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1 Summary 1

1 Summary

The essential plant growth hormone auxin orchesgratwide range of developmental
and environmental processes in the course of jifanin general, these responses are
predominately implemented by the encoded activitawxin responsive genes, which
are corporately regulated by the family of AuxinsBense Factors (ARFs) and the class
of AUX/IAA proteins. Whereas ARF transcription facs (TFs) exert their trans-
activating properties upon direct binding to theagnate Auxin Response Elements
(AuxREs), the AUX/IAA transcriptional repressors ntact the ARF proteins to
modulate their activity. In order to sustain optinmant growth, auxin mediated
responses have to be adjusted according to theaipngv endogenous and
environmental conditions. Thus an integration & torresponding stimuli into auxin-
related transcriptional patterns is required. Bmimatic promotecis-element analyses
revealed that promoters of auxin responsive geresa only significantly enriched for
AuxREs, but also for the G-BOX RELATED ELEMENTS (GR and MYB
RESPONSIVE ELEMENTS (MRESs). Using tigabidopsis AtGH3.3romoter as an
auxin responsive model system, a combinatorialrobof auxin-mediated transcription
by a complex arrangement of these, in part reduhdacting, cis-elements has been
demonstrated. Whereas AuxREs function as auxinrokp# switches, GREs and
MRESs act as quantitative modulators. Applying agractivation screening approach in
protoplasts, members of the C/S1 network of basicihe zipper (bZIP) TFs have been
identified, which enhance and sensitize auxin-ntedidaranscription via binding the
GRE cis-element. Complementary, gain- and loss-of-funcapproaches in transgenic
plants confirm that the closely related group SbZAP2, -11 and -44 TFs modulate
auxin-induced transcription and are capable tor aigpical auxin-related growth-
responses, such as primary root growth, lateral f@mwonation, root hair density and
gravitropism. Histochemical expression analysistiod auxin responsive DR5:GFP
reporter suggests bZIP-dependent alterations innadistribution and/or signalling.
Ensuing studies on the mechanistical action ofgiteeip S1 bZIPs on auxin mediated

transcription revealed that particularly AtbZIP¥lated TFs are able to recruit the
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SAGA-like acetylation machinery via their N-terminaactivation domain.

Pharmacological and reverse genetic approachedycldefine the impact of histone
acetylation in auxin-induced transcription. In fa€@hromatin-Immunoprecipitation
(ChIP) analyses confirm bZIP-dependent recruitmehtthe histone acetylation
machinery and RNA-Polymerase Il. Altogether, thesga suggest a novel bZIP-
mediated mechanism to fine-tune chromatin accdigiluring auxin-induced gene
activation. As C/S1 bZIP-TFs are reprogramming ghenary metabolism in response
to energy stress, the GRE/bZIP module might functie a “rheostat” which provides

means to balance auxin-mediated growth responstége@nergy status of the plant.

2 General Introduction

2.1  Phytohormones control diverse plant developmental rad
environmental responses

Plant hormones, also designated as phytohormoeessaential molecules that regulate
many aspects of plant metabolism to ensure codstinplant growth, development,
reproduction and/or plant defence (Wang and Irv2@l1l; Pieterse et al., 2009). By
definition, they are signalling molecules that egkeased by specific cells or tissues and
often affect the metabolism of distant responselés@r tissues, already at low amounts
(Taiz and Zeiger, 2006). The responsiveness ofctiteesponding recipient cells and
tissues varies and is dependent on their individaeasitivity to the hormone, which in
turn can be affected by the tissues current devedopal stage and the prevailing
environmental conditions (Vanneste and Friml, 200®)js enables the plant to address
adaptive, metabolic reprogramming in selected éissby locally altering the hormone

concentration or the hormone sensitivity of thepeesive receiver cells.

Classically five types of phytohormones are knowhich fit the prevailing definition
of hormones. These are abscisic acid (ABA), awdgtokinins, ethylene and
gibberellins (Wang and Irving, 2011). Besides thégeher signalling molecules, such

as brassinosteroids, jasmonates, salicylic acid),(Systemin and strigolactones have
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been described to fulfil phytohormone functionse{Bise et al., 2009). New insights
into hormone action and the extensive crosstallwéen them, led to a detailed picture
of how hormones regulate diverse plant processase(wed in Davies, 2004). The
essential plant hormone auxin is one of the bestatterised hormones as it is involved
in several plant developmental and growth-relaessponses. In the following section
an overview of auxin action and homeostasis isgqntes!.

2.2 Auxin is an essential plant hormone that controls avide range
of developmental and growth-related processes in ¢hcourse of
plant life

The long lasting history of plant biology is clganhtertwined with the conception and
discovery of the plant hormone auxin. In numeroesades of plant science the
contribution of diverse, newly emerging discipliresch as molecular-, structural- and
cellular biology helped to unravel many, but cemyainot all, of the hormones’ secrets
leading to a comprehensive picture of auxin actioplant development and growth
(Abel and Theologis, 2010). The structural natuiréhe growth promoting substance
auxin, named after the greek verb auxano, whichns\&m grow or expand”, was first
discovered in 1936 and was found to be a small simtple structured molecule,
comprised of a planar hydrophobic indole ring systeked to acetic acid (Went et al.,
1937). Soon after its identification it became appathatlndole-3Acetic Acid (IAA)

is the principal auxin in all land plant speciesafigen-Smit et al., 1946; Rensing et al.,
2008; De Smet et al., 2011; Abel and Theologis,020During their life cycle the
hormone controls a diversity of processes. The -tiemtacterised auxin-mediated
responsesHigure 1) are the enhancement of cambial activity anddielsion (Snow et
al., 1935), cell elongation which is mediated by #uxin-associated cell wall relaxation
(Hoson et al., 1991) and cell differentiation ofrgrachyma cells to xylem vessels or
phloem cells during the formation of vascular tesg@ihimann et al., 1977). On more
systemic level, several developmental processesa@reolled by auxin, such as the
determination of embryo polarity (Moller and Weger2009), the shoot (apical
dominance and shoot elongation) (Vernoux et all,02@nd root meristem outgrowth
(primary root elongation, initiation of lateral aadventitious roots and root hairs) (Pitts
et al. 1998; Rahman et al. 2002; Ishida et al. 26@8et et al. 2009), the initiation and
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formation of female flowers (Nole-Wilson et al.,12) and the inhibition of leaf and
fruit abscission (Shoji et al., 1951; Ellis et &005). In addition, environmental stimuli,
like gravity (gravitropism) or light (phototropisngre integrated into directed plant
growth by the plant hormone (Muday, 2001). In mbssues auxin responses are
concentration dependent and different tissues respo a distinct manner to varying
amounts of auxin (Thimann, 1938; Ludwig-Muller, 201 While adequate
concentrations of the hormone can stimulate smeo#sponses, higher levels can act
inhibitory (Thimann, 1938). This fact is also w#éid in the agronomic field to control
undesired plant growth by applying synthetic, hygstible auxin analogs which operate
as herbicides (Grossmann, 2007).

