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ABSTRACT OF THE DISSERTATION 

 

Implications of TOPLESS physical interactions on the mediation of the auxin 

transcriptional response in Arabidopsis thaliana 

 

by 

Heidi Szemenyei 

 

Doctor of Philosophy in Biology 

University of California, San Diego, 2007 

Professor Jeffrey A. Long, Chair 

 

topless-1 (tpl-1) is an Arabidopsis mutant that was isolated in a screen 

due to its defective patterning of the embryo as manifested by its seedling 

phenotype.  It is a semi-dominant and temperature sensitive mutant, the 

seedling phenotype being more severe in the progeny of parental plants grown 

at higher temperatures.  The range of phenotypes include seedlings with two 

cotyledons that closely resemble wild type, seedlings with only one cotyledon, 

tube and pin  shaped seedlings, and double roots.  The double root is the most 

severe phenotype.  Whereas a wild type seedlings form a single root, a 

hypocotyls, and two cotyledons, the double root consists of only roots, one 

being an apical root.  This is viewed as a complete homeotic transformation of 
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the apical pole of the embryo into a second basal pole.  The cloning of TPL 

revealed a gene that encodes a protein with similar domain structure and 

organization to the GROUCHO/TUP1 family of transcriptional corepressors.  

Due to this observation, the tpl-1 phenotype, and also because of the genetic 

interaction of the tpl-1 mutant with other mutants involved in regulation of 

transcription, including activators and repressors, a model was developed 

suggesting that TPL is a putative transcriptional corepressor that functions to 

repress root-fate genes in the top half of the embryo.  Transcriptional 

corepressors do not bind directly to DNA, but rather, their target specificity is 

conferred by their direct interaction with DNA-sequence specific binding 

transcription factors. In an effort to determine these interactors, a connection to 

the auxin signaling pathway, a pathway involved in plant development, was 

made.  This work describes that effort, what was discovered, the connection, 

and its broader significance. 
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CHAPTER I 

INTRODUCTION 
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THE PHYTOHORMONE AUXIN 

Indole-3-acetic acid (IAA) is the major auxin in Arabidopsis, auxins being a 

class of substances first identified on the basis of their ability to promote growth both 

in stems and coleoptiles.  In addition to growth, auxin affects many different aspects 

of plant biology (Davies, 2004), including phototropism and gravitropism, 

organogenesis, and root and lateral root development.  Basically, it appears that auxin 

can be implicated in every process that takes place in the plant, from the beginning- 

auxin plays a very important role in embryogenesis, through to the end- auxin is also 

implicated in fruit ripening and abscission.  Also, the effect auxin has on other 

hormones and in conjunction with other hormones, further complicates the precise role 

of auxin in plant biology.  Despite these intricacies, the past approximately fifteen 

years has seen the revelation of many would-be secrets of the pathway and major 

contributions to the field, broadly increasing the scope of our understanding. 

THE ROLE OF THE AUX/IAA FAMILY  

The AUX/IAA family consists of 29 memebers.  These genes were first 

identified due to their immediate and robust induction in plants treated with auxin 

(Abel et al., 1994), and later found to repress the ARF activated transcription of auxin 

response genes.  The protein structure of the AUX/IAAs contains four domains (I-IV).  

Domain I confers the protein with the ability to repress (Tiwari et al., 2004).  Within 

domain I can be found an ERF-associated amphiphilic repression (EAR) motif, which 

is a short, conserved sequence of amino acids that was first identified in the ERF 

family of transcription factors, and was shown to be involved in transcriptional 
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repression (Ohta et al., 2001).  At least one mutation in this motif has been shown to 

revert a stabilized AUX/IAA mutant phenotype (Rouse et al., 1998), providing further 

evidence that the AUX/IAAs act as repressors, and require this domain for this 

function. 

Domain II contains a conserved stretch of amino acids that facilitates the 

interaction with the F-box protein TIR1 and its family members, ultimately leading to 

the ubiquitin-mediated degradation of the AUX/IAA (Gray et al., 2001).  This 

interaction is also affected by auxin.  Mutations that occur in this domain disrupt the 

interaction between the repressor and the F-box protein, resulting in a decrease of 

AUX/IAA degradation (Gray et al., 2001).  The accumulation of the AUX/IAA 

repressors leads to the constitutive transcriptional repression of auxin response genes.  

The resulting phenotypes are quite variable, both in type of defect and severity, and 

largely dependent on which AUX/IAA is stabilized.  Conversely, so far, analysis of 

loss of function and even multiple loss of function mutants of the AUX/IAAs have 

subtle or no phenotype (Overvoorde et al., 2005).  Considering the large number of 

family members, this can be attributed to functional redundancy within the family. 

The highly variable phenotypes of stabilized AUX/IAA mutants are indicative 

of the wide-ranging roles of auxin in plant biology.  An upcurled leaf phenotype is a 

common occurrence of stabilized AUX/IAA mutants, and has been reported for 

IAA3/SHY2, IAA6/SHY1, IAA12/BDL, IAA17/AXR3, and IAA18 (Hamann et al., 1999; 

Leyser et al., 1996; Reed, 2001; Reed et al., 1998) mutants.  Many of the stabilized 

AUX/IAA mutants display agravitropism in their roots, shoots, or hypocotyls, such as 
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IAA7/AXR2, IAA14/SLR1, IAA17/AXR3, and IAA19/MSG2 (Fukaki et al., 2002; Leyser 

et al., 1996; Nagpal et al., 2000; Tatematsu et al., 2004).  The stabilized IAA19/MSG2 

mutant also displays a non-phototropic hypocotyl (Tatematsu et al., 2004).  

Additionally, auxin is crucial for lateral root and root hair development, as these 

structures are absent or reduced in a number of stabilized AUX/IAA mutants (Fukaki et 

al., 2002; Leyser et al., 1996; Tatematsu et al., 2004).  Adding to the complexity of the 

auxin signaling pathway, is the phenomenon that some stabilized AUX/IAA mutants 

have opposing phenotypes.  For instance, IAA3/SHY2, IAA6/SHY1, IAA7/AXR2, and 

IAA17/AXR3 have all been reported to have a short hypocotyl phenotype (Leyser et al., 

1996; Nagpal et al., 2000; Tian and Reed, 1999).  Conversely, a stabilized mutant of 

IAA18 has been reported to have a long hypocotyl phenotype (Reed, 2001).  The 

phenotype of stabilized IAA12/BDL homozygous mutants demonstrates the key role of 

auxin in embryonic development, as these seedlings completely lack root and 

hypocotyl structures, having what is referred to as a ‘basal peg’ in their place (Hamann 

et al., 2002; Hamann et al., 1999).  These defects can already be observed in abnormal 

divisions at the two-cell stage of embryogenesis, but is most apparent during the 

transition stage of embryogenesis, when the presumptive hypohysis divides 

abnormally, failing to produce the lens shaped cell present in wild-type embryos.  

 The last two domains of the AUX/IAAs are referred to as domains III and IV.  

Domains III and IV function in dimerization with other sets of doains III and IV, 

thereby facilitating homodimerization and interaction with other AUX/IAAs or ARFs, 

which also contain domains III and IV (Kim et al., 1997; Ulmasov et al., 1997b).  The 
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latter interaction is the means by which AUX/IAAs are thought  to target the ARFs 

and repress the transcription they activate. 

THE ROLE OF AUXIN RESPONSE FACTORS 

 The AUXIN RESPONSE FACTOR (ARF) family consists of 23 members 

whose gene products encode DNA binding transcription factors.  They were first 

identified in a yeast one-hybrid screen aimed at finding proteins that bind the 

canonical auxin responsive element (AuxRE) (Ulmasov et al., 1997a), which is found 

in the promoters of auxin responsive genes.  They contain a DNA-binding domain at 

their N-terminus, and a middle region, which functions in the activation or repression 

of transcription of auxin response genes (Ulmasov et al., 1999).  They also contain 

protein-protein interaction motifs, which share homology with the last two domains of 

AUX/IAA family members, and are also referred to as domains III and IV.  These two 

domains facilitate the interaction with other domains III and IV, allowing for ARF-

ARF binding and also ARF-AUX/IAA binding.  Through this AUX/IAA-ARF 

binding, the activating function of ARFs is thought to be targeted for repression (Kim 

et al., 1997; Ulmasov et al., 1997b). 

