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Aux/IAA transcription repressors and further induces the degradation of Aux/IAAs 

through the ubiquitin-proteasome pathway. To learn more about the interaction 

between these proteins, a mutant screen was performed using the LexA yeast-two 

hybrid system. Two classes of TIR1 mutations were identified that increase the 

interaction with Aux/IAAs upon auxin treatment. The first type of TIR1 mutations, E12K 

and E15K, can stabilize the TIR1 protein level in vivo. The tir1 E12K and E15K 

transgenes exhibit severe defects throughout plant growth. The mutations, E12K and 

E15K, are located in the first helix (H1) of F-box domain of TIR1. The study shows that 

the H1 F-box domain plays a critical role in the negative regulation of the TIR1 protein 

level and is responsible for the difference between TIR1 and AFB1 accumulation in 

Arabidopsis. The second type of TIR1 mutations, D170E and M473L, increase the 

affinity between TIR1 and the degron motif of Aux/IAAs and further enhance the SCF 

function. This results in faster degradation of Aux/IAAs and increased transcription of 

auxin responsive genes in the plant. The pTIR1:tir1 D170E/M473L-Myc transgene 

exhibits diverse developmental defects during plant growth and displays a significantly 

auxin-hypersensitive phenotype.
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Auxin 

Auxin was the first plant phytohormone isolated. It plays a role in nearly every 

aspect of plant development and growth, such as embryogenesis, root initiation, 

lateral root development, tropic responses, leaf formation, stem elongation and fruit 

development (Woodward AW et al. 2005; Möller B et al. 2009; Overvoorde P et al. 

2010; Takahashi H et al. 2009; Scarpella E et al. 2010; Vernoux T et al. 2010; 

Sundberg E et al. 2009). No plant mutants have been identified that can survive 

without auxin. Auxin is universally existed in all higher plants and is also found in 

bryophyte Physcomitrella patens (Ludwig-Müller J. 2011). In addition, the mechanism 

of auxin signal transduction is conserved (Prigge MJ et al. 2010).  

In the model plant, Arabidopsis thaliana, auxin is mostly biosynthesized in 

young aerial tissues and actively transported to other parts of the plant in a polar 

fashion to trigger auxin signal transduction, which allows transcriptional regulation of 

auxin responsive genes and further affects plant development (Woodward AW et al. 

2005). 

 

Early Studies 

In the late 19th and early 20th centuries, a series of experiments was performed 

to study the phenomena of plant phototropism, which ultimately resulted in the 

discovery of auxin. The most famous study was performed by Charles Darwin who 
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measured oat coleoptile tip bending in response to light. The coleoptile is a tissue in 

monocots that protects young leaves during germination. He found that after coleoptile 

tips were exposed to light from one side, “some influence is transmitted from the upper 

to the lower part, causing the latter to bend” (Darwin and Darwin, 1880). In the1910s, 

Arpad Paal advanced this work by observing that removing the dark-grown coleoptile 

tip and replacing it on one side of the base was sufficient to induce the bending in the 

absence of light. Subsequently, Frits Went placed coleoptile tips onto agar blocks and 

observed that these treated agar blocks could induce the coleoptile tip bending in the 

dark, indicating the agar blocks contained some growth-promoting material (Went, F. 

1935). These experiments led to the purification and identification of indole-3-acetic 

acid (IAA), the most abundant natural auxin in plants. 

Once auxin was isolated, the function of auxin was characterized. In the 1930s, 

H.G. Van der Weij discovered the polar nature of auxin transport. In the late 20thand 

early 21stcenturies the main molecular basis of auxin action had been revealed 

through molecular and genetic techniques. Current studies incorporate genomics 

technologies and system biology approaches to study regulatory networks of auxin 

related genes, including the interactions with environmental stimulus and other 

hormones. 

 

Auxin Homeostasis 
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Auxin homeostasis in plants is extremely complicated. It involves multiple 

auxin biosynthetic pathways as well as hydrolytic cleavage from IAA conjugates 

(Woodward AW et al. 2005). IAA is mainly produced from the amino acid Trp, although 

there is evidence for Trp-independent pathway that is not well characterized (Zhao Y 

et al. 2010). 

The IAM pathway [Trp → IAM → IAA] is considered to be employed by several 

pathogenic bacteria and may act in plants. The Agrobacterium tumifaciens 

and Pseudomonas syringae use a tryptophan-2-monooxygeanse to convert 

tryptophan to indole-3-acetamide (IAM), which is subsequently hydrolyzed to IAA by 

IAAH enzyme (Camilleri C et al. 1991; Comai L et al 1982). Previous study identified 

an Arabidopsis amidohydrolase (AMI1) which can hydrolyze IAM into IAA in vitro, 

indicating the IAM pathway may be existed in plants as well (Pollmann S et al. 2003). 

The IPA pathway [Trp → IPA → IAA] is recently detailed defined by revealing 

the novel function of TAA1 of YUCCA in Arabidopsis. The TAA1 gene encodes a 

tryptophan aminotransferase that catalyzes the production of IPA from Trp in vitro 

(Tao Y et al. 2008). Loss-of-function mutants, such as taa1, wei8 and tir2, exhibit a 

reduction in free IAA level with defects in shade avoidance, hypocotyl elongation, and 

temperature and ethylene response (Tao Y et al. 2008; Stepanova AN et al. 2008; 

Yamada M et al. 2009). The YUCCA genes encode flavin monooxygenase-like (FMO) 

enzymes that catalyze a rate-limiting step of converting IPA to IAA (Mashiguchi K et al. 
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201). The yuc1-D mutant is isolated as an activation-tagging line that results in the 

overexpression of YUCCA1 and causes auxin overproduction in the plant (Zhao Y et 

al. 2001). Weak alleles of yuc1-D display 50% more free IAA than wild type, 

meanwhile explants of yuc1-D mutant exhibit massive roots in the absence of auxin 

(Zhao Y et al. 2001). It is demonstrated that the YUCCA family has 11 homologs in 

Arabidopsis with overlapping functions (Cheng Y et al. 2006). Several of them have 

been characterized and play a critical role during plant developmental growth. For 

example, the yuc1 yuc4 double mutant produces abnormal flowers and exhibits fewer 

vascular strains in leaves and flowers. The quadruple mutant, yuc1 yuc3 yuc10 yuc11, 

is incapable to make the basal part of the embryo during embryogenesis (Cheng Y et 

al. 2006; Cheng Y et al. 2007). It is found that the TAA1 and YUCCA family appear to 

have a wide distribution throughout the plant kingdom, suggesting the IPA pathway 

may be highly conserved (Stepanova AN et al. 2008; Cheng Y et al. 2007). 

The IAOx pathway [Trp → IAOx → IAN or IAAld → IAA] is unique in plants that 

involves in metabolism of indolic glucosinolates as well. Two Arabidopsis P450 

monooxygenases, CYP79B2 and its homolog CYP79B3, oxidize Trp to IAOx, while 

SUR1 and SUR2 catalyze the steps of converting IAOx to indolic glucosinolates in the 

plant (Hull AK et al. 2000; Zhao Y et al. 2002; Boerjan W et al. 1995; Barlier I et al. 

2000; Delarue M et al. 1998).  The cyp79B2 cyp79B3 double mutant exhibits obvious 

phenotypical changes with shorter petioles and smaller leaves. Also the cyp79B2 
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cyp79B3 mutant reduces levels of IAN and IAA, and cannot detect the production of 

indolic glucosinolates (Zhao Y et al. 2002). The superroot (sur1, 2) mutants, named for 

the large adventitious roots emerging from the hypocotyl, accumulate IAA in the plant. 

The SUR2 gene encodes the cytochrome P450 CYP83B1, an enzyme that catalyzes 

IAOx to 1-aci-nitro-2-indolyl-ethane in the first step of glucosinolates biosynthesis 

(Barlier I et al. 2000; Delarue M et al. 1998). Loss-of-function sur2 mutant blocks the 

production of glucosinolates from IAOx, inducing an increased level of IAOx in vivo. 

The SUR1 gene encodes a C-S lyase that catalyzes S-alkylthiohydroximate to 

thiohydroximic acid, a key reaction in indolic glucosinolates biosynthesis (Boerjan W et 

al. 1995). Like SUR2, inactivation of SUR1 disrupts glucosinolate biosynthesis and 

leads to the accumulation of IAOx. 

High plants can regulate auxin levels through IAA conjugation. The functions of 

IAA conjugates include auxin storage, transport, excess IAA detoxification and 

protection against peroxidative degradation (Seidel C et al. 2006). IAA can be 

ester-linked to sugars or amide-linked to amino acids (Woodward AW et al. 2005). It is 

indicated that Arabidopsis plant includes approx. 90% of amide-linked IAA, with an 

additional approx. 10% of ester-linked conjugates and approx. 1% of IAA is free IAA 

(Tam YY et al. 2000). 

The conjugation of IAA to amino acids is catalyzed by members of the GH3 

family. The function of GH3 genes is demonstrated by isolation of activation-tagging 
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mutants. GH3-overexpressing mutants, dfl1-D, dfl2-D,and ydk1-D, display reduced 

growth in lateral root initiation, hypocotyl elongation and apical dominance, and altered 

light responses, suggesting a role for these GH3 proteins in light-auxin interactions 

(Nakazawa M et al. 2001; Takase T et al. 2003; Takase T et al. 2004). Recently, the 

GH3 proteins have been biochemically characterized. JAR1 has been found to 

conjugate JA to isoleucine (Staswick PE et al. 2004; Staswick PE et al. 2002). Several 

other GH3 enzymes catalyze the conjugation of IAA to amino acids (Staswick PE et al. 

2005). The transcription of GH3 genes can be rapidly induced by auxin, which helps to 

regulate auxin homeostasis by conjugating excess IAA to amino acids (Hagen G et al. 

2002). However, their function is complicated. Only a fraction of the GH3 genes, 

mostly in group II, are rapidly responsive to auxin, furthermore group II GH3 enzymes 

display specificities to certain amino acids (Staswick PE et al. 2005). 

The function of IAA–amino acid conjugates can be divided into two groups 

based on their effect on root growth (Staswick PE et al. 2005). It has been shown that 

IAA–Ala and IAA–Leu efficiently inhibit root elongation and are substrates of 

amidohydrolases, indicating IAA–Ala and IAA–Leu function as supplies for free IAA. In 

contrast, IAA–Asp and IAA–Glu do not inhibit primary root elongation and cannot be 

hydrolyzed by seedlings. Further study suggests that IAA–Asp and IAA–Glu are 

involved in IAA turnover (Woodward AW et al. 2005). 

Genetic screens for mutants with altered response to IAA conjugates result in 
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the identification of a family of amidohydrolases functioning in hydrolyzing IAA 

conjugates in the plant. For example, the ilr1 mutant is resistant to exogenous IAA-Leu 

(Bartel B et al. 1995). The ILR1 gene encodes an amidohydrolase that cleaves 

IAA-Leu and IAA-Phe in vitro. Similarly, the iar3 mutant displays IAA-Ala resistance 

and is mutated in an amidohydrolase homologous to ILR1 that specifically hydrolyses 

IAA–Ala (Davies RT et al. 1999). It is found that the ILR1-like protein ILL2 is the most 

active IAA amidohydrolase in vitro (LeClere S et al. 2002). Because of functional 

redundancy among these genes, the single mutant exhibits very weak phenotypes; 

however the triple mutant, ilr1 iar3 ill2, decreases free IAA level and defects in lateral 

root initiation and hypocotyl elongation (Rampey RA et al. 2004).  

 

Polar Auxin Transport 

In the mid 1970s, the chemiosmotic hypothesis was proposed to explain the 

mechanism of polar auxin transport (Rubery P.H et al. 1974; Raven J.A, 1975). 

According to the chemiosmotic hypothesis, a pH gradient across the plasma 

membrane leads to the accumulation of IAA in the cell. First, IAA is protonated (IAAH) 

in the acidic extracellular space and then enters the cell via diffusion or an H+ 

symporter. In the neutral pH of the cytosol, IAA is anionic, which forms IAA−, and can 

only exit the cell via auxin efflux complexes. Hence, the IAA− becomes trapped inside 

the cell to maintain an auxin gradient (Woodward AW et al. 2005). On the molecular 
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level, polar auxin transport is mediated by plasma-membrane-localized transporters 

and subcellular endosome trafficking. 

The plasma-membrane-localized transporters include the PINs 

(PIN-FORMED), PGPs (P-glycoprotein) auxin transporters, and AUX1/LAX auxin 

permeases (Okada K et al. 1991; Chen R et al. 1998; Luschnig C et al. 1998; Müller A 

et al. 1998; Friml J et al. 2002a; Friml J et al. 2002b; Friml J et al. 2003; Mravec J et al. 

2009; Bouchard R et al. 2006; Blakeslee JJ et al. 2007; Cho M et al. 2007; Bennett MJ 

et al. 1996; Marchant A et al. 1999). The PIN proteins and PGP1/PGP19 are essential 

to export auxin from the cells, while the AUX1/LAX proteins function as uptake 

transporters.  

The aux1 mutant, first identified in a screen for agravitropic mutants, shows 

stronger resistance to the membrane-impermeable synthetic auxin 2,4-D 

(2,4-dichlorophenoxyacetic acid) than to the membrane-permeable synthetic auxin 

NAA (1-naphthaleneacetic acid) (Bennett MJ et al. 1996; Marchant A et al. 1999). The 

root agravitropic phenotype of the aux1 mutant can be rescued by treated with NAA, 

while 2,4-D, which needs to be actively transported into cells, does not have this effect, 

suggesting that AUX1 is involved in auxin uptake. AUX1 exhibits an asymmetric 

localization on the upper side of root protophloem cells and its polar localization is 

affected by an endoplasmic reticulum (ER) protein, AXR4 (Dharmasiri S et al. 2007). 

The function of AXR4 is still unknown, but in the axr4 null mutant, AUX1 cannot arrive 
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at the plasma membrane and is retained in the ER. In the Arabidopsis genome, 

several LIKE-AUX1 (LAX) genes have been identified. A recent paper reported that 

LAX3 is required for lateral root emergence (Swarup K et al. 2009). 

PGPs are integral membrane ABC (ATP-binding-cassette) transporters. The 

proteins consist of two homologous halves. Each half is composed of a 

nucleotide-binding fold, six transmembrane domains and a protein-protein interaction 

domain (Geisler M et al. 2006). There are 22 PGP genes (21 transcribed genes and 1 

pseudogene) found in the Arabidopsis genome. Loss-of-function mutants in several 

PGP genes cause diverse developmental defects. In most cases, the PGP proteins 

have no obvious asymmetric distribution, but in specific cases, polar distribution is still 

observed. For example, PGP4 exhibits a mixture of polar and apolar localization in 

epidermis and lateral root cap cells (Terasaka K et al. 2005). It is found that the 

protein-protein interaction domain of PGP19 interacts with the hydrophilic loop of PIN1, 

indicating both of them function interactively to coordinate the efficiency of auxin 

transport (Bandyopadhyay A et al. 2007; Blakeslee JJ et al. 2007). 

The PIN proteins are named for the pin-formed inflorescence exhibited by the 

pin1(pin-formed 1) mutant. The pin1 mutant is defective in organ initiation and 

produces pin-shaped inflorescence meristems devoid of flowers (Okada K et al. 1991). 

There are eight PIN proteins found in the Arabidopsis genome. PIN1 is localized 

primarily in the xylem parenchyma, and is essential for basipetal IAA transport in shoot 
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tissues and acropetal transport in root tissues (Gälweiler L et al. 1998). Mutations in 

PIN2 cause a defect in root gravitropism and reduce basipetal auxin transport in roots 

(Chen R et al. 1998; Müller A et al. 1998; Luschnig C et al. 1998). PIN3 functions in 

auxin lateral redistribution that is involved in gravitropic growth (Friml J et al. 2002a). 

PIN4 appears to function in the establishment of an auxin sink below the quiescent 

center of the root apical meristem (Friml J et al. 2002b). PIN5 presumably 

mediates auxin flow from the cytosol to the lumen of the ER and regulates 

intracellular auxin homeostasis (Mravec J et al. 2009). PIN7 plays a role in forming 

and maintaining the apical–basal auxin gradient that is essential for establishing 

embryonic polarity (Friml J et al. 2003). 

The PIN proteins display tissue-specific expression patterns and exhibit 

(a)polar subcellular localizations on cell plasma membrane, which correlates well with 

the direction of auxin transport (Tanaka H et al. 2006). For example, PIN1 localizes at 

the basal (root apex-facing) side of the root vasculature; PIN2 is at the basal side of 

the root cortical cells and the apical (shoot apex-facing) side of the epidermal and root 

cap cells; PIN3 is localized in an apolar manner at the columella cells of the root; PIN4 

is at the basal side of cells in the central root meristem; and PIN7 is at the basal side of 

the stele cells and apolar in the columella cells (Gälweiler L et al. 1998; Müller A et al. 

1998; Friml J et al. 2002a; Friml J et al. 2002b; Friml J et al. 2003). More important, the 

localization of the PIN proteins is extremely dynamic and can be changed 
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rapidly(Teale WD et al. 2006; Wisniewska J et al. 2006; Grunewald W et al. 2010). 

The most typical instance is that, by changing the direction of gravity stimulus, the 

gravity signal can rapidly induce the translocation of PIN3 subcellular localization in 

the columella cells and lead to the redirection of auxin flow to the adjacent lateral root 

cap and epidermal cells (Friml J et al. 2002a). 

It has been shown that polar localization of PIN proteins is mediated through 

vesicle endocytic recycling. A recent paper suggested that PIN1, after its synthesis in 

the endoplasmic reticulum, is initially secreted to the plasma membrane in a non-polar 

manner and then polar distribution is established by subsequent vesicle endocytic 

recycling (Dhonukshe P et al. 2008b).The solid proof of vesicle recycling of the PIN 

proteins is from experiments involving the treatment with fungal toxin brefeldin A 

(BFA), a recycling inhibitor (Geldner N et al. 2001). BFA inhibits exocytosis (the 

movement to the plasma membrane) but allows endocytosis (Fig 1.1). After treatment 

of Arabidopsis roots with BFA, PIN1 is rapidly internalized from the plasma membrane 

and accumulated into so-called BFA compartments in the cytosol. When BFA is 

washed out, PIN1 relocalizes back to the correct side of the plasma membrane. 

Recent studies provided detailed route of the subcellular trafficking of the PIN1 

vesicles (Fig 1.1). Newly synthesized PIN1 protein is trafficked out, passing from the 

endoplasmic reticulum, the Golgi and trans-Golgi network (TGN) to the plasma 

membrane. The PIN1 protein is internalized from the plasma membrane and arrives at 
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the TGN. Then the recycling endosomes (REs) are either recycled back to the plasma 

membrane or targeted to the vacuole for degradation via prevacuolar compartment 

(PVC) (Feraru E et al. 2008). 

Endosomal regulators of vesicle budding or movement play a critical role for 

localization of the PIN proteins (Grebe M et al. 2003; Dhonukshe P et al. 2007; 

Dhonukshe P et al. 2008a; Steinmann T et al. 1999; Naramoto S et al. 2010; Jaillais Y 

et al. 2006; Jaillais Y et al. 2007; Kleine-Vehn J et al. 2008). The GNOM gene 

encodes a guanine nucleotide exchange factor for adenosyl ribosylation factors 

(ARF-GEF). It catalyzes the reaction of GDP-to-GTP exchange for the ARF proteins 

and is essential in the formation of vesicle coats for vesicle budding and cargo 

selection. In the gnom mutant embryos, the polar localization of PIN1 is not 

established at the globular stage of embryo development (Steinmann T et al. 1999). 

Also, in post-embryonic roots, GNOM function is still crucial for basal targeting of PINs 

(Kleine-Vehn J et al. 2008).SNX1 (SORTING NEXIN1) is localized at PVC and defined 

as a member of putative retromer complex specific for PIN2, but not for PIN1, 

trafficking. A recent paper suggested that the enhanced PIN2 localization in the SNX1 

compartments connects with the enhanced vacuolar targeting for PIN2 degradation 

(Jaillais Y et al. 2006). The other putative retromer complex member, VPS29 

(VACUOLAR PROTEIN SORTING29), is found to have a similar function with SNX1. 

VPS29 affects PIN1 basal localization and is suggested to locate downstream of 
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GNOM (Jaillais Y et al. 2007).  

PIN polarity is required for its phosphorylation status as well. Two of the major 

regulators, the Ser/Thr protein kinase PINOID (PID) and PHOSPHATASE 2A (PP2A), 

are involved in regulation of (de)phosphorylation state of PIN proteins(Friml J et al. 

2004; Treml BS et al. 2005; Michniewicz M et al. 2007; Zhang J et al. 2010). High 

levels of PIN phosphorylation achieved by overexpression of PID or inhibition of PP2A 

lead to apical targeting of the PIN proteins, whereas low phosphorylation levels in the 

pid mutants result in a basal PIN targeting (Friml J et al. 2004; Treml BS et al. 2005; 

Michniewicz M et al. 2007). It is found that PID directly interacts with the hydrophilic 

loop of the PIN proteins and PP2A can antagonize with this action (Michniewicz M et 

al. 2007).  

The PIN polarity requires a balance of sterol composition in the plasma 

membrane and cellulose-based extracellular matrix in the cell wall (Willemsen V et al. 

2003; Men S et al. 2008; Feraru E et al. 2011). Depletion of plant sterols leads to cell 

polarity defects followed by reduced auxin transport. The cpi1 (cyclopropylsterol 

isomerase1) mutant is deficient in sterol and PIN2 is localized at both apical and basal 

plasma membrane in cells (Men S et al. 2008). 

 

Auxin Perception and Signal Transduction 

After auxin is transported into the cell, it is perceived, resulting in short-and 
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long-term gene expression and further affects plant development. In the Arabidopsis 

genome, two kinds of auxin receptors,ABP1 (AUXIN BINDING PROTEIN 1) and 

TIR1/AFB (TRANSPORT INHIBITOR RESPONSE 1/Auxin F-BOX) proteins, have 

been identified (R. Hertel et al. 1972; Löbler M et al. 1985; Shimomura S et al. 1986; 

Dharmasiri N et al. 2005a; Dharmasiri N et al. 2005b; Greenham K et al. 2011).  