Besides its role in plant development and growtnxira has been reported to be
involved in the establishment of plant - pathog@enactions. It was postulated to act in
an antagonistic crosstalk with the signalling maolecsalicylic acid (SA), which is
known to be a crucial key promoter of plant pathodefence responses (Pieterse et al.,
2009). Indeed, specific auxin mediated responses@ppressed after pathogen attack
and/or SA accumulation (Wang et al., 2007; Par&lgt2007), which presumably can
be ascribed to a plants’ derived mechanism to imgaxin signalling (Navarro et al.,
2006). In contrast to this, various pathogens hewelved strategies to bypass this
adaptation of auxin signalling by actively produgiarge amount of auxins (Glickmann
et al., 1998) or titrating repressors of auxin ragetl expression (Padmanabhan et al.,
2008). These findings indicate that auxin can aca ausceptibility factor to enhance

pathogen virulence.
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Figure 1: Overview of typical auxin mediated plant responéagapted from the Thierry Gaude lab
homepage at http://www.ens-lyon.fr/RDP/SiCE/endiistex-uk.html).

In conclusion, these multi-facetted functions okiauvisualise that the endogenous
auxin levels and auxin-mediated plant responseg havbe strictly and corporately

regulated, to ensure proper plant growth, develapraed survival.

2.3  Auxin metabolism and homeostasis is controlled by uitiple
coordinated processes

The regulation of endogenous auxin concentratiorss auxin-mediated responses is
thought to be predominantly executed by a trinity@-ordinated processes, including
auxin metabolism, auxin distribution and the indiwl, cellular auxin response
(reviewed in Abel and Theologis, 2010). Auxin metigm involves both, the spatio-
temporal regulation of auxin biosynthesis and degian on the one hand and the
modulation of the existing, bioactive pool of fraaxin by reversible or irreversible
conjugation to high or low molecular weight molexsjl on the other hand (Chandler,

2009). Until today several auxin and auxin precur®g IPA) conjugates with low
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molecular weight moieties such as amino acids, rsugayo-inositol or methyl groups
and high molecular weight moieties such as pepthesproteins have been described
(reviewed in Bajguz and Piotrowska, 2009; Chand®€09). As only free auxin is
established to be the biological active substanemporary or constant hormone
conjugation is postulated to adjust auxin homedstag partitioning the hormone to
storage compounds or commit them to degradationofiard et al., 2005). In this
respect, only the relevance and occurrence of tixéna amino acid conjugates has
been studied in greater detail and in diverse pkpecies. In accordance to this,
repressively acting auxin conjugation to diversenmanacids is catalysed by the encoded
activity of the early auxin responsi@H3 genes (Staswick et al., 2005). Based on their
rapid auxin triggered expression and catalytic vagtithey constitute a negative
feedback mechanism to adjust auxin homeostasis.oldg® of these genes, which
encode for IAA-amido synthetases, are classifiedraap Il GH3s and are found in all
higher land plants (Staswick et al., 2005; Ludwigir, 2011). Depending on the
specificity of the corresponding enzyme, a broaujeaof amino acids can serve as
substrates. Thus far, GH3 formed conjugates witharate (Asp), glutamate (Glu),
phenylalanine (Phe), alanine (Ala), leucine (Leglycine, isoleucine, methionine,
proline, tyrosine, glutamine, valine and tryptoplf@rmp) have been identified (Staswick
et al., 2005). As IAA-Ala, IAA-Leu and IAA-Phe camgates are described to be
substrates of the, so far characterised I1AA-amidigrdiases, which rapidly convert the
conjugates to their initial molecules, they apptyeserve as temporary, inactive 1AA
storage reserves (Davies et al., 1999; Rampey.eR@D4; Savic et al., 2009). In
contrast to this, IAA conjugation to Asp and Glusifaund to be irreversible and leads
to oxidative catabolism of IAA (Ostin et al., 1998¢ce Tam et al., 2000). Since it has
been presumed that conjugated IAA is principallyldigical inactive, it was remarkable
that auxin conjugation to Trp reversed the hormgretivity, now suppressing some
auxin-related responses (Staswick, 2009).

Besides this rapid modulation of auxin homeostagigegulating the existing auxin
pool via repressive conjugation, the hormone coimagan can also be adjusted by
controlled spatio-temporal auxin biosynthesis. Aitph many enzymatic steps of the
proposed auxin biosynthetic pathways are yet utatied and the contribution of each

of them is, due to the extensive functional redumegldbetween them, difficult to assess,
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an outline of the most discussed IAA biosynthetithways can be madgigure 2). To
date one Trp-independent and four Trp-dependertesofor IAA biosynthesis have
been postulated, each of them cytoplasmically isedl and designated to an
intermediate that is a hallmark of it (reviewedManneste and Friml, 2009). These are,
with respect to the Trp-dependent routes, the a@ehcetamide (IAM) pathway, the
indole-3-acetaldoxime (IAOx) pathway, the tryptami{TAM) pathway and the indole-
3-pyruvic acid (IPA) pathway (reviewed in Woodwaadd Bartel, 2005; Chandler et
al., 2009) and related to the Trp-independent rotlte indole-3-glycerol phosphate
(IGP) pathway (Ouyang et al., 2000).

chorismate —————— anthranilate

indole <+——————————— indole-3-glycerol |-------sscssmsssssecessocsoocnsnone ooy
phosphate
o )
AYICP
NH -}
| BB "
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Figure 2: Overview of auxin biosynthesis pathways) Postulated Tryptophan (Trp) independent
biosynthetic pathway, IGEB - E) Trp-dependent biosynthetic pathways such a8jHéaM- C) IPA- D)
TAM- and E) IAOx-pathway. Figure was adapted from Chandlealet2009 and complemented with

figures of IAA intermediates from Zhao, 2010.

Thus far, only the TAM and IPA biosynthetic pathwalgave been highlighted to
notably contribute to auxin dependent developmematesses planta(Vanneste and
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Friml, 2009). Referring to the TAM pathway the iaitrate-limiting step is catalysed by
flavin monooxygenase-like enzymes of the YUCCA fignfzhao et al., 2001). They
convert the Trp derivative TAM to N-hydroxyltryptame, a precursor of IAOx that can
be subsequently used in the biosynthesis of IAAafZbt al., 2001). Applying reverse
genetic approaches it could be demonstrated th#tions in multiple, co-expressed
YUCCAgenes lead to local auxin imbalances to an extbatit resulted in auxin-

related developmental defects such as abnormalviaation, root pole specification
and floral organ patterning (Cheng et al., 2006er@het al., 2007), indicating that the
YUCCA-mediated TAM pathway is at least one of th@an IAA biosynthetic routes in