Like the AUX/IAA protein family, the ARF family is somewhat large, and 

presumably a great deal of functional redundancy also exists within the ARF family 

(Okushima et al., 2005), and the generation of multiple ARF loss of function mutants 

supports that this is indeed the case.  Not surprisingly, ARF loss of function mutants 

have been found that lack an obvious phenotype.  However, whereas thus far is seems 

as though this is almost the rule for the AUX/IAAs, some ARF single loss of function 
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mutants have a very severe phenotype.  For instance, the arf5/monopteros (arf5/mp) 

loss of function mutant phenotype displays a very striking phenotype (Berleth and 

Jurgens, 1993).  These mutants are defective in patterning during embryogenesis, 

resulting in seedlings that often only have one cotyledon, whereas wild type seedlings 

normally form two.  Furthermore, whereas wild type seedlings also develop an 

embryonic stem (hypocotyl) and root, arf5/mp mutants lack these structures, and in 

their place form what has been termed the ‘basal peg’.  Interestingly, this phenotype is 

mimicked by the stabilized iaa12/bodenlos (iaa12/bdl) mutant phenotype, which is 

semi-dominant, and seedlings that are homozygous for the mutation exhibit reduced 

cotyledon number and also develop a basal peg in place of root and hypocotyl 

structures (Hamann et al., 1999).  IAA12/BDL and ARF5/MP can interact (Hamann et 

al., 2002), which leads to the repression of ARF5/MP-activated transcription.  This is a 

nice example of a situation in which a constitutive repressor phenotype resembles that 

of its target’s loss of function phenotype, and this particular case highlights the 

importance of auxin in Arabidopsis embryonic development. 

Other ARF mutants display a broad range of phenotypes also indicating that 

auxin is involved in many different processes of the plant.  For instance, NON-

PHOTOTROPIC HYPOCOTYL 4  (NPH4) encodes ARF7 (Harper et al., 2000), and is 

defective in phototropism, and apical hook maintenance (Stowe-Evans et al., 1998).  

ARF7/NPH4 is also in part redundant with ARF5/MP.  arf7/nph4 mutant seedlings for 

the most part develop two cotyledons with normal vasculature, whereas arf5/mp 

mutant seedlings display a range of phenotypes, varying from dicots with abnormal 
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vasculature to monocots lacking almost all vasculature.  The double mutant exhibits a 

higher frequency of an even more severe seedling phenotype that lacks cotyledons and 

has no vasculature, termed the ‘club’ phenotype, which showcases the redundancy in 

function of these two ARFs (Hardtke et al., 2004). 

UBIQUTIN-MEDIATED DEGRADATION AND AUXIN SIGNALING 

 The SCF complex is involved in targeting substrates for proteasome-dependent 

degradation by facilitating their ubiquitination.  In the case of the auxin signaling 

pathway, the substrates of interest are the AUX/IAAs (Gray et al., 2001), which bind 

to the ARFs and repress their activation of transcription of auxin response genes.  

There are several steps that lead up to ubiquitination of a target protein by the SCF 

complex.  The first step occurs when the ubiquitin activating enzyme, also referred to 

as the E1, becomes linked to ubiquitin.  Next, ubiquitin is transferred to the ubiquitin 

conjugating enzyme, which is also referred to as the E2.  The E2 associates with the 

ubiquitin-protein ligase, which is the SCF complex itself, and is also referred to as the 

E3, and this component actually facilitates the ubiquitination of the target of 

degradation.  Mutants of multiple components of this degradation pathway have been 

found in screens for mutants defective in auxin-signaling.  The SCF complex consists 

of 4 subunits: SKP1, CULLIN (CUL1), an F-box protein, and RBX1 (Gray et al., 

1999; Gray et al., 2002).  The F-box protein binds to the protein to be degraded, thus 

providing the target specificity to the complex.  TRANSPORT INHIBITOR 

RESPONSE 1 (TIR1) is the F-box protein (Ruegger et al., 1998) involved in 

AUX/IAA degradation, as are its family members the AFB (auxin signaling F-box) 



 

 

8 

proteins (Dharmasiri et al., 2005b).  These F box proteins actually function as the 

auxin receptor, and their binding auxin enhances their interaction affinity for the 

AUX/IAAs (Dharmasiri et al., 2005a; Kepinski and Leyser, 2005).  This increased 

interaction of the F box protein with the AUX/IAA is the manner by which auxin 

promotes the degradation of these repressor proteins.  Seedlings that are mutant for 

tir1and its three afb family members exhibit phenotypes similar to loss of function 

arf5/mp mutants or stabilized IAA12/BDL mutants, presumably due to stabilization of 

the AUX/IAAs in this background (Dharmasiri et al., 2005b).  axr6 mutants, which are 

defective in the CULLIN subunit of the SCF complex, have seedling phenotypes 

resembling that of stabilized IAA12/BDL mutants or arf5/mp loss of function mutants, 

lacking both a hypocotyl and root, which are replaced by a basal peg (Hellmann et al., 

2003; Hobbie et al., 2000).  This phenotype is presumably due to the disruption of 

ubiquitin-mediated degradation of the AUX/IAAs, allowing for their stabilization and 

accumulation (Gray et al., 2001). 

 The role of the SCF complex is to modify other proteins by ubiquitination, but 

the SCF complex itself is also subject to modification that regulates its activity.  This 

occurs on the CUL1 subunit of the complex in the form of covalent linkage of a small 

protein called RUB1/NEDD8 (RELATED TO UBIQUITIN 1).  This modification is 

thought to increase the activity of the SCF complex, possibly by promoting the 

interaction between the complex and the E2 enzyme.  RUB modification also affects 

the association of CUL1 with another interacting protein called CAND1 (Cullin-

associated and neddylation dissociated) (Liu et al., 2002; Zheng et al., 2002).  The 
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linkage of RUB1 to CUL1 disrupts the interaction between CUL1 and CAND1.  The 

interaction between CUL1 amd CAND1 is thought to negatively regulate SCF 

activity.  CAND1 association with CUL1 prevents CUL1 from associating with SKP1.  

This means that the SCF complex cannot fully assemble, and therefore cannot be 

actively targeting its substrates, such as the AUX/IAA’s.  If the AUX/IAA repressors 

are not degraded, transcription of auxin response genes that are the target of the 

AUX/IAAs will not occur. 

 Similarly to ubiquitin conjugation to its target substrate, RUB modification of 

a substrate, such as CUL1, also is a multi-step process.  Like ubiquitination, there are 

RUB E1, RUB E2, and RUB E3 enzymes.  In Arabidopsis, the RUB E1 enzyme is 

formed from a complex of two proteins called AUXIN RESISTANT 1 (AXR1) and 

(ECR1) (Dharmasiri et al., 2003).  This dimer interacts with RUB1, then transferring it 

to the RUB conjugating E2 enzyme.  There are two E2 RUB conjugating enzymes in 

Arabidopsis, RCE1 and RCE2 (Pozo et al., 1998).  RBX1, which associates with the 

CUL1 subunit of the SCF complex is thought to act as the RUB E3 (Gray et al., 2002; 

Kamura et al., 1999; Liu et al., 2002).  The COP9 Signalosome is responsible for the 

reversal of the RUB1 modification (Schwechheimer et al., 2001), thereby once again 

allowing the interaction of CAND1 with the SCF complex. 

AUXIN TRANSPORT 

 One aspect of auxin that attributes to its huge importance in development is its 

asymmetrical distribution throughout the plant, a distribution that undergoes 

remarkable changes throughout development.  Therefore, understanding how the 



 

 

10 

hormone maintains this distribution, that is, how it gets both in and out of cells, is 

imperative for understanding the role of auxin in plant development. 

 The chemiosmotic model for auxin transport is one hypothesis that can explain 

how auxin can enter and exit the cell.  This model was based on properties of the 

auxin (IAA) molecule, and that it can exist in a protonated (IAAH) form and also an 

ionized (IAA-) form, and how these different forms would behave outside the cell in 

the cell wall versus inside the cell within the plasma membrane (Raven, 1975).  The 

cell wall is more acidic than the inside of the cell, with a pH of approximately 5.5 and 

7.0 respectively.  The IAAH species has the property of being hydrophobic, and 

therefore can diffuse through the plasma membrane.  The IAAH molecules that enter 

the comparatively basic environment of the interior of the cell are subject to 

dissociation at this pH, and the auxin molecule is converted to the IAA- form.  This 

molecule is not hydrophobic like the IAAH species, and therefore cannot easily 

diffuse through the plasma membrane, and therefore accumulates within the cell.  This 

scenario would lead to accumulation of the IAA- form inside the cell, and would also 

suggest that the IAA-molecules that exist on the outside of the wall cannot enter the 

inside of the cell.  However, auxin influx (AUX1) and efflux carriers have been found 

(Bennett et al., 1996; Okada et al., 1991; Pickett et al., 1990), the influx carriers 

suggesting a means by which IAA- molecules in the cell wall can cross the plasma 

membrane into the interior of the cell, and the efflux carriers providing a means by 

which IAA- molecules that accumulate inside the cell can get back out. 
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 In addition to providing a mechanism by which IAA- molecules do not remain 

trapped inside the cell, the PINFORMED (PIN) family of auxin efflux carriers also 

provide a means by which auxin can maintain an asymmetric distribution in the tissues 

of the plant and gradients can be formed.  These first of these family members, PIN1, 

was found, due to the phenotype of its loss of function mutant (Okada et al., 1991).  