ABP1was firstly isolated in crude membrane fractions of maize etiolated 

coleoptiles, which specifically binds IAA with a Kd value of around 5×10−6 M in vitro 

(Tillmann U et al. 1989; Hesse T et al. 1989).ABP1 is membrane-localized dimeric 

glycoprotein and localized in the ER lumen or outer surface of the plasma membrane. 

A complete loss-of-function mutation of the Arabidopsis ABP1 gene results in embryo 

lethality due to its failure to polarize, which indicates an essential role of the protein in 

plant development (Chen JG et al. 2001a). It has been proposed that after binding of 

auxin, ABP1 initiates the activation of ion fluxes (e.g. H+, K+ or anions) and 

acidification of the extracellular space, which induces cell division and expansion 

(Napier RM et al. 2002; Chen JG et al. 2001b; Gehring CA et al. 1998; Leblanc N et al. 

1999; Jones AM et al.1998; Steffens B et al. 2001; Xu T et al. 2010). 

TIR1 is an F-box protein that was isolated in a screen for mutants resistant to 

NPA (a chemical inhibitor of auxin transport) (Gray WM et al. 1999). Later studies 

proved that TIR1 associates with CUL1 (Cullin 1) and ASK1 (ARABIDOPSIS SKP1) to 

form the SCFTIR1 complex. It has been demonstrated that TIR1-dependent auxin 
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signaling is mediate by the ubiquitin-proteasome pathway, one of the most important 

proteolytic pathways conserved in eukaryotes. In this pathway, it involves in a small 

protein ubiquitin (Ub) and the 26S proteasome; Ub is attached to protein substrates 

and then the Ub-protein conjugates are recognized and degraded by the 26S 

proteasome. The reaction of Ub-protein ligation is catalyzed by three enzymes: E1, E2 

and E3. E1 is the Ub-activating enzyme; it activates an Ub monomer and transfers to 

E2 (Ub-conjugating enzyme). E3 functions as an Ub-protein ligase; it interacts with 

both the Ub-E2 and substrate proteins and mediates Ub transfer from the E2 to the 

substrate proteins (Fang S et al. 2004). The SCF (SKP1-CUL-F-BOX) complexes are 

one of the major classes of E3 in all eukaryotes (Gagne JM et al. 2002). CUL is a 

central scaffold protein in SCF complex and associates with the adaptor protein SKP1 

to provide the binding site for F-box proteins and substrates. F-box proteins play an 

important role in the determination of the specificity of substrates (Moon J et al. 2004).  

There are two types of transcription factors called the Aux/IAA (AUXIN 

RESISTANT/INDOLE ACETIC ACID) and ARF (AUXIN RESPONSE FACTOR) 

proteins, which are involved in TIR1-dependentauxin signal pathway. They are 

encoded by families of 29 and 23 members, respectively, in the Arabidopsis genome 

(Mockaitis K et al. 2008).  

The Aux/IAA genes were first isolated in pea because of their rapid induction 

within 15 minutes after auxin treatment. Later studies demonstrated that they are 
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substrates of the SCFTIR1/AFB complex (Theologis A et al. 1985; Walker JC et al. 1982; 

Gray WM et al. 2001). The Aux/IAA genes encode proteins that function as 

transcriptional repressors and have four conserved domains (Ⅰ-Ⅳ). Domain Ⅰ of 

Aux/IAAs contains a Leu-rich motif (EAR motif) which interacts with TOPLESS and is 

required for their function as repressors (Szemenyei H et al. 2008). Domain Ⅱ is 

essential for the degradation of these Aux/IAA repressors. The core region of domain 

Ⅱ is a 13-amino acid sequence called the degron, which is sufficient for proteolytic 

degradation (Mockaitis K et al. 2008). Both of the Aux/IAA and ARF proteins share 

conserved sequences near the C-terminus, namely domain Ⅲ and Ⅳ. These two 

domains can trigger dimerization between ARF-ARF, ARF-Aux/IAA and Aux/IAA- 

Aux/IAA (Kim J et al. 1997). 

Several dominant or semidominant gain-of-function Aux/IAA mutants, mutated 

within the highly conserved degron sequence (GWPPV/I), were isolated in distinct 

screens for plants with altered auxin response or morphology. Later studies identified 

that these mutations stabilize the affected Aux/IAAs and induce auxin resistance 

(Leyser HM et al. 1996; Kim BC et al. 1998; Hamann T et al. 1999; Nagpal P et al. 

2000; Yang X et al.2004; Reed JW. 2001). The dominant Aux/IAA mutants exhibit 

severe defects during plant development. For example, the axr2/IAA7mutant displays 

short hypocotyls in the dark, wavy leaves, no root hairs, and agravitropic root and 

shoot. The bdl/iaa12 mutant does not form a primary root meristem during 
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embryogenesis, and the msg2/iaa19 mutant exhibits defects in hypocotyl gravitropism 

or phototropism and has fewer lateral roots (Nagpal P et al. 2000; Hamann T et al. 

1999; Tatematsu K et al. 2004). 

The ARF proteins contain an N-terminal DNA binding domain (DBD), 

C-terminal dimerization domain and a middle region that functions as a transcriptional 

repressor or activator domain (Guilfoyle TJ et al. 2007). The DBD of ARFs is classified 

as a plant-specific B3-type, which binds the TGTCTC Auxin Response Element 

(AuxRE) (Ulmasov T et al. 1997; Ulmasov T et al. 1999a). The C-terminal dimerization 

domain is homologous to domain Ⅲ and Ⅳ of Aux/IAAs. Five Arabidopsis ARFs, 

ARF5-8 and 19, function as transcriptional activators when tested on auxin response 

genes in transfected protoplasts; however the remainder of the Arabidopsis ARFs has 

been shown to function as transcriptional repressors at least in carrot protoplasts 

(Tiwari SB et al. 2003; Ulmasov T et al. 1999b; Hardtke CS et al. 2004; Wang S et al. 

2005; Wilmoth JC et al. 2005).  

Due to genetic redundancy, most of the single loss-of-function mutants of ARF 

genes do not exhibit strong development defects. For example, the most severe ARF 

mutant, arf5/monopteros (mp), shows defects in embryo development and vascular 

tissue formation (Hardtke CS et al. 1998). The arf2 mutant defects in apical hook 

formation in etiolated seedlings and increases seed size, the arf3/ettin (ett) mutant 

exhibits a loss of abaxial identity in the gynoecium, and the arf7/nonphototropic 
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hypocotyl 4 (nph4) mutant shows defects in hypocotyl tropism and resistance to auxin 

and ethylene (Harper RM et al. 2000; Schruff MC et al. 2006; Li H et al. 2004; 

Sessions A et al. 1997; Goetz M et al. 2006; Li J et al. 2006). 

The interaction between Aux/IAAs and ARFs has been illuminated by studies 

of the relationship between the Arabidopsis embryonic patterning mutants, arf5/mp 

and bodenlos (iaa12/bdl) (Hamann T et al. 1999; Hardtke CS et al. 1998; Hamann T et 

al. 2002). The iaa12/bdl mutant includes a gain-of-function mutation in IAA12 and the 

arf5/mp mutant has a loss-of-function mutation in ARF5. These two mutants exhibit a 

very similar phenotype characterized by their defects in the formation of primary root. 

The increased stability of the IAA12 protein in the iaa12/bdl mutant displays a similar 

effect as loss of the ARF5 transcription factor, indicating the IAA12 functions as a 

repressor of ARF5. Meanwhile, overexpression of ARF5 can rescue the iaa12/bdl 

mutant phenotype to the wild type (Hardtke CS et al. 2004). 

Previous studies found that auxin could enhance the interaction betweenTIR1 

with Aux/IAA proteins in a cell free system (Dharmasiri N et al. 2003). TIR1 is a 

member of a small F-box protein family that contains 5 additional AFB proteins, 

AFB1-5 (Dharmasiri N et al. 2005b). Further studies identified that TIR1 together with 

AFB1-5 as auxin receptors in Arabidopsis (Dharmasiri N et al. 2005a; Dharmasiri N et 

al. 2005b; Greenham K et al. 2011). It has been demonstrated that at low auxin level, 

the Aux/IAA proteins together with the co-repressor TOPLESS interact with the ARF 
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proteins through their conserved C-terminus, and then inhibit the transcription activity 

of the ARF proteins (Tiwari SB et al. 2001; Szemenyei H et al. 2008; Guilfoyle TJ et al. 

2007; Weijers D et al. 2005). Auxin promotes the recruitment of the Aux/IAA proteins 

to the SCFTIR1/AFB complex (Ruegger M et al. 1998; Gray WM et al. 2001). The 

Aux/IAAs are ubiquitinylated and then degraded by the 26S-proteasome, thus 

permitting ARF-dependent transcription and activating auxin response in Arabidopsis 

(Fig 1.2). Since the expression of many Aux/IAAs themselves is rapidly induced by 

auxin, auxin signaling undergoes cycles of negative feedback (Hagen G et al. 2002). 

Recently the structure of TIR1 was determined in the presence of auxin, ASK1 

and a 13 amino acid degron motif from DII of IAA7 (Tan X et al. 2008). It reveals that 

the F-box domain in the N-terminal region of TIR1 interacts with ASK1 to form the SCF 

complex; 18 Leucine-Rich-Repeats (LRRs) in the C-terminus of TIR1 compose the 

auxin binding pocket which accommodates auxin and is essential for the interaction 

with the degron motif of IAA7(Fig 1.3 A). Auxin functions as a ‘‘molecular glue’’ to 

increase the affinity between TIR1 with the degron motif of Aux/IAAs (Fig 1.3B). 

Based on the structure, it is suggested that auxin can directly act on the 

ubiquitin E3 enzyme to regulate the transcription of auxin responsive genes without 

any additional signaling steps. Thus the activity of SCFTIR1/AFB plays a critical role in the 

regulation of auxin response in plants. It is shown that the assembly of SCF complex is 

regulated by the modification of an ubiquitin-like protein called RUB/Nedd8 (related to 
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ubiquitin/neural precursor cell expressed, developmentally down-regulated 8). 

RUB/Nedd8 can be conjugated to CUL1 through a 3-step process similar to 

ubiquitination. They are a heterodimeric RUB-specific AXR1 (AUXIN RESISTANT1) 

and ECR1 (E1 C-TERMINAL-RELATED), the RCE1 (RUB1 CONJUGATING 

ENZYME1) and RBX1 (RING-BOX 1) (del Pozo JC et al. 1999; del Pozo JC et al. 

2002; Gray WM et al. 2002). RUB/Nedd8 modification results in the formation of SCF 

complex; however this process is antagonized by the COP9 signalosome complex 

(CSN) which catalyzes the removal of RUB modification from CUL1 (Lyapina S et al. 

2001; Cope GA et al. 2002). The derubylated CUL1 interacts with CAND1 

(CULLIN-ASSOCAIATED AND NEDDYLATION DISSOCIATED 1), which prevents 

the assembly of the SCF complex by occupying the ASK1 binding site on CUL1 (Liu J 

et al. 2002; Zheng J et al. 2002; Goldenberg SJ et al. 2004). 

The expression of TIR1, AFB2 and AFB3 displays significant 

post-transcriptional regulation (Parry G et al. 2009). It is suggested that the mRNAs of 

TIR1/AFB1-3 are targets of miRNA393. Recent papers showed that 

miRNA393promotes the cleavage of the mRNAs of TIR1/AFB1-3 (Si-Ammour A et al. 

2011). Meanwhile, overexpression of miRNA393 can decrease the TIR1 mRNA level 

in the plant (Chen ZH et al. 2011). According to this, it indicates that miRNA393 

reduces the transcripts of TIR1/AFB1-3. 

Loss of the TIR1/AFB protein results in different levels of auxin resistance 
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(Parry G et al. 2009). The tir1-1mutant displays the strongest resistance compared to 

other single mutants followed by afb2-3 and afb3-4. Double, triple and quadruple 

mutants show a gradual increase in auxin resistance as well as defects in root growth 

and lateral root development, hypocotyl elongation, leaf morphology and inflorescence 

development (Parry G et al. 2009; Dharmasiri N et al. 2005b). The most severe 

phenotype can be observed in quadruple mutant, tir1 afb1 afb2 afb3, which lacks a 

root and has a single cotyledon (Dharmasiri N et al. 2005b).  

Based on phenotypes of the single mutant, it appears that the receptors have 

overlapping functions during the plant development, while analysis on higher order 

mutants reveals slight differences in the contributions of these proteins (Dharmasiri N 

et al. 2005b). Recent studies have shown that different combinations of TIR1/AFB and 

Aux/IAA proteins form co-receptor complexes with a wide range of auxin-binding 

affinities, which may involve in different biological functions(Navarro L et al. 2006; 

Parry G et al. 2009; Vidal EA et al. 2010; Calderón Villalobos LI et al. 2012).For 

example, the Kd values of TIR1/IAA7, TIR1/IAA12 and TIR1/IAA28 pairs are 17 ± 7.81, 

270 ± 54.09 and 75 ± 25nM, respectively, with the treatment of IAA (Calderón 

Villalobos LI et al. 2012). TIR1 and AFB2 have exhibited the stronger affinity with 

Aux/IAAs compared with other F-box auxin receptors (Parry G et al. 2009; Calderón 

Villalobos LI et al. 2012). It is shown that AFB3 is a unique receptor that regulates root 

system architecture in response to external and internal nitrate availability 
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in Arabidopsis (Vidal EA et al. 2010). 

  

Crosstalk and Interactions with Other Hormones and Signals 

It is well known that light plays an essential role in many plant developmental 

processes (Kami C et al. 2010). Studies have shown that light regulates auxin 

activities at different levels. For example, the function of TAA1 is crucial for shade 

avoidance responses (Tao Y et al. 2008). Light regulates the expression level and 

subcellular localization of PIN proteins (Laxmi A et al. 2008; Keuskamp DH et al. 2010; 

Ding Z et al. 2011; Liu X et al. 2011; Wan Y et al. 2012). Light can also affect the 

activity of Aux/IAA proteins. The dominant mutants,axr2-1, axr3-1 andshy2-1, each 

cause seedlings to develop leaves and exhibit short hypocotyls in darkness, 

suggesting the function of these proteins enhances the photomorphogenesis(Leyser 

HM et al. 1996; Kim BC et al. 1998; Nagpal P et al. 2000). Consistent with this, 

transgenic plants expressing an antisense construct that decreases the function of the 

Arabidopsis COP9 complex, which is required to prevent de-etiolation in darkness, 

exhibits a reduced degradation rate of Ps-IAA6 in the plant (Schwechheimer C et al. 

2001). 

Auxin interferes with cytokinin biosynthesis (Miyawaki K et al. 2004; Nordström 

A et al. 2004; Dello Ioio R et al. 2008). It has been shown that cytokinin induces 

expression of Aux/IAA proteins and interferes with PIN gene expression (Che P et al. 
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2002; Dello Ioio R et al. 2008; Pernisová M et al. 2009). Auxin and ethylene have a 

more synergistic interaction; they promote each other’s biosynthesis, and ethylene 

can induce PIN expression (Swarup R et al. 2007; Růzicka K et al. 2007; Lewis DR et 

al. 2011; Stepanova AN et al. 2005; Stepanova AN et al. 2008). By contrast, jasmonic 

acid upregulates auxin biosynthesis but seems to attenuate auxin transport 

(Robert-Seilaniantz A  et al. 2011; Jun Liu et al. 2006; Tabata R et al. 2010; Gutierrez 

L et al. 2012). Meanwhile pathogens, nutrient availability and aboitic stress all can 

affect auxin accumulation, transport or response as well (Jay F et al. 2011; Wang L et 

al. 2011; Llorente F et al. 2008; Vidal EA et al. 2010; Pérez-Torres CA et al. 2008; 

Huang D et al. 2008). 
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Figure 1.1 Endocytic recycling of PIN1. 
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Figure 1.2 Model of TIR1-dependent auxin signal transduction (Mockaitis K et al. 
2008). 
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Figure 1.3 Function of auxin in the interaction between TIR1 and Aux/IAAs.  
A, The structure of TIR1 (green) in the presence of ASK1 (Blue), IAA (red) and the 
degron motif from DII of IAA7 (Cyan). B, Auxin functions as a ‘‘molecular glue’’ to 
increase the affinity between TIR1 with the degron motif of Aux/IAAs (Tan X et al. 
2008). 
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ROOT UVB SENSITIVE1/WEAK AUXIN RESPONSE3 Is Essential for Polar Auxin 

Transport in Arabidopsis 
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ABSTRACT 

The phytohormone auxin regulates virtually every aspect of plant development. 

To identify new genes involved in auxin activity, a genetic screen was performed for 

Arabidopsis mutants with altered expression of the auxin responsive reporter 

DR5rev:GFP. One of the mutants recovered in the screen, designated as weak auxin 

response 3 (wxr3), exhibits much lower DR5rev:GFP expression when treated with the 

synthetic auxin, 2,4-D, and displays severe defects in root development. The wxr3 

mutant decreases polar auxin transport and results in a disruption of the asymmetric 

auxin distribution. The level of the auxin transporters, AUX1 and PINs, is dramatically 

reduced in the wxr3 root tip, possibly due to enhanced vacuolar targeting for 

degradation. Molecular analyses demonstrate that WXR3 is ROOT UV-B 

SENSITIVE1 (RUS1), a member of the conserved DUF647 protein family found in 

diverse eukaryotic organisms. Our data suggests that RUS1/WXR3 plays an essential 

role in the regulation of polar auxin transport by maintaining the proper level of auxin 

transporters on the plasma membrane. 

 

INTRODUCTION 

The plant hormone indole-3-acetic acid (IAA) is the most important natural 

auxin. It regulates virtually every aspect of plant development including 

embryogenesis, root initiation, lateral root development, tropic responses, leaf 
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formation, stem elongation and fruit development (Woodward AW et al. 2005; Möller B 

et al. 2009; Overvoorde P et al. 2010; Takahashi H et al. 2009; Scarpella E et al. 2010; 

Vernoux T et al. 2010; Sundberg E et al. 2009). Auxin is synthesized in young aerial 

tissues and actively transported to other parts of the plant in a polar fashion to form 

and maintain auxin gradients (Zhao Y, 2010; Grieneisen VA et al. 2007; Grunewald W 

et al. 2010). Polar auxin transport is mediated by plasma membrane localized 

transporters including the PINs (PIN-FORMED) and PGPs (P-glycoprotein) auxin 

transporters, and the AUX1/LAX auxin permeases (Okada K et al. 1991; Müller A et al. 

1998; Friml J et al. 2002a; Friml J et al. 2002b; Friml J et al. 2003; Bouchard R et al. 

2006; Blakeslee JJ et al. 2007; Cho M et al. 2007; Bennett MJ et al. 1996; Marchant A 

et al. 1999).  

The AUX1 and PIN proteins display tissue-specific expression patterns and 

polar subcellular localization on the plasma membrane, which in the case of the PIN 

proteins determines the direction of auxin flow (Teale WD et al, 2006; Wisniewska J et 

al, 2006; Grunewald W et al. 2010). For example, in the root PIN1 localizes at the 

basal (root apex-facing) side of the root vasculature; meanwhile PIN2 is at the basal 

side of the root cortical cells and the apical (shoot apex-facing) side of the epidermal 

and root cap cells (Gälweiler L et al. 1999; Müller A et al. 1998). AUX1 is expressed in 

the stele, columella, epidermis and lateral root cap, and localizes on the apical side of 

root protophloem cells (Bennett MJ et al. 1996). The localization of the PINs is 
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dynamic and changes rapidly through vesicle endocytic recycling (Grunewald W et al. 

2010).The fungal toxin brefeldin A (BFA) is a recycling inhibitor, which is widely used 

to study this process. After treatment of Arabidopsis roots with BFA, the plasma 

membrane localized PINs are rapidly internalized and accumulate in so-called BFA 

compartments in the cytosol in a reversible manner (Geldner N et al. 2001).  

Several factors that are important for polar localization of PINs have been 

identified. PIN polarity requires the appropriate sterol composition in the plasma 

membrane and cellulose-based extracellular matrix in the cell wall (Willemsen V et al. 

2003; Men S et al. 2008; Feraru E et al. 2011). Recycling of PIN proteins is a dynamic 

process that involves clathrin-dependent endocytosis, ARF-GEF (guanine-nucleotide 

exchange factor for ADP-ribosylation factor GTPase)-dependent movement to the 

plasma membrane and retromer-dependent vacuolar targeting for degradation (Feraru 

E et al. 2008). Mutants defective in any of these processes exhibit altered localization 

or expression of PIN proteins in the plant (Grebe M et al. 2003; Dhonukshe P et al. 

2007; Dhonukshe P et al. 2008; Steinmann T et al. 1999; Naramoto S et al. 2010; 

Jaillais Y et al. 2006; Jaillais Y et al. 2007; Kleine-Vehn J et al. 2008). In addition, PIN 

polarity is required for its phosphorylation status. PINOID (PID), a Ser/Thr kinase, 

phosphorylates PIN proteins and is crucial for apical PIN delivery; while protein 

phosphatase 2A (PP2A) functions antagonistically to PID (Friml J et al. 2004; Zhang J 

et al. 2010; Michniewicz M et al. 2007). 
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Once auxin is transported into a specific cell, it promotes the recruitment of the 

Aux/IAA transcriptional repressors to the SCFTIR1/AFB ubiquitin E3 complex. The 

Aux/IAAs are ubiquitinylated and degraded by the 26S-proteasome, thus allowing the 

activation of ARF-dependent transcription (Ruegger M et al. 1998; Gray WM et al. 

2001; Tiwari SB et al. 2001; Weijers D et al. 2005; Dharmasiri N et al. 2005a; 

Dharmasiri N et al. 2005b). Previous studies showed that the auxin receptors 

TIR1/AFB1-3 are required for establishment of the root meristem and postembryonic 

root growth in Arabidopsis (Dharmasiri N et al. 2005b). In order to identify new genes 

that function in auxin signaling in the root, we used a well-characterized auxin reporter 

DR5rev:GFP (Ulmasov T et al. 1997). Several mutants with shorter primary roots and 

decreased DR5rev:GFP expression upon auxin treatment were isolated. Here, we 

report the characterization of weak auxin response 3 (wxr3), an allele of the ROOT 

UV-B SENSITIVE1 (RUS1) gene, which encodes a DUF647 protein (Tong H et al. 