Arabidopsis

The relevance of the IPA pathway in IAA biosyntlsesas only recently been shown
with the identification of a gene family encodigabidopsisTrp aminotransferases
(TAAs). They catalyse the transamination of TrplBA, which afterwards can be
further decarboxylated to IAA. Mutants in TAA genglsow reduced free IAA levels
suggesting that also the TAA-dependent IPA pathsiggificantly contributes to total
IAA production (Stepanova et al., 2008; Tao et daD08). Accordingly, the TAA
mutants show an attenuated differential auxin ithgtion that coincides with
pronounced auxin-related defects in gravitropismpmeyogenesis and vascular tissue
differentiation (Stepanova et al., 2008; Vannesig &riml, 2009). Due to the fact that
mutants in the key enzymes of the TAM and IPA patysvexhibit in part similar auxin-
related phenotypes and likely share at least aelerymatic steps, it has to be shown
whether these pathways indeed represent indepemdesit least partially redundant
routes for IAA production (Vanneste and Friml, 2D0@ terms of regulation of these
auxin biosynthesis pathways, only rudimentary kremlge has been accumulated.
Nevertheless, it becomes apparent that specifiecra@mental signals such as light
quality (Tao et al., 2008) or developmental signalsch are integrated by the plant
hormone ethylene (Stepanova et al., 2008) can asgllAA transcription and therefore
TAA-dependent IAA biosynthesis. This exemplarily ndenstrates that auxin
biosynthesis pathways are likely co-ordinately tatpd to provide auxin during plant
development and in response to environmental cnégtereby integrate internal and

external stimuli in auxin mediated responses.
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Auxin biosynthesis is constantly and primarily implented in the meristems of the
shoot apex (Vernoux et al., 2010), but also to aomidegree in roots (Ljung et al.,
2005; lkeda et al., 2009; Petersson et al., 20@8) tamporarily also in the actively
growing tissues like the developing embryo (Moberd Weijers, 2009), young leaves
(Ljung et al., 2001) and fruits (Epstein et al.02]) In order to enable proper auxin
mediated responses in these and more source didemttissues, which completely or
partially depend on auxin import, the hormone lwalse directionally translocated from

the main sources to the corresponding sink tisSdeshoux, 2010).

2.4  Differential auxin distribution mediated by directional auxin
transport initiates and controls auxin related devéopmental
and environmental processes

The understanding of auxin action was substantsdiBped by the finding that auxin is
differentially distributed throughout the plant aitd tissues and that this feature is
universally associated with the correct manifestatif diverse auxin related responses
(reviewed in Tanaka et al., 2006). For instanceatiran mediated tropic responses are
established by the formation of local auxin maxiara minima, also referred to as
auxin gradients. As mentioned earlier, varyingugsscan respond differently to distinct
auxin concentrations. With respect to auxin mediatell elongation, a local auxin
accumulation in root cells inhibits their elongatiavhereas shoot cells respond with an
enhanced elongation (Thimann, 1938; Tanaka et2@Dg). Based on this principle,
roots and shoots redirect their growth during twopesponses in opposite ways
(Vanneste and Friml, 2009). For example gravitynatation leads to a differential
auxin distribution across the root and stem orgahgh induces differential organ
growth and therefore organ bending. Vividly thisame that whenever a change in
gravity stimulus occurs auxin accumulates at thgelosite of the root- and shoot
organs, which locally inhibits cell elongation inetlower root parts, which therefore
bend downwards and locally stimulate cell growtlthi the lower shoot parts, which
then bend upwards (Tanaka et al., 2006). A sinmt@chanism of stimulus induced
differential auxin distribution and therefore ditieaal growth is the plants’ phototropic
response. To enable optimal plant growth, the ph@etds to grow towards the light to

ensure saturated photosynthetic activity. The mtiplant growth adjustment is
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mediated by a local auxin accumulation at the nstweded site of the shoot, leading to
locally enhanced auxin mediated cell elongation tedteby to light directed growth
(reviewed in Whippo and Hangarter, 2006). Besides role of auxin gradients in
regulating growth in response to environmental glinit also has multiple functions in
developmental processes such as embryogenesis rgadogenesis (Vanneste and
Friml, 2009). For example, in the early embryortiages, dynamic patterns of auxin
maxima are established, which initially determine €émbryo polarity by specifying the
apical cell and later in development assign tha pmde and the locus of cotelydon
formation (Friml et al., 2003). During post-embryoplant growth auxin gradients set
developmental marks of de novo leaf, flower andrkdtroot organogenesis (Benkova et
al., 2003). In general these developmental prosesse initiated by a local auxin
accumulation at the site of prospective organ gnoi@ubrovsky et al., 2008; Heisler et
al., 2005) and are subsequently maintained withetitablishment of an auxin gradient
along the growth axis of the developing primordiwfth the auxin maximum at its tip
(Benkova et al., 2003). Transferred to the initiatiof primary and lateral roots, this
means that once the root meristem is set and tmadti a stable auxin gradient is
constituted with its maximum in the quiescent ceraed young columella cells
(Sabatini et al., 1999; Friml et al., 2002), whislrequired to maintain the pattern and
activity of the root meristem (Blilou et al., 2009 similar mechanism is operating in
the early leaf development, in which local auxinxime are not only essential to
initiate the formation of the leaf primordia, bus@ control the development of internal
structures like the vascular tissue during leafatim (Mattsson et al., 2003; Scarpella
et al., 2006). Notably, not only local auxin maxifat also minima control diverse
developmental processes. For instance it had beemomstrated that local auxin
depletion is crucial for seed dispersal, as anraminimum specifies the valve margin
separation layer, which is the restricted openmgezofArabidopsissiliques (Sorefan et
al., 2009). Altogether these examples illustrate tmportance of differential auxin
allocation within the plant and plant tissues talda coordinated plant development in

response to intrinsic and external stimuli.

To establish and dynamically regulate these sthmdliced auxin gradients, the
hormone has to be directionally transported from lfosynthetic active organs to the

sites of auxin action. The bulk long distance autansport from the main source
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tissues, such as the shoot apex to the main sskds, like the root is mediated by the
rapid (up to 7 cm/h) transport pathway of the membless phloem sieve elements
(Marchant et al., 2002; Tsurumi and Wada, 1980)icivtalso carries carbohydrates,
proteins and mRNAs but also the phytohormones AB#Al &ytokinins to their
corresponding sink tissues (Robert and Friml, 20@8sides this rapid, but rather
undirected auxin bulk transport, which distribuéesin throughout the plant, auxin can
much slower (10 mm/h), but in a plant hormone ueidashion also move in a
directional manner between cells and tissues (nadein Vanneste and Friml, 2009;
Overvoorde et al., 2010). This directed short distamovement is thought to be based
on both, passive diffusion and active translocatiwhereas the passive diffusion of the
polar auxin molecule through unpolar membranes tinéocell can be explained by the
so-called chemiosmotic hypothesis (Rubery and Shledd 1974; Raven et al., 1975),
the directed cellular auxin in- and efflux is abed to energy demanding auxin
transport facilitators. A combined view of both tgyas gives a comprehensive picture
of how a diffuse auxin flow can be dynamically rgated to constitute local auxin
gradients (reviewed in Vanneste and Friml, 2009¢feRed to the chemiosmotic
hypothesis, the apoplastic space, which surroutidsells has, due to the activity of
membrane associated “4ATPases, a relatively low pH of around 5.5. Insthi
environment a portion of the weak acid auxin (IABecomes protonated (IAAH) and
therefore more lipophilic, which enables the novwpaiar molecule to freely diffuse
through the plasma membrane into the cell. Thisipasuxin uptake is further actively
supported by HIAA ™ symporters, which belong to a small gene familyAbX1/LAX
influx carriers (Bennett et al., 1996; Swarup et a001). Once inside the neutral
cytosol (pH ~ 7.0), the auxin molecules become ragaiprotonated and are therefore
trapped inside the cell. The only possibility farxan to leave the intracellular space is
to be actively transported through the plasma manebrby specific efflux carriers.
Thus far, two types of auxin efflux carriers haweb described, namely the gene family
members of the PIN-formed (PIN) proteins (Petrastkal.,, 2006) and the P-
glycoproteins of the ATP-Binding Cassette B (ABCBansporters (Geisler and
Murphy, 2006). Based on the activity of the desaibin- and efflux transport
machinery, the intracellular auxin concentratiom ¢ze dynamically and effectively