Upon bolting, these mutants do not produce flowers, which results in a stem that is 

pin-like in appearance.  Treatment with auxin transport inhibitors can also achieve this 

phenotype.  The PIN1 gene was found to encode a trans-membrane domain containing 

protein with at least seven closely related family members.  There is evidence for 

functional redundancy among the family members (Vieten et al., 2005), but unique 

roles have also been attributed to specific PINs.  The importance of PIN-mediated 

auxin transport during embryonic development is evident, as multiple pin mutants do 

not undergo the stereotypical cell divisions of wild type embryos, resulting in severely 

deformed seedlings (Friml et al., 2003).  The necessity of PIN-mediated auxin 

transport during post-embryonic development has also been established, affecting 

formation of leaves, floral organs, and lateral roots (Benkova et al., 2003).  PIN 

proteins are localized in a polarized manner in the cell, and it is this polarization that 

appears to affect the formation of auxin gradients in the plant.  PIN proteins undergo 

membrane trafficking via endosomes, and this occurs via both Brefeldin A sensitive 

and insensitive mechanisms.  The former is dependent on the ARF-GEF, GNOM 

(Geldner et al., 2003), but GNOM independent trafficking also occurs, and this seems 

to involve endosomes in which SORTING NEXIN 1 (SNX1) is a component (Jaillais 
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et al., 2006).  gnom mutant seedling are disorganized and rootless, oftentimes 

resembling a mass of undifferentiated cells (Shevell et al., 1994; Vroemen et al., 

1996).The serine/threonine kinase, PINOID (PID), also is a factor in establishing PIN 

polarity in the cell (Friml et al., 2004), with both the loss of function mutants and 

over-expression lines having auxin transport related phenotypes (Christensen et al., 

2000; Friml et al., 2004). 

AUXIN BIOSYNTHESIS 

There are several pathways thought to exist leading to the production of auxin 

in plants, as well as a pool of auxin that exists in a conjugated form and is considered 

to be inactive.  These conjugates can be modified and converted to other forms, which 

increases the level of active auxin in the plant.  These are generally categorized as 

being tryptophan dependent or independent pathways.   

A significant contribution to the field was made when the YUCCA gene, which 

encodes a flavin monoozygenase-like enzyme (FMO), was found to be over-expressed 

in an activation tagging mutant (Zhao et al., 2001), and isolated due to its long 

hypocotyl phenotype, an effect that can be achieved by treating seedlings with auxin.  

Furthermore, this mutant exhibited a decrease in sterility, increased apical dominance, 

and leaves that curled downwards, all of which are characteristics of plants supplied 

with exogenous auxin.  Additionally, yucca plants were found to contain higher levels 

of free auxin, which further established the role of FMOs in auxin biosynthesis, of 

which there appear to be nine members in the YUCCA family.  There is most likely 

functional redundancy within the family.  Whereas single loss of function mutants 
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have no obvious developmental phenotypes, multiple loss of function mutants have 

been found to exhibit severe defects in multiple aspects of development, such as 

formation of the leaves and vasculature, and also exhibit abnormal floral organ 

development and embryogenesis (Cheng et al., 2006; Cheng et al., 2007).  It has been 

proposed, and evidence supports, that the YUCCA enzymes catalyze a rate limiting 

step of tryptophan-dependent auxin biosynthesis.  Although other mutants have been 

found that affect the levels of auxin, both free and conjugated forms, thus far the yucca 

mutant appears to be the only mutant in which the phenotype can be attributed to an 

actual step of the proposed auxin biosynthetic pathway. 

OVERVIEW OF THE AUXIN SIGNALING PATHWAY 

 When auxin takes action in the cell, as determined by a combination of its 

biosynthesis, chemical nature/ conjugation, influx carriers, and polar efflux carriers, it 

acts at the level of the AUX/IAA.  The AUX/IAA functions to bind and repress ARF 

transcription factors that activate the transcription of auxin response genes, thereby 

preventing the transcription of these genes, i.e., preventing an auxin response from 

taking place.  The presence of auxin stabilizes the interaction of the AUX/IAA and the 

F-box protein TIR1 (or its family members).  This leads to the ubiquitination of the 

AUX/IAA via the SCF complex, and thus the proteasome-dependent degradation of 

the AUX/IAA.  This degradation of the repressor relieves the repression on the ARF 

transcription factors.  These transcription factors can now function to activate the 

transcription of auxin response genes, thereby allowing an auxin response to occur (for 

review, see Weijers and Jurgens, 2004). 
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AUXIN IN ARABIDOPSIS EMBRYOGENESIS 

 The intimate role of auxin during embryogenesis can be very easily 

appreciated when one considers that disrupting multiple components of the pathway 

independently oftentimes leads to abnormal embryonic development, as discussed in 

the previous sections.  Also, auxin flux into or out of the embryo changes drastically at 

very specific stages of embryonic development (Friml et al., 2003).  At the beginning 

of embryogenesis, the first division of the zygote is asymmetric, and results in a 

smaller apical cell and a larger basal cell.  The embryo proper is derived from the 

smaller apical cell, while the suspensor and hypophysis arise from the larger basal cell 

(for review, see Jenik et al., 2007).  During this stage, through to transition, and onto 

the globular stage of embryogenesis, auxin is thought to accumulate in the apical cell 

or its derivatives, based both on DR5::GFP-accumulation in the apical domain and 

PIN localization.  In the basal cell or suspensor, PIN7 is localized to the apical regions 

of the cell, as if to be pumping auxin upward.  The derivatives of the apical cell also 

express an auxin-efflux carrier, PIN1, which is localized at the boundaries between 

other cells that are derived from the apical cell (Friml et al., 2003).  This expression 

pattern seems to indicate a flow between, but not out of, the cells of the embryo 

proper.  At the transition to the globular stage of embryogenesis, the dynamics of 

auxin flux and response change dramatically.  During the globular stage of 

embryogenesis, PIN7 localization in the cells of the suspensor switches poles, and 

becomes present on the basal end of the cells (Friml et al., 2003).  Likewise, PIN1 

localization in the embryo proper changes, becoming present on the basal domains of 
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these cells.  Also, DR5::GFP accumulation disappears from the embryo proper, and 

now accumulates in the hypohysis and top cell of the suspensor.  This would appear to 

indicate a change of auxin flux from the suspensor into the embryo proper, to out of 

the embryo proper and into the hypophysis and suspensor.  The dynamics of auxin 

itself, and the intricacies of the signaling pathway mediating response to this hormone, 

are crucial for embryonic development in Arabidopsis. 
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Figure 1.1  A model of auxin action in the plant cell 

 

In the absence of auxin, the AUX/IAAs bind to ARFs, which is thought to lead to the 

transcriptional repression of auxin response genes.  The presence of auxin further 

promotes the interaction of the AUX/IAAs with the F-box component of the SCF 

complex, TIR1, thus ubiquitinating and targeting the AUX/IAA for proteasome-

dependent degradation.  This degradation allows ARF activated transcription of auxin 

response genes to occur.  The activity of the SCF complex is also regulated by RUB1 

conjugation of the CULLIN subunit, as well as by interaction with CAND1. 
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Chapter II 

TOPLESS mediates BODENLOS transcriptional repression during Arabidopsis 

embryogenesis 
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ABSTRACT 

The plant hormone auxin has been shown to play key roles in embryonic and 

postembryonic development (Davies, 2004).  Auxin mediates at least some of these 

activities via the ubiquitin dependent degradation of AUX/IAA transcriptional 

repressors (Tiwari et al., 2001), which is thought to allow their binding partners, the 

ARF proteins, to activate transcription (Dharmasiri et al., 2005; Gray et al., 2001; 

Kepinski and Leyser, 2005; Ulmasov et al., 1999).  Mutations disrupting the 

interaction between the AUX/IAA and the F-box protein/auxin receptor TIR1, 

stabilize the AUX/IAA, leading to semi-dominant phenotypes resembling the loss-of-

function alleles of their ARF binding partners (Berleth and Jurgens, 1993; Hardtke and 

Berleth, 1998; Tatematsu et al., 2004).  Although much is known about auxin-

mediated regulation of the AUX/IAAs via ubiquitin targeted degradation, until now 

the mechanism by which the AUX/IAAs repress transcription has not been 

determined.  Here we show that the putative transcriptional corepressor TPL is 

involved in this aspect of the auxin response pathway.  TPL was found to physically 

interact with AUX/IAA family members, and this interaction requires the EAR 

domain found in AUX/IAAs, a motif known for mediating transcriptional repression 

(Ohta et al., 2001).  The tpl-1 mutant can suppress the vasculature and root defects 

seen in the stabilized bdl-1 mutant, suggesting transcription of auxin response genes 

can still occur in the presence of the stabilized repressor.  Additionally, we show that 

the ability of BDL to repress transcription when recruited to a reporter is diminished in 

the tpl-1 background, and that TPL itself is a functional repressor when directly 
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recruited to DNA.  Furthermore, enabling TPL to directly interact with ARF5/MP, 

whose activity is repressed by BDL, results in a loss-of-function arf5/mp phenotype.  