2008). We present data showing that the wxr3 mutant exhibits dramatically reduced 

levels of auxin transporters, which leads to a reduction in polar auxin transport and 

defects in auxin response. 

 

RESULTS 

The wxr3 Mutant Displays Severe Defects in Root Development and 2,4-D 

Response 
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To identify new genes affecting auxin response, approximately 5,000 

transgenic seeds (DR5rev:GFP background) were mutagenized with ethyl 

methanesulfonateand the M2 population was screened for mutants with altered 

expression of GFP in the root (Ge L et al. 2010). A number of mutants with a shorter 

primary root and reduced GFP signal upon auxin treatment were isolated. One of 

these mutants, called wxr3 (weak auxin response 3), was further characterized. 

Segregation analysis revealed that wxr3 behaves as recessive mutation.  

The wxr3 mutant displays much lower levels of DR5rev:GFP expression after 

treatment with the synthetic auxin, 2,4-D. 6-day old wxr3 seedlings, treated with 80nM 

2,4-D overnight, do not exhibit an increase in DR5rev:GFP signal in the root apex 

(Fig2.1G and H). In contrast, GFP signal increases dramatically in the control line 

(Fig2.1E and F). Meanwhile, the wxr3 mutant has severe defects in root development. 

10-day old wxr3 seedlings display extremely shorter primary roots, shorter hypocotyl, 

smaller cotyledons, and anthocyanin accumulation in the shoot meristem (Fig 2.1A 

2.1B and 2.1M). The primary root length of wild-type seedlings is about 4.0 ± 0.5 cm 

(mean ± SE, n=14) after seven days growth, while the wxr3 primary root length is only 

0.4 ± 0.1 cm (mean ± SE, n=16) (Fig2.1N). The root hairs of the wxr3 mutant initiate 

normally but are deficient in elongation (Fig2.1C and D). Lugol staining shows that the 

wxr3 mutant has fewer and disorganized columella cells (Fig2.1K and L). In addition, 

we find that the overall organization of wxr3 root is altered. Mutant roots display an 
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irregular cell pattern with a much shorter elongation zone consisting of fewer but larger 

cells (Fig. 2.1 I and J). The wild-type roots have 44 ± 1.8 (mean ± SE, n=10) meristem 

cortex cells, whereas the wxr3 mutant has only 14 ± 3.2 (mean ± SE, n=10) cells. 

Furthermore, the wxr3 mutant was crossed with transgenic lines expressing a cell 

division marker (CYCB1;1) and root development markers (SCR and SHR) 

respectively (Doerner P et al. 1996; Di Laurenzio L et al. 1996; Helariutta Y et al. 

2000). The wxr3 mutant displays lower expression of cyclin-dependent kinase 

CYCB1;1 in the root tip compared with the control, indicating fewer cells are actively 

dividing (Fig 2.2 A and B). Also, the wxr3 mutant exhibits reduced expression of the 

root stem cell identity markers, SCR and SHR, suggesting that root development is 

abnormal in the mutant (Fig 2.2 C to F). Despite the severity of root defects, the wxr3 

mutant does not exhibit strong defects in rosette and inflorescence development (Fig 

2.3). 

 

The wxr3 Mutation Does Not Affect SCFTIR1/AFB-dependent Auxin Signaling.  

To determine if WXR3 is required for activity of the SCFTIR1/AFB complex, the 

wxr3 mutant was crossed to the pHS:AXR3NT-GUS transgenic line. This line 

expresses domains I and II of AXR3/IAA17 upon heat shock and is used as a reporter 

for auxin-dependent degradation of the Aux/IAA proteins (Gray WM et al. 2001). In the 

F2 generation, homozygous pHS:AXR3NT-GUS wxr3 plants were identified and GUS 
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staining was performed at intervals after a 2hr heat-shock treatment. The wxr3 mutant 

exhibits less GUS staining after the initial heat shock compared with the control. 

However, GUS staining is rapidly reduced by IAA treatment in both lines (Fig 2.4 A). 

GUS activity was then measured by MUG (4-methylumbelliferyl-beta-D-glucuronide) 

assay. We found that loss of GUS activity after IAA treatment occurred at a similar rate 

in the mutant and control line, suggesting that the degradation of the AXR3NT-GUS 

protein is not defective in the wxr3 (Fig 2.4 B). Thus, the wxr3 mutation does not 

appear to affect the function of the SCFTIR1/AFB in the plant.  

To determine whether the wxr3 mutant is deficient in induction of auxin 

responsive gene expression, the levels of IAA1 and IAA5 transcript were determined 

after auxin treatment (Reed JW. 2001; Yang X et al. 2005). The results show that after 

treatment with 20µM IAA for 1hr, the induction of IAA1 and IAA5 transcription is similar 

both in the wild type and mutant, indicating the wxr3 mutation does not directly affect 

auxin-dependent gene expression (Fig 2.4 C). Taken together these results suggest 

that the wxr3 mutant does not have a defect in SCFTIR1/AFB dependent auxin signaling. 

 

The wxr3 Mutant Has a Defect in Polar Auxin Transport 

To determine if auxin transport is affected in the wxr3 mutant, we took 

advantage of the fact that the synthetic auxins 2,4-D and NAA are not substrates for 

the auxin efflux and influx carriers respectively (Marchant A et al. 1999). 5-day old 
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wxr3 seedlings were transferred onto fresh ATS plates with different concentrations of 

IAA, NAA and 2,4-D supplements. After another five days growth, primary root 

elongation was measured and expressed relative to growth on control plates. The 

results show that the wxr3 DR5rev:GFP line exhibits a similar response to IAA and 

NAA treatment as the wild type (Fig 2.5 A and B). However, the mutant is clearly 

resistant to 2,4-D (Fig 2.5 C). This result suggests that the mutant may be affected in 

auxin influx. Similar results were obtained upon observation of DR5rev:GFP 

expression after auxin treatment. In the mutant, 2,4-D did not induce DR5 activity after 

overnight treatment while NAA and IAA obviously enhanced DR5rev:GFP expression 

(Fig 2.6 A). Moreover, the wxr3 mutant displayed a clear resistance to auxin efflux 

inhibitor NPA with respect to primary root elongation, and had a delayed response 

during root gravitropism (Fig 2.6 B and C). These results suggest that polar auxin 

transport, possibly both auxin efflux and influx components, may be defective in the 

wxr3 mutant.  

To further characterize this defect, auxin transport was directly measured. The 

results reveal that the wxr3 mutation reduces transport of applied [3H]IAA from the 

hypocotyl to the root, indicating the mutant has a defect in polar auxin transport (Fig 

2.5 D). To determine whether this defect affects the distribution of auxin in the 

seedling, the level of free IAA was measured in the wxr3 mutant. Compared to the wild 

type, wxr3 seedlings display a higher level of free IAA in aerial tissues but a reduction 
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of IAA in the root tip region, suggesting auxin synthesized in the shoot cannot be 

efficiently transported into the root tip (Fig 2.5 E and F). These results indicate the 

wxr3 mutation interferes with IAA distribution by altering polar auxin transport.  

It has been shown that PGP1 and PGP19 function in cellular auxin efflux and 

loss-of-function mutants reduce basipetal auxin transport in the plant (Bouchard R et 

al. 2006; Blakeslee JJ et al. 2007). However, no obvious root patterning defects are 

observed in the pgp1pgp19 double mutant (Fig 2.7 A). Genetic analyses show that the 

triple mutant, wxr3 pgp1 pgp19, displays severe defects in root development, with 

much shorter primary root length and loss of root hair initiation (Fig 2.7 E and F). In 

addition we observe lateral meristem-like bulges at root-hypocotyl junction and in the 

root elongation zone (Fig 2.7 G and H). These bulges may be related to the enhanced 

DR5-monitored auxin response at these sites. Similar results are observed in the 

aux1-7 wxr3 and pin2 wxr3 double mutants as well. Both of aux1-7 wxr3 and pin2 wxr3 

double mutant are incapable of root hair formation (Fig 2.7 N and Q). The results 

indicate that the wxr3 mutation can enhance the root defects of auxin transporter 

mutants. 

 

The wxr3 Mutation Affects the Stability of PIN Proteins in the Cell 

Auxin transporters, such as the AUX1 and PINs, play a critical role in polar 

auxin transport. Because of the auxin transport defect in wxr3 plants, the expression 
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and distribution of AUX1 and PINs were determined in the mutant. To visualize AUX1, 

the pAUX1:AUX1-YFP transgene was crossed into wxr3 seedlings (Swarup R et al. 

2004). The distribution and level of AUX1-YFP was studied by confocal microscopy. 

The results show that AUX1-YFP level is much lower in the wxr3 mutant compared 

with the control line (Fig 2.8 A and B). To examine PIN1 and PIN2 levels, in situ 

immunodetection assay was performed using anti-PIN1 and anti-PIN2 antiserum. Like 

AUX1, the levels of PIN1 and PIN2 are dramatically reduced in the mutant (Fig2.8 C 

and F). Finally we use a pPIN3:PIN3-GFP transgene to show a similar defect in PIN3 

level in the mutant as well (Fig 2.8 G and H) (Kleine-Vehn J et al. 2010). However, the 

subcellular localization of PINs does not exhibit obvious difference in the wxr3 mutant 

either with or without BFA treatment compared with the control (Fig 2.8 A to H and Fig 

2.9 A).  

The results of RT-PCR experiments indicate that the RNA levels of AUX1, 

PIN1, PIN2, and PIN3 are similar between the mutant and wild type, suggesting that 

the reduction of PIN levels in wxr3 is not related to their transcription (Fig 2.9 B). To 

test whether the wxr3 mutation affects the stability of the PINs, cycloheximide (CHX), 

an inhibitor of protein biosynthesis, was used to treat seedlings. After treatment with 

CHX, the protein level of PIN1/2 was determined through in situ immunodetection 

assays. The results reveal that the PIN1/2 levels decrease faster in the wxr3 mutant 

than the control after CHX treatment, indicating an accelerated degradation of PIN1/2 
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in the mutant (Fig2.10 A).  

 

Lower PIN Levels May Be Related to Enhanced Vacuolar Targeting in the wxr3 

Mutant 

To determine whether the reduction in auxin transporter levels is related to 

endosome recycling, the wxr3 mutant was crossed to transgenic lines expressing 

VHA-a1-GFP and ARA7-GFP, markers for trans-Golgi network and prevacuolar 

compartment (PVC) localization respectively (Dettmer et al. 2006; Lee et al., 2004). 

The trans-Golgi network and PVC function as early and late endosome respectively in 

plant cells. Examination of these lines shows that both markers are decreased in the 

wxr3 mutant, indicating the wxr3 mutant has fewer early and late endosomes (Fig 2.8 I 

and L). However, recycling of these endosomes is still sensitive to BFA like the control 

(Fig 2.8 M and N). 

To explore whether the reduction of auxin transporters is related to 

degradation in the vacuole, protein level of PIN1/2 was determined in the wxr3 mutant 

after co-treatment with BFA and CHX. The wxr3 seedlings were pretreated with CHX 

for 30min, followed by co-treatment of CHX and BFA for 1hr. In this condition, PIN1/2 

were internalized into BFA bodies, moreover BFA blocks the PINs trafficking to the 

vacuole. The results show that BFA bodies are formed in a similar way in both the 

mutant and the control line although they are smaller and less abundant in the mutant 
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(Fig 2.10 B). However after BFA was washed out by CHX solution, rapid decrease of 

PIN1/2 protein levels is observed in the mutant, which could be the result of enhanced 

trafficking to the vacuole for degradation (Fig 2.10 B). 

 

WXR3 Is a Member of the DUF647 Family 

Genetic analyses indicate that the phenotype of the wxr3 mutant is induced by 

a single recessive mutation. To gain insight into the function of WXR3, the mutation 

was cloned by a map-based strategy. The wxr3 mutant (Col-0) was crossed to 

Landsberg erecta (Ler) and mutant plants were recovered from the F2 population. 

After analysis of 421 plants, the wxr3 mutation was mapped to BAC F16L2 on 

chromosome 3 (Fig 2.11 A). Based on sequencing data, a G to A mutation is located 

at the 3’ end of the second exon of At3g45890 gene (Fig 2.11 B). The mutation causes 

an RNA splicing error that retains the second intron in the mature mRNA. This splice 

product, identified by RT-PCR and sequencing, introduces a premature stop codon, 

resulting in a truncated protein (Fig 2.11 C). To verify this mutation is responsible for 

the phenotype conferred by the wxr3 mutant, a complementation assay was 

performed. Wild-type At3g45890 genomic DNA including 2Kb of DNA sequence 

upstream of At3g45890 was introduced into the wxr3 DR5rev:GFP mutant and 

homozygous transgenic lines were isolated. These lines display a wild-type phenotype 

both with respect to primary root growth and DR5rev:GFP response to 2,4-D, 
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confirming at3g45890 is WXR3 (Fig 2.11 D and E). At3g45890 was previously 

identified as RUS1 (ROOT UVB SENSITIVE 1), functioning in UVB light response 

(Tong et al. 2008). 

As reported, RUS1/WXR3 belongs to the DUF647 (Domain of Unknown 

Function 647) protein family, so-named by the presence of DUF647 domain in the 

C-terminus. In the Arabidopsis genome, there are 6 DUF647 family members. 

RUS1/WXR3 protein has a unique N-terminal extension before a glycine rich region 

(10 glycines in 12 amino acid region) compared with other DUF647 genes (Fig 2.11 F). 

Another DUF647 protein, WXR1/RUS2, was identified in the same mutant screen. The 

wxr1 mutant displays similar root morphology as the wxr3 mutant and defects in polar 

auxin transport (Ge L et al. 2010). We also generated the wxr1 wxr3 double mutant. 

These plants exhibit severe developmental defects throughout plant growth (Fig 2.3). 

This suggests that WXR1/RUS2 and WXR3/RUS1 have a related and overlapping 

function in the plant. 

To analyze the expression pattern of the RUS1/WXR3 gene, the 

pWXR3:WXR3-GUS construct was created and introduced into the wxr3 mutant. 

Analysis of the transgenic plants reveals that the RUS1/WXR3 protein is most 

abundant in the cotyledons, roots and hypocotyls (Fig 2.12 A to I). Particularly strong 

GUS staining is observed in the leaf veins, root vascular tissues, root tip and lateral 

root primordial. Previous work showed that RUS3/WXR1 is localized in plastids (Ge L 
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et al. 2010). To investigate the subcellular localization of RUS1/WXR3, a 

p35S:WXR3-GFP construct was introduced into a transgenic line carrying the plastid 

mcherry-based marker (pt-rb) (Nelson et al. 2007). Examination of this lines shows 

that WXR3-GFP co-localizes with pt-rb, suggesting that RUS1/WXR3 is also localized 

to the plastid (Fig 2.12 M to O).  

Since overexpression of RUS1/WXR3 by the 35S promoter does not display a 

strong effect on root development, RUS1/WXR3 was placed under control of an 

estradiol-inducible promoter and transformed into wild type plants (Curtis MD et al. 

2003). Without estradiol treatment, the root morphology of the transgenic line is similar 

to the wild type. However, after 4uM estradiol treatment for 2 days, the line displays 

many more root hairs, suggesting that overexpression of RUS1/WXR3 can enhance 

root hair initiation and elongation, consistent with a role for RUS1/WXR3 in polar auxin 

transport (Fig 2.13). 

 

DISCUSSION 

Root Development in the wxr3 Mutant 

Auxin plays a key role in embryogenesis and post-embryonic development in 

plants. Many genes involved in auxin signaling have been shown to function in 

aspects of root development including primary root elongation, root hair initiation, 

lateral root development and gravitropism (Leyser HM et al. 1996; Hamann T et al. 



61 
	  

	  

1999; Hamann T et al. 2002; Nagpal P et al. 2000; Reed JW. 2001; Müller A et al. 

1998; Marchant A et al.1999). The wxr3 mutant exhibits severe defects in root 

meristem maintenance, root hair elongation and gravity response. In addition, 

expression of the auxin reporter DR5rev:GFP is dramatically reduced upon 2,4-D 

treatment. Although DR5rev:GFP does not respond to 2,4-D treatment in the mutant, 

the response to NAA and IAA is nearly normal, suggesting that the wxr3 does not 

affect SCFTIR1/AFB-dependent auxin signaling. This is consistent with our observation 

that the mutation does not stabilize the AXR3NT-GUS protein in the plant. Instead we 

find that wxr3 seedlings accumulate auxin in the apical region. In young seedlings, 

auxin is synthesized in the cotyledons and developing leaves, and actively transported 

through the hypocotyl to the root, which enables primary root elongation and lateral 

root development. Direct measurement of auxin transport in the wxr3 mutant 

demonstrates a defect in this process. We propose that the defects in root 

development observed in wxr3 seedlings are related to reduced auxin transport. 

 

Function of the WXR3 protein 

The PINs and AUX1/LAX are crucial for auxin transport. Loss-of-function 

mutants in auxin transporter genes display severe defects in plant development. For 

example, the pin1 mutant is defective in organ initiation and exhibits pin-shaped 

inflorescences devoid of flowers (Okada K et al. 1991). In the wxr3 mutant, the protein 
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level of the auxin transporters, PIN1, PIN2, PIN3 and AUX1, is dramatically reduced 

on the plasma membrane. This suggests that the defect in polar auxin transport in the 

wxr3 mutant is caused by decreased levels of the transporters. Further, we find that 

RUS1/WXR3 is necessary for stability of auxin transporters. 

RUS1/WXR3 appears to localize to plastids. In a previous study RUS1/WXR3 

was identified in a screen for plants that are hypersensitive to very-low-fluence UVB 

(<0.1 µmol m−2 s−1), indicating RUS1/WXR3 functions in light response (Tong et al., 

2008). We also find that expression of RUS1/WXR3 is regulated by light. Growth in the 

dark decreases RUS1/WXR3 accumulation, whereas yellow light increases 

RUS1/WXR3 protein level (Fig 2.12 J to L). Light plays an essential role in many plant 

developmental processes, including the regulation of polar auxin transport (Lau OS et 

al. 2010). Light can affect the expression and subcellular localization of auxin 

transporters (Laxmi A et al. 2008; Keuskamp DH et al. 2010; Ding Z et al. 2011; Liu X 

et al. 2011; Wan Y et al. 2012). Future studies will determine whether these light 

affects involve RUS1/WXR3 function. 

 

The DUF647 Proteins and Plant Development 

The Arabidopsis genome encodes 6 DUF647 family members. Two of these, 

RUS1/WXR3 and RUS2/WXR1, were isolated in the same two mutant screens for 

either auxin response defects or hypersensitivity to UVB light (Ge L et al. 2010; Tong 
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et al. 2008; Leasure CD et al. 2009). Both of the mutants have a similar phenotype 

with defects in root development, polar auxin transport and response to UVB, 

indicating that the DUF647 family plays an important role in plant growth. 

RUS1/WXR3 and RUS2/WXR1 exhibit the same subcellular localization. A recent 

study shows that they interact with each other through yeast two-hybrid system 

(Leasure CD et al. 2009). All of these data suggest that they may form a complex in 

vivo. In the future it will be important to determine how these proteins impact protein 

trafficking and homeostasis.  

 

MATERIALS and METHODS 

Plant Materials and Conditions  

The Arabidopsis thaliana mutants and transgenic lines used in this study were 

generated in the Col-0 ecotype. Seeds were surface sterilized for 20min in 30% 

commercial bleach, plated on ATS medium (Arabidopsis thaliana solution) 

supplemented with 0.8% agar, and stratified for 2-4 days at 4°C. ATS medium consists 

of 1% sucrose, 5 mM KNO3, 2.5 mM KPO4, 2 mM MgSO4, 2 mM Ca(NO3)2, 50 µM 

Fe-EDTA, and 1 mL/L of micronutrients. All seedlings experiments were performed 

under long day condition (16hr light and 8hr dark) in the growth chamber 

(80 µmol/m2/s, 22°C), unless otherwise stated. Plants in soil were grown in long day 

condition at 22°C.   
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Ethyl Methanesulfonate Mutagenesis and Mutant Screen 

Ethyl Methanesulfonate mutagenesis and mutant Screen are described in Ge L 

et al. 2010. Briefly, approximately 5,000 DR5rev::GFP transgenic seeds were treated 

with 0.3% EMS for 10hr. After washings, the seeds were grown in soil. About 40,000 

M2 seeds were used for mutant screens. The seedlings with a half primary root length 

compared with the control line were selected and treated with 75nM 2,4-D treatment 

for 12hr. Seedlings with reduced GFP levels were isolated for further study. Each 

candidate mutant was backcrossed with DR5rev::GFP (Col-0) plants three times 

before characterization. 

 

Root Inhibition Assay and Gravitropism Response 

For auxin inhibited root growth assay, wxr3 seedlings were grown in yellow 

light for 5 days and then transferred to fresh ATS medium with different concentrations 

of NAA, 2,4-D, or IAA for 5 additional days growth after root length is measured. To 

measure the gravitropic response, 5-day old seedlings were rotated 90° clockwise and 

root tip bending was recorded by a Nikon SMZ1500 dissecting microscope every 2hr 

for 12hr. All measurements were performed using ImageJ software 

(http://rsbweb.nih.gov/ij/index.html).  
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Plasmid Constructs and Plant Transformation 

The pWXR3:WXR3-GUS construct was made by introducing WXR3 genomic 

DNA with the 2-Kb 5’upstream region into PMDC163 vector using the Gateway LR 

reaction kit (Invitrogen). The 35S:WXR3-GFP construct was generated by cloning full 

length WXR3 cDNA into the pMDC83 vector. The primers can be found in table I. The 

binary plasmids were introduced into Agrobacterium tumefaciens strain GV3101. Plant 

transformation used standard procedures, and the transgenic plants were screened 

on ATS medium supplemented with 50ug/L hygromycin. 