controlled. As it has been found that specific Rifllux protein family members are
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individually expressed in distinct root tissues axtibit a polar distribution within the
cellular plasma membrane, the auxin flow can bectionally translocated among cells
and within tissues (reviewed in Friml, 2010). Arpirassive example of concerted auxin
transport, mediated by the directed auxin efflurtogled by several PIN proteins, can
be observed in the root apex. At this, auxin idvabt transported from the auxin
maximum, which is located in the meristematic zafethe root tip, through the
epidermal and cortex cells to the distal basal stem and then back towards the root
tip, by the collaborated work of AUX1/LAX mediatedflux and PIN protein directed
efflux. This, PIN protein conducted, self-containadxin reflux systemHigure 3),
which is also known as the inverted fountain of inauxoot movement, enables
coordinated root tissue development and root nemsiaintenance (Blilou et al.,
2005).

Figure 3: Schematic view of PIN mediated polar

PIN1,3,7

auxin transport in the post embryonic root apex. A

Auxin flow is directed by the family of PIN auxin PIN1,2

efflux carriers, which maintain the stem cell niche
by controlling cell division in the meristematic

division zone (DIV) and cell elongation and

\

-differentiation in the root’s elongation zone (EL) PIN1,3,4,7

Figure was adapted from Blilou et al., 2005.

As PIN proteins are constantly internalized by athsin coated vesicle dependent
pathway, recycled in intracellular endosomal cortipants and transported back to the
plasma-membrane, they can be rapidly relocatedftereht sites of the cell (Friml,
2010). This PIN transcytosis enables a rapid amgbtace redirection of the auxin flow
to establish and manage auxin gradients in resptmsbanging developmental and
environmental conditions (Friml et al., 2002; Grwaéd and Friml, 2010).

At a glance this illustrates that besides localimimosynthesis and auxin homeostasis,
especially the directed auxin transport substdntiebntributes to the formation of

auxin gradients and their related local auxin resps.
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2.5 Auxin gradients are primarily converted to local differentiation
events via auxin mediated transcription

It has been demonstrated that the formation ofll@eein gradients initiates and
controls diverse auxin mediated responses. Howbeeguestion arises how single cells
and tissues are able to individually interpret gimmple auxin signal and convert it into
the various auxin-related developmental and enwiemtal responses. In the recent
years, tremendous progress has been made to urtrasemystery. These days it
becomes more and more apparent that auxin mediagggbnses are predominantly
executed by the encoded activity of auxin respengjenes, which are presumably
regulated in a cell or tissue specific manner bysaphisticated, combinatorial
transcriptional control mechanism. The most upstredement of this intracellular
auxin signal transduction pathway, the auxin remepbmplex, was encountered during
the 1990s. In initial genetic screens for partialiycompletely auxin insensitive mutants
several components of the protein ubiquitinationciiv@ery were identified, such as
proteins of theSkp1-Cullin-Ebox (SCF) E3 ubiquitin ligase complex and its agged
auxin binding F-box protein] ransportlnhibitor Response 1 (TIR1) (Leyser et al.,
1993; Ruegger et al., 1998; Pozo et al., 1998; taal., 2007). In particular for the
crucial TIR1 auxin receptor component, three adddl closely relatedAuxin
signallingE-Box proteins (AFB1-3) were found, which are alsceatol bind auxin and
to trigger auxin related responses via the SCF texnpHowever, based on the
observations that 1.) single mutations in TIR1 apecific AFBs already lead to various
auxin insensitive phenotypes, 2.) their individexipression is in part differentially
regulated and 3.) they belong to distinct cladegwhare evolutionary conserved among
all land plants, it can be assumed that they ahg mertially functional redundant and
likely also implement defined auxin responses ssue or development specific

contexts (Parry et al., 2009; Rensing et al., 2008)

SCF ubiquitin ligase complexes are known to spealify polyubiquitinate target
proteins, which are thereby labelled for degradatity the 26S proteasome. This
anticipated that regulation of protein stabilitygii be an important part of the auxin
signalling pathway. Indeed, it could recently beemonstrated that an auxin dependent
degradation of specific repressors of auxin media@anscription, referred to as
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AUX/IAA repressors, is mediated by the SER¥A™® complex (Dharmasiri et al., 2005;
Tan et al., 2007). In this process the auxin rewepdmponent TIR1 or AFB initially
binds auxin at physiological relevant concentraiam a polar cavity of the protein.
Within this binding pocket, the planar unsaturated) system of auxin or an auxin
analog is positioned and stabilized via salt bredgetween the auxins’ carboxyl group
and the receptors’ internal inositol hexakisphospl{#;) cofactor. By this means the
unpolar ring system covers up the polar bottomhef TIR1 or AFB auxin binding
pocket and forms a continuous, hydrophobic intewacsurface, which now enables
binding of a GWPPV amino acid core motif within th@nscriptional AUX/IAA
repressors (reviewed in Abel and Theologis, 2010arhasiri et al., 2005; Kepinski
and Leyser, 2005; Tan et al., 2007).

Downstream of the auxin perception by the SEE2™E receptor complex, an interplay
between two plant specific classes of transcrigiioegulators constitutes the pivotal
regulation unit of auxin mediated transcription.e$té are on the one hand the already
mentioned AUX/IAA repressor proteins and on theeothand the class ohuxin
Responsétactors (ARFs), which can either activate or reptemsscription (reviewed

in Vanneste and Friml, 2009).