These observations indicate that TPL is a transcriptional corepressor involved in 

AUX/IAA mediated embryonic development. 
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RESULTS AND DISCUSSION 

The developmental roles of AUX/IAA proteins and their binding partners, the 

Auxin Response Factors (ARFs) have been well studied (Hamann et al., 2002; 

Hardtke and Berleth, 1998; Tatematsu et al., 2004; Ulmasov et al., 1999).  The semi-

dominant bodenlos-1 (bdl-1) mutant contains a stabilizing mutation (P74S) in IAA12 

(Hamann et al., 2002).  Homozygous seedlings display a severe reduction in 

vasculature formation and form a ‘basal peg’ instead of a root and hypocotyl (Hamann 

et al., 1999).  Loss-of-function mutations in ARF5/MONOPTEROS (MP) also display 

this phenotype (Berleth and Jurgens, 1993).  IAA12/BDL physically interacts with 

ARF5/MP, hypothetically repressing ARF5/MP target transcription (Hamann et al., 

2002). 

 In contrast to the rootless phenotype of bdl-1 seedlings, topless-1 (tpl-1) 

seedlings exhibit a double root phenotype, indicative of a complete homeotic 

transformation of the apical pole into a second basal pole (Long et al., 2002).  This is 

the most severe phenotype of tpl-1, which results from a histidine substitution at 

arginine 176, and acts as a dominant negative for the entire TOPLESS RELATED 

(TPR) family (Long et al., 2006).  tpl-1 is temperature sensitive and displays a range 

of phenotypes, all disrupting the patterning of cotyledons and shoot apical meristem.  

Based on its domain structure and genetic interactions with HDA19 and HAG1, TPL 

has been proposed to be a putative transcriptional corepressor (Long et al., 2006), but 

despite its capacity to form an apical root, no previous connection has been made to 

auxin signaling (Long et al., 2002).  
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 Transcriptional corepressors do not bind DNA directly, but are recruited to 

DNA by interacting with DNA-binding transcription factors (Paroush et al., 1994).  

Thus, determining a corepressor’s binding partners can provide insight into its 

biological relevance.  We performed yeast two-hybrid screens to find protein 

interactors using full length TPL or the N-terminus of TPL (Fig. 2.1a).  Multiple 

AUX/IAAs (see Table 2.1), including IAA12/BDL, were among the positive clones in 

both screens.  Through truncation analyses, we determined that domain I of 

IAA12/BDL is necessary and sufficient for the interaction (Fig. 2.1b), and that the C-

terminal to lissencephaly homology (CTLH) domain of TPL, a domain thought to be 

involved in homodimerization and protein-protein interaction (Emes and Ponting, 

2001), is also required (Fig. 2.1c). 

 Domain I of the AUX/IAAs contains an ERF- associated amphiphilic 

repression (EAR) motif (Tiwari et al., 2004), which is known to be involved in 

transcriptional repression (Ohta et al., 2001).  To determine if this motif is essential for 

the interaction with TPL, we tested an IAA12/BDL construct in which three leucines 

at the core of the EAR domain were changed to alanines (IAA12/BDL mEAR) (Fig. 

2.1a).  These changes to the EAR domain severely weakened the interaction between 

TPL and IAA12/BDL as assayed by yeast two-hybrid assays (Fig. 2.1c) and GST 

pulldowns of in vitro translated products (Fig. 2.1d). 

 We also tested the interaction between IAA12/BDL and TPL using plant 

lysates.   We found that GST-IAA12/BDL and GST-N-TPL could pull down TPL-HA 

from plant extracts (Fig. 2.1e), whereas purified GST or beads alone could not, further 
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indicating that TPL interacts with IAA12/BDL.  It also demonstrates that TPL can 

homodimerize, a characteristic shared with other transcriptional corepressors (Pinto 

and Lobe, 1996).  GST-IAA12/BDL mEAR disrupted the interaction with TPL, 

whereas GST-N-TPL N176H retained the ability to pull down BDL P74S-GFP from 

plant lysates (Fig. 2.1f).  These interactions were also observed in a tobacco transient 

expression system (Voinnet et al., 2003) using bimolecular fluorescence 

complementation (BiFC) (Walter et al., 2004) (see Fig. 2.2). 

 To investigate the biological significance of these physical interactions, we 

analyzed bdl-1tpl-1 double mutants.  bdl-1 seedlings form a basal peg (Fig. 2.3c), 

lacking hypocotyl and root structures of wild type seedlings (Fig. 2.3a), whereas tpl-1 

roots (Fig. 2.3b) appear normal.  We found that double mutant seedlings formed 

hypocotyls and roots (Fig. 2.3d), indicating that tpl-1 can suppress the patterning 

defects seen in bdl-1 (see also Table 2.2).  bdl-1 mutants also display a reduction in 

cotyledon vasculature development (Fig. 2.3g).  Wild type and tpl-1 cotyledons 

develop a primary midvein with loops of lateral veins along the margins (Fig 2.3e,f).  

In bdl-1, these veins are either absent or severely reduced (Fig. 2.3g). Vasculature 

formation was restored in the cotyledons of bdl-1tpl-1seedlings, although lateral veins 

often did not form loops (Fig. 2.3h).  Therefore, tpl-1 can suppress defects in the 

apical and basal halves of bdl-1 seedlings.    

bdl developmental defects can first be detected during very early stages of 

embryonic development (Hamann et al., 1999) but are most readily  seen at the 

transition to heart stage of embryogenesis.  The hypophysis of wild type embryos 
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divides asymmetrically, resulting in a lens shaped cell (Fig. 2.3i), which will form the 

quiescent center of the root meristem.  The development of the embryonic root is 

marked by the accumulation of high auxin levels, which is correlated with increased 

expression of the synthetic auxin response reporter DR5::GFP (Friml et al., 2003; 

Ulmasov et al., 1997).  In wild type embryos, DR5::GFP expression is detected in the 

upper cells of the suspensor and the derivatives of the hypophysis (Fig. 2.3m), and is 

dependent on MP activity (Friml et al., 2003; Weijers et al., 2006).  tpl-1 embryos 

(Fig. 2.3j) also generate a lens shaped cell and display a wild type DR5::GFP 

expression pattern (Fig. 2.3n).  In bdl-1 embryos, the hypophysis divides abnormally, 

lacks the lens shaped cell (Fig. 2.3k), and DR5::GFP expression is not observed in 

hypophyseal cell derivatives (Fig. 2.3o) (Weijers et al., 2006).  In bdl-1tpl-1 double 

mutant embryos, the lens shaped cell is restored (Fig. 2.3l), signifying that the rescue 

of root formation takes place during embryogenesis.  Furthermore, DR5::GFP 

expression is again observed in the developing embryonic root (Fig. 2.3p).   This 

rescue, combined with the interaction of TPL and the EAR domain of IAA12/BDL, 

suggests that TPL is involved in IAA12/BDL mediated transcriptional repression.  

Therefore, we hypothesized that in the tpl-1 background, IAA12/BDL cannot fully 

repress transcription of its target genes, allowing root formation to occur. 

 To test this hypothesis, we used a UAS/GAL4 based in planta transcriptional 

repression assay with a GUS reporter (Wu et al., 2002).  First, we confirmed that TPL 

can repress transcription (Fig. 2.4a).  Next, we compared the ability of IAA12/BDL 

P74S to repress in a wild type versus tpl-1 background.  Plants expressing TPL-GAL4 
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and IAA12/BDL P74S-GAL4 fusions displayed a significant decrease in GUS activity 

in a wild-type background compared to the control line as determined by MUG assay 

(Fig. 2.4b), respectively 74.6 ± 1.2% and 76.7 ± 6.9% of the control.  Their 

representative staining patterns are shown in figure 2.4c-f.  Consistent with our 

hypothesis, the ability of IAA12/BDL P74S-GAL4 to repress transcription was 

diminished in the tpl-1 background (Fig 2.4b).  These data support the role of TPL as a 

transcriptional corepressor involved in AUX/IAA regulated transcriptional repression. 