 

GUS Staining Assays  

Six-day-old plants pHS:AXR3NT-GUS and wxr3 pHS:AXR3NT-GUS plants 

were heat shocked at 37°C for 2hr in ATS solution. The seedlings were then treated 

with or without IAA. At different time intervals, whole seedlings were collected in GUS 

staining solution (100 mM Na2PO4 pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 1.0 mM 

K3Fe(CN)6 and 2 mM X-Gluc), vacuumed for 20 min and stained overnight at 37°C. 

The seedlings were cleared in 70% ethanol and imaged with a Nikon SMZ1500 

dissecting microscope. To determine GUS activity, protein was harvested by grinding 

whole seedlings in liquid nitrogen and vortexing vigorously in extraction buffer (50mM 

Na2PO4 pH7.0, 10mM DTT, 1mM EDTA, 0.1%sodium lauryl sarcosine and 0.1% 

Triton X-100). Cellular debris was removed by centrifugation at max speed for 10 min 
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at 4°C and protein concentration was determined by Bradford assay. 20ul of extract 

was added to 180ul MUG assay buffer (1mM MUG in extraction buffer). The reaction 

was incubated for 4hr at 37°C in the dark, and then added with an equal amount of 

0.2M Na2CO3 to stop the reaction. Enzyme activity was measured using a 

spectrofluorometer. The experiment was repeated three times. 

 

Auxin Transport Assay and IAA Concentration Determination 

The auxin transport assay and IAA concentration determination are described 

in Ge L et al., 2010. Briefly, seedlings were grown on MS medium for 5 days at 120 uE 

m-2s-1 light condition. [3H]IAA radiotracer was used to detect auxin transport. For each 

measurement, the sample section was harvested by excision of the root-shoot 

transition zone, root apex and upper hypocotyl region from 10 seedlings and counted 

in a low-range scintillation counter (Tri-carb; Perkin-Elmer). The result was repeated 

three times. To measure free auxin levels, seedlings were grown as described in auxin 

transport assay. Each sample was collected by two sequential solid phase extraction 

steps, and endogenous IAA was analyzed by ion monitoring gas 

chromatography–mass spectrometry on an Agilent 5973A instrument. At least 10 

biological replicates are analyzed for each treatment.  

 

RT-PCR 
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Total RNA is extracted from 7-day-old seedlings using the RNeasy plant mini 

kit (Qiagen) and 1ug RNA sample was used as a template for cDNA synthesis with 

SuperScript III First-Strand Synthesis kit (Invitrogen). The primer sequence used in 

RT-PCR can be found in table 2.1. 

 

Immunolocalization Assays and Drug Treatment 

Four-day old seedlings were treated with 50uM CHX or 50uM BFA for 

indicated time. Immunochemical protein localization was performed on whole mounts 

of root tips as published previously (Sauer et al., 2006). Confocal images were 

collected using an inverted SP2 confocal microscope (Leica). About 10 roots were 

observed for each sample and the experiment was repeated three times. Excitation 

wavelength is 488nM (argon laser), emission is detected between 550 and 530nM for 

GFP and for mCherry between 565 and 600nM. Images are further processed through 

Adobe Photoshop. For lugol staining, the seedlings were stained in Lugol solution 

(Sigma-Aldrich; L-6146) for 2hr at room temperature and washed by 70% (v/v) 

ethanol.  

 

Accession Numbers 

The Arabidopsis Genome Initiative locus number for the major genes 

discussed in this article are as follows: RUS1/WXR3 (At3g45890) RUS2/WXR1 
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(at2g31190), TIR1 (at3g62980), ABCB1/PGP1 (at2g36910), ABCB19/PGP19 

(at3g28860), PIN1 (at1g73590), PIN2 (at5g57090), PIN3 (at1g70940), AUX1 

(at2g38120), VHA-A1 (at2g28520) and ARA7 (at4g19640). 

 

ACKNOWLEDGMENTS 

Chapter 2 consists of the manuscript “ROOT UVB SENSITIVE1/WEAK AUXIN 

RESPONSE3 Is Essential for Polar Auxin Transport in Arabidopsis”. I was the first 

researcher on this manuscript. The Jirí Friml lab helps perform the PIN1/2 subcellular 

localization described in Fig 2.8 C-F, Fig2.9 A and Fig 2.10. The Angus Murphy lab 

helps the measurement of auxin transport described in Fig 2.5 D. The Jerry Cohen lab 

helps to determine auxin concentration in the wxr3 mutant (Fig 2.5 E and F). I 

contribute the other figures. 

 

 

 

 

 

 

 

 



69 
	  

	  

REFERENCES 

 

1. Bennett MJ, M.A., Green HG, May ST, Ward SP, Millner PA, Walker AR, Schulz B, 
Feldmann KA., ArabidopsisAUX1 gene: a permease-like regulator of root 
gravitropism. Science., 1996. 273(5277):948-50. 

 
2. Blakeslee JJ, B.A., Lee OR, Mravec J, Titapiwatanakun B, Sauer M, Makam SN, 

Cheng Y, Bouchard R, Adamec J, Geisler M, Nagashima A, Sakai T, Martinoia E, 
Friml J, Peer WA, Murphy AS., Interactions among PIN-FORMED and 
P-glycoprotein auxin transporters in Arabidopsis. Plant Cell., 2007. 19(1):131-47. 

 
3. Bouchard R, B.A., Blakeslee JJ, Oehring SC, Vincenzetti V, Lee OR, Paponov I, 

Palme K, Mancuso S, Murphy AS, Schulz B, Geisler M., Immunophilin-like 
TWISTED DWARF1 modulates auxin efflux activities of Arabidopsis 
P-glycoproteins. J Biol Chem., 2006. 281(41):30603-12. 

 
4. Cho M, L.S., Cho HT., P-glycoprotein4 displays auxin efflux transporter-like action 

in Arabidopsis root hair cells and tobacco cells. Plant Cell., 2007. 19(12):3930-43. 
 
5. Curtis MD, G.U., A gateway cloning vector set for high-throughput functional 

analysis of genes in planta. Plant Physiol., 2003. 133(2):462-9. 
 
6. Dettmer J, H.-H.A., Stierhof YD, Schumacher K., Vacuolar H+-ATPase activity is 

required for endocytic and secretory trafficking in Arabidopsis. Plant Cell., 2006. 
18(3):715-30. 

 
7. Dharmasiri N, D.S., Estelle M., The F-box protein TIR1 is an auxin receptor. 

Nature., 2005a. 435(7041):441-5. 
 
8. Dharmasiri N, D.S., Weijers D, Lechner E, Yamada M, Hobbie L, Ehrismann JS, 

Jürgens G, Estelle M., Plant development is regulated by a family of auxin 
receptor F box proteins. Dev Cell., 2005b. 9(1):109-19. 

 
9. Dhonukshe P, A.F., Hwang I, Robinson DG, Mravec J, Stierhof YD, Friml J., 

Clathrin-mediated constitutive endocytosis of PIN auxin efflux carriers in 
Arabidopsis. Curr Biol., 2007 17(6):520-7. 

 
10. Dhonukshe P, G.I., Fischer R, Tominaga M, Robinson DG, Hasek J, Paciorek T, 



70 
	  

	  

Petrásek J, Seifertová D, Tejos R, Meisel LA, Zazímalová E, Gadella TW Jr, 
Stierhof YD, Ueda T, Oiwa K, Akhmanova A, Brock R, Spang A, Friml J., Auxin 
transport inhibitors impair vesicle motility and actin cytoskeleton dynamics in 
diverse eukaryotes. Proc Natl Acad Sci U S A., 2008. 105(11):4489-94. 

 
11. Di Laurenzio L, W.-D.J., Malamy JE, Pysh L, Helariutta Y, Freshour G, Hahn MG, 

Feldmann KA, Benfey PN., The SCARECROW gene regulates an asymmetric cell 
division that is essential for generating the radial organization of the Arabidopsis 
root. Cell., 1996. 86(3):423-33. 

 
12. Ding Z, G.-A.C., Demarsy E, Łangowski Ł, Kleine-Vehn J, Fan Y, Morita MT, 

Tasaka M, Fankhauser C, Offringa R, Friml J., Light-mediated polarization of the 
PIN3 auxin transporter for the phototropic response in Arabidopsis. Nat Cell Biol., 
2011. 13(4):447-52. 

 
13. Doerner P, J.J., You R, Steppuhn J, Lamb C., Control of root growth and 

development by cyclin expression. Nature., 1996. 380(6574):520-3. 
 
14. Feraru E, F.J., PIN polar targeting. Plant Physiol., 2008. 147(4):1553-9. 
 
15. Feraru E, F.M., Kleine-Vehn J, Martinière A, Mouille G, Vanneste S, Vernhettes S, 

Runions J, Friml J., PIN polarity maintenance by the cell wall in Arabidopsis. Curr 
Biol., 2011. 21(4):338-43. 

 
16. Friml J, B.E., Blilou I, Wisniewska J, Hamann T, Ljung K, Woody S, Sandberg G, 

Scheres B, Jürgens G, Palme K., AtPIN4 mediates sink-driven auxin gradients 
and root patterning in Arabidopsis. Cell., 2002b. 108(5):661-73. 

 
17. Friml J, V.A., Sauer M, Weijers D, Schwarz H, Hamann T, Offringa R, Jürgens G., 

Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis. 
Nature., 2003. 426(6963):147-53. 

 
18. Friml J, W.J., Benková E, Mendgen K, Palme K., Lateral relocation of auxin efflux 

regulator PIN3 mediates tropism in Arabidopsis. Nature., 2002a 415(6873):806-9. 
 
19. Friml J, Y.X., Michniewicz M, Weijers D, Quint A, Tietz O, Benjamins R, 

Ouwerkerk PB, Ljung K, Sandberg G, Hooykaas PJ, Palme K, Offringa R., A 
PINOID-dependent binary switch in apical-basal PIN polar targeting directs auxin 
efflux. Science., 2004. 306(5697):862-5. 

 



71 
	  

	  

20. Gälweiler L, G.C., Müller A, Wisman E, Mendgen K, Yephremov A, Palme K., 
Regulation of polar auxin transport by AtPIN1 in Arabidopsis vascular tissue. 
Science., 1998 282(5397):2226-30. 

 
21. Ge L, P.W., Robert S, Swarup R, Ye S, Prigge M, Cohen JD, Friml J, Murphy A, 

Tang D, Estelle M., Arabidopsis ROOT UVB SENSITIVE2/WEAK AUXIN 
RESPONSE1 is required for polar auxin transport. Plant Cell., 2010. 
22(6):1749-61. 

 
22. Geldner N, F.J., Stierhof YD, Jürgens G, Palme K., Auxin transport inhibitors 

block PIN1 cycling and vesicle trafficking. Nature., 2001. 413(6854):425-8. 
 
23. Gray WM, K.S., Rouse D, Leyser O, Estelle M., Auxin regulates 

SCF(TIR1)-dependent degradation of AUX/IAA proteins. Nature., 2001. 
414(6861):271-6. 

 
24. Grebe M, X.J., Möbius W, Ueda T, Nakano A, Geuze HJ, Rook MB, Scheres B., 

Arabidopsis sterol endocytosis involves actin-mediated trafficking via 
ARA6-positive early endosomes. Curr Biol., 2003. 13(16):1378-87. 

 
25. Grieneisen VA, X.J., Marée AF, Hogeweg P, Scheres B., Auxin transport is 

sufficient to generate a maximum and gradient guiding root growth. Nature., 2007. 
449(7165):1008-13. 

 
26. Grunewald W, F.J., The march of the PINs: developmental plasticity by dynamic 

polar targeting in plant cells. EMBO J., 2010. 29(16):2700-14. 
 
27. Hamann T, B.E., Bäurle I, Kientz M, Jürgens G., The Arabidopsis BODENLOS 

gene encodes an auxin response protein inhibiting MONOPTEROS-mediated 
embryo patterning. Genes Dev., 2002. 16(13):1610-5. 

 
28. Hamann T, M.U., Jürgens G., The auxin-insensitive bodenlos mutation affects 

primary root formation and apical-basal patterning in the Arabidopsis embryo. 
Development., 1999. 126(7):1387-95. 

 
29. Helariutta Y, F.H., Wysocka-Diller J, Nakajima K, Jung J, Sena G, Hauser MT, 

Benfey PN., The SHORT-ROOT gene controls radial patterning of the 
Arabidopsis root through radial signaling. Cell., 2000. 101(5):555-67. 

 
30. Jaillais Y, F.-L.I., Miège C, Rollin C, Gaude T., AtSNX1 defines an endosome for 



72 
	  

	  

auxin-carrier trafficking in Arabidopsis. Nature., 2006 443(7107):106-9. 
 
31. Jaillais Y, S.M., Rozier F, Fobis-Loisy I, Miège C, Gaude T., The retromer protein 

VPS29 links cell polarity and organ initiation in plants. Cell., 2007 130(6):1057-70. 
 
32. Keuskamp DH, P.S., Voesenek LA, Peeters AJ, Pierik R., Auxin transport through 

PIN-FORMED 3 (PIN3) controls shade avoidance and fitness during competition. 
Proc Natl Acad Sci U S A., 2010. 107(52):22740-4. 

 
33. Kleine-Vehn J, D.Z., Jones AR, Tasaka M, Morita MT, Friml J., Gravity-induced 

PIN transcytosis for polarization of auxin fluxes in gravity-sensing root cells. Proc 
Natl Acad Sci U S A., 2010. 107(51):22344-9. 

 
34. Kleine-Vehn J, L.J., Zwiewka M, Sauer M, Abas L, Luschnig C, Friml J., 

Differential degradation of PIN2 auxin efflux carrier by retromer-dependent 
vacuolar targeting. Proc Natl Acad Sci U S A., 2008. 105(46):17812-7. 

 
35. Lau OS, D.X., Plant hormone signaling lightens up: integrators of light and 

hormones. Curr Opin Plant Biol., 2010. 13(5):571-7. 
 
36. Laxmi A, P.J., Morsy M, Chen R., Light plays an essential role in intracellular 

distribution of auxin efflux carrier PIN2 in Arabidopsis thaliana. PLoS One., 2008. 
3(1):e1510. 

 
37. Leasure, C.D., Tong, Hongyun, Yuen, Gigi, Hou, Xuewen, Sun, Xuefeng, He, 

Zheng-Hui., ROOT UV-B SENSITIVE2 acts with ROOT UV-B SENSITIVE1 in a 
root ultraviolet B-sensing pathway. Plant Physiol., 2009. 150(4):1902-15. 

 
38. Lee GJ, S.E., Lee MH, Hwang I., The Arabidopsis rab5 homologs rha1 and ara7 

localize to the prevacuolar compartment. Plant Cell Physiol., 2004. 45(9):1211-20. 
 
39. Leyser HM, P.F., Dharmasiri S, Estelle M., Mutations in the AXR3 gene of 

Arabidopsis result in altered auxin response including ectopic expression from the 
SAUR-AC1 promoter. Plant J., 1996. 10(3):403-13. 

 
40. Liu X, C.J., Gardner G., Low-fluence red light increases the transport and 

biosynthesis of auxin. Plant Physiol., 2011. 157(2):891-904. 
 
41. Marchant A, K.J., May ST, Muller P, Delbarre A, Perrot-Rechenmann C, Bennett 

MJ., AUX1 regulates root gravitropism in Arabidopsis by facilitating auxin uptake 



73 
	  

	  

within root apical tissues. EMBO J., 1999. 18(8):2066-73. 
 
42. Men S, B.Y., Ikeda Y, Li X, Palme K, Stierhof YD, Hartmann MA, Moritz T, Grebe 

M., Sterol-dependent endocytosis mediates post-cytokinetic acquisition of PIN2 
auxin efflux carrier polarity. Nat Cell Biol., 2008. 10(2):237-44. 

 
43. Michniewicz M, Z.M., Abas L, Weijers D, Schweighofer A, Meskiene I, Heisler MG, 

Ohno C, Zhang J, Huang F, Schwab R, Weigel D, Meyerowitz EM, Luschnig C, 
Offringa R, Friml J., Antagonistic regulation of PIN phosphorylation by PP2A and 
PINOID directs auxin flux. Cell., 2007. 130(6):1044-56. 

 
44. Möller B, W.D., Auxin control of embryo patterning. Cold Spring Harb Perspect 

Biol., 2009. 1(5):a001545. 
 
45. Müller A, G.C., Gälweiler L, Tänzler P, Huijser P, Marchant A, Parry G, Bennett M, 

Wisman E, Palme K., AtPIN2 defines a locus of Arabidopsis for root gravitropism 
control. EMBO J., 1998. 17(23):6903-11. 

 
46. Nagpal P, W.L., Young JC, Sonawala A, Timpte C, Estelle M, Reed JW., AXR2 

encodes a member of the Aux/IAA protein family. Plant Physiol., 2000. 
123(2):563-74. 

 
47. Naramoto S, K.-V.J., Robert S, Fujimoto M, Dainobu T, Paciorek T, Ueda T, 

Nakano A, Van Montagu MC, Fukuda H, Friml J., ADP-ribosylation factor 
machinery mediates endocytosis in plant cells. Proc Natl Acad Sci U S A., 2010. 
107(50):21890-5. 

 
48. Nelson BK, C.X., Nebenführ A., A multicolored set of in vivo organelle markers for 

co-localization studies in Arabidopsis and other plants. Plant J., 2007. 
51(6):1126-36. 

 
49. Okada K, U.J., Komaki MK, Bell CJ, Shimura Y., Requirement of the Auxin Polar 

Transport System in Early Stages of Arabidopsis Floral Bud Formation. Plant Cell., 
1991. 3(7):677-684. 

 
50. Overvoorde P, F.H., Beeckman T., Auxin control of root development. Cold Spring 

Harb Perspect Biol., 2010. 2(6):a001537. 
 
51. Reed JW, Roles and activities of Aux/IAA proteins in Arabidopsis. Trends Plant 

Sci., 2001. 6(9):420-5. 



74 
	  

	  

 
52. Ruegger M, D.E., Gray WM, Hobbie L, Turner J, Estelle M., The TIR1 protein of 

Arabidopsis functions in auxin response and is related to human SKP2 and yeast 
grr1p. Genes Dev., 1998. 12(2):198-207. 

 
53. Sauer M, P.T., Benková E, Friml J., Immunocytochemical techniques for 

whole-mount in situ protein localization in plants. Nat Protoc., 2006. 1(1):98-103. 
 
54. Scarpella E, B.M., Tsiantis M., Control of leaf and vein development by auxin. 

Cold Spring Harb Perspect Biol., 2010. 2(1):a001511. 
 
55. Steinmann T, G.N., Grebe M, Mangold S, Jackson CL, Paris S, Gälweiler L, 

Palme K, Jürgens G., Coordinated polar localization of auxin efflux carrier PIN1 by 
GNOM ARF GEF. Science., 1999. 286(5438):316-8. 

 
56. Sundberg E, Ø.L., Distinct and dynamic auxin activities during reproductive 

development. Cold Spring Harb Perspect Biol., 2009. 1(6):a001628. 
 
57. Swarup R, K.J., Marchant A, Zadik D, Rahman A, Mills R, Yemm A, May S, 

Williams L, Millner P, Tsurumi S, Moore I, Napier R, Kerr ID, Bennett MJ., 
Structure-Function Analysis of the Presumptive Arabidopsis Auxin Permease 
AUX1. Plant Cell., 2004. 16(11):3069-83. 

 
58. Takahashi H, M.Y., Fujii N., Hormonal interactions during root tropic growth: 

hydrotropism versus gravitropism. Plant Mol Biol., 2009. 69(4):489-502. 
 
59. Teale WD, P.I., Palme K., Auxin in action: signalling, transport and the control of 

plant growth and development. Nat Rev Mol Cell Biol., 2006. 7(11):847-59. 
 
60. Tiwari SB, W.X., Hagen G, Guilfoyle TJ., AUX/IAA proteins are active repressors, 

and their stability and activity are modulated by auxin. Plant Cell., 2001. 
13(12):2809-22. 

 
61. Tong H, L.C., Hou X, Yuen G, Briggs W, He ZH., Role of root UV-B sensing in 

Arabidopsis early seedling development. Proc Natl Acad Sci U S A., 2008. 
105(52):21039-44. 

 
62. Ulmasov T, M.J., Hagen G, Guilfoyle TJ., Aux/IAA proteins repress expression of 

reporter genes containing natural and highly active synthetic auxin response 
elements. Plant Cell., 1997. 9(11):1963-71. 



75 
	  

	  

 
63. Vernoux T, B.F., Traas J., Auxin at the shoot apical meristem. Cold Spring Harb 

Perspect Biol., 2010. 2(4):a001487. 
 
64. Wan Y, J.J., Wang L, Hao H, Volkmann D, Menzel D, Mancuso S, Baluška F, Lin 

J., The signal transducer NPH3 integrates the phototropin1 photosensor with 
PIN2-based polar auxin transport in Arabidopsis root phototropism. Plant Cell., 
2012. 24(2):551-65. 

 
65. Weijers D, B.E., Jäger KE, Schlereth A, Hamann T, Kientz M, Wilmoth JC, Reed 

JW, Jürgens G., Developmental specificity of auxin response by pairs of ARF and 
Aux/IAA transcriptional regulators. EMBO J., 2005. 24(10):1874-85. 

 
66. Willemsen V, F.J., Grebe M, van den Toorn A, Palme K, Scheres B., Cell polarity 

and PIN protein positioning in Arabidopsis require STEROL 
METHYLTRANSFERASE1 function. Plant Cell., 2003. 15(3):612-25. 

 
67. Wisniewska J, X.J., Seifertová D, Brewer PB, Ruzicka K, Blilou I, Rouquié D, 

Benková E, Scheres B, Friml J., Polar PIN localization directs auxin flow in plants. 
Science., 2006. 312(5775):883. 

 
68. Woodward AW, B.B., Auxin: regulation, action, and interaction. Ann Bot., 2005. 

95(5):707-35. 
 