Members of theAUX/IAA gene family were originally identified in a screfem genes
that exhibit a rapid induction kinetic after exogas auxin application (Theologis et al.,
1985; Walker and Key 1982), however several repitesiges rather show a moderate
to slow (Abel et al., 1995; Tatematsu et al., 20@4¢ven no auxin triggered induction
(Rogg et al., 2001; Tian et al., 2002). In addittonthe varying induction kinetics,
severalAUX/IAA genes are differentially expressed in distinctgaf the plant, which
suggests that specific family members might hawumdant and others individual
functions in tissue- or developmental-specific auxiediated responses (Weijers et al.,
2005; Tatematsu et al., 2004). In #ebidopsisgenome 29 genes encode for putative
AUX/IAAs (Liscum and Reed, 2002; Remington et &004). Most of them contain
four highly conserved domains designated | to IYijol are separated by short variable
regions (Abel et al., 1994, 1995; Reed et al., 20&hch domain contributes to the
functional properties of the AUX/IAA repressors @voorde et al., 2005). The N-
terminally located first domain (I) mediates th@nessive activity of the protein, as it
contains arERF-associatedmphiphilicrepression (EAR) domain (Tiwari et al., 2004)



2 General Introduction 15

which is required for the recruitment of the Groofdfup type transcriptional co-
repressor TOPLESS (TPL), that in turn is thoughtntediate the interaction with
histone deactetylases (HDACSs) (Szemenyei et al., 2008; Liu &atmarkar, 2008).
The ensuing second domain (Il) is necessary foirtezaction with the TIR1 receptor
and therefore confers auxin dependent proteolysithé protein (Gray et al., 2001;
Worley et al., 2000; Ouellet et al., 2001). Indesgecific amino acid substitutions in
the conserved GWPPV core motif of domain II, rertherAUX/IAA repressor proteins
insensitive to auxin mediated degradation and foegestrongly increase the half-lives
of these proteins (Dreher et al., 2006). The hast tonserved domains (lll and V) of
the AUX/IAA proteins are again essential to cortfanscriptional repression, as they
not only serve for homo- and heterodimerisationhwather AUX/IAA gene family
members but also for heterodimerisation with AR scription factors (TFs). Based on
the latter interaction the AUX/IAA proteins, whiao not exhibit any DNA-binding
properties on their own, are able to repress theitgcof the promoter-associated ARF
transcriptional activators (Kim et al., 1997; H&eltet al., 2004; Ulamsov et al., 1997,
Tiwari et al., 2003).

In contrast to theAUX/IAA gene family, most of théARFTF genes are largely
constitutively expressed and encode for both, tiptsonal activators and repressors
(Ulmasov et al., 1999). IArabidopsis23 genes encode for putative ARF-TF, which are
in general composed of a N-terminal B3-like DNA dimg domain, a variable middle
domain, which determines the activating or repressictivity of the protein and the C-
terminally located domains Ill and IV, which arendar to those present in AUX/IAA
proteins (Kim et al., 1997; Ulmasov et al., 1997uildyle and Hagen, 2007,
Remington et al., 2004; Okushima et al., 2005). ARIS execute their expression
modulating capacity by binding the so callddxin ResponsiveElement (AuxRE), a
minimal consensusis-sequence, which is necessary and sufficient tdecoauxin
responsiveness and which can be found in the majofi promoters from auxin
inducible genes (Ulmasov et al., 1995, 1997). Asaaly mentioned ARF-TFs, similar
to the AUX/IAAs, also contain the conserved dimatiisn domains (Il and 1V), which
enable both the homo- and heterodimerisation withthér ARF-TFs but also with
AUX/IAA proteins (Ulmasov et al., 1997; Tiwari €lt,a2003; Abel et al., 1995). By this

means the ARF-TFs can either potentiate the trgisnral response, in case of specific
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ARF dimerisations, but also realise the transaiml repression of genes in case of
AUX/IAA binding (Abel and Theologis, 2010). In oweew (Figure 4) the previously
described SCERYAPE receptor complex, the AUX/IAA proteins and the ARFs are
the core auxin signalling pathway components, wiichstitute a simple but effective
regulatory circuit to control auxin responsive gesepression: Upon initial auxin
perception by the SCERYA™® receptor complex, the repressive AUX/IAA protears
bound by TIR1/AFBs, become polyubiquitinated by E ligase subunit of the SCF
complex and are subsequently degraded by the 26®asome. This leads to a de-
repression of the DNA-associated ARF-TFs which ymesbly dimerise with other
ARF-TFs to promote the expression of their auxispomsive target genes. As the
expression of the AUX/IAA proteins are, in parteth self induced by auxin, they
represent a primed negative feedback loop, whidetsethe system to the initial

repressed state once the auxin concentration ésgl8antner et al., 2009).
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Figure 4: Model describing the auxin mediated transcriptiamgjulation via ARF and AUX/IAA TFs
(adapted from Santner et al., 2009)

This simple model does not take into account thensic complexity of the potential
combinations of putative ARF and AUX/IAA homo- amgterodimers, which may

differentially regulate auxin mediated gene expmssn a cell- and tissue-specific
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manner or in diverse developmental contexts (Aliedle 1994; Kim et al., 1997,
Kepinski and Leyser, 2002, Guilfoyle and Hagen, 200rhus far the function and
relevance of specific ARF-ARF and ARF-AUX/IAA paigs is yet still largely
undefined. Nevertheless recent publications indi¢hat specific sets of co-expressed
ARF and AUX/IAA proteins might indeed corporatelggulate mutual sets of auxin
responsive target genes and auxin mediated resp@\sajers et al., 2005; Weijers and
Jurgens, 2004; Muto et al., 2007).

While the vast majority of auxin mediated responsegarticular the developmental

FRVAFE meadiated

and growth-related responses, can certainly béuatidxd to the SC
transcriptional regulation of auxin responsive gerieshould be taken in consideration
that some very rapid auxin triggered responsespersumably exerted by additional
transcriptional independent mechanisms. Auxin f@neple triggers an extremely rapid
(within 5 seconds) increase in cytosolic?Cghishova and Lindberg, 2004) and a rapid
induction of apoplastic proton secretion, whictaccompanied by hyperpolarization of
the plasma-membrane potential (Senn and Goldsmh888). Moreover, a rapid but
transient auxin triggered activation ofMitogenActivating Protein Kinase (MAPK)
cascade has been demonstrated, which is likelylvadoin a negative feedback
mechanism, as it suppresses the expression of fispetixin responsive genes
(Mockaitis and Howell, 2000; Lee et al., 2009; Kavtet al., 1998). Finally, also a high
affine Auxin Binding Protein, namely ABP1, has been identified, whichspreably
embodies an additional auxin receptor as it has bewlicated in auxin mediated
responses, like a rapid auxin induced hyperpoldoisaof the plasma-membrane
(Leblanc et al., 1999), the auxin mediated celhghdion (Chen et al., 2001; Jones et al.,
1998) and also the regulation of cell cycle progi@s (Braun et al., 2008). However a
putative downstream signalling pathway has not beentified, yet. In summary it can
be assumed that the majority of auxin mediatedoresgs is in fact exerted by the SCF-
TIRUAFE dependent transcriptional regulation of auxin oespve genes, whereas some
rapidly auxin induced processes may rely on addtio likely transcriptional
independent mechanisms (Vanneste and Friml, 2009).
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2.6 Auxin responsive genes are presumably regulated by
antagonistic histone acetylation and deacetylation