Because TPL interacts with several members of the AUX/IAA family, we 

examined the genetic interaction between tpl-1 and the axr6-2 mutant, a mutant in 

which multiple AUX/IAAs are thought to be stabilized (Hellmann et al., 2003).  axr6-

2 seedlings resemble those of bdl-1 (Hobbie et al., 2000) (Fig. 2.5a), and tpl-1 rescued 

these phenotypes (Fig. 2.5b).  Therefore tpl-1 mutants may be a background in which 

the repressive function of multiple AUX/IAAs is reduced. 

 Thus far, single and multiple loss of function aux/iaa mutants characterized 

have been reported to have subtle or no discernible phenotypes (Overvoorde et al., 

2005).  However, we hypothesized that further loss of AUX/IAA function might 

enhance the tpl-1 phenotype.  To test this, we examined the effect of a T-DNA 

insertion allele (Salk_138684) (Alonso et al., 2003) of IAA12/BDL on tpl-1.  This 

allele of IAA12/BDL has no obvious phenotype, whereas tpl-1 exhibits a range of 

phenotypes when grown at 21°C (Long et al., 2002).  The frequency of the more 

severe seedling phenotypes was higher in the double mutant background versus tpl-1 

alone when grown at 21°C. (see Table 2.3), suggesting that tpl-1 is sensitized to 
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disruption of AUX/IAA function, and that decreased AUX/IAA function contributes 

to the tpl-1 phenotype. 

 The proposed function of AUX/IAAs is to bind to ARFs and inhibit their 

transcriptional activation of target genes.  Because IAA12/BDL binds ARF5/MP and 

also interacts with TPL, we reasoned that these three proteins may act in a complex.  

We examined this possibility using BiFC (Walter et al., 2004) in a tobacco transient 

expression system (Voinnet et al., 2003).  Although we observed no direct interaction 

between TPL or TPL N176H and ARF5/MP (Fig. 2.6a), interaction was observed 

upon co-expression of stabilized IAA12/BDL (Fig. 2.6b,c,  Fig. 2.2i), supporting the 

hypothesis that these proteins can exist in a complex, and suggesting that IAA12/BDL 

represses ARF5/MP by recruiting TPL.  It also shows that TPL N176H does not 

disrupt this complex. 

To determine if the EAR domain of BDL simply allows BDL to bridge TPL 

and ARF5/MP, we translationally fused domains III and IV of IAA12/BDL to TPL 

(Fig. 2.6d).  Domains III and IV occur in AUX/IAAs and ARFs and facilitate their 

physical interaction (Kim et al., 1997; Ulmasov et al., 1997).   This fusion protein 

should enable TPL to directly interact with ARF5/MP without requiring the EAR 

motif and we have confirmed this interaction via a yeast-two hybrid assay (Fig. 2.7).  

Also, because domain II of the AUX/IAA is absent, the interaction should be 

unaffected by auxin, acting analogously to the P74S mutation.  When this construct 

was expressed in plants under the IAA12/BDL promoter, phenotypes similar to 

arf5/mp loss-of-function and bdl-1 mutants were observed (Fig. 2.6e-g).  In light of 



 

 

33 

these results, we propose a model in which TPL is a transcriptional corepressor 

involved in repression of auxin response genes via its physical interaction with 

IAA12/BDL (Fig. 2.6h), and that this process is defective in tpl-1, resulting in the 

derepression of auxin response genes (Fig. 2.6i). 

 The EAR-domain dependent physical interaction of TPL and IAA12/BDL in 

concert with the suppression of the bdl-1 phenotype by tpl-1 posits a role for TPL in 

AUX/IAA mediated transcriptional repression.  Furthermore, in a repression assay, we 

found that TPL can act as a transcriptional repressor and the ability of BDL P74S to 

repress transcription decreases in the tpl-1 background, thus providing further 

evidence that BDL represses transcription through its interaction with TPL.  The 

coupling of TPL to ARFs through the AUX/IAAs provides the plant an elegant 

mechanism to control ARF transcriptional activity in an auxin dependent manner. Our 

finding that multiple AUX/IAAs interact with TPL and that tpl-1 suppresses the axr6-

2 phenotype suggests this is a general mechanism by which AUX/IAAs repress their 

ARF interaction partners.  It will be key to determine if all AUX/IAA proteins use 

TPL in this manner or if other proteins that contain the CTLH domain can provide this 

repressive function.  It will also be of interest to determine if other EAR domain 

containing transcription factors use TPL to facilitate their transcriptional repression 

activity in Arabidopsis as well as other plant species.    
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METHODS 

Plant growth conditions 

Plants were grown on soil or plates of Linsmaier and Skoog salts medium.  

Percival chambers were used for controlled temperature experiments. 

Constructs 

C-terminal BDL P74S-GFP fusions were made with ~1.5 kb upstream of the 

ATG through the stop codon, which was destroyed, and cloned in frame with GFP, the 

bdl-1 mutation introduced by site directed mutagenesis. 

The TPL, BDL, and bdl-1 cDNAs or fragments thereof were cloned into pDBleu or 

Pexp-AD502 yeast two-hybrid vectors (Invitrogen) in frame with Gal4 DNA binding 

or activation domains. 

Yeast experiments 

The TRAFO (Agatep, 1998) protocol was used for transformations into strain 

Mav203, the X-gal filter assay performed according to the Invitrogen Proquest system 

protocol. 

GST pulldowns 

Proteins were expressed and purified from the pGEX-KG vector in BL21 

(DE3)-RIPL, purifications performed using Glutathione Sepharose High Performance 

beads (Amersham Biosciences) according to product protocol.  Bound GST fusions 

were incubated with products of in vitro transcription/ translation from the pET-21 2T 

vector using the Promega TNT Quick Coupled Transcription/Translation System.  

Pulldowns from plant lysates were performed with extracts prepared as previously 
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described (Weijers et al., 2006) from non-transgenic or transgenic plants expressing 

TPL-HA or BDL P74S-GFP.  Incubation times (4°C, rotating) for in vitro 

transcribed/translated products and plant extracts were 1.5 and 4 hours, respectively.  

Beads were washed 3x in PBST (in vitro transcribed/translated products) or extraction 

buffer (plant extracts) and boiled in Laemmli buffer.  Western blots were performed 

with mouse anti-HA (Covance) or mouse anti-GFP (Santa Cruz), both 1:1000, and 

goat anti-mouse IgG (1:4000, BioRad) for the secondary antibody. 

Microscopy 

Excised ovules were mounted in Hoyer’s solution for embryonic 

morphological analysis.  Embryos were imaged using a Leica DM5000B microscope, 

seedlings using a Leica MZ FLIII microscope. 

Tobacco interaction studies 

Leaves were injected with Agrobacterium tumefaciens expressing viral 

suppressor p19/experimental constructs (Voinnet et al., 2003).  The constructs were 

cloned as N-terminal fusions to the BiFC molecule halves (SPYCE and SPYNE) 

(Walter et al., 2004) driven by CaMV 2x35s .  IAA12 P74S 6xmyc was used for 

testing TPL-ARF5/MP interaction. 
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Table 2.1  AUX/IAA interactors of TPL 
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Figure 2.1  Interactions between TPL and IAA12/BDL  

 

(A) Structure and truncations of TPL and IAA12/BDL for interaction studies.  Core 

residues of the EAR domain of IAA12/BDL are indicated in red.  Pink ellipse 

represents LisH domain, yellow hexagon represents CTLH domain, blue box 

represents proline rich region, and green boxes represent WD40 repeats of TPL.  

(B) TPL interacts with domain I of IAA12/BDL in yeast.  Interaction does not occur 

when domain I is truncated.  

(C) The interaction between TPL and IAA12/BDL is much lower when the EAR 

domain is disrupted (IAA12/BDL mEAR) compared to wild type.  IAA12/BDL does 

not interact with TPL when the CTLH domain is truncated.  

(D) The GST-N-TPL fusion protein can interact with in vitro translated IAA12-HA, 

but does not interact as strongly with IAA12/BDL mEAR.  

(E) Interaction studies using extracts taken from non-transgenic or transgenic plants 

expressing TPL-HA with beads only or purified GST fusion proteins.  

(F) GST-N-TPL N176H pulldown from non-transgenic or transgenic plants expressing 

BDL P74S-GFP. 
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Figure 2.2  in planta protein-protein interaction using bimolecular fluorescence 

complementation (BiFC) system in a tobacco transient expression system. 

(A) YFP to determine transformation efficiency.   

(B) the two halves of the BiFC complex co-transformed.   

