is worth noting, however, that altlyh tcpl-1D showed an organ elongation
phenotype resembling plants overexpres$igF4, BR profile analysis did not reveal
any accumulation of CS/BL ittpl-1D plants. As a matter of fact, several intermediates
in the later BR biosynthetic pathway, such as C8&ieweduced in botkcpl-1D and
TCP1-SRDX plants. However, the phenotypes were opposite.pBitle analysis was
also conducted in plants overexpressityF4 by Choeet al (2001); and their results
also showed there was no CS or BL accumulatiddW4-overexpressing plants. Choe
et al (2001) proposed that BL, CS or other bioactive B®RWF4-overexpressing plants
could be turned over rapidly after triggering thi®? Bignal transduction chain. This idea is
supported by the fact that in mutants impaired Ehdgnaling such as ibril, BL levels
became elevated possibly because the signalingvpgtinas been disrupted ftoril

mutants (Noguchet al., 1999). The similarity of the BR profiles top1-1D and DWF4-
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overexpressing plants in comparison with wild type plants is drestpiece of evidence
linking TCP1 function to the regulation BMWF4 expression.

Although significant progress has bemade in elucidating both the BR
biosynthesis and signal transduction pathway# it known about how the expressions
of BR biosynthetic genes as well as signaling geaes positively regulated. Our
identification of TCP1 as a positive regulator IOWF4 expression provides a new
mechanism through which plants are able to modBd&ebiosynthesis during normal
plant growth and development. TCP proteins are tpfoecific transcription factors
regulating a number of processes during plant droavtd development, such as floral
symmetry (Luoet al., 1999; Broholnet al., 2008), embryonic growth (Tatematsual.,
2008), morphology of shoot lateral organs (Koyaetaal., 2007), and jasmonate
biosynthesis and senescence (Schomehel., 2008). The name TCP was used after
TEOSINTE BRANCHED 1 (TB1) from maize, CYCLOIDEA (Q) from Anthirrinum
majus, and PCF from rice (Cuba&tal., 1999). These proteins contain a basic helixJoop
helix domain, which is thought to be involved in BNbinding. There is also an “R-
domain” whose function is not yet known. Arabidopsis thaliana, there are 24 TCP
transcription factors. Based on similarity in theiao acid sequence of the TCP domain,
13 were grouped into class | and 11 were group dtdss Il. It was found that the two
classes have distinct but overlapping binding sege® For example, rice class | TCP
proteins prefer to bind GGNCCCAC, whereas clas$3@P proteins favor binding to
GTGGNCCC (Kosugi and Ohashi, 2002). They sharectite sequence GGNCCC. It is
not known, however, whethérabidopsis TCP transcription factors bind to the same

DNA sequences. Since TCP1 belongs to class | T@#sdription factors, we searched
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the promoter region sequence@WF4 to see whether it contains GGNCCCAC motif.
We failed to identify the consensus sequence fibreeiclass | or class Il TCPs in the
DWF4 promoter region. This suggested to us that theiplesbinding sequence for TCP1
in DWF4 promoter may not be strictly identical to what wesported in rice.
Alternatively, even though we have determined T@P1 andDWF4 promoter are in the
same complex as assayed by ChIP experiments, wetcame out the possibility that
TCP1 is indirectly involved in activatin@WF4 transcription by its association with
another trueDWF4 promoter binding transcriptional factor. Interagty, in the
promoters of bottBZR1 and BESL, there are typical TCP binding sequences revealed
from rice TCP orthologs. For instance, about 40@pgtream of the translation initiation
codon of BESL, there are two putative TCP binding motifs, GGACGL and
GGCCCCAC. Similar sequences have also been detectélde promoter region of
BZR1. However, it appears that the expressionB&Sl and BZR1 are not directly
regulated by TCP1, as the expression levels ofeti® transcription factors are not
altered intcpl-1D or tcpl-SRDX plants (data not shown). It is possible that these
transcription factors are regulated by other meslwér TCP family. Previous studies
suggested that TCP1 is involved in floral symmetegulation (Cubast al., 2001;
Busch and Zachgo, 2007). The detailed moleculahar@sm controlling organ mono- or
poly-symmetry is poorly understood. Our identifioat of TCP1 in regulating BR
biosynthesis suggests that unequal expression BfLTi@ay result in uneven distribution
of BRs in floral meristems, which may contributeth® asymmetric regulation of floral

organs. Future studies will focus on understandiogv the expression of TCPL1 is
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regulated by internal and external factors. Therimfation about how TCP1 expression is

regulated will facilitate our understanding of h8R biosynthesis is controlled.