69. Yang X, L.S., So JH, Dharmasiri S, Dharmasiri N, Ge L, Jensen C, Hangarter R, 

Hobbie L, Estelle M., The IAA1 protein is encoded by AXR5 and is a substrate of 
SCF(TIR1). Plant J., 2004. 40(5):772-82. 

 
70. Zhang J, N.T., Pencík A, Rolcík J, Friml J., PIN phosphorylation is sufficient to 

mediate PIN polarity and direct auxin transport. Proc Natl Acad Sci U S A., 2010. 
107(2):918-22. 

 
71. Zhao Y, Auxin biosynthesis and its role in plant development. Annu Rev Plant 

Biol., 2010. 61:49-64. 
 
 
 
 
 
 



76 
	  

	  

Table 2.1 Primer sequences for the wxr3 mutant. 

 

Name Sequence 

wxr3 CDS F  5’ caccatgagttgttcttatctactt 3’  

wxr3 CDS NSR  5’ tgagctgtttggagaagata 3’  

wxr3 cDNA DF  5’ gagtcgggagctggatacac 3’  

wxr3 cDNA DR  5’ ttgtcgaaatacggacgaca 3’  

IAA1P1  5’ atggaagtcaccaatgggctt 3’  

IAA1P2  5’ tcataaggcagtaggagctt 3’  

IAA5P1  5’ atggcgaatgagagtaataa 3’  

IAA5P2  5’ tcatcctctgttacatgatctctt 3’  

PIN1P1  5’ cggcggcggacttctaccacgtt 3’  

PIN1P2  5’ ccgccaccacttcctccagattg 3’  

PIN2P1  5’ ggttcggtacggtggtgggggat 3’  

PIN2P2  5’ cggcggtgggtacgacggaaca 3’ 

PIN3P1  5’ tcgccatcttcgccgtccctctc 3’ 

PIN3P2  5’ cgccggaccgaaattggagaga 3’ 

AUX1P1  5’ tggcacggtggctctgtctggga 3’ 

AUX1P1  5’ cggcggcagctgacggaatc 3’ 
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Figure 2.1 The wxr3 mutant displays severe defects in root development and 
lower DR5rev:GFP expression after 2,4-D treatment. 
A and B, Phenotype of 10-day old wxr3 seedlings compared to WT. C and D, Root 
hair phenotype in WT (C) and wxr3 (D) seedlings. E to H, The wxr3 mutant has 
dramatically reduced DR5rev:GFP level after 2,4-D treatment. Without 2,4-D, the wxr3 
mutant (G) has the similar level of GFP signal as the control line(E); after 80nM 2,4-D 
treatment for 12hr, GFP level is dramatically increased in the control line (F) but not in 
the wxr3 mutant (H). I and J, The structure of root apex of WT (I) and the wxr3 (J) 
seedlings. The arrow denotes the boundary between the meristem and elongation 
zone. Numbers indicate cortical cell number in the meristem zone. Bar=50uM. K and L, 
Lugol staining of columella cells of WT (K) and the wxr3 (L) roots. M, The wxr3 mutant 
has a shorter hypocotyl compared to WT. N, The wxr3 mutant displays a severe defect 
in primary root elongation compared to WT. 
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Figure 2.2 The wxr3 mutant exhibits decreased expression of CYCB1;1, SCR 
and SHR compared with the control. 
A and B, Expression of pCYCB1;1:GUS in the control line (A) and the wxr3 mutant (B). 
C and D, Expression of pSCR:GFP in the control line (C) and the wxr3 mutant (D). E 
and F, Expression of pSHR:SHR-GFP in the control line (E) and the wxr3 mutant (F). 
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Figure 2.3 The phenotype characterization of wxr1, wxr3 and wxr1 wxr3 double 
mutant. Bar is 1cM. 
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Figure 2.4 wxr3 does not directly affect SCFTIR1/AFBs-dependant auxin signaling.  
A, GUS staining of pHS:AXR3NT-GUS in the wxr3 mutant background at different 
time points with or without IAA treatment after 2hr 37°C temperature treatment. B, 
GUS activity determined by MUG assay of seedlings in (A).C, IAA1 and IAA5 
transcript levels in WT and wxr3 plants treated with 20uM IAA for 1hr.  
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Figure 2.5 Thewxr3 mutant exhibits decreased polar auxin transport resulting in 
a disruption in auxin distribution. 
A to C, Primary root elongation of the wxr3 mutant is resistant to 2,4-D (C) but not to 
IAA (A) or NAA (B). D, Transport of [3H]IAA is reduced in the wxr3 root compared to 
the control. E and F, The level of free IAA is increased in the shoot (E) but decreased 
in root tips (F) of the wxr3 mutant. UH, upper hypocotyl; RSTZ, root shoot transition 
zone; R, root section; apex, root apex. The asterisks indicate obvious difference 
between wild type and the wxr3 mutant values based on t-test, P < 0.05. 
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Figure 2.6 Thewxr3 mutant displays defects in auxin transport. 
A, DR5rev:GFP expression in the wxr3 mutant and control line treated with various 
auxin. B, Root elongation of wxr3 seedlings is resistant to NPA treatment. C, The roots 
of wxr3 seedlings show a delayed response in gravity change compared with WT. 
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Figure 2.7 Thewxr3 mutation enhances root defects of auxin transporter 
mutants. 
A and B, The root phenotype of thepgp1 pgp19 double mutant. C and D, The root 
phenotype of the wxr3 mutant. E to H, The root phenotype of the pgp1 pgp19 wxr3 
triple mutant. The arrows indicate the location of bulges. G and H show a higher 
magnification of bulges in the pgp1 pgp19 wxr3 triple mutant. I to M, The root 
phenotype of the DR5rev:GFP transgenic line (I), pin2 (J), auxin1-7 (K) and wxr3 
mutant (L and M), respectively. N and O, The phenotype of the aux1-7wxr3 double 
mutant. P and Q, The phenotype of the pin2 wxr3 double mutant. 
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Figure 2.8 Thewxr3 mutant has reduced levels of auxin transporters and 
endosomal markers in the cell. 
A and B, Expression of pAUX1:AUX1-YFP in the root tip of the control line (A) and 
wxr3 mutant (B). C and D, PIN1 in the root tip of wild type (C) and the wxr3 mutant (D) 
visualized by anti-PIN1 antibody. E and F, PIN2 in the root tip of wild type (E) and the 
wxr3 mutant (F) visualized by anti-PIN2 antibody. G and H, Expression of 
pPIN3:PIN3-GFP in the root tip of the control line (G) and the wxr3 mutant (H). I and J, 
The wxr3 mutant (J) has lower levels of VHA-a1-GFP compared to control seedlings 
(I). K and L, The wxr3 mutant (L) exhibits a lower level of ARA7-GFP compared to 
control seedlings (K). M and N, The subcellular localization of VHA-a1-GFP in the 
wxr3 mutant (N) and control seedling (M) after 50uM BFA treatment for 2hr. O and P, 
Subcellular localization of ARA7-GFP in the wxr3 mutant (P) and control seedlings (O) 
on 50uM BFA for 2hr. 
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Figure 2.9 Regulation of auxin transporters in the wxr3 plant. 
A, Subcellular localization of PIN1/2 after 50uM BFA treated for 1hr. PIN1/2 are 
visualized by anti-PIN1 and anti-PIN2 antibody. B, Transcription level of the auxin 
transporter genes in the wxr3 mutant. 
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Figure 2.10 Thewxr3 mutant affects stability of auxin transporters. 
A, The wxr3 mutation reduces the stability of PIN1/2 after treated with 50uM CHX for 
indicated time. The protein levels of PIN1/2 are visualized by anti-PIN1 and anti-PIN2 
antibody. B, Reduced PIN1/2 levels in the wxr3 mutant may be caused by enhanced 
vacuole targeting for degradation. The seedlings were pretreated with 50uM CHX for 
30min, followed by co-treatment of 50uM CHX and 50uM BFA for 1hr, then the images 
were taken after BFA was washed out by CHX solution for indicated time.  
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Figure 2.11 Recombination mapping of the wxr3 mutation.  
A, The wxr3 mutation is mapped onto F16L2 BAC. B, DNA sequencing shows that a G 
to A mutation is found at the 3’ end of the second exon of at3g45890. The arrows 
show the location of primers used for RT-PCR in (C). C, The G to A mutation causes a 
RNA splicing error that produces a truncated protein in the wxr3 mutant. D and E, 
Complementation assay is performed by transformation of pWXR3:WXR3-GUS 
construct into the wxr3 mutant (DR5rev:GFP background). The transgenic lines 
display recovered primary root elongation (D) and DR5rev:GFP response after 2,4-D 
treatment (E). Three independent transgenic lines are shown. F, The structure of 
RUS1/WXR3 protein. 
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Figure 2.12 The expression pattern and subcellular localization of RUS1/WXR3 
protein. 
A to I, Expression of RUS1/WXR3 in the plant as determined using 
pWXR3:WXR3-GUS lines. J to L, Expression of RUS1/WXR3 is regulated by light. 
Compared to control (white light) (J), the expression level of RUS1/WXR3 protein is 
increased by treatment with yellow light for 12hr (K) and decreased in the darkness (L). 
M to O, RUS1/WXR3 is located in the plastid. M, Subcellular localization of 
WXR3-GFP. N, Subcellular localization of Pt-mCherry. O, Overlay of M and N. 
Bar=50uM 
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Figure 2.13 Inducible overexpression of WXR3 enhances root hair initiation and 
elongation. 
A and B, The phenotype of WT (A) and pMDC7:WXR3-GFP roots (B) treated with 
DMSO for 2 days. C and D, WT root (C) and root hair (D) after 4uM estradiol treatment 
for 2 days. E and F, pMDC7:WXR3-GFP root (E) and root hair (F) after 4uM estradiol 
treatment for 2 days. G, Root hair density of WT and pMDC7:WXR3-GFP seedlings 
after estradiol treatment.  
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Chapter 3 

 

Identification of residues in the TIR1 auxin receptor that facilitate interaction 

with Aux/IAA repressors 
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ABSTRACT 

The phytohormone auxin regulates virtually every aspect of plant development. 

The hormone directly mediates the interaction between the TIR1/AFB F-box proteins 

and the Aux/IAA transcriptional repressors. To learn more about the interaction 

between these proteins, a mutant screen was performed using the LexA yeast 

two-hybrid system. Two TIR1 mutants were identified with increased interaction with 

Aux/IAAs. My results suggest that the positions of D170 and M473 are required for 

TIR1 function. The D170E and M473L mutations increase the affinity between TIR1 

and the degron motif of Aux/IAAs and further enhance the function of the SCFTIR1 

complex. This results in faster degradation of Aux/IAAs and increased transcription of 

auxin responsive genes in the plant. Plants carrying the pTIR1:tir1 D170E/M473L-Myc 

transgene exhibit diverse developmental defects during plant growth and display a 

significantly auxin-hypersensitive phenotype. 

 

INTRODUCTION 

The plant hormone indole-3-acetic acid (IAA) is the most important natural 

auxins with the ability to regulate virtually every aspect of plant development 

(Woodward AW et al. 2005; Möller B et al. 2009; Overvoorde P et al. 2010; Takahashi 

H et al. 2009; Scarpella E et al. 2010; Vernoux T et al. 2010; Sundberg E et al. 2009). 

A number of synthetic auxinic compounds have been identified such as 
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1-naphthaleneacetic acid (1-NAA), 2,4-dichlorophenoxyacetic acid (2,4-D) and 

picloram (Marchant A et al. 1999; Walsh TA et al. 2006). Auxin signaling is mediated 

by at least three protein families including the F-box proteins TIR1/AFB, the Aux/IAA 

transcriptional repressors and the ARF transcription factors. At low auxin levels, the 

transcription activity of ARF proteins is inhibited through the interaction with Aux/IAA 

proteins and co-repressor TOPLESS (TPL) (Tiwari SB et al. 2001; Reed JW. 2001; 

Szemenyei H et al. 2008; Guilfoyle TJ et al. 2007 and Weijers D et al. 2005). However, 

auxin promotes the recruitment of the Aux/IAA proteins to the SCFTIR1/AFB E3 ubiquitin 

ligase and induces the degradation of the Aux/IAA proteins by the 

ubiquitin-proteasome pathway, thus allowing ARF-dependent transcription (Ruegger 

M et al. 1998; Gray WM et al. 2001 and Mockaitis K et al. 2008).  

In Arabidopsis, 29 Aux/IAAs have been identified, most of which share a 

similar protein structure (Reed JW. 2001). Domain I of the Aux/IAAs binds TPL and is 

required for transcriptional repression. The core region of domain II is a 6-amino acid 

sequence (GWPPV/I) called the degron, which is sufficient for proteolytic degradation 

of the Aux/IAA proteins. Several dominant or semidominant gain-of-function mutants, 

mutated within the conserved degron sequence, were isolated (Leyser HM et al. 1996; 

Kim BC et al. 1998; Hamann T et al. 1999 and Nagpal P et al. 2000). Later study 

showed that these mutations stabilize the affected Aux/IAAs and cause auxin 

resistance in the mutants. Domain III and IV mediate homo- and hetero-dimerization, 
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including interactions with ARF proteins. 

TIR1 is a member of a small family of F-box proteins that contains 5 additional 

AFB proteins, AFB1-5 (Dharmasiri N et al. 2005b). All six members function as auxin 

receptors (Dharmasiri N et al. 2005a; Dharmasiri N et al. 2005b and Greenham K et al. 

2011). The TIR1 structure was recently determined in the presence of auxin, ASK1 

and the degron motif from IAA7 (Tan X et al. 2007). It revealed that the 18 

Leucine-Rich-Repeats (LRRs) in the C-terminus of TIR1 form an auxin binding pocket. 

Auxin acts as a ‘‘molecular glue’’ to direct the interaction between TIR1 and the 

degron motif of Aux/IAAs (Tan X et al. 2007). Recent studies have shown that different 

combinations of TIR1/AFB and the Aux/IAA proteins form co-receptor complexes with 

a wide range of auxin-binding affinities, which may function in different auxin-regulated 

processes (Navarro L et al. 2006; Parry G et al. 2009; Vidal EA et al. 2010; Calderón 

Villalobos LI et al. 2012).  

To learn more about the interactions among auxin, TIR1/AFB and Aux/IAAs, a 

mutant screen was performed using the LexA yeast two-hybrid system (Prigge MJ et 

al. 2010; Calderón Villalobos LI et al. 2012). Two TIR1 mutations, D170E and M473L, 

were isolated with increased interaction with Aux/IAAs upon auxin treatment. We 

present the data showing that these two mutations increase the affinity between TIR1 

and the degron motif of Aux/IAAs, and further enhance the degradation of Aux/IAAs in 

the plant. The transgenes expressing the mutated TIR1 cause an auxin-hypersensitive 
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phenotype. 

 

RESULTS 

Identification of TIR1 Mutations with Increased Affinity for Aux/IAAs 

Previous studies showed that the LexA yeast two-hybrid system can be used 

to study the interaction between auxin receptors TIR1/AFB1-3 with their substrates 

Aux/IAAs (Prigge MJ et al. 2010; Calderón Villalobos LI et al. 2012). The TIR1/AFB1-3 

proteins interact with Aux/IAAs in an auxin-concentration-dependent manner. 

However, the interaction does not occur between TIR1/AFB1-3 and degron-mutated 

Aux/IAAs even in the presence of auxin (Fig 3.1). 

Using error–prone polymerase chain reaction, random mutations were 

introduced into the full length TIR1 to create an extensive library of TIR1 mutants. The 

TIR1 mutant library was then fused to LexA DNA binding domain and introduced into 

the LexA yeast two-hybrid system. By screening the mutant library, I aimed to find 

TIR1 mutations with increased interaction with AD-IAA12 upon auxin treatment. 12 

yeast colonies were recovered in the screen and the tir1plasmids were sequenced. 

Two TIR1 mutations, D170E and M473L, were identified that increase the 

interaction between TIR1 with Aux/IAAs with auxin treatment compared to control 

yeast colonies (Fig 3.2 A and C). The TIR1 mutants do not interact with dominant IAA7 

mutants in the presence of auxin (Fig 3.2 B). My results show that the TIR1 mutants 
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are expressed at a similar level as the wild type, suggesting that the enhanced 

interaction in yeast may be caused by affinity changes between TIR1 and Aux/IAAs 

(Fig 3.3 A). To address this possibility, GST-tagged IAA3 was purified from E.coli and 

an in vitro pull-down assay was performed with tir1-Myc synthesized by TNT coupled 

wheat germ extract. The results show that GST-IAA3 pulls down more mutant protein 

than the wild type TIR1 in the absence and presence of auxin (Fig 3.4 A). To further 

verify this result, the tir1 D170E/M473L-Myc construct regulated by the nativeTIR1 

promoter was created and introduced into a pHS:AXR3NT-GUS transgenic line. This 

line can express domain I and II of AXR3/IAA17 (AXR3NT) upon heat shock and is 

used as a reporter of auxin-dependent degradation of Aux/IAAs (Gray WM et al. 

2001).After heat-shock and treatment with MG132, an inhibitor of the 26S proteasome, 

total protein extract was prepared and incubated with or without IAA. TIR1-Myc was 

pulled down by anti-c-Myc beads and the amount of AXR3NT-GUS in the complex 

was determined. The results show that tir1 D170E/M473L-Myc pulls down much more 

AXR3NT-GUS than the control (Fig 3.3 B). These experiments indicate that the 

mutations have enhanced affinity between TIR1 and Aux/IAA proteins. However, the 

effect of the mutations can be abolished with anti-auxin compound, auxinole (Hayashi 

K et al. 2012). Auxinole strongly interacts with Phe82 of TIR1, a residue crucial for 

Aux/IAA recognition, and blocks the formation of the TIR1-IAA-Aux/IAA complex. The 

result shows that GST-IAA3 cannot pull down more amount of tir1 D170E/M473L-Myc 
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in the presence of auxinole, similar to the TIR1 control (Fig 3.4 B). 

 

D170 and M473 Are Required for the Function of TIR1 

The structure of TIR1 shows that D170 and M473 are located outside of the 

auxin binding pocket of TIR1 (Fig 3.5 A). D170 is located on the top of the leucine rich 

domain while M473 is in a helix region within the hydrophobic core of this domain. 

Interestingly, previous studies reported that the residue corresponding to TIR1D170 in 

AFB4 (D250) is mutated to an N in the afb4-2 mutant (Greenham K et al. 2011). The 

afb4-2 mutant confers weak resistance to picloram and defects in hypocotyl elongation. 

To determine the effects of the D to N substitution on TIR1, I made this mutant and 

tested it in the pull down assay. My results show that tir1 D170N has reduced the 

interaction with IAA3 (Fig 3.5 B). These results indicate that the position of D170 has 

an important role in TIR1 function. 

To further determine the function of residues D170 and M473, the TIR1 

mutations D170A and M473A were created and tested in the LexA yeast two-hybrid 

system. The results show that DBD-tir1 D170A-Myc displays a reduced interaction 

with AD-Aux/IAAs in the presence of auxin, while DBD-tir1 M473A-Myc does not 

interact with AD-Aux/IAAs compared to the control (Fig 3.6 A). Similar results were 

obtained by in vitro pull-down assay. With auxin treatment, less tir1 D170A-Myc is 

recovered in the pull down compared to the control; while with tir1 M473A-Myc, there 
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is no difference between auxin-treated and untreated samples, suggesting auxin 

cannot mediate the interaction between tir1 M473A with Aux/IAAs (Fig 3.4 C). These 

results indicate that D170 and M473 are required for TIR1 function.  

 

The TIR1 Mutants Enhance the Interaction with the Degron Motif of the 

Aux/IAAs  

Since the available TIR1 structure only determines the interaction between 

TIR1 with the degron motif of IAA7, the structure of other domains of IAA7 and their 

potential interaction with TIR1 is not understood. To further study the function of the 

TIR1 mutations, the interaction between the TIR1 mutants and different fragments of 

IAA7 was determined by yeast two-hybrid. The results show that the mutations 

increase the interaction between TIR1 and different IAA7 fragments including DI/II, 

DI/II/III and DII/III/IV, suggesting that the mutations may enhance the interaction with 

DII of IAA7 (Figure 3.6 B). To address this possibility, the degron motif from IAA7 was 

used and the interaction was tested with TIR1 mutants. The result shows that the TIR1 

mutant D170E/M473L significantly enhances the interaction with the degron motif of 

IAA7 upon auxin treatment (Fig 3.6 C). Similar results can be observed in pull-down 

assays. The tir1 D170E/M473L protein does not interact with GST-DI or DIII/IV (Fig 

3.6 D). However, GST-degron motif pulls down much more tir1 D170E/M473L-Myc 

than the TIR1-Myc control in the absence and presence of auxin (Fig 3.4 D). This 
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indicates that the TIR1 mutations enhance the interaction with the degron motif of 

Aux/IAAs.  

It shows that high levels of β-galactosidase activity were observed in the 

tir1/IAA7 yeast colonies even without auxin treatment (Fig 3.2 C). The pull-down 

assays also exhibit similar results. The full length or degron motif of IAA7 pulls down 

more tir1-Myc protein than the wild type TIR1 control in the absence of auxin (Fig 3.4 

A and D). These results suggest that the TIR1 mutations have increased the basal 

interaction with Aux/IAAs. 

To determine whether the enhanced tir1-Aux/IAA interaction is specific for IAA, 

different auxins were tested, including IAA, 4-Cl-IAA, NAA, 2,4-D and picloram. The 

results show that all these auxins except picloram have dramatically enhanced the 

interaction, suggesting that picolinate auxinic compounds have a less ability in 

triggering the tir1-Aux/IAA interaction, similar to the TIR1-picloram-Aux/IAA interaction 

(Calderón Villalobos LI et al. 2012)(Fig 3.6 E). 

 

The TIR1 Mutations D170E/M473L Enhances the Degradation of Aux/IAAs in 

Yeast 

Since the TIR1 mutants increase the interaction with Aux/IAAs, the SCFtir1 

complex was then characterized. The interaction between the TIR1 mutants and ASK1 

was determined in yeast. The results show that the TIR1 mutants exhibit a similar 
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interaction with ASK1 as the control, suggesting that the mutations do not affect the 

formation of the SCFtir1 complex (Fig 3.7).  