(C) TPL shows nuclear localization and interaction with itself.   

(D) or with TPL N176H.   

(E) TPL and  

(F) TPL N176H interacts with BDL P74S.   

(G)  BDL P74S interacts with itself.   

(H) BDL P74S interacts with ARF5/MP.   

(I) TPL N176H does not show interaction with ARF5/MP alone .
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Figure 2.3 tpl-1 suppresses bdl-1 

 

(A) Wild type seedling, 4 days post-germination. 

(B) tpl-1 seedling, 4 days post-germination. 

(C) bdl-1 seedling, 4 days post-germination. 

(D) bdl-1tpl-1 seedling, 4 days post-germination. 

(E) Wild type cleared cotyledon 4 days post-germination. 

(F) tpl-1 cleared cotyledon 4 days post-germination.  

(G) bdl-1 cleared cotyledon 4 days post-germination. 

(H) bdl-1tpl-1 cleared cotyledon 4 days post-germination. 

(I) Wild type transition stage embryo.  Arrows indicate lens-shaped cell. 

(J) tpl-1 transition stage embryo.  Arrows indicate lens-shaped cell.  

(K) bdl-1 transition stage embryo.  Arrows indicate lens-shaped cell.  

(L) bdl-1tpl-1 transition stage embryo.  Arrows indicate lens-shaped cell. 

(M) Wild type transition stage embryo expressing DR5::GFP.  Arrows indicate lens-

shaped cell. 

(N) tpl-1 transition stage embryo expressing DR5::GFP.  Arrows indicate lens-shaped 

cell.  

(O) bdl-1 transition stage embryo expressing DR5::GFP.  Arrows indicate lens-shaped 

cell.  

(P) bdl-1tpl-1 transition stage embryo expressing DR5::GFP.  Arrows indicate lens-

shaped cell. 
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Table 2.2  tpl-1 suppresses the bdl-1 rootless phenotype 
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Figure 2.4  TPL has the ability to repress transcription and affects the ability of 

IAA12/BDL to repress.   

 

(A) Diagram of constructs analyzed in repressor assay.   

(B) MUG assay of transgenic plants expressing indicated constructs in indicated 

background.   

(C-F) GUS staining patterns in plants expressing reporter only (C),  tCUPp::BDL 

P74S-GAL4DB and reporter in a wild type background (D), tCUPp::BDL P74S-

GAL4DB and reporter in the tpl-1 background (E), and TPLp::TPL-GAL4DB and 

reporter in a wild type background (F). 
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Figure 2.5  tpl-1 suppresses axr6-2  

(A) axr6-2 seedling lacks a hypocotyl and root.  

(B) tpl-1axr6-2 seedling has a hypocotyl and a root. 
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Table 2.3  An IAA12/BDL insertional mutant enhances tpl-1   

 

(A) Frequencies of tpl-1 phenotypes in the different genotypes.   

(B) Bar graph comparing tpl-1 single mutant phenotype and phenotype in combination 

with IAA12/BDL insertional allele. 
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Figure 2.6  TPL functions to repress auxin response via its physical interaction 

with IAA12/BDL 

 

(A-C) Bimolecular fluorescence studies in tobacco.  Tobacco transformed with TPL-

SPYCE and ARF5/MP-SPYNE (A), BDL P74S, TPL-SPYCE, and ARF5/MP-

SPYNE (B), or BDL P74S, TPL N176H-SPYCE, and ARF5/MP-SPYNE (C).   

(D) TPL-IAA12/BDL domain III/IV fusion construct.   

(E-G) Phenotypes of transgenic plants expressing fusion construct.  Seedling lacking 

root (E), seedling lacking root and hypocotyl (F), seedling consisting of single 

cotyledon with no hypocotyl or root (G).   

(H) Model of TPL mediated transcriptional repression of auxin response genes.   

(I) schematic of derepression of auxin response genes in the tpl-1 context. 
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Figure 2.7  The TPL-IAA12/BDL domain III/IV fusion protein interacts with 

ARF5/MP in yeast 
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Chapter III 

Implications of putative TOPLESS interactors 
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ABSTRACT 

 In an effort to better understand the topless-1 (tpl-1) mutant, and thus further 

our understanding of embryonic development in Arabidopsis, a yeast two-hybrid 

screen was performed to identify physical interactors of the putative transcriptional 

corepressor (Long et al., 2006).  Thirty-two putative interactors were identified by 

yeast two-hybrid.  The majority of the proteins found were transcription factors, and a 

large fraction of these transcription factors were found to contain an ERF-associated 

amphiphilic repression (EAR) domain, which is known to be involved in 

transcriptional repression (Ohta et al., 2001).  Also, twenty-one of the identified 

transcription factors are thought to be involved in the auxin signaling pathway. 
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BACKGROUND 

 A transcriptionally active state of chromatin is generally characterized by a 

high level of histone acetylation in the region that is being transcribed.   Acetylation of 

histones is carried out by a family of proteins called histone acetyl transferases 

(HATs) (Kuo et al., 1996).  Highly acetylated histones result in configuration of the 

chromatin into a conformation that allows access of the general transcription 

machinery to the DNA, thereby allowing transcription to occur in the region (Kuo et 

al., 1996).  Transcriptional repression can result from a conformational change of 

chromatin from being in this ‘open’, accessible configuration, to a ‘closed’ 

configuration, which renders the DNA inaccessible to the general transcription 

machinery.  The Groucho/TUP1-family of transcriptional corepressors are a group of 

proteins involved in, as their name suggests, repression of transcription.  Repression of 

the target gene is facilitated by the corepressor binding to a DNA-bound transcription 

factor, not by its direct binding to a DNA sequence.  Therefore, target specificity for 

repression is dependent on the affinity the corepressor has for a specific transcription 

factor.  In addition to the DNA-binding transcription factor, transcriptional 

corepressors also interact with histone deacetylases (HDACs) (Chen et al., 1999; Choi 

et al., 1999; Watson et al., 2000; Wu et al., 2001).  This interaction brings the HDAC 

in proximity of the region to be repressed, where the HDAC functions to remove the 

acetyl groups from the histones, facilitating the conformational change to a closed 

configuration. 
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 The developmental mutant topless-1 (tpl-1) was isolated due to its defects in 

apical-basal patterning during embryogenesis (Long et al., 2002).  The TPL locus was 

identified, and found to encode a large protein consisting of multiple protein-protein 

interaction domains, and having a similar domain structure to the GROUCHO/TUP1 

family of transcriptional corepressors (Long et al., 2006).  At the carboxy-terminus of 

the TPL protein is a series of eleven WD40 repeats, which are involved in protein-

protein interaction.  The GROUCHO/TUP1 corepressors (Chen and Courey, 2000) 

also contain WD40 repeats at their carboxy-terminus, and these have been shown to be 

involved in interaction with transcription factors.  Both TPL and GROUCHO contain 

proline rich regions, which are also thought to be involved in facilitating interaction 

between proteins.  A lissencephaly homology domain and C-terminal to lissencephaly 

homology domain, which are thought to be involved in homodimerization and protein-

protein interaction are present at the amino-terminus of TPL (Emes and Ponting, 2001; 

Long et al., 2006).  These domains could be acting analogously to the coiled-coil motif 

and glutamine rich regions at the amino-terminus of GROUCHO/TUP1 corepressors, 

which have also been implicated in dimerization and protein-protein interaction.   

 In addition to the similarities in domain structure between TPL and known 

transcriptional corepressors, genetic interactions and similarities to other mutants 

defective in regulating transcription also provided insight into the role of TPL.    A 

hag1 mutant was found to suppress the embryonic phenotypes of tpl-1 (Long et al., 

2006).  HAG1 is the Arabidopsis homolog of GCN5, a histone acetyl transferase 

(Bertrand et al., 2003; Vlachonasios et al., 2003).  Suppression of tpl-1 by a mutant 
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defective in activation of transcription supports a role for TPL in transcriptional 

repression and provides additional support to the hypothesis that TPL functions as a 

transcriptional corepressor. 

 Further evidence supporting the role of TPL as a transcriptional corepressor 

comes from the similarities in phenotype between tpl-1 and hda19 mutants (Long et 

al., 2006).  HDA19 is an Arabidopsis class I RPD3-like histone deacetylase (Pandey et 

al., 2002).  When hda19 mutants were grown at high temperatures, their progeny were 

found to exhibit seedling phenotypes that resembled the tpl-1 mutant.  A fraction of 

the seedlings were monocots, tubes, and pins.  Also tpl-1 and hda19 mutants examined 

also exhibit similar floral phenotypes, including narrowing of the floral organs (Tian 

and Chen, 2001; Wu et al., 2000). 
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RESULTS AND DISCUSSION 

 A number of putative TPL interacting proteins were found from the yeast two-

hybrid screen.  Not surprisingly, the candidates included quite a few transcription 

factors, proteins that are known to interact with transcriptional corepressors.  