5. METHODS
5.1 Plant materials and activation tagging for bril-5 genetic modifiers

All plants used in these studies inahgdbril-5, dwf4-1, and bril-4 were in
Arabidopsis ecotype WS2 background. Unless specified, plamgevgrown under 16h
light (150—200 pumol /fisec) and 8h dark conditiobril-5-tcpl-1D double mutant was
obtained by a large scale activation-tagging screerril-5 suppressors as described
previously (Liet al., 2001; 2002; Zhowet al., 2004; Yuanet al., 2007). Briefly, a
homemade activation-tagging construct, pPBASTA-AWAs transformed into bril-5 to
generate transgenic plants with resistance to Bastdicide. bril-5-tcpl-1D was
identified as one of thieril-5 suppressors.
5.2 Deter mination of bril-5 tcpl-1D locus

TAIL-PCR was used to amplify the flamdx genomic sequence of the T-DNA of

pPBASTA-AT2 as described previously (Liu and Whitfied995; Terauchi and Kahl,
2000). The T-DNA insertion site was determined byguencing the flanking genomic
DNA. The T-DNA was inserted in the promoterTi@P1 (At1g67260), 2,281bp upstream
from its start codon. The activation-tagged genes watermined by RT-PCR and
recapitulation experiment was conducted to conthienresult.
5.3 Construction of expression vectors
Full length TCP1 cDNA was amplified with primers TCPLl-attbl,

GTACAAAAAAGCAGGCTATGTCGTCTTCCACCAATGACTAC and TCPHith2,
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GTACAAGAAAGCTGGGTcGTTTACAAAAGAGTCTTGAATCCA, TCP1-SRDX
was amplified with primers TCP1-attbl,
GTACAAAAAAGCAGGCTATGTCGTCTTCCACCAATGACTAC and TCP1-
SRDXatth2, GTACAAGAAAGCTGGGTTTATGCAAATCCCAGTCTGAGTTCAGG
TCGAGATCCAGGTTTACAAAAGAGTCTTGAATCCAA. Both sequense were
cloned into gateway vector pBIB-BASTA-35S-GWR-GFPdescribed previously (Yuan
et al.,2007), and overexpressedonl-5 and WS2 plants. Transgenic lines were analyzed
for phenotypes.
5.4 Real-time RT-PCR analyses

Total RNA was extracted using RNeasnpimini kits with on-column DNase
treatment (Qiagen). Total RNA (2 png) was reversednscribed to the first strand of the
cDNA in a 20ul volume using the SuperScript Il sfistrand synthesis system
(Invitrogen). One to 2 pl RT product was used aRRRPR€mplate in a 20ul volume
reaction. Different PCR cycles were conducted gteoto get better result. PCR products
were separated by 1% agarose gel electrophoredisvignalized under UV-scanner.
Real-time RT-PCR analysis was the same as preyialescribed (Gowet al., 2009).
ACT2 was used as a control. Primers fofCP1 expression analysis:
AACTCCTCGATTGGTTCCTTGTAG and CTTCCACCAATGACTACAACGHKG, for
DWF4 expression: ATGTTCGAAACAGAGCATCATAC and
GAGATCGAGAATTTGCTCCGTC, for DET2: CTTCCGATACTGTCTCCTCACTC
and GAGTCTTGGGATACTCTTCCTTG, for CPD:
GATAGGAGAGACTTTTCAGCTG and CTTCATCGGAAAATCCATCATC, for