To explore the effect of SCFtir1 on the degradation of Aux/IAAs, the pTIR1:tir1 

D170E/M473L-Myc pHS:AXR3NT-GUS transgenic line was used. MUG 

(4-methylumbelliferyl-beta-D-glucuronide) assays were performed to measure GUS 

activity. The results show that compared to the control, the tir1 D170E/M473L-Myc 

transgenic line displays lower GUS activities at different time points after heat shock 

treatment in the absence or presence of auxin, indicating an increased degradation of 

AXR3NT-GUS in the plant (Fig 3.8 A-B). Similar results were obtained using the 

Aux/IAA degradation assay in Saccharomyces cerevisiae (Havens KA et al. 2012). 

The results show that the TIR1 mutant D170E/M473L dramatically enhances the 

degradation of different Aux/IAA proteins upon auxin treatment (Fig 3.9).  

To study the substrate specificity of SCFtir1 D170E/M473L, IAA20 and IAA28 were 

used. Compared with other Aux/IAAs, IAA20 completely lacks Domain II. The results 

show that the SCFtir1 D170E/M473L complex significantly increases the degradation of the 

full length IAA28 and DII fragments upon auxin treatment compared with the wild type 

TIR1; however similar effect does not observe in the degradation of IAA20, consistent 

with the role of tir1 D170E/M473L enhancing the interaction with the degron motif of 

Aux/IAAs (Fig 3.10). 
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The TIR1 Mutant Transgenic Lines Display Diverse Developmental Defects and 

Exhibit an Auxin-hypersensitive Phonotype 

To explore the effect of the TIR1 mutations on plant development, the 

phenotypes of two tir1 D170E/M473L-Myc transgenic lines, 6-10 and 10-10, were 

characterized. The expression of tir1 D170E/M473L-Myc is driven by the TIR1 

promoter and tir1 protein levels are similar to the control (Fig 3.8 C). Compared with 

the control, the tir1 D170E/M473L-Myc seedlings initiate much more lateral roots and 

display much smaller rosette leaves (Figure 3.11 and 3.12 A). After 5 weeks of growth, 

the tir1 D170E/M473L-Myc6-10 plants exhibit a delay in bolting and flowering time (Fig 

3.12 B). Moreover, the 6-10 plants have fewer axillary branches compared to the 

control (Fig 3.12 C). 

To determine the auxin response in these lines, auxin inhibited root growth 

assay was performed. 6-day old seedlings were transferred onto fresh ATS media with 

different concentrations of 2,4-D. After another two days growth, primary root 

elongation was measured and expressed relative to growth on control plates. The 

result shows that root elongation is significantly inhibited in pTIR1:tir1 

D170E/M473L-Myc transgenic seedlings at low concentrations of 2,4-D compared 

with the control (Fig 3.13 A). This suggests that tir1 D170E/M473L causes an 

auxin-hypersensitive phenotype in the plant. 

The expression of auxin responsive genes was next measured in the tir1 
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D170E/M473L-Myc transgenic lines using real time Q-PCR. For example, without 

auxin treatment, the tir1 D170E/M473L-Myc transgenic seedlings display an increase 

in the IAA3 RNA level compared with the control. After the treatment with 5uM 2,4-D 

for 1hr, the expression of IAA3 is dramatically induced in the tir1 D170E/M473L-Myc 

transgenic line. A similar expression pattern can be observed in other auxin 

responsive genes as well (Fig 3.13 B and C). 

 

DISCUSSION 

The ubiquitin-proteasome pathway is one of the most important proteolytic 

pathways in all eukaryotes. In this pathway, the small protein ubiquitin (Ub) is attached 

to protein substrates and the Ub-protein conjugates are recognized and degraded by 

the 26S proteasome (Fang S et al. 2004). The SCF complexes are one of the major 

classes of ubiquitin ligase enzymes (Gagne JM et al. 2002). In this complex, the F-box 

protein plays a critical role in the determination of the substrate specificity (Moon J et 

al. 2004). 

The plant hormone auxin directly induces rapid degradation of the Aux/IAA 

family of transcriptional repressors by SCFTIR1/AFB E3 ubiquitin ligase (Gray WM et al. 

2001; Dharmasiri N et al. 2005a; Dharmasiri N et al. 2005b; Tan X et al. 2007). In 

Arabidopsis, TIR1 is a member of a small group of F-box proteins that also includes 

AFB1 through AFB5 and the jasmonic acid receptor, COI1 (Dharmasiri N et al. 2005b). 
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The TIR1 protein plays a critical role in regulating most aspects of auxin response. 

Since eukaryotes share conserved components in the SCF degradation pathway, 

previous studies demonstrated that the auxin-inducible degron system can be used to 

control the degradation of target proteins upon auxin treatment through a reversible 

manner in nonplant cells such as yeast, chicken, mouse, hamster, monkey and human 

cells (Nishimura K et al.2009). Thus the TIR1-IAA-degron module is a powerful tool to 

study protein function. 

In this study, two TIR1 mutations, D170E and M473L, were isolated using the 

LexA yeast two-hybrid system that increase the interaction between TIR1 and different 

Aux/IAAs (Fig 3.2 A and C). My results show that the increased interaction is not 

induced by differences in TIR1 or Aux/IAA protein levels (Fig 3.3 A). Further studies 

indicate that the TIR1 mutations have increased the affinity for the degron motif of 

Aux/IAAs (Fig 3.4 A and D). 

D170 and M473 are located outside of the TIR1 auxin binding pocket (Fig 3.3 

A).Based on the TIR1 structure, these two residues do not directly contact auxin or the 

degron motif of Aux/IAAs (Tan X et al. 2007). However, when they are mutated to A, 

they either reduce the interaction with IAA7 for D170A or abolish the interaction in the 

case of M473A, indicating that these two positions are necessary for the function of 

TIR1 (Fig 3.4 C). The results show that the TIR1 mutant D170E/M473L has 

significantly increased interaction with the VGWPPV degron motif of the Aux/IAAs (Fig 
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3.4 D). It is possible that these amino acid substitutions induce structural changes in 

the auxin-binding pocket, which results in more efficient contact between TIR1 and the 

degron motif. Alternatively, the mutations may generate novel contact sites. Further 

structural studies may distinguish between these hypotheses. 

Experiments with the pHS:AXR3NT-GUS transgenic line show that the 

pTIR1:tir1 D170E/M473L-Myc plants degrade AXR3 faster than the wild type, 

consistent with the observation that the mutations increase the affinity with Aux/IAAs 

and further enhance the function of the SCFtir1 complex in yeast (Fig 3.9 and 3.10). 

The root elongation of the pTIR1:tir1 D170E/M473L-Myc line is more sensitive to auxin; 

meanwhile, an increased transcription of auxin responsive genes has been observed 

even without auxin treatment, indicating that tir1 D170E/M473L enhances auxin signal 

transduction in the plant (Fig 3.13). 

 

MATERIAL AND METHODS 

Generation of the mutant library and mutant screen 

The full length TIR1 was mutagenized by error–prone PCR and the mutation 

ratio was about 2 mutations per tir1. The PCR products were ligated into the pGILDA 

vector and transformed into E. coli competent cells. The library of colonies was about 

1.3×104. The TIR1 mutant library was transformed into pB42AD:IAA12 yeast strain 

(EGY48) and the yeast colonies were screened on SD-U-H-W-L medium with 10uM 
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IAA supplement. The number of total yeast colonies screened was about 2.5×105. The 

yeast colonies with the fastest growth on the medium were isolated. After the 

interactions of yeast colonies were repeated on X-gal plates, the plasmids of pGILDA: 

tir1-Myc were extracted from the yeast colonies and sequenced. 

 

Plant materials and conditions  

All Arabidopsis thaliana mutants used in this study were generated in the 

Columbia (Col-0) ecotype. Seeds were surface sterilized for 20min in 30% commercial 

bleach, plated on ATS medium (Arabidopsis thaliana solution) supplemented with 

0.8% agar, and stratified for 2-4 days at 4°C. ATS medium consists of 1% sucrose, 5 

mM KNO3, 2.5 mM KPO4, 2 mM MgSO4, 2 mM Ca(NO3)2, 50 µM Fe-EDTA, and 1 

mL/L of micronutrients. All seedling experiments were performed under long day 

condition (16h light and 8h dark) in the growth chamber (80 µmol/m2/s, 22°C), unless 

otherwise stated. Plants in soil were grown in long day condition at 22°C.  

 

Plasmid constructs and generation of transgenic line 

The pTIR1:TIR1/tir1-Myc constructs were made by introducing a 2-kb 5’ 

upstream region of the TIR1 gene with the TIR1/tir1 cDNA into pGWB16 vector. The 

primers can be found in table 3.1.  
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RNA extraction and real time RT-PCR 

Total RNA was extracted from 7-day old seedlings by the RNeasy plant mini kit 

(Qiagen) and RNA yield was quantified using the Thermo Scientific NanoDrop 2000. 

1ug RNA was used for cDNA synthesis through the Superscript III First-Strand 

Synthesis kit (Invitrogen). Quantitative RT-PCR was performed as previously 

described (Greenham K et al. 2011). Data was normalized to the reference PP2AA3 

according to the △Ct method. 

 

Protein extraction and pull-down assay 

To protein pull-down assay from plant extracts, tissue was harvested by 

grinding to a powder in liquid nitrogen and vortexing vigorously in extraction buffer 

(50mM Tris pH7.5, 150mM NaCl, 10% glycerol, 0.1% NP-40, complete protease 

inhibitor (Roche), 20uM MG132). Cellular debris was removed by centrifugation and 

total protein concentration was quantified by Bradford assay. Total protein extract 

(1mg) was incubated with or without 50uM IAA at 4°C for 4hr. The complex was pulled 

down with 20ul of anti-c-Myc agarose beads (clontech) and washed by extraction 

buffer for 5 times. The protein sample was eluted by SDS-PAGE sample buffer, 

heated for 8min at 90°C, cooled on ice for 2 min and fractionated on SDS-PAGE. The 

target proteins were detected by immunoblotting with anti-GUS (Invitrogen) and 

visualized using the ECL Plus Western Blotting Detection System (Amersham).  
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The in vitro pull-down assay was described in the study (Parry G et al. 2009). 

Briefly, GST-Aux/IAA was expressed in E.coli and purified with glutathione agarose 

beads (Sigma) using standard methods. The TIR1/tir1-Myc proteins were synthesized 

by TNT coupled wheat germ extract system (Promega). 20ul TIR1/tir1-Myc were 

incubated with ＞10 ug of GST-Aux/IAA beads in 200ul of lysis buffer (50mM Tris pH 

8.0, 200mM NaCl, 10% glycerol, 0.1% Tween-20, protease inhibitors) with or without 

IAA at 4°C for 1hr. The pull-down reaction was then transferred to a Micro Bio-Spin 

Chromatography Column (Bio-Rad). After washing the samples with lysis buffer, 

samples were eluted using reduced glutathione (Sigma) and separated on SDS/PAGE. 

Products were detected by anti-c-Myc-peroxidase antibody (Roche) and visualized. 

 

Measurement of β-glucuronidase and β-galactosidase activity 

GUS staining was performed on 7-day old seedling. The seedlings were 

collected in GUS staining solution (100 mM Na2PO4 pH 7.0, 10 mM EDTA, 0.1% Triton 

X-100, 1.0 mM K3Fe(CN)6 and 2 mM X-Gluc), vacuumed for 20 min and stained 

overnight at 37°C. The seedlings were cleared in 70% (v/v) ethanol and imaged with a 

Nikon SMZ1500 dissecting microscope. The MUG assay was described in Ge L et al. 

(2009). To measure β-galactosidase activity, total yeast protein extract was prepared 

by Y-PER Reagent (Thermo) and the yield was quantified by Bradford assay. The 

reaction was set up by incubation of 100ul protein extract, 200ul 4mg/ml ONPG with 
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700ul Z-buffer (16.1g Na2HPO4·7H2O, 5.5g NaH2PO4·H2O, 0.75g KCl, 0.246g 

MgSO4·7H2O in 1L water, pH 7.0) at 37°C. The reaction was stopped by adding 400ul 

of 1M Na2CO3. Measure the OD420 of the supernatant. 

Root inhibition assay  

For root growth assay, 6-day old seedlings were transferred onto fresh ATS 

medium with different concentrations of 2,4-D for 2 days growth and root length was 

measured. All measurements were performed by using ImageJ software. 
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Table 3.1 Primer sequences for the TIR1 mutations D170E and M473L. 

 

Name Sequence 

TIR1 D170E F 5' gagtgatgttgacgaggttagtggccactggctt 3' 

TIR1 D170E R 5' ccagtggccactaacctcgtcaacatcactctct 3' 

TIR1 M473L F 5' ggagacagtgacttaggcttgcatcatgttttgt 3' 

TIR1 M473L R 5' ggacaaaacatgatgcaagcctaagtcactgtct 3' 

afb1 D166E F 5' gagtgtattgttgaagagttaggaggagattggctt 3' 

afb1 D166E R 5' gccaatctcctcctaactcttcaacaatacactctcgta 3' 

afb2 D165E F 5' gagaatgaaatcgatgagcatagaggtcaatggtta 3' 

afb2 D165E R 5' ccattgacctctatgctcatcgatttcattctctt 3' 

afb2 M468L F 5' gatacagacaaaggcttgctatatgtgttgaatggtt 3' 

afb2 M468l R 5' ccattcaacacatatagcaagcctttgtctgtatct 3' 

tir1 D170A F 5'gagagtgatgttgacgccgttagtggccactggctta3' 

tir1 D170A R 5'ccagtggccactaacggcgtcaacatcactctctcgta3' 

tir1 M473A F 5'gacagtgacttaggcgctcatcatgttttgtccgggt3' 

tir1 M473A R 5'ggacaaaacatgatgagcgcctaagtcactgtctcctgca3' 
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Figure 3.1 The LexA yeast two-hybrid system can be used to study the 
interaction between TIR1/AFB1-3 and Aux/IAAs.  
A, Interaction between TIR1/AFB1/AFB2 and Aux/IAAs on auxin medium. B, TIR1 
does not interact with dominant IAA7 mutants. The degron motif of IAA7 is VGWPPV, 
while it is mutated to VGWSPV in iaa7-1 and VGWPSV in iaa7-2. 
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Figure 3.2 Identification of TIR1 mutations with increased interaction with 
Aux/IAAs.  
A, The TIR1 mutations D170E and M473L increase the interaction between TIR1 with 
different Aux/IAAs upon IAA treatment. B, The TIR1 mutants D170E and M473L do 
not interact with the dominant IAA7 mutants. The degron motif of IAA7 is VGWPPV, 
while it is mutated to VGWSPV in iaa7-1; VGWPSV in iaa7-2 and VGWSSV in iaa7-3. 
C, Measurement of β-galactosidase activity in the TIR1 mutant yeast colonies with and 
without auxin treatment. Error bars are SE. The asterisks indicate the increased 
interaction in the TIR1 mutants compared to the control based on the T-test (P<0.001). 
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Figure 3.3 Characterization of the TIR1 mutations D170E and M473L. 
A, The TIR1 mutants express similar protein levels as the control in yeast. B, Double 
mutant D170E/M473L-Myc protein pulls down more AXR3NT-GUS in the absence 
and presence of auxin in vivo. 
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Figure 3.4 The effect of D170 and M473 in the interaction between TIR1 and 
Aux/IAAs.  
A, In vitro pull-down assay shows that GST-IAA3 pulls down more D170E and M473L 
protein than wild-type protein. B, Anti-auxin compound auxinole abolishes the 
interaction between tir1 D170E/M473L-Myc and GST-IAA3. C, In vitro pull-down 
assay determines the interaction between TIR1 mutants D170A and M473A with 
GST-IAA3. D, In vitro pull-down assay shows that GST-degron motif pulls down more 
tir1 D170E/M473L-Myc protein than wild-type TIR1-Myc. The degron motif is from 
position 83 to 92 of IAA7. Numbers indicate the fold changes relative to the control 
sample.  
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Figure 3.5 The location of D170 and M473 in the TIR1 structure. 
A, The location of D170 and M473 in the TIR1 structure. Both amino acids are located 
outside of the auxin binding pocket. Blue is ASK1. Green is TIR1. Red is IAA. Cyan is 
the degron motif from DII of IAA7. The afb4-2 mutation affects the residue D215 
corresponding to TIR1 D170. B, In vitro pull-down assay shows that GST-IAA3 pulls 
down less tir1 D170N-Myc protein compared with the wild-type TIR1-Myc. 
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Figure 3.6 tir1 D170E/M473L increase the interaction with the degron motif of 
Aux/IAAs. 
A, Interaction between tir1 D170A and M473A, with Aux/IAAs. The D170A mutation 
reduces the interaction with Aux/IAAs, and tir1 M473A does not interact with Aux/IAAs 
even with auxin treatment. B, D170E and M473L increase the interaction with different 
fragments of IAA7 with auxin treatment. C, The tir1 D170E/M473L double mutant 
increases the interaction with the degron motif on auxin medium compared to the 
control. D, In vitro pull-down assay shows that the tir1 D170E/M473L double mutant 
does not interact with DI or DIII/IV of IAA7. The DI of IAA7 is from the start to position 
82 and the DIII is from position of 93 to the end. E, Picloram cannot enhance the 
tir1-Aux/IAA interaction. 
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Figure 3.7 The mutations do not affect the SCF complex assembly.   
A, Y2H interaction between the TIR1 mutants and ASK1. B, β-galactosidase activity of 
yeast colonies form A. Error bars are SE. 
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Figure 3.8 tir1 D170E/M473L enhances the degradation of AXR3NT in the plant.  
A-B, GUS staining of indicated lines after heat shock treatment for 2hr. GUS staining 
and measurement of GUS activity were performed in 7-day old seedlings. Bar is 1mM. 
C, The TIR1 mutant transgenic plants express similar protein levels as the control. 
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Figure 3.9 The mutations enhance the function of the SCFtir1 complex.   
The Aux/IAA degradation rates were obtained using time-lapse flow cytometry. 
Degradation curves were normalized to starting fluorescence.  
 
 
 
 
 

	  



122 
	  

	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 The substrate specificity of the SCFtir1 complex. 
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Figure 3.11 The tir1 D170E/M473L-Myc 6-10 seedlings increase the initiation of 
lateral roots.  
A-B, The tir1 D170E/M473L-Myc 6-10 seedlings have more lateral roots. Lateral roots 
were counted in 10-day old seedlings. Bar is 1cM.  
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Figure 3.12 The tir1 D170E/M473L transgenic plants exhibit diverse defects 
throughout plant growth.  
A, The tir1 D170E/M473L-Myc plants have smaller rosettes compared with the control 
line. B, The tir1 D170E/M473L-Myc plants 6-10 exhibit a delay in bolting and flowering 
time. C, The tir1 D170E/M473L transgenic plants 6-10 have fewer axillary branches 
compared to the control. The number indicates the number of branches (mean ± SE) 
in the plant. Bar is 1cM. 
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Figure 3.13 The tir1 D170E/M473L transgenic plants enhance the transcription 
of auxin response genes and display an auxin-hypersensitive phenotype.  
A, Primary root elongation of tir1 D170E/M473L transgenic seedlings is hypersensitive 
to low levels of auxin treatment compared to the control. B-C, Expression of auxin 
responsive genes in the tir1D170E/M473L transgenic plants. 7-day old seedlings were 
analyzed by Q-PCR. Data shown are from three biological replicates. Error bars are 
SE. The asterisks denote significant expressional difference between the tir1 
D170E/M473L-Myc with TIR1-Myc control. (P<0.001, T-test). 
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Chapter 4 

 

Post-transcriptional regulation of TIR1 occurs at the protein level, and involves 

the H1 F-box domain of TIR1 and the SGT1b/HSP90 complex 
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ABSTRACT 

The phytohormone auxin regulates most aspects of plant development and 

growth. The hormone is perceived by triggering the interaction between the F-box 

proteins TIR1/AFB and the Aux/IAA transcriptional repressors. It has been shown that 

expression of TIR1, AFB2, and AFB3, but not AFB1 exhibits significant 

post-transcriptional regulation. Recent studies indicate that miRNA393 regulates the 

expression of TIR1/AFB1-3 by cleavage of their mRNAs. However my results suggest 

that miRNA393 does not dramatically affect the expression of TIR1/AFB1-3 under 

normal growth conditions. Here I found that post-transcriptional regulation of TIR1 

occurs at the protein level. Two mutations, E12K and E15K, were identified, that 

stabilize the TIR1 protein level in the plant. The tir1 E12K and E15K transgenes 

display severe developmental defects throughout plant growth. The positions of E12 

and E15 are located at the first helix (H1) of F-box domain of TIR1. My data 

demonstrate that the H1 F-box domain negatively regulates the TIR1 protein level and 

is responsible for the difference between TIR1 and AFB1 accumulation in the plant. 

Meanwhile, I found that the TIR1 protein level is much sensitive to a HSP90 specific 

inhibitor geldanamycin (GDA), suggesting that HSP90 involves in the maturation of 

TIR1 protein. Further studies show that the SGT1b/HSP90 complex interacts with 

TIR1 and may stabilize the TIR1 protein level in vivo. 
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INTRODUCTION 

Indole-3-acetic acid (IAA) is considered to be the most important natural auxin 

with a well-documented role in the regulation of plant growth, such as embryogenesis, 

root initiation, lateral root development, tropic responses, leaf formation, stem 

elongation and fruit development (Woodward AW et al. 2005; Möller B et al. 2009; 

Overvoorde P et al. 2010; Takahashi H et al. 2009; Scarpella E et al. 2010; Vernoux T 

et al. 2010; Sundberg E et al. 2009). A number of synthetic auxinic compounds have 

been identified. The best known are 1-naphthaleneacetic acid (1-NAA) and 

2,4-dichlorophenoxyacetic acid (2,4-D) (Marchant A et al. 1999). 