Interestingly, a large portion of the interactors was found to contain an ERF-associated 

amphiphilic repression domain, a motif known to be involved in transcriptional 

repression.  Table 3.1 lists the putative interactors of TPL found in the screen, and the 

EAR consensus motif of the candidate where applicable.  Also, within the putative 

interactors, were multiple members of each of two types of protein families, the 

AUX/IAAs and the Auxin Response Factors (ARFs), both of which have been 

implicated in the auxin signaling pathway.  Implications and significance of the 

interaction between TPL and the AUX/IAA proteins, specifically IAA12/BDL, were 

explored and those results are discussed in chapter II of the dissertation.   

TPL was found to interact with five different ARFs, in the yeast two-hybrid 

screen.  ARFs 1, 2, 9, 17, and 18, were all found as putative interactors in screens 

using full length TPL, but not in screens using the N-terminal fragment of TPL, a 

fragment that did have the ability to interact with the AUX/IAA proteins.  ARFs 1, 2, 

9, and 18 all belong to the same clade, which also includes ARF11 (Fig. 3.1).  ARF11 

directly tested for interaction by yeast two-hybrid assay did not appear to interact with 

TPL.  Also, of these interacting ARFs, the ones that have been examined for their 

ability to activate or repress ARFs have been classified as repressor ARFs (Ulmasov et 

al., 1999).  ARF3/ETTIN, one of the few ARFs that does not contain domains III and 
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IV (Sessions et al., 1997), and ARF/MONOPTEROS, both considered to be activator 

ARFs were also directly tested for interaction by yeast two-hybrid assay, and both had 

negative results for TPL interaction.  Based on the smallest fragments of the ARFs 

found in the screen (Fig. 3.2), it is apparent that TPL interacts with the C-terminal 

region of the transcription factor.  Most ARFs contain dimerization domains, referred 

to as domains III and IV at their C-terminus, and the shortest fragment of a domain III 

and IV containing ARF found to interact with TPL from the screen only contains 

seventeen amino acids N-terminal to these domains.  However, ARF17, lacks domains 

III and IV, but still interacts with TPL, suggesting that it is not these two domains that 

facilitate the TPL interaction.  Also, domains III and IV of the AUX/IAAs, which 

share homology with domains III and IV of the ARFs, are not required or sufficient 

for their interaction with TPL, also suggesting that the interaction might not require 

these dimerization domains in particular.  There is no other obvious sequence shared 

between the ARF fragments found from the screen, and narrowing down a specific 

region required for TPL interaction has yet to be done.  Truncation analyses using TPL 

fragments indicate that its proline rich region and first set (six repeats) of WD40 

motifs are required for the interaction with the ARFs (Fig. 3.3).  ARF1 and ARF2 have 

been implicated in the processes of senescence, organ abscission, and fruit ripening, 

and have been shown to effect the transcription of AUX/IAA family members (Ellis et 

al., 2005).  These processes are also regulated by another phytohormone, ethylene, and 

thus, these ARFs could be functioning in crosstalk between the two hormones, which 

is also supported by the finding that an arf2 mutant suppresses the ethylene mutant 



 

 

61 

hookless1 (hls1) (Li et al., 2004).  ARF17 has been implicated in developmental 

processes such as petal size, leaf shape, and phyllotaxy (Mallory et al., 2005).  

Although work on the relationship between TPL and the ARFs it interacts with is just 

beginning, one attractive possibility is that TPL works with these repressor ARFs 

directly which does not require an AUX/IAA mediator, and provides a means of 

repressing auxin response genes in a manner that is insensitive to auxin. 

 Another EAR domain containing transcription factor found to interact with 

TPL in the yeast two-hybrid screen was APETALA2 (AP2).  Although this protein 

was only identified as a putative interactor in the screen using full length TPL, further 

analysis by direct testing revealed that the N-TPL (Fig. 3.4a) fragment is necessary 

and sufficient for the interaction.  Furthermore, unlike with the EAR domain 

containing TPL interactors, the AUX/IAAs, the interaction between AP2 and TPL was 

disrupted by the tpl-1 N176H mutation (Fig 3.4b), even when expressed at equal levels 

with wild type TPL (Fig 3.4c).  This indicates that the defects observed in the tpl-1 

mutant could be caused by weakened protein-protein interactions and disruption of a 

TPL-containing complex.  As its name suggests, AP2 is involved in the patterning of 

floral organs (Bowman et al., 1989; Jofuku et al., 1994).   A wild type flower consists 

of four whorls, the first (outer) consisting of four sepals, the second consisting of four 

petals, the third consisting of six stamens, and the fourth (center) whorl consisting of 

two carpels, which fuse to form the gynoecium (Bowman et al., 1989).   According to 

the ABC model of floral organ development (Bowman and Meyerowitz, 1991; 

Meyerowitz et al., 1991), AP2 is considered an A class floral identity gene, and is 
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thought to promote sepal identity in the first whorl of the flower and petal identity in 

the second whorl in concert with B class floral identity genes, which are expressed in 

the second and third whorls.  It also plays a role in limiting C class floral identity 

genes, which act to promote stamen identity in the third whorl in concert with B class 

floral identity genes, and promote carpel identity in the fourth whorl, from functioning 

in whorls one and two (Drews et al., 1991).  In addition to its embryonic phenotype, 

the tpl-1 mutant also has a floral phenotype.  tpl-1 flowers display narrowing of 

organs, organ loss, carpel fusion defects, and partial petal identity in the first whirl 

sepals.  It is possible that there is a connection between these phenotypes and the 

physical interaction of TPL and AP2.  Also, when AP2 expression was examined by in 

situ hybridization, a specifically apical expression pattern was revealed.  In both early 

globular (Fig. 3.5a) and transition (Fig. 3.5b) stage embryos, AP2 expression only 

occurred above the O’ line, which marks the boundary between the portion of the 

embryo will develop into the cotyledons and shoot apical meristem, and the region 

that will develop into the hypocotyl.  Efforts to determine the implications of this 

expression pattern and the TPL physical interaction for embryonic development and 

the understanding of the tpl-1 mutant phenotype are underway. 

Although the significance of the TPL interaction with IAA18 was not explored 

to the extent as that with IAA12/BDL, preliminary exploration of this AUX/IAA was 

begun due to the found interaction.  Thus far, the only reports concerning IAA18, is a 

brief mention that its stabilized mutant phenotype includes cotyledon fusion, upcurling 

leaves, an increased hypocotyl length, and decreased root length (Reed, 2001).  tpl-1 
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mutants also exhibit cotyledon fusion, and there is a possibility that there could be a 

connection between these similar phenotypes and the physical interaction of TPL and 

IAA18, although this has not yet been established.  By in situ hybridization 

experiments, we also found that IAA18 had an apical expression in the embryo.  Early 

on in early globular stage embryos, expression occurred broadly in the apical domain 

(Fig 3.6a).  Later on, during the transition stage, IAA18 expression was more 

restricted, confined to the central portion of the apical domain, in the developing shoot 

apical meristem region (Fig. 3.6b).  This specific apical expression is of particular 

significance because of the apical defects in tpl-1.  Also, during the transition stage of 

embryogenesis, auxin is thought to be synthesized in the top half of the embryo, and 

then transported down to the basal portion, where the auxin response of root formation 

occurs.  One possibility could be that TPL plays a role in the top half of the embryo to 

keep it from responding to the auxin that is synthesized there in the same way as it 

responds to the auxin that is present in the basal part of the embryo, possibly in 

conjunction with IAA18. 