The dynamic and reversible process of histone ktety and deacetylation of the N-
terminal tails of the nucleosomal core histonestrodé nucleosome positioning and
chromatin condensation and therefore plays an gakevle in chromatin remodelling
and gene regulation (Millar and Grunstein, 2006ukarides, 2007; Servet et al., 2010).
Histone acetylation is exerted blistoneAcetyl-Transferases (HATS) that transfer the
acetyl group of acetyl-CoA to specific lysine ragd within the N-terminal histone
domains (Servet et al., 2010). In Arabidopsis, lifstne residues of histone H3 (K9,
K14, K18, K23 and K27) and H4 (K5, K8, K12, K16 ak®0) are found to be
acetylation or deacetylation targets, respecti@iiang et al., 2007; Earley et al.,
2007). Upon acetylation the positive charge of histone tails is neutralized, which
decreases their affinity for the negatively chargetlA, thereby loosening the
chromatin package, which facilitates binding ofngeriptional activators to their
corresponding promoter regions (Servet et al.,, ROX& Histone De-Acetalyses
(HDACSs) can reverse this process by histone dekatety, which leads to chromatin
condensation and thereby to repression of trartgamipthis system provides a rapid and
highly dynamic switch for inter-conversion betwgmrmissive and repressive states of
chromatin (Servet et al., 2010).

Quite recently a number of findings suggested thatin responsive genes might be
dynamically regulated by such a counteracting histcacetylation/deacetylation
machinery. In this respect, it has been demonstriat the repressive activity of the
ArabidopsisAUX/IAA transcriptional regulator IAAIZBODENLOS (IAA12/BDL) is
dependent on the transcriptional co-repressor Mich is directly bound by the
AUX/IAA protein via its EAR-domain (Szemenyei et,a2008). A mutation in TPL
leads to abnormalities in auxin mediated pre-emtiyapical-basal pole specification
(Szemenyei et al., 2008). As a recessive secoadrgitation in thé\rabidopsishistone
deacetylase 19 (HDA19), intensifies tt@ mutant phenotype and one in the HAT
AtGCN5 suppresses it, it had been assumed that 19Di&llocated in the same
repressive pathway as TPL and IAA12/BDL, whereas ttanscriptional co-activator
GCNS5 is likely positioned in a TPL counteractinggt®m (Long et al., 2006). Besides
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these genetic interactions it could additionally db®wn that the adapter component
AtADA2b which is associated with AtGCN5 in an Ardbpsis SAGA-like HAT
complex (Vlachonasios et al., 2003) is important docurate, auxin induced histone
acetylation of auxin responsive promoters (Anzdlaalke, 2010). In line with this,
mutants of AtGCN5 and AtADA2b display, in part slamipleiotropic defects in auxin
related phenotypes, including dwarfism, loss ofcabdominance, aberrant meristem
function, abnormal root and leaf development, spetals and stamens and alterations
in floral organ identity (Vlachonasios et al., 20@®rtrand et al., 2003; Long et al.,
2006; Kornet and Scheres, 2009; Servet et al., 2@E&sides AtGCN5 two further
related HATs (AtHAG4 and AtHAGS), which belong teet GNAT/MYST superfamily
of Arabidopsis HATs (Pandey et al., 2002) might ibeolved in auxin mediated
processes, as it could be demonstrated that tieesedundantly required for proper cell

division during gametogenesis (Latrasse et al.3200

HATs are frequently associated in large multi-protsomplexes (Servet et al., 2010).
These complexes are thought to be recruited to fpacific target promoters through
binding of DNA-associated TFs (Servet et al., 20Y0ith respect to the HAT AtGCN5
and its maize homologue ZmGCNS5 it has been repotted these enzymes are
consulted by different TFs via an interaction vitle GCN5 associated ADA2, complex
adapter component (Locatelli et al., 2009). In Adapsis AtADA2b, for example, was
found to interact with the AP2 domain containi@grepeat/DREBinding Factor 1
(AtCBF1) TF, which synergistically with AtADA2b anBtGCN5 promotes expression
of several cold responsive genes (Stockinger et2801; Mao et al., 2006). The
ZMmGCN5/ZmADA2 complex is recruited by the maize BZIF Opaque2 (02), which

is involved in the regulation of seed storage gewkesing early maize endosperm
development (Bhat et al., 2004). In this respeutas recently demonstrated that O2 is
indeed able to recruit the maize HAT complex viaADA2 interaction to its target
promoters and that this coincides with an increa&&N5 specific H3 promoter
acetylation, enhanceBNA Polymerasell (RNP IlI) promoter binding and increased
target gene expression (Locatelli et al., 2009;t@hal., 2004).

Despite these findings, still very limited infornmat about gene regulation mediated by
the plant’s histone acetylation/deacetylation syst@ general and in response to

hormonal signals is available. Therefore it is yetlear, if histone acetylation and
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deacetylation processes play a significant rolaurin mediated transcription and if so,
which transcriptional regulators and/or additiomablecular components might be

involved in this mechanism.

2.7 Members of the bZIP- and MYB-TF families have been
implicated in modulating auxin mediated responses

Only recently it has been reported that besides wied-established ARF- and
AUX/IAA-TF families also members from stress-retatdF classes are able to
modulate auxin mediated transcription, which furthextends the combinatorial
capabilities for auxin mediated gene regulatiorthis respect it has been demonstrated
that for instance the R2R3 MYB-TF, AtMYB77 is alile directly bind the ARF-TF
family specific C-terminus of the ARF7 protein ardereby contributes to the
expression promoting capacity of the ARF7 prot&hix et al., 2007). The relevance of
this synergistic action was supported by compleargngain- and loss-of function
approaches in transgenic plants. By this meansuiidcbe shown that the expression of
several auxin responsive genes, which exhibitediptellM YB ResponsiveElements
(MREs) in their corresponding promoters, was depahdon adequate MYB77
expression and could be enhanced by MYB77 overesgpon (Shin et al., 2007).
Along with this, the auxin associated lateral rimymation was significantly altered in
the transgenic plants (Shin et al., 200%)vitro studies revealed that MYB77 was also
capable to contact the ARF7 related transcripti@activators ARF5 and ARF6 and the
transcriptional repressors ARF1 and ARF2, sugggstiat MYB77 and likely further
homologous R2R3 MYB-TFs might be of general impoct in modulating ARF
mediated auxin responsive gene expression (Shia.e2007). As the endogenous
expression of MYB77 was found to be affected byrieat deficiency, it has been
postulated that MYB-TFs might be potential stregma integrators to adaptively

modulate auxin mediated responses (Shin et al7)200

Besides MYB-TFs also members of thasic leucinezipper (bZIP) TF familiy have
been implicated in promoting auxin related respsnddready in the early 1990,
promotercis-element analysis of the auxin responsive soyligdB promoter revealed