Auxin regulates the transcription through the action of at least three protein 

families including the F-box proteins TIR1/AFB, Aux/IAA transcriptional repressors 

and ARF transcription factors (Mockaitis K et al. 2008). At low auxin levels, the 

Aux/IAAs together with the co-repressor TOPLESS interact with the ARF proteins to 

inhibit their transcriptional activity (Tiwari SB et al. 2001; Szemenyei H et al. 2008; 

Guilfoyle TJ et al. 2007; Weijers D et al. 2005). However, auxin promotes the 

recruitment of Aux/IAA proteins to the SCFTIR1/AFB ubiquitin E3 ligase (Ruegger M et al. 

1998; Gray WM et al. 2001). The Aux/IAAs are ubiquitinylated and degraded by the 

26S proteasome, thus releasing the repression of ARF-dependent transcription. Since 

the expression of many Aux/IAA genes are rapidly induced by auxin, auxin signaling 

undergoes cycles of negative feedback (Hagen G et al.2002). 
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TIR1 (TRANSPORT INHIBITOR RESPONSE1) is a member of a small F-box 

protein family that contains 5 additional AFB (AUXIN SIGNALING F-BOX PROTEIN) 

proteins, AFB1-5 (Dharmasiri N et al. 2005b). All six members function as auxin 

receptors (Dharmasiri N et al. 2005a; Dharmasiri N et al. 2005b; Greenham K et al. 

2011). The structure of TIR1 was recently determined in the presence of auxin, ASK1 

and a 13 amino acid degron motif from DII of IAA7 (Tan X et al. 2008). It reveals that 

the F-box domain in the N-terminal region of TIR1 interacts with ASK1 to form the SCF 

complex; the 18 Leucine-Rich-Repeats (LRRs) in the C-terminus of TIR1 compose an 

auxin binding pocket which is essential for the interaction with auxin and the degron 

motif. Recent studies have shown that different combinations of TIR1/AFB with 

Aux/IAA proteins form co-receptor complexes with a wide range of auxin-binding 

affinities (Parry G et al. 2009; Calderón Villalobos LI et al. 2012). 

Previous studies showed that expression of TIR1, AFB2 and AFB3 exhibits 

significant post-transcriptional regulation, andmiRNA393 is involved in the regulation 

of TIR1/AFB1-3 expression by cleavage of their mRNAs (Parry G et al. 2009; 

Si-Ammour A et al. 2011; Chen ZH et al. 2011). However this regulation is complicated. 

The mRNA of AFB1 is also cleaved by miRNA393, but its expression does not display 

post-transcriptional regulation (Parry G et al. 2009; Si-Ammour A et al. 2011). In 

addition, the miRNA393 overexpression transgenic line does not exhibit strong auxin 

resistance or phenotypic defects that are observed in the triple mutant tir1 afb2 
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afb3(Parry G et al. 2009; Chen ZH et al. 2011). In this study, I report that the 

post-transcriptional regulation of TIR1 occurs at the protein level, which is regulated by 

the H1 F-box domain of TIR1 and the SGT1b/HSP90 complex. The H1 F-box domain 

dramatically reduces the TIR1 protein level and the positions of E12 and E15 function 

as critical sites. Meanwhile I found that the SGT1b/HSP90 complex interacts with TIR1 

and may stabilize the TIR1 protein level in vivo. 

 

RESULTS 

Identification of TIR1 Mutations with Increased Interaction with Aux/IAA 

Proteins 

The TIR1 random mutant library described in Chapter 3 was used to study the 

interaction between TIR1 and Aux/IAAs. A new screen was performed and I aimed to 

isolate TIR1 mutations that increase the interaction with IAA7 upon auxin treatment 

using the LexA yeast two-hybrid system (Prigge MJ et al. 2010; Calderón Villalobos LI 

et al. 2012). 8 yeast colonies were recovered in the screen and the tir1plasmids were 

sequenced.  

Three TIR1 mutations, E12K, E15K and F18L, were identified that dramatically 

increase the interaction between TIR1 and Aux/IAAs in the absence and presence of 

auxin compared to control yeast colonies (Fig 4.1). The TIR1 E12, E15 and F18 are 

located in the first helix (H1) of F-box domain (Fig 4.2 A and 3.2 B). These mutants do 
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not interact with dominant IAA7 mutants on auxin medium (Fig 4.2 C). The result of 

western blotting shows that the mutations have dramatically increased TIR1 protein 

levels in yeast, indicating that increased β-galactosidase activities are related to higher 

levels of tir1 protein (Fig 4.2 D). 

To study the function of the TIR1 mutations, double and triple mutation proteins 

were generated and the interactions were tested with IAA12 (Fig 4.3). The results 

show that DBD-tir1 E12K E15K-Myc displays a similar apparent interaction with 

AD-IAA12 compared with DBD-tir1 E12K-Myc; however, both DBD-tir1 E12K 

F18L-Myc and DBD-tir1 E15K F18L–Myc have significantly enhanced the apparent 

interaction compared to each single mutation protein on auxin medium. This suggests 

that the effect of mutations E12K and E15K involves in the same mechanism, while 

tir1 F18L is different. Multiple alignment of F-box domain sequences from different 

species shows that the consensus amino acid at TIR1 F18 position is Leucine (L) 

(Risseeuw EP et al, 2003). It is predicted that the increased protein level of tir1 F18L 

may be related to enhanced interaction with SKP1 in yeast. 

 

The Mutations E12K and E15K Stabilize the TIR1 Protein Level in the Plant 

To determine whether the TIR1 mutations have similar effect in Arabidopsis, a 

set of tir1-GUS clones regulated by the native TIR1 promoter were created and 

introduced into the tir1-1 mutant. After GUS staining, it shows that the tir1E12K and 
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E15K increase the protein levels while the tir1 F18L does not (Fig 4.4 A-D). The result 

of real time Q-PCR shows that the TIR1 mutant transgenic plants have a similar level 

of GUS transcript as the control, suggesting that the mutations may affect the 

TIR1protein level (Fig 4.4 G).  

To further explore the function of mutations E12K and E15K, the clone of 

TIR1m1-GUS driven by the TIR1 promoter was generated and introduced into the 

tir1-1 mutant. The TIR1m1 cDNA includes five synonymous mutations located from 

TIR1 E11 to E15 (Fig 4.4 J). This indicates that the TIR1m1 cDNA still expresses the 

wild type TIR1 protein, while the mutations can abolish the potential interaction 

between the TIR1m1 mRNA with other RNAs or proteins at the mutated region. After 

GUS staining, the TIR1m1-GUS transgenic seedlings do not increase the GUS 

expression (Fig 4.4 E). Meanwhile, recent study showed that there is no 

miRNA393-induced cleavage site in the H1 F-box domain of TIR1 mRNA (Si-Ammour 

A et al. 2011). These results suggest that the increased protein levels of tir1 E12K and 

E15K are not related to the RNA level regulation.  

To determine the stability of tir1 protein, cycloheximide (CHX), a protein 

synthesis inhibitor, was used. After the CHX treatment for 4hr, the result shows that 

tir1 E12K and E15K protein are more stable than the wild type TIR1, indicating that the 

mutations E12K and E15K can stabilize the TIR1 protein level in the plant. To 

determine if the increased tir1 protein level is specifically induced by Lysine, the clone 
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of pTIR1:tir1E12A-GUS was introduced into the tir1-1 mutant (Fig 4.4 J). It shows that 

the tir1 E12A-GUS transgenic line increases the TIR1 protein level as well (Fig 4.4 F). 

Similar result can be observed using the LexA yeast system. DBD-tir1 E12A-Myc 

increases the apparent interaction with AD-IAA7 while DBD-TIR1m1-Myc exhibits a 

similar apparent interaction compared with DBD-TIR1-Myc on auxin medium (Fig 4.4 I 

and 4.2 E).  

 

Plants Expressing theTIR1 Mutant Transgene Display Severe Defects 

throughout Plant Growth 

The phenotypes of the tir1-GUS transgenic plants were characterized. 

Compared to the control, the pTIR1:tir1-GUS transgenic plants, especially the 

tir1E12K-GUS, exhibit severe defects throughout plant growth. 5-day old tir1-GUS 

transgenic seedlings grown in constant light display severe defects in root 

development, such as much shorter primary root, increased root hair elongation and 

root agravitropism (Fig 4.5 A-F and M-P). Meanwhile, the tir1-GUS transgenic lines 

enhance the plant de-etiolation. Compared with the control line, dark-grown tir1-GUS 

transgenic seedlings defect in hypocotyl elongation and do not form typical apical 

hooks (Fig 4.5 G-L and Q). The leaf development is also influenced. The tir1 

E12K-GUS transgenic plants display much smaller aerial parts and abnormal leaf 

shape, and increase the leaf initiation (Fig 4.6 A-D). The rosette leaves are extremely 
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curled with margins bending to the abaxial surface. Furthermore, after plant bolting, 

the tir1 E12K-GUS transgenic plants exhibit highly branched dwarf inflorescences with 

reduced seed production (Fig 4.6 E-I).  

 

miR393 Does Not Strongly Affect the Expression of TIR1/AFB1-3 under normal 

growth conditions 

It has been shown that expression of TIR1, AFB2 and AFB3 displays 

significant post-transcriptional regulation but AFB1 does not (Parry G et al. 2009). 

Recent studies suggested that miRNA393 regulates the expression of all four auxin 

receptor genes by guiding the cleavage of their mRNAs (Si-Ammour A et al. 2011). 

Here I found that the mutations E12K and E15K stabilize the TIR1 protein level. Before 

exploring the possible biological meaning of the mutations, the effect of miRNA393 on 

the regulation of TIR1/AFB1-3 expression was studied.  

In Arabidopsis, two loci called miRNA393a and miRNA393b produce 

miRNA393. To access the function of miRNA393, the miRNA393a/b T-DNA insertion 

double mutant was generated and the effect on RNA level was determined (Fig 4.7 A). 

The result shows that the miRNA393a/b T-DNA insertion double mutant dramatically 

reduces the miRNA393 RNA level compared to the wild type (Fig 4.7 B).  

The phenotypes of the miRNA393a/b T-DNA insertion double mutant were 

then characterized. The miRNA393a/b double mutant seedlings display an obvious 
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cotyledon epinasty; however other phenotypes are similar as the wild type, for 

example the primary root length, root hair initiation and elongation, and hypocotyl 

growth under long day and dark condition (Fig 4.8 A-C). In addition, there is no 

obvious phenotypic change after plant bolting (Fig 4.8 D). To determine auxin 

response, auxin inhibited root growth assay was performed. 5-day old miRNA393a/b 

mutant seedlings were treated with different concentrations of 2,4-D for 2 days and 

root elongation ratio was quantified. It shows that the miRNA393a/b mutant seedlings 

exhibit a similar response to 2,4-D as the wild type (Fig 4.9 A).  

To learn more about the function of miRNA393, expression of TIR1/AFB1-3 

was determined in the miRNA393a/b T-DNA insertion double mutant. The 

transcriptional level of TIR1/AFB1-3 was measured by real time Q-PCR. The result 

shows that the RNA level of TIR1/AFB1-3 is similar between the miRNA393a/b mutant 

and wild type (Fig 4.9 B). To detect the protein level, a series of GUS fusion proteins 

were created. The GUS enzyme was fused to the C-terminal region of each 

TIR1/AFB1-3 protein and introduced into the miRNA393a/b T-DNA insertion double 

mutant. After GUS staining, it shows that the protein level of TIR1/AFB1-3 is not 

significantly increased in the miRNA393a/b mutant (Fig 4.10). All these results indicate 

that miRNA393 does not dramatically affect the expression of TIR1/AFB1-3 under 

normal growth conditions. 
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The H1 F-box Domain Negatively Regulates the TIR1 Protein Level and Is 

Responsible for the Difference between TIR1 and AFB1 Accumulation.  

Previous study showed that the expressional difference of TIR1 and AFB1 is 

related to the DNA coding region but not the promoter (Fig 4.12 A-C) (Parry G et al. 

2009). The mutation E12K stabilizes the TIR1 protein level. The alignment result 

shows that the amino acid is always Lys in AFB1 at the corresponding site of TIR1 

E12 (Fig 4.11). It is possible that the H1 F-box domain may be related to the 

expressional difference between TIR1 and AFB1.To address this possibility, domain 

deletion and swapping assays were performed. A set of tir1/afb1-GUS clones 

regulated by the TIR1 promoter were created and introduced into the tir1-1 mutant.  

The ∆H1FB TIR1 deletes the H1 F-box domain of TIR1 (2-18aa). Compared 

with the TIR1-GUScontrol line, the pTIR1:∆H1FB TIR1-GUS transgenic seedlings 

display stronger GUS expression pattern (Fig 4.12 B and D). The real time Q-PCR 

result shows that the increased GUS protein is not induced at the RNA level (Fig 4.12 

H).  

The tir1 (H1FB AFB1), replacing the TIR1 H1 F-box domain by AFB1 H1 F-box 

domain, was generated (Fig 4.12 J). The pTIR1:tir1(H1FB AFB1)-GUS transgenic 

seedlings display much stronger GUS expression compared with the 

pTIR1:TIR1-GUS line (Fig 4.12 A-C and E). The GUS expression pattern is closed to 

that of the pTIR1:AFB1-GUS line. In opposite, the pTIR1:afb1(H1FB TIR1)-GUS line, 
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replacing the AFB1 H1 F-box domain (2-14 aa) by TIR1 H1 F-box domain, strongly 

decreases the GUS expression compared with the pTIR1:AFB1-GUS line, similar to 

the pTIR1:TIR1-GUS line (Fig 4.12 B-C, F and J). Moreover it has clear 

post-transcriptional regulation relative to the pTIR1:GUS line (Fig 4.12 A and F). The 

real time Q-PCR result indicates that all these transgenic lines have a similar GUS 

RNA level, suggesting that the expressional difference of these GUS fusion proteins is 

induced at the protein level (Fig 4.12 H). Similar result can be observed using the 

LexA yeast two-hybrid system. DBD-tir1 (H1FB AFB1)-Myc increases the apparent 

interaction with AD-IAA7 compared with DBD-TIR1-Myc; while DBD-afb1 (H1FB 

TIR1)-Myc decreases the apparent interaction compared with DBD-AFB1-Myc on 

auxin medium (Fig 4.13 A-B). The western blotting result shows that the different 

β-galactosidase activities are directly caused by the levels of DBD fusion proteins (Fig 

4.13 C). These results suggest that post-transcription regulation of TIR1 occurs at the 

protein level. The H1 F-box domain of TIR1 negatively regulates its protein level; 

however such effect does not find in that of AFB1, thus resulting in the difference in 

protein accumulation in the plant. 

The TIR1 E12 acts as a critical site in the negative role of the H1 F-box domain. 

The mutations of E12K and E12A stabilize the TIR1 protein level (Fig 4.4 A-B and F). 

On the other side the pTIR1:afb1K8E-GUS line, mutating Lys to Glu in AFB1 at the 

corresponding site of TIR1 E12, has exhibited much lower GUS expression compared 
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with the pTIR1:AFB1-GUS line (Fig 4.12 C, G and I-J). 

To detect whether the similar mechanism exists in AFB2/3 expression, the 

corresponding AFB2 mutations were tested in the LexA yeast-two hybrid system. The 

result shows that DBD-afb2 E7K-Myc and DBD-afb2 E10K-Myc increase the apparent 

interaction with different Aux/IAA proteins on auxin medium, suggesting that the 

mutations function in AFB2 as well (Fig 4.13 D). The H1 F-box domain of AFB3 is 

same as that of AFB2 (Fig 4.12 J). This indicates that the H1 F-box domain of 

TIR1/AFB2/AFB3 may have an important role in determining protein level. 

 

The SGT1b/HSP90 complex regulates the TIR1 protein level in Arabidopsis 

Recent study showed that the cytoplasmic HSP90 is required for maturation of 

F-box protein ZTL and further regulates circadian clock in Arabidopsis (Kim TS et al. 

2011).  

To detect whether HSP90 regulates the TIR1 protein level, a HSP90 specific 

inhibitor, geldanamycin (GDA), was used. After treating the seedlings with 10uM GDA 

for 4hr, the TIR1 protein level is strongly reduced compared to the untreated sample 

(Fig 4.14 A). However such dramatic decrease is not observed in the pTIR1: GUS 

orpTIR1:AFB1-GUS transgenic line (Fig 4.14 B and C). This indicates that the effect of 

GDA affects the TIR1/AFB1 coding sequence, not the TIR1promoter. The result of real 

time Q-PCR shows that the GDA treatment does not affect the TIR1 RNA level, 
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indicating that the TIR1 protein level is sensitive to GDA (Fig 4.14 D). These results 

suggest that HSP90 involves in the regulation of the TIR1 protein level. 

Previous studies connected HSP90 to auxin signal through SGT1b, a 

cochaperone that interacts with both HSP90 and SCF complex (Fig 4.15 A) (Kitagawa 

K et al. 1999; Azevedo C et al. 2002; Noël LD et al. 2007; Zhang M et al. 2008). The 

SGT1b mutation enhances auxin response defects conferred by the tir1-1 mutant 

(Gray WM et al. 2003). Also the HSP90 RNAi lines display auxin related defects 

during plant development (Kim TS et al. 2011). Thus, the relationship between the 

SGT1b/HSP90 complex and the TIR1 protein level is studied.  

To detect whether the SGT1b/HSP90 complex interacts with TIR1 in vivo, 

coimmunoprecipitation assay was performed using the pDEX:TIR1-Myc transgenic 

line. This line expresses TIR1-Myc protein after treated with dexosome. The result 

shows that after treatment, TIR1-Myc pulls down the SGT1b/HSP90 complex 

compared with the untreated sample, which suggests that the SGT1b/HSP90 complex 

associates with TIR1 protein in vivo (Fig 4.15 B).  

To determine whether the SGT1b/HSP90 complex can regulate the TIR1 

protein level, plants were treated at 29℃ condition. It shows that after growth at 29℃ 

for 2hr, the TIR1 protein level is significantly increased compared with untreated 

samples grown in 22℃ (Fig 4.16 A, B and C). However, such effect does not occur 

when the seedlings treated with GDA at the same time at 29℃ (Fig 4.16 C). The 
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result of real time Q-PCR shows that the expression of HSP90 and SGT1b is strongly 

increased after 2hr 29℃ treatment; while the TIR1 RNA level does not (Fig 4.16 D). 

This suggests that the TIR1 protein level may be stabilized by increased expression of 

the SGT1b/HSP90 complex. 

 

DISCUSSION 

In this study, two TIR1 mutations E12K and E15K were identified that stabilize 

the TIR1 protein level in the plant. The pTIR1:tir1-GUS transgenic plants exhibit 

dramatic phenotypic changes, which predict to be produced by altered expression of 

Aux/IAAs. In Arabidopsis, 29 Aux/IAA proteins have been identified, most of which 

share a similar structure and function as transcriptional repressors to regulate ARF 

activities (Reed JW et al. 2001; Weijers D et al. 2005). The dominant Aux/IAA mutants, 

such as shy2-1, axr2-1, axr3-1 and bdl, display severe defects during plant 

development (Kim BC et al. 1998; Nagpal P et al. 2000; Leyser HM et al. 1996; 

Hamann T et al. 1999). The result of real time Q-PCR shows that the tir1-GUS 

transgenic lines display much lower transcriptional level of Aux/IAA and GH3 genes 

(Fig 4.17). This suggests that auxin signal transduction is affected in the tir1-GUS 

transgenic plants. The mutations are located in the H1 F-box domain. Previous study 

reported that SKP2 E115, the corresponding position of TIR1 E12, interacts with CUL1, 

indicating that TIR1 E12 may plays a role in the assembly of SCF complex (Zheng N 
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et al, 2002). Future study will focus on the formation of the SCFtir1 complex and its 

ability in the degradation of Aux/IAAs. 

In Arabidopsis, TIR1, together with AFB1 to AFB5, functions as auxin 

receptors (Dharmasiri N et al. 2005a; Dharmasiri N et al. 2005b; Greenham K et al. 

2011). The mRNA of TIR1 and AFB1-3 includes the target site of miRNA393 

(Si-Ammour A et al. 2011). It has been shown that miRNA393 displays a 

complementary expression pattern to TIR1/AFB2/AFB3 but not to AFB1 (Parry G et al. 

2009). Previous studies showed that miRNA393 regulates plant growth, for example 

overexpression of miRNA393 enhances antibacterial resistance, and the 

miRNA393/AFB3 module involves in controlling the root system architecture in 

response to nitrate availability (Navarro L et al. 2006; Vidal EA et al. 2010). 

Recent paper showed that miRNA393 cleaves the mRNAs of TIR1/AFB1-3 

(Si-Ammour A et al. 2011). Meanwhile, overexpression of miRNA393 decreases the 

TIR1 mRNA level in the plant (Chen ZH et al. 2011). These suggest that miRNA393 

reduces the expression of TIR1/AFB1-3. However, the 35S:miRNA393 transgenic 

plant does not exhibit apparent root developmental defects and strong auxin 

resistance that are observed in triple mutant tir1 afb2 afb3 (Chen ZH et al. 2011; Parry 

G et al. 2009).  

In this study, the miRNA393a/b T-DNA insertion double mutant was generated, 

which displays similar auxin response and root development as the wild type. More 
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important, the protein level of TIR1/AFB1-3 does not exhibit significant difference in 

the miRNA393a/b mutant seedlings compared to the control. It indicates that 

miRNA393 does not dramatically affect expression of TIR1/AFB1-3 under normal 

growth conditions. 

We present the data showing that post-transcriptional regulation of TIR1 

occurs at the protein level, which is regulated by the H1 F-box domain of TIR1 and the 

SGT1b/HSP90 complex. The H1 F-box domain plays a critical role in the negative 

regulation of the TIR1 protein level. It shows that the ∆H1FB TIR1 expresses much 

more protein than the wild type TIR1 in yeast; however it cannot interact with Aux/IAAs 

upon auxin treatment, suggesting the H1 F-box domain is required for the structure of 

TIR1. The tir1 E12K and E12Aincrease the TIR1 protein level; meanwhile the afb1 

K8E decreases the protein level of AFB1. These indicate that the position of TIR1 E12 

acts as a key site during the regulation. The TIR1 protein level is also regulated by the 

SGT1b/HSP90 complex. The SGT1b/HSP90 complex interacts with TIR1 and may 

stabilize the TIR1 protein level in vivo. Future experiments will continue studying the 

connection between the SGT1b/HSP90 complex with the TIR1 protein level. I will 

generate artificial microRNA constructs that target to HSP90 and SGT1 separately 

and introduce into TIR1-GUS transgenic plants (Felippes FF et al. 2012; Schwab R et 

al. 2010). Accumulation and distribution of the GUS fusion proteins will be assessed 

by histochemical staining of seedlings.  
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Previous studies suggested that the protein level of F-box proteins could be 

regulated by proteasome or lysosome (de Bie P et al. 2011; Liu H et al. 2010). 