BR60OX1: GTCTTCTCTTGATCATCGTGTCT and
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CCTAAGATGGAAGCCTTTTGGTG, for BR60OX2:
GTACTGCTCTTCTCCGATGGAAC and GGTGCAGAAACTCTTGGAAAGACTor
EFla: CAGGCTGATTTGTGCTGTCCT and TCAAGTAGCAAAATCACGGCGAT
5.5 Hypocotyl measurements

All of the seeds used for hypocotyhlgsis were surface-sterilized as described
previously (Yuanet al., 2007) and planted on 2 MS medium supplemented %o
sucrose, 0.8% agar and 24-epiBL or BRZ. The platese kept at 4°C for 2 days, and
then were grown vertically in white light at roorantperature. Hypocotyl length of
seedlings was measured after 5 days. All measutsmeare obtained from three
independent experiments and at least 20 seedlings mveasured each time.
5.6 Immunablotting analysis

Immunoblotting analysis was perfornasdpreviously described (et al., 2002;
Wang et al.,, 2005). Both anti-GFP (A11120) and anti-B3-glucidase (A-5790)
antibodies were from Invitrogen at Eugene, Oredd8A. BR Profile Analysis Aerial
parts of 4-week-old WS2icpl-1D and tcpl-SRDX seedlings were harvested and
lyophilized. The tissues (15 g of lyophilized tissuyper assay) were extracted twice with
250 ml of MeOH. Deuterium-labeled internal standamwlere added to the extracts.
Purification and quantification of BRs and sterasre carried out according to the
method described previously (Fujiokiaal., 2002).
5.7 Confocal microscopy analysis

Seeds of transgenic plants over-exmgd CP1-GFP were surface sterilized in
95% ethanol, 20% chlorox and washed with sterilebt® deionized water prior to

planting. Sterilized seeds were germinated in 62 ¥i#@8 mm glass coverslips coated
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with 0.5% agar supplemented with 1/2 MS salts,gdml pyridoxine-HCL, 0.5 mg/mL
nicotinic acid, 1 mg/ml thiamine, 0.10 g/L myo-imto$, 0.5 g/L MES, and 1% sucrose.
The pH of the agar-nutrient medium was adjustesl Tovith 10 M KOH. After 3-4 days,
the primary roots were imaged with a Leica TCS 28BS laser scanning confocal
microscope equipped with a 63X water immersion dbje (Leica Microsystems, Exton,
PA). Seedlings were counterstained with 5 uM priopd iodide for simultaneous
visualization of GFP and the cell wall. Propidiuatdide and GFP were excited with the
488 nm line of the argon laser and emission wagctled at 510 nm and 620 nm
respectively.
5.8 CHIP analysis

EpiQuik Plant ChIP Kit (Epigentekrd®klyn, NY) was used to conduct ChIP
analysis. The experiments were performed based hen specifications from the
manufacture. Briefly, seedlings (1-2 g) were usedy¢t chromatin pellets. Re-suspend
chromatin pellet in 500 pl CP3F containing proteedebitor cocktail. Shear DNA to
about 500bp fragments by sonicating, then centifug get supernatants. Dilute
supernatant and transfer the diluted supernataantibody (anti-GFP)-bound strip well
and incubate at room temperature for 60-90 min vgé#ntle shaking. TCP1-GFP
specifically associated DNA fragments were purifeatt eluted from the column. The
obtained DNA fragments were ready for real-time PGRest. Primers for amplifying
DWF4p GATTGGGAATCGGACTTCTACTG and
GGAGCATAACGAGGCAACAAAAG; for amplifying for amplifng BESIlp
CTTCTATAATTCCAGCGAAGAAG and TCTGTGTAAGAAAAGGAGCTGA, for

amplifying BZR1p TGTTCAATGAACTATACAAGTTTTG and
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GTGAGTATGTAAAATGAGTAATGAC; for amplifying EFlap
AACCACTCTCGTTGCTGATTC and ACAAGATCGATCAGAATGGAAa; dr
amplifying ACTINZp CGTTTCGCTTTCCTTAGTGTTAGCT and
CACAACGCATGCTAAACAGATCTAG.
5.9 Generation of promoter-GUS transgenic plants