that the well-characteriseAuxin ResponsiveElements (AuxREs) were frequently
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associated with typical bZIP-TF binding sites, sashtheG-box relatedcis-elements
(GRESs) which had been found to contribute to tlwrmter's auxin-mediated induction
(Liu et al.,, 1994; Ulmasov et al., 1995). Althoudhrect binding of a recombinant
soybean bZIP-TF has been demonstrateditro (Liu et al., 1997), the genuinely
operating transcriptional regulators haven't beesfindd, yet. Quite recently
Heinekamp and co-workers (2004) identified two tmlmabZIP-TFs, namely NtBZI-1
and NtBZI-2, which can promote the expression & f#oybeanGH3 homologous
tobaccoGH3 gene and bind to its associated promaterivo. As expression of a
presumably dominant-negative acting N-terminalljuntated NtBZI-1 protein
furthermore resulted in diverse auxin insensitivewgh phenotypes, it has been
suggested that bZIP-TFs might be involved in rejujgauxin mediated responses
(Heinekamp et al., 2004). However, due to the &ahitmolecular tools which are
available forNicotiana tabaccumthe functional and mechanistical characterisatbn
bZIP-TF action on auxin mediated transcription rgrad largely elusive. In the well-
established dicot model plaAtabidopsis thalianahe closest homologs dftBZI-1 or
NtBZI-2 are classified in group C or group S1 of #heabidopsisbZIP-TF family,
respectively (Strathmann et al., 2001; Jakoby et 2002). Recent findings indeed
indicate that these homologous proteins might bsinvolved in auxin related growth

responses.

2.8 The C/S1 network of AtbZIP-TFs is involved in the pant’s
energy homeostasis and has been found to modulatdamt
growth responses

In Arabidopsis 75 genes have been identified, which putativelgoee for bZIP-TF
proteins (Jakoby et al., 2002). Based on their eecel and domain homology, they
were classified in 10 presumably functional grougessignated A to | and S (Jakoby et
al., 2002). In general AtbZIP-TFs are characterisgch basic DNA-binding domain,
which frequently harbours a nuclear localisatiogussnce (NLS), and an adjoining
leucine zipper dimerisation domain of variable lgn@akoby et al., 2002). The leucine
zipper, which builds am-helix, (Hurst et al., 1995) is composed of heptapeats of
leucine or similar bulky, hydrophobic amino acidgls as phenylalanine, isoleucine,

methionine or valine (Baxevanis and Vinson, 199 dschulz et al., 1988). Due to the
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domains’ coiled structure these hydrophobic amiomlsaare unilaterally disposed,
thereby constituting a hydrophobic interaction socef, which enables homo - or
heterodimerisation with other bZIP proteins (Larddz et al.,, 1988; O’Shea et al.,
1989; Archarya et al., 2002). Although some bZIPTdfre able to bind DNA as a
monomer (Metallo and Schepartz, 1997), the majarftyAtbZIPs is thought to bind
DNA as homo- or heterodimer, respectively (Land&cletial., 1988). The dimerisation
of bZIP proteins is highly specific and is detergdnby the electrostatic attraction or
repulsion of polar amino acid residues which flatile hydrophobic interaction
platforms of the respective leucine zipper heli¢#skoby et al., 2002; Siberil et al.,
2001; Archarya et al., 2002). Based on the highlmemof bZIP proteins encoded in the
genome of Arabidopsis and other eukaryotic species, the bZIP’s homo- and
heterodimerisation properties provide an immensabioatorial flexibility to thiscis-

regulatory system (Siberil et al., 2001; Vinsomlet2002).

The DNA-binding domain of AtbZIP-TFs preferentialtynds to promotecis-elements
with an ACGT core motif (Jakoby et al., 2002; Sciém et al.,, 1992; Siberil et al.,
2001). However, the respective binding efficiensydependent on additional flanking
nucleotides surrounding the core sequence (Fostal,€l994; Izawa et al., 1993). In
general high affine bZIP binding sequences constipalindromic motifs, such as the
so-called A-Box (TACGTA), C-Box (GACGTC) or G-BoxXCACGTG) (Izawa et al.,
1993). Nevertheless, efficient bZIP binding to rgatindromic ACGT core motifs such
as the ABA responsive ABREis-elements or theasl element in SA inducible
promoters has also been demonstrated (Choi e2@00Q; Fukazawa et al., 2000;
Schindler et al., 1992). Besides the ACGT corevéerimotifs it had been shown that in
particular group S bZIP proteins also recognizeitemdhl cis-elements, like the
ACTCAT motif in the promoter of therolin-dehydrogenaséProDH) gene (Satoh et
al., 2004; de Pater et al., 1994).

In Arabidopsisthe group S AtbZIP-TFs represents the largest ggr@uhomologous
proteins within the AtbZIP TF family (Jakoby et,&002). It consists of 13mall (S)
TF proteins, from which each is encoded by an m&ss gene. In general, group S
bZIPs exhibit a molecular weight of 15 to 20 kDAdaare composed of a short N-
terminus, a central basic domain, an unusual lengihe zipper dimerisation domain of

eight to nine heptad repeats and a short C-termartdnsion (Jakoby et al., 2002).
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Members of this group can be, based on sequencelbgynof their DNA-binding
domain and additional conserved maotifs, furthessiliéed into 3 subgroups, denoted S1
to S3 (Jakoby et al., 2002). The subgroup S1 ctnsik five AtbZIP-TFs, namely
AtbZIP1, 2, 11, 44 and 53. Besides their high prot®mology, they are characterised
by an exceptionally lon§’ untranslated egion (5" UTR) which harbours ampstream
openreadingframe (UORF) (Rook et al., 1998). This uUORF was doto mediate a
post-transcriptional repression mechanism operatmgall S1 homologous bZIP
proteins (reviewed in Smeekens et al., 2010). As thgulatory system has been
demonstrated to repress translation of the maif® KZRF in a sucrose concentration
dependent manner, by a yet uncharacterised ribostatimg step, it was designated as
“sucroseinducedrepression oftranslation” (SIRT) mechanism (Rook et al., 1998;
Wiese et al., 2004; Weltmeier et al., 2009).

In several plant species, homologs of group S ARisztave been found to specifically
and preferentially form heterodimers with group ZIM TFs, which suggests that these
two groups are functionally interlinked (Alonso at, 2009, Weltmeier et al., 2006;
Strathmann et al., 2001; Pysh et al., 1993; Rugsteal., 2001). The group C of
ArabidopsisbZIP-TFs is composed of four related proteins, elgnitbZIP9, 10, 25
and 63, which similarly to group S AtbZIPs, possess extended leucine zipper
dimerisation domain of eight heptad repeats. Intresh to group S, group C AtbZIPs
exhibit a roughly twice as high molecular weightadsout 30 to 40 kDA (Jakoby et al.,
2002) and harbour multiple putative phosphorylatsiies in their N-terminal region.
On genomic level it is apparent, that all group WAPs display a conserved intron-

exon structure (Heinekamp et al., 2002).