In the yeast two-hybrid screen using N-TPL, another that interaction that was 

found was with three closely related R2R3 MYB transcription factors- MYB44, 

MYB73, and MYB77 (Stracke et al., 2001).  These three proteins also contain an EAR-

like motif.  The large family of R2R3 MYB transcription factors has been implicated 

in many different processes in Arabidopsis (Jin and Martin, 1999), including 

metabolism, cellular morphogenesis, and meristem formation, and recently it was 

reported that MYB77 can interact with ARF7/NPH4, and is involved in auxin 
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responses such as root growth inhibition and lateral root development (Shin et al., 

2007).  Thus, the TPL-MYB physical interaction could be another means by which 

TPL is involved in the auxin signaling pathway. 
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Table 3.1  Putative TPL interactors 

 GENE LOCUS EAR 

1. AUX/IAA1 At4g14560 LRLGLPG 

2. AUX/IAA2 At3g23030 LCLGLPG 

3. AUX/IAA3 At1g04240 LRLGLPG 

4. AUX/IAA4 At5g43700 LRLGLPG 

5. AUX/IAA6 At1g52830 LRLGLPG 

6. AUX/IAA8 At2g22670 LRLGLPE 

7. AUX/IAA9 At5g65670 LTLGLPG 

8. AUX/IAA11 At4g28640 LGLTLSL 

9. AUX/IAA12 At1g04550 LELGLGL 

10. AUX/IAA13 At2g33310 LELGLGL 

11. AUX/IAA14 At4g14550 LCLGLPG 

12. AUX/IAA17 At1g04250 LCLGLPG 

13. AUX/IAA18 At1g51950 LELKLGP 

14. AUX/IAA26 At3g16500 LELRLHR 

15. AUX/IAA27 At4g29080 LRLGLPG 

16. AUX/IAA28 At5g25890 LELRLAP 

17. ARF1 At1g59750 - 

18. ARF2 At5g62000 - 

19. ARF9 At4g23980 - 
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Table 3.1 continued 

 GENE LOCUS EAR 

20. ARF17 At1g77850 - 

21. ARF18 At3g61830 - 

22. MYB44 At5g67300 LSLSLPG 

23. MYB73 At4g37260 LSLSLPG 

24. MYB77 At3g50060 LDLSLSL 

25. ULTRAPETALA1 At4g28190 - 

26. APETALA2 At4g36920 LDLSLGN 

27. ZINC FINGER At5g10970 LDLSLKL 

28. LOB37 At5g67420 LDLSLIP 

29. PHD FINGER At3g63500 LDLSLSL 

30. BAH DOMAIN CONTAINING At4g24200 - 

31. MYOSIN HEAVY CHAIN RELATED At2g14680 - 

32. SECRETORY COMPONENT At1g76850 - 
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Figure 3.1  The AUXIN RESPONSE FACTOR family (Okushima et al., 2005) 

 

Phylogenetic tree of AUXIN RESPONSE FACTORS (adapted from Okushima et al., 

2005).  Yellow  star indicates ARF family members found to interact with TPL by 

yeast two-hybrid. 
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Figure 3.2  ARF fragments found to interact with TPL 

 

The domain structure of the ARFs found to interact with TPL is indicated.  Red arrow 

indicates where shortest truncation of the ARF clone found to interact with TPL in the 

yeast two-hybrid screen occurs.  Pink box highlights he C-terminal interacting 

fragment.
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Figure 3.3  The TPL-ARF interaction requires the proline rich region and first set of 

WD40 repeats of TPL 

 

The structure of TPL is indicated and the domains are defined.  The tpl-1 mutation is 

indicated by red arrow.  The different truncations of TPL used to test interaction with 

ARF9 are depicted to the left of the yeast two-hybrid assay results.
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Figure 3.4  TPL interacts with AP2 

 

(A) Structure of TPL (DB) and truncations used to test the AP2 (AD) interaction.  tpl-

1 mutation is indicated with red arrow. 

(B) Result of yeast two-hybrid interaction analysis of various TPL fragments depicted 

in (A) and AP2. 

(C) Western blot analysis to check the expression of yeast two-hybrid fusion proteins.  

Numbers correspond to the numbered panels in (B).  Lanes 7 and 8 in lower panel 

represent an antibody control.
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Figure 3.5 APETALA2 expression in the embryo 

 

(A) AP2 expression in an early globular stage embryo. 

(B) AP2 expression in a transition stage embryo. 
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Figure 3.6 IAA18 expression in the embryo 

 

(A) IAA18 expression in an early globular stage embryo. 

(B) IAA18 expression in a transition stage embryo. 
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CONCLUSIONS 
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IMPLICATIONS FOR THE AUXIN SIGNALING PATHWAY 

 This work has established a role for TPL in mediating repression of auxin 

response genes, thus furthering our understanding of embryonic development in 

Arabidopsis.  Although the majority of the work was focused on the relationship 

between TPL and IAA12/BDL, the suppression of the axr6-2 phenotype by tpl-1 

suggests that TPL could be involved in the repression of many auxin response genes, 

not only through its physical interaction with IAA12/BDL, but also through its 

interaction with at least fifteen other AUX/IAA family members.  This could indicate 

that TPL is involved in a vast number of processes within the plant, possibly even 

more than might be inferred from the tpl-1 phenotype.  Also, it is possible that this 

could be the function of the TPL family members, the TOPLESS RELATED (TPR) 

genes (Long et al., 2006).  If this holds true, it is possible that mutants of these genes 

might exhibit other auxin related phenotypes not exhibited by tpl-1, perhaps in stages 

of development where the role of TPL is not as important as it is in the embryo, and 

could reveal even more roles of auxin in Arabidopsis.  Additionally, this work also 

could lead to the revelation of a connection between AUX/IAAs and other CTLH 

domain containing proteins, thus furthering our understanding of the auxin response in 

plants. 

UNDERSTANDING THE tpl-1 PHENOTYPE 

 Uncovering the role of the corepressor TPL in the transcriptional repression of 

auxin response genes provides for some possible explanation of the tpl-1 mutant 

phenotype, at least in part.  We have proposed that tpl-1 is defective in the 
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transcriptional repression of auxin response genes, resulting in what can be referred to 

as an ‘inappropriate’ auxin response.  One well established auxin response is the 

process of root formation, and the ectopic expression of auxin response genes could 

account for the formation of a root in the top half of the embryo that occurs in tpl-1 

mutants.  Also, the temperature sensitivity of the tpl-1 mutant phenotype (Long et al., 

2002) can also be explained by ectopic expression of auxin response genes.  At higher 

temperatures, it is known that increased auxin levels accumulate in the plant.  A 

heightened auxin response due to increased levels of the hormone, combined with the 

derepression of auxin response genes in the tpl-1 background, would result in an even 

greater auxin response, thereby enhancing the phenotype of tpl-1. 

tpl-1 AS A TOOL 

 Although stabilized AUX/IAA mutants exhibit phenotypes that are oftentimes 

very severe, loss of function and even multiple loss of function aux/iaa mutants that 

have been examined have thus far shown very subtle or no obvious phenotype, 

presumably due to functional redundancy within this large family of repressor proteins 

(Overvoorde et al., 2005; Ulmasov et al., 1997).  A great understanding of auxin 

action and the processes it is involved in has arisen from studying these stabilized 

mutants, but it is also possible that the stabilization and accumulation of these 

repressor proteins confers them the ability to act in situations that they would not 

normally be involved in, perhaps repressing the transcription of genes which they 

ordinarily do not in a wild type plant.  This could mask subtle intricacies of specific 

AUX/IAA functions, or functions that are more biologically relevant.  Working under 
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the model that TPL is a transcriptional corepressor involved in AUX/IAA regulated 

expression of auxin response genes we have hypothesized that the tpl-1 mutant acts as 

a background in which the function of multiple AUX/IAAs is partially decreased.  We 

have shown that a loss of function iaa12/bdl mutant, which ordinarily has no seedling 

phenotype, enhances the tpl-1 phenotype.  This supports our hypothesis, and also 

suggests that tpl-1 is sensitized to further loss of AUX/IAA function.  Therefore, it is 

possible that tpl-1 can be used as a tool to examine AUX/IAA function.  Analysis of 

loss of function aux/iaa mutants, mutants that oftentimes have no discernible 

phenotype, in the sensitized tpl-1 background could reveal additional biological 

processes in which these repressor proteins are involved. 

REPRESSION OF AUXIN RESPONSE GENES 

 The mechanism we have revealed for TPL mediating the transcriptional 

repression of auxin response genes suggests that the AUX/IAA simply acts as a bridge 

between repressor and target.  AUX/IAA degradation in the presence of auxin (Gray et 

al., 2001) allows for a very elegant mechanism in which a repressor can easily be 

separated from its target in response to a hormone, presumably allowing activator 

ARFs to facilitate the transcription of auxin response genes.  However, there is a class 

of repressor ARFs (Ulmasov et al., 1999), although the function of these ARFs has not 

been characterized to the extent as that of the activator ARFs.  TPL was found to 

interact with several closely related ARFs, all of which are categorized as repressor.  It 

is possible that in some situations, it is undesirable for an auxin response gene to be 

expressed, even in the presence of auxin.  The physical interaction of TPL with this 
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class of repressor ARFs could provide a means by which auxin response genes remain 

repressed, even in the presence of auxin.  We propose that TPL represses transcription 

of auxin response genes by activator ARFs via a required AUX/IAA bridge.  Although 

work has only just begun on establishing the significance of the TPL-repressor ARF 

physical interaction, an attractive, although preliminary, model is that this direct 

interaction allows repression of auxin response gene expression that is insensitive to 

auxin. 
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