A 1.5kb promoter fragment ®CP1 was amplified from theArabidopsis
genomic DNA by PCR with primers
GTACAAAAAAGCAGGCTTCCCTTAAACTTACTAGGGTAG and
GTACAAGAAAGCTGGGTCGACATCACCGAACTTAAGAAG. A 1.1kb pomoter
fragment of DWF4 was amplified from genomic DNA RCR with primers
TACAAAAAAGCAGGCTATAGTTGGTGAATTCAAATATCTC and
GTACAAGAAAGCTGGGTGGAGCTAGTTTCTCTCTCTCTC. Then thayere cloned
into gateway vector pBIB-BASTA-GUS-GWR and werensformed intoArabidopsis
ecotype-WS2. Homozygote transgenic plants weregdon soil or %2 MS medium with
1% sucrose for GUS activity assayCP1p-GUS plants were planted on 1/2MS medium
containing 1% sucrose with or without epi-BL or BR¥# 5 days under light or darkness
before determining for GUS activity. Seedlings issties were vacuum-infiltrated in X-
Gluc solution, followed by overnight incubationrabm temperature, then destained with

70% ethanol and visualized for blue color.
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Figure3. 1. tcpl-1D was identified as a dominant genetic suppresisboirid-5 by an
activation tagging screen.

(A) Phenotypes of WS2ril-5, bril-5 tcpl-1D, andbril-5 35STCP1-GFP plants.

(B) In bril-5tcpl-1D, four copies of 35S enhancer were inserted at Bpaipstream of
the start codon ATG.

(C) The expression oFCP1 was elevated ibril-5tcpl-1D as well as irbril-5 35S-
TCP1-GFP plants compared to WS2 ahd1-5 as shown by g-PCR.
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Figure3. 2. tcpl-1D can suppress weak BR signaling and biosynthetiambs, but can
not suppress a null allele BRI1.
(A) WS2tcpl-1D showed a phenotype reminiscent of the phenotypBRId- or DWF4-

overexpressed plants.
(B) tcpl-1D can partially suppress the defective phenotyp@sBR biosynthetic mutant

det2.
(C) tcpl-1D cannot suppressBRI1 null allele mutanbril-4.
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SRDX repressor
LDLDLELELGFA]

Figure3. 3. Transgenic plants overexpressin§@P1l dominant negative sequence
(TCP1-SRDX) show a typical BR mutant phenotype.

(A) Protein structures of TCP1. TCP1 contains a tyfiEh.H domain and an R-domain.
For the dominant negative version, a 12-amino S&@®X repressor sequence was fused
at the carboxyl terminus of TCP1.

(B) Phenotypes of WS2¢pl-1D, TCP1-SRDX, andbril-5. The plants were
photographed three weeks after germination.

(C) Leaf phenotypes of three-week-old W&p1-1D, andTCP1-SRDX plants.
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Figure3. 4. BL treatment rescues the shortened hypocotyl pypeatftcpl-SRDX.

(A) Phenotypes of representative W&p1-1D, andtcpl-SRDX seedlings grown on %2
MS medium under light condition with no BL treatnheh uM BL treatment, or 1 uM
BRZ treatment, respectively. The seedlings werdqdraphed five days after
germination.

(B) The measurements corresponding to the seedlimysnsim (A). Twenty seedlings

per genotype were used for the measurements.
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Figure3. 5. BR profile analyses of four-week-old soil grown W&91-1D, andtcpl-

SRDX Plants.

The numbers shown were the averages from thre@émdient replicas. nd: not detected

(below detection limit).
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Relative expressionj>

Figure3. 6. TCP1 positively regulates the expressionDiVF4.

(A) g-PCR results indicate that the expressiobDWi4 is drastically reduced itpl-
SRDX but significantly elevated ittpl-1D plants compared to WS2.