However, my data suggest that proteasome and lysosome do not strongly affect the 

TIR1 protein level. It shows that the pTIR1: ∆FB TIR1-GUS transgenic seedlings, 

deleting the whole F-box domain of TIR1, have slightly increased the GUS expression 

compared to the TIR1-GUS control; but it still exhibits significant post-transcriptional 

regulation compared to the pTIR1:GUS line (Fig 4.18 A and B). Similar result can be 

observed when plants were treated with MG132, a 26S proteasome inhibitor (Fig 4.18 

C). To lysosome, after treatment with lysosome inhibitors, E-64D and 3-MA, for 9hr, 

the GUS protein level does not show obvious difference in the pTIR1:TIR1-GUS 

seedlings compared to the untreated sample, which indicates that lysosome does not 

affect the TIR1 degradation (Fig 4.18 D). Future study will also work on the 

degradation pathway of TIR1 protein in Arabidopsis. 

Plants expressing tir1 E12K display severe defects throughout plant growth, 

the phenotypes are much similar to aux/iaa dominant mutants. Based on the 

phenotypes and the expression of auxin responsive genes, I think that tir1 E12K and 

E15K may function as dominant negative mutations. The TIR1 protein level may be 

regulated by the assembly of SCFTIR1 complex in the plant. My hypothesis is that, in 

wild type plants, the TIR1 protein becomes instable when forming into the SCF 

complex, which will be degraded mainly through a proteasome-independent pathway; 
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however, in the tir1 E12K transgene, tir1 E12K cannot form into the SCF complex 

since the mutation defects in the interaction with CUL1, which stabilizes the tir1 protein 

level. Auxin mediates the interaction between tir1 E12K and the degron motif of 

Aux/IAAs; which protects the Aux/IAAs from degradation by endogenous SCFTIR1/AFB 

complex. The undegraded Aux/IAAs still have the ability in the inhibition of the activity 

of ARFs and further affect auxin signal transduction in the plant (Fig 4.19). In order to 

test this model, I will study the assembly of SCFtir1 and the Aux/IAA degradation I 

mention above, also I will detect the TIR1 and AFB2 protein level in the 

loss-of-function cul1 mutant and the 35S:RBX1 transgenic plants.  

 

MATERIAL AND METHODS 

Generation of the mutant library and mutant screen 

The full length TIR1 was mutagenized by error–prone PCR and the mutation 

ratio was controlled about 2 mutations per tir1. The PCR products were ligated into the 

pGILDA vector and transformed into E. coli competent cells. The library of tir1 colonies 

was about 1.3×104. The TIR1 mutant library was then introduced into pB42AD:IAA7 

yeast strain (EGY48) and the yeast colonies were screened on SD-U-H-W-L medium 

with 1uM IAA supplement. The number of total yeast colonies screened was about 

2.4×105. The yeast colonies with the fastest growth on the medium were isolated. After 

the interactions of yeast colonies were repeated on X-gal plates, the plasmids of 
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pGILDA:tir1-Mycwere extracted from the yeast colonies and the tir1 mutants were 

sequenced. 

 

Plant materials and conditions  

All Arabidopsis thaliana mutants used in this study were generated in the 

Columbia (Col-0) ecotype. The SALK T-DNA insertion lines, miR393a (SALK_104430) 

and miR393b (SALK_018966), were obtained from the Arabidopsis Biological 

Resource Center at the Ohio State University. Seeds were surface sterilized for 20min 

in 30% commercial bleach, plated on ATS medium (Arabidopsis thaliana solution) 

supplemented with 0.8% agar, and stratified for 2-4 days at 4°C. ATS medium consists 

of 1% sucrose, 5 mM KNO3, 2.5 mM KPO4, 2 mM MgSO4, 2 mM Ca(NO3)2, 50 µM 

Fe-EDTA, and 1mL/L of micronutrients. All seedlings experiments were performed 

under long day condition (16hr light and 8hr dark) in the growth chamber 

(80 µmol/m2/s, 22°C), unless otherwise stated. Plants in soil were grown in long day 

condition at 22°C.  

 

Plasmid constructs and generation of transgenic line 

The pTIR1/AFB:GUS and pTIR1/AFB:TIR1/AFB-GUS lines were described in 

the study (Parry G et al. 2009). The pTIR1:tir1/afb1-GUS constructs were made by 

introducing a 2-kb 5’ upstream region of the TIR1gene with the tir1/afb1 cDNA into 
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pMDC163 vector (Curtis MD et al. 2003). The constructs were transformed into the 

tir1-1 mutant. The primers can be found in table 4.1.  

 

RNA extraction and real time RT-PCR 

Total RNA was extracted from 7-day old seedlings by the RNeasy plant mini kit 

(Qiagen) and RNA yield was quantified using the Thermo Scientific NanoDrop 2000. 

1ug RNA, pre-treated with DNase, was used for cDNA synthesis through the 

Superscript III First-Strand Synthesis kit (Invitrogen). Quantitative RT-PCR was 

performed as described (Greenham K et al. 2011). To quantify the miR393 RNA level, 

total RNA was extracted by the miRNeasy Mini Kit (Qiagen). After DNase treatment, 

1st strand synthesis of miRNAs was performed as described (Varkonyi-Gasic E et al. 

2007). Briefly, 0.2ug RNA was reverse-transcribed by key-shaped miRNA393 primer 

R (4uM) and 18S rRNA primer R (4uM) in total 10ul reaction. The primer sequence 

can be found in table 4.1. 

 

Protein extraction and western blotting 

Total yeast protein was prepared by Y-PER Reagent (Thermo) and the yield 

was quantified by Bradford assay. 20ug protein sample was eluted by SDS-PAGE 

sample buffer, heated for 8min at 90°C, cooled on ice for 2 min and fractionated on 

SDS-PAGE. The membrane was stained with Ponceau (0.1% (w/v) Ponceau S in 5% 
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(v/v) acetic acid) for loading control. The target proteins were detected by 

immunoblotting with anti-c-Myc-peroxidase antibody (Roche) and anti-HA- peroxidase 

antibody (Roche), and visualized using the ECL Plus Western Blotting Detection 

System (Amersham).  

To protein pull-down assay from plant extracts, tissue was harvested by 

grinding to a powder in liquid nitrogen and vortexing vigorously in extraction buffer 

(50mM Tris pH7.5, 150mM NaCl, 10% glycerol, 0.1% NP-40, complete protease 

inhibitor (Roche), 20uM MG-132). Cellular debris was removed by centrifugation and 

total protein concentration was quantified by Bradford assay. The complex was pulled 

down with 20ul of anti-c-Myc agarose beads (clontech) and washed by extraction 

buffer for 5 times. The target proteins were detected by immunoblotting with anti-SGS 

and anti-HSP90 (Enzo life sciences). 

 

GUS staining assays and measurement of β-galactosidase activity 

The whole seedlings were collected in GUS staining solution (100 mM Na2PO4 

pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 1.0 mM K3Fe(CN)6 and 2 mM X-Gluc), then 

vacuumed for 20 min and stained overnight at 37°C. The seedlings were cleared in 

70% (v/v) ethanol and imaged with a Nikon SMZ1500 dissecting microscope. The 

MUG assay was described in Ge L et al. 2010. To measure β-galactosidase activity, 

total yeast protein extract was prepared by Y-PER Reagent (Thermo) and the yield 
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was quantified by Bradford assay. The reaction was set up by incubation of 100ul 

protein extract, 200ul 4mg/ml ONPG with 700ul Z-buffer (16.1 g Na2HPO4·7H2O, 5.5g 

NaH2PO4·H2O, 0.75g KCl, 0.246g MgSO4·7H2O in 1L water, pH 7.0) at 37°C. The 

reaction was stopped by adding 400ul of 1M Na2CO3. Measure the OD420 of the 

supernatant. 
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Table 4.1 Primer sequences for the TIR1 mutations E12K, E15K and F18L. 

 

Name Sequence 

tir1 E12K F1 5' gccttgtcgtttccagaaaaggtactagagcatgtgtt 3' 

tir1 E12K F2 5' cacatgctctagtaccttttctggaaacgacaaggctatt 3' 

tir1 E15KF1 5' cgtttccagaagaggtactaaagcatgtgttctcgtttat 3' 

tir1 E15KF2 5' ctgaataaacgagaacacatgctttagtacctcttctggaa 3' 

tir1 F18LF1 5' gaggtactagagcatgtgttatcgtttattcagctggata 3' 

tir1 F18LF2 5' ccagctgaataaacgataacacatgctctagtacctcttct 3' 

tir1 E12K E15K F 5' cgtttccagaaaaggtactaaagcatgtgttctcgtttatt 3' 

tir1 E12K E15K R 5' gctgaataaacgagaacacatgctttagtaccttttctggaaa 3' 

tir1 E12K F18L F 5' ggtactagagcatgtgttatcgtttattcagctggataa 3' 

tir1 E12K F18L R 5' ccagctgaataaacgataacacatgctctagtacctttt 3' 

tir1 E15K F18L F 5' gaggtactaaagcatgtgttatcgtttattcagctggata 3' 

tir1 E15K F18L R 5' ccagctgaataaacgataacacatgctttagtacctctt 3' 

tir1 E12KE15KF18L F 5' ggtactaaagcatgtgttatcgtttattcagctggataa 3' 

tir1 E12KE15KF18L R 5' ccagctgaataaacgataacacatgctttagtacctttt 3' 

∆ H1FB TIR1 F 5' caccatgtcgtttattcagctggataagga 3' 

H1(AFB1)-tir1 F 5' ggtgttggaacatatcctctcgtttattcagctggataaggata 3' 
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Table 4.1 Primer sequences for the TIR1 mutations E12K, E15K and F18L 

(continued). 

 

Name Sequence 

H1(AFB1)-tir1 R 5' ccttatccagctgaataaacgagaggatatgttccaacacctt 3' 

H1(TIR1)-afb1 F 5' ggaagcgagtctttgtcgggaactgctacgccgtgagt 3' 

H1(TIR1)-afb1 R 5' cggcgtagcagttcccgacaaagactcgcttcctagtctt 3' 

afb2 E7K F 5' cccagataaagtaatagagcatgtattcgactttgtaa 3' 

afb2 E7K R 5' cgaatacatgctctattactttatctgggaaataattcat 3' 

afb2 E10K F 5' cccagatgaagtaataaagcatgtattcgactttgtaa 3' 

afb2 E10K R 5' aagtcgaatacatgctttattacttcatctgggaaat 3' 

afb2 F13L F 5' gtaatagagcatgtactcgactttgtaacatctcacaa 3' 

afb2 F13L R 5' gagatgttacaaagtcgagtacatgctctattacttcat 3' 

IAA3 Q-PCR F 5' ccctcctcgaaaggctcaga 3' 

IAA3 Q-PCR R 5' tgaccctcatgctcagattcatt 3' 

IAA7 Q-PCR F 5' tggtgactggatgctcgttg 3' 

IAA7 Q-PCR R 5' cccttcataatgcgcaaacg 3' 

GUS Q-PCR F 5' acgttagccgggctgcactc 3' 

GUS Q-PCR R 5' tcggtttgcggtcgcgagtg 3' 
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Table 4.1 Primer sequences for the TIR1 mutations E12K, E15K and F18L 

(continued). 

 

Name Sequence 

miR393 RT 5'gtcgtatccagtgcagggtccgaggtattcgcactggatacgacgg

atca 3' 

miR393 Q-PCR F 5' gcgcgtccaaagggatcgcat 3' 

miR Q-PCR R 5' gtgcagggtccgaggt 3' 

18S Q-PCR F 5' cgtccctgccctttgtacac 3' 

18S Q-PCR R 5' cgaacacttcaccggatcatt 3' 
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Figure 4.1 Isolation of TIR1 mutations with increased interaction with Aux/IAAs.  
A, The tir1 mutations, E12K, E15K and F18L, were identified with dramatically 
increased levels of apparent interaction with IAA7 on auxin medium. B, 
β-galactosidase activity of TIR1 mutant yeast colonies. Error bars are SE. C, The tir1 
E12K, E15K and F18L increase the interaction with different Aux/IAAs on auxin 
medium.  
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Figure 4.2 Increased β-galactosidase activities are related to tir1 mutant protein 
levels. 
A-B, The location of E12, E15 and F18 (yellow) in the TIR1 structure. They are located 
in the H1 F-box domain. Blue is ASK1. Green is TIR1. Red is IAA. Cyan is the degron 
motif from DII of IAA7. C, The TIR1 mutants do not interact with dominant IAA7 
mutants. D, The E12K, E15K and F18L mutations increase the tir1 protein level in 
yeast. E, β-galactosidase activity of TIR1 mutant yeast colonies with and without auxin 
treatment. Error bars are SE. 
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Figure 4.3 The effect of E12K and E15K involves the same mechanism while tir1 
F18L is different. 
A, The tir1 E12K F18L and E15K F18L increase the apparent interaction with IAA12 
compared with each single mutation protein while tir1 E12K E15K displays a similar 
apparent interaction compared with the tir1 E12K. B, β-galactosidase activity of TIR1 
mutant yeast colonies after 10uM IAA treatment. Error bars are SE. 
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Figure 4.4 The mutations of E12K and E15K stabilize tir1 protein in the plant.   
A-F, β-glucuronidase (GUS) histochemical analysis of transgenic lines expressing 
mutated TOR1 proteins. Bar is 1mM. G, The pTIR1: tir1-GUS transgenic seedlings 
have a similar GUS RNA level as the control. 7-day old seedlings were analyzed for 
GUS expression by Q-PCR. Data shown are from three biological replicates. Error 
bars are SE. H, The tir1 E12K and E15K proteins are more stable than the wild type 
TIR1 after treatment of CHX. I, The tir1 E12A increases the apparent interaction with 
IAA7 while TIR1m1displays a similar apparent interaction as TIR1 on auxin medium. J, 
Summary of mutations in the TIR1 mutants. 
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Figure 4.5 The pTIR1:tir1-GUS transgenic lines display severe defects 
throughout plant growth.  
A-F, tir1 E12K-GUS (C, D) and tir1 E15K-GUS (E, F) transgenic seedlings exhibit 
shorter primary root and increased root hair elongation compared with the TIR1-GUS 
control (A, B).G-L, The tir1-GUS transgenic lines enhance plant de-etiolation. The tir1 
E12K-GUS (I, J) and tir1 E15K-GUS (K, L) transgenic seedlings defect in hypocotyls 
elongation and do not form the typical apical hook compared with the TIR1-GUS 
control (G, H) after grown in the dark for 5 days. M-O, The pTIR1:tir1E12K-GUS 
transgenic seedlings (N, O) dramatically increase the root hair elongation, and display 
rotated root tip compared to the control line (M). P, The pTIR1:tir1-GUS transgenic 
seedlings exhibit shorter primary root length. The primary root length is measured in 
5-day old seedlings grown in constant light condition. Q, The pTIR1:tir1-GUS 
transgenic seedlings defect in hypocotyl elongation in the dark. The hypocotyl length 
is measured in 5-day old seedlings grown in short day and dark condition. Error bars 
are SE. 
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Figure 4.6 ThepTIR1:tir1-GUS transgenic lines display severe developmental 
defects throughout plant growth. 
A-D, Leaf development is severely influenced in the tir1 E12K-GUS transgenic line (C, 
D) compared with the TIR1-GUS control (A, B). E, The tir1 E12K-GUS transgenic line 
displays a highly branched dwarf inflorescence. F-I, The tir1 E12K-GUS transgenic 
plants (H, I) have a lower seed production compared with the TIR1-GUS control (F, G). 
Bar is 1cM. 
 
 
 

	  



163 
	   	  	   	   	  

	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Isolation of the miRNA393a/b T-DNA insertion double mutant. 
A, Gene structure of miRNA393a and miRNA393b. Filled bars are exons. Black lines 
show promoter regions. Red triangles denote the positions of T-DNA insertion. B, The 
RNA level of miRNA393 is extremely reduced in the miRNA393a/b T-DNA insertion 
double mutant. 7-day old seedlings were analyzed by Q-PCR. Data shown are from 
three biological replicates. Error bars are SE. 
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Figure 4.8 Phenotypic characterization of the miR393a/b T-DNA insertion 
double mutant.   
A, The miRNA393a/b T-DNA insertion double mutant displays an obvious cotyledon 
epinasty, while other phenotypes are similar to the wild type. B-C, Measurement of 
primary root and hypocotyl length in the miRNA393a/b mutant seedlings. 5-day old 
seedlings were measured in long day and dark condition. Error bars are SE. D, The 
miR393a/b T-DNA insertion double mutant does not display obvious phenotypic 
defects after plant bolting.  
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Figure 4.9 ThemiR393a/b T-DNA double mutant displays similar auxin response 
and the RNA level of TIR1/AFB1-3 as the wild type. 
A, The miRNA393a/b mutant seedlings display a similar auxin response to 2,4-D as 
the wild type. 5-day old seedlings were transferred onto fresh ATS plates with different 
concentrations of 2,4-D for 2 days. B, The RNA level of TIR1/AFB1-3 in the 
miRNA393a/b T-DNA insertion mutant. 7-day old seedlings were analyzed by Q-PCR. 
Data shown are from three biological replicates. Error bars are SE. 
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Figure 4.10 miRNA393a/b T-DNA double mutant does not dramatically affect the 
expression of TIR1/AFB1-3.  
A-D, GUS histochemical analysis of TIR1/AFB1-3 transcription in wild type plants. E-H, 
GUS histochemical analysis on TIR1/AFB1-3 protein. TIR1/AFB2/AFB3 exhibit 
significant post-transcriptional regulation compared with each transcription line (A, C 
and D). I-L, GUS histochemical analysis of the TIR1/AFBs protein level in the 
miRNA393a/b T-DNA insertion double mutant. Bar is 1mM 
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Figure 4.11 Alignment of the H1 F-box domain of TIR1 and AFB1.  
The TIR1 and AFB1 proteins share high amino acid identity in the H1 F-box domain 
(black rectangle region) except the position of TIR1 E12 (red arrow). 
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Figure 4.12 The H1 F-box domain negatively regulates TIR1 protein level and is 
responsible for the difference between TIR1 and AFB1 accumulation. 
A-G, GUS histochemical analysis on tir1 and afb1 mutants. Bar is 1mM. H, The 
pTIR1:tir1/afb1-GUS transgenic seedlings display the similar GUS transcript level. 
7-day old seedlings were analyzed by Q-PCR. Data shown are from three biological 
replicates. I, GUS enzyme activity in the pTIR1:AFB1-GUS and pTIR1:afb1 k8E-GUS 
transgenic line. J, The amino acid alignment of the H1 F-box domain among 
TIR1/AFB1-3. Error bars are SE. 
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Figure 4.13 The H1 F-box domain of TIR1/AFB2/AFB3 may have an important 
role in determining protein level.  
A, The interaction between the TIR1/AFB1 mutants and IAA7. The tir1 (H1FB AFB1) 
enhances the apparent interaction with IAA7 while the afb1 (H1FB TIR1) decreases 
the apparent interaction compared to each control yeast colonies on auxin medium. B, 
β-galactosidase activity of tir1/afb1 yeast colonies. Error bars are SE. C, The western 
blotting result shows that the difference of β-galactosidase activities is directly caused 
by the levels of DBD fusion proteins. The DBD-∆H1FB tir1-Myc and DBD-tir1 (H1FB 
AFB1)-Myc increase the protein level, while the DBD-afb1 (H1FB TIR1)-Myc 
decreases the protein level compared to each control. D, The afb2 E7K and E10K 
increase the apparent interaction with Aux/IAAs on auxin medium.  
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Figure 4.14 TIR1 is sensitive to the geldanamycin treatment. 
A-C, GUS histochemical analysis of transgenic seedlings after treatment with 10uM 
GDA for 4hr. Bar is 1mM. D, The RNA level of TIR1 and AFB1 is not reduced in WT 
seedlings after treated with 10uM GDA for 4hr. 7-day old seedlings were analyzed for 
Q-PCR. Data shown are from three biological replicates. Error bars are SE.  
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Figure 4.15 The SGT1b/HSP90 complex associates with TIR1 protein in vivo. 
A, Interaction between HSP90.1 and SGT1b. B, TIR1-Myc pulls down the 
SGT1b/HSP90 complex in vivo. 
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Figure 4.16 The TIR1 protein level may be stabilized by increased expression of 
the SGT1b/HSP90 complex. 
A-C, The TIR1 protein level is obviously increased after growth in 29℃. D, The RNA 
levels of HSP90s and SGT1b are strongly increased at 29℃; while the TIR1 RNA level 
does not. 7-day old seedlings were analyzed for Q-PCR. Data shown are from three 
biological replicates. Error bars are SE. 
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Figure 4.17 Expression of auxin responsive genes in the TIR1 mutant 
transgenic lines. 
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Figure 4.18proteasome and lysosome in the regulation of the TIR1 protein level. 
A, GUS histochemical analysis of the ∆FB TIR1 protein level. B, The ∆FB TIR1 does 
not interact with ASK1. C, GUS histochemical analysis of the TIR1 protein level after 
treatment with 25uM MG132 for 4hr. D, GUS histochemical analysis of TIR1 protein 
after treatments with 100uM E64-D and 5mM 3-MA for 9hr. The GUS staining was 
performed on 7-day old seedlings. Bar is 1mM. 
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Figure 4.19 Model of tir1 E12K and E15K in the stabilization of the TIR1 protein 
level. 
 
 
 

	  