(B) GUS expression droved BMWF4 promoter is drastically decreasedl@P1-SRDX-
DWF4p-GUS plants but significantly increasedli@P1-1D-DWF4P-GUS plants
compared toWS2-DWF4p-GUS plants, as shown by Western-blotting.

(C) tcpl-1D does not rescue the phenotypes of adwilft mutant.
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Figure3. 7. TCP1 is localized to the nucleus and Chromatin Imopuecipitation (CHIP)
results indicate that TCP1 directly bind€X@/F4 promoter.

(A) and(C) Confocal microscopy shows that the TCP1-GFP fusdacalized in the
nucleus. Transgenic plants harboring 38321-GFP were used for the analysis.

(B) and(D) Wild-type plants were used as controls. No flucees signals were detected
in the analysis. Roots were counterstained witlpipiiom iodide to visualize the outline

of the cells. Scale bars = 20n
(E) g-PCR results for CHIP show that anti-GFP antibody can co-immunoprecipitate the DWF4
promoter region but not the promoter regions of ACTIN, BES1, and BZR1.
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Figure3. 8. The expression oFCP1 is regulated by BL via a positive feed-back

mechanism.

(A) Light-grown transgenic seedlings harborif@P1promoter-GUS show that the

expression levels aiCP1 can be positively regulated by the BL treatmert aagatively

regulated by the treatment with BRZ.

(B) Dark-grown seedlings are used for the same expatsrshown irfA).

(C) Western-blotting results for GUS expression leuwelg) and 8).

(D) A current model suggesting that the expressidDWF4 can be negatively regulated

by BZR1/BES1 via a feed-back loop, and also capds#ively regulated by TCP1 via a

Positive Feed-back mechanism.
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SUPPLEMENTAL DATA

! TCP1-SRDX

|
Ydet2

Figure3. S1. TCP1-SRDX transgenic plants show a typical de-etiolated phgre when
grown in darkness.

The seedlings were grown on ¥2 MS medium supplerdesitd 1% sucrose for 5 days
before they were photographed. The opened cotylptienotype oTfCP1-SRDX is

similar to that of thelet2 andbril-4 mutants
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Relative expression

Figure3. S2. bHLH domain in TCP1 is critical for the functioh ®CP1 and TCP1-
SRDX in regulating plant growth.

(A) The phenotypes of wild type (WS2) and variousdgemic plants overexpressing
variousTCP1 constructs.

(B) g-PCR results for the expression levels of ed¢heotransgenes iA]. All plants

shown are representative homozygous lines.
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Figure3. S3. The dwarfed phenotype 0CP1-SRDX plants can be partially rescued by
an additionatcpl-1D allele.

All the plants shown are homozygous plants.
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Figure3. $4. Growth of TCP1-SRDX plants in response to BL treatment is similar to a
BR deficiency mutandet2.

(A) The phenotypes of WSdet2, andTCP1-SRDX in response to various concentrations
of BL.

(B) Hypocotyl length of each genotype in responsefferént concentrations of BL.
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Figure3. 3.55. The dwarfed phenotype ®CP-SRDX plants can be rescued by the

treatment of BL but not by other growth-promotiigmi hormones.

(A) Phenotypes of various seedlings grown in ¥2 MS nmadiupplemented with

different phytohormones.

(B) Measurements of the seedlings show(Ah
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Figure3. 3. S6. Comparison of GUS expression pattern betw@@k4p-GUS transgenic
plants andr'CP1p-GUStransgenic plants.

(A), (B), (C), (D) and E) for 5-day-old, 10-day-old, 20-day-old, 30-day-di\F4p-
GUS transgenic plants and its flowg) (G) (H) (1) and Q) for TCP1p-GUS transgenic
plants and its flower at the same developmentgkes(k), (L), (M), (N) and(O) for
petiole, leaflet, haired region of root, root-tipdahypocotyl of 10-day-ol®@WF4p-GUS
transgenic plants photographed under Microsd®y(Q), (R), (S) and(T) for the same
tissues of 10-day-oliCP1p-GUS transgenic plants photographed under Microscopy.
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Figure3. 3.57. TCP1 transcription level regulated by BL in difat mutant background.
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