Recent findings indicated that specific AtbZIP-TB$ both groups constitute a
corporately acting C/S1 TF network which is invalvian translating the prevailing
energy status of the plant into adaptive metabodiprogramming (reviewed in
Smeekens et al., 2010). In this respect it has deemonstrated that specific group C
and S1 AtbZIPs are crucial regulators of the caraiegd adaptation of the amino acid
and carbohydrate metabolism under energy depriveditons (Dietrich et al., 2011;
Hanson et al., 2008; Weltmeier et al., 2006; Smegk2010). Complementary, results
obtained from transient protoplast transfectionagssrevealed that the expression

promoting activity of specific group C and S1 AtF2l on the promoter of the
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asparagine synthase (ASN1) gene, which is a key player in adaptive reonacid
metabolism during energy starvation, could be sutigtlly enhanced by co-expression
of the ArabidopsisSnRK1 kinases, AtKIN10 or AtKIN11l (Baena-Gonzalez at,
2007). These kinases, which are activated uponiemitstarvation, are known to be
central integrators of stress and energy signadimg) have been implicated in extensive,
adaptive reprogramming of gene transcription arahtpgrowth control (Smeekens et
al., 2010; Thelander et al., 2004; Radchuk et26lQ6; Baena-Gonzalez et al., 2007,
2008). Moreover it has been presented that cotisgtiexpression of the group S1
AtbZIP-TFs, in particular AtbZIP2, 11, 44 and 53ults, depending on the bZIP
expressed, in a moderate to strong impairment aftpyrowth, indicating that these
bZIPs might have a growth regulatory function. Ae €ndogenous expression of these
AtbZIPs is in addition closely intertwined with tipdants energy status via the sucrose
concentration dependent SIRT mechanism, it has pestulated that specific group S1
AtbZIPs might adapt plant growth to fluctuating eme conditions (Rahmani et al.,
2009; Weltmeier et al., 2009).

As many growth-related responses could be asctibeétle plant hormone auxin and
tobacco homologs of group C and group S1 AtbZIP-h&ye been implicated in
altering auxin mediated responses (Heinekamp e2@04) it is of great interest to
define if and how these energy-stress related ARBFs might constitute a regulatory
framework to intervene in auxin- and energy-signgll This would shed light on the
issue how plants are able to adapt their growth pnohary metabolism to the

prevailing energy status of the plant.

2.9  Outline and objectives of the thesis

In order to enable optimal plant development undmmtinuously changing
environmental conditions, the plant has to adjtstmetabolism and growth to the
prevailing energy status. As a wide range of groarhk developmental processes, but
also responses to environmental cues are contrbjletie plant hormone auxin, it has
been postulated that internal and external stimekd to be integrated into auxin
mediated processes. Auxin predominantly exertgumstion through auxin mediated

gene expression, which is suggested to be orchedtrdy a combinatorial
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transcriptional control by ARF and AUX/IAA proteinRecent findings indicate that
besides these two established classes of auxitedelérs, also members of other TF
families, such as specific MYB-TFs might be capableonsiderably modulate auxin
responsive gene expression and their related resporevious work from our group
has indicated that two tobacco bZIP-TFs are alsoluwed in altering auxin mediated
expression and plant growth. However a detailedctfanal and mechanistical
characterisation of bZIP-TF action on auxin mediatieanscription hasn't been
addressed, yet. In the well-established dicot mqaaht Arabidopsis thalianathe
closest homologs of these tobacco bZIPs belonhpdollS1 network of AtbZIP-TFs.
Making use of the molecular tools available forstimodel plant variougpproaches
have been applied to further characterise the aeley of bZIP transcription factors on

auxin mediated plant responses.

Chapter 1: Comprehensive bioinformatic promaistelement analyses were applied to
determine the distribution and abundance of spedtibZIP- and MYB-TF related
binding sites in auxin responsive promoters from dicot and monocot model plants
Arabidopsisand rice, respectively. Most noticeable, both etrohary long separated
species exhibited a conserved enrichment of sagecomposite modules of bZIP- and
ARF-TF related binding sites in especially auxidunible promoters.

Chapter 2: The functional relevance of the mosiceed bZIP-TFcis-element in auxin
responsive promoters was defined by mutational ptemanalyses in transient
protoplast transfection assays, by utilising thdyesuxin responsiv&tGH3.3promoter
as a model system. By this means it could be ptedehat the bZIP-TF associated G-
box relatedcis-element (GRE) constitutes a quantitative couplimgtif of the auxin
responsive element (AuxRE). In transient transvattbn screening approaches,
specific group S1 AtbZIP-TFs were identified, whiglere capable to strongly induce
various auxin responsive promoters. Complementaayn-gand loss-of-function
approaches in transgenic plants demonstrated ithagrticular AtbZIP11-related TFs
are able to modulate both, auxin responsive gepeesgion and auxin related growth

responses.
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Chapter 3: In order to define the underlying medranof the expression promoting
property of group S1 AtbZIP-TFs on auxin respongjeees, the ability and relevance
of AtbZIP co-factor recruitment was analysed. lotfat could be demonstrated that
AtbZIP11-related TFs are capable to bind the adapienponents of akrabidopsis
SAGA-like HAT complex. Pharmacological, reverse e@n and immunological
approaches were applied to demonstrate that theaaoh potential of AtbZIP-TFs on
auxin mediated transcription can be ascribed toré¢lceuitment of HAT complexes to
the auxin responsive bZIP target promoters. Accwlgiit can be postulated that these
AtbZIPs establish a counteracting system to the ARX repressor proteins, by HAT
mediated de-condensation of the chromatin, whiatilitates RNA Polymerase I

binding and hence transcription.

Chapter 4: The expression of all group S1 AtbZIR-T$ transcriptionally and post-
transcriptionally controlled by intracellular suseo levels and is thus directly
intertwinded to the prevailing energy status of pient. It has been demonstrated that
specific group S1 AtbZIPs are, besides their raleniodulating auxin mediated gene
expression and auxin-related growth responses, ammmlved in adaptive
reprogramming of the amino acid metabolism undergn deprived conditions. This
suggests that group S1 AtbZIPs might constitutegulatory system to adjust plant
metabolism and growth according to the energy seppif the plant.
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3 Results

3.1 Chapter 1: Bioinformatic cis-element analysis performed in
Arabidopsis and rice reveals bZIP- and MYB-related binding
sites as coupling elements in AuxRE mediated auxnesponsive
transcription*
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Abstract

Background:

In higher plants, a diverse array of developmeatadl growth-related processes is
regulated by the plant hormone auxin. Recent patiios revealed that besides the
well-characterized Auxin Response Factors (ARFstiwhind_auxin response elements
(AuxREs), also members of the bZIP- and MYB-traimmn factor (TF) families are
able to modulate the expression of auxin-regulajedes via bZIP related elements
(BREs) or Myb related_elements (MRESs), respectivelyp examine whether a
combinatorial regulation of auxin mediated transion by these TF-classes is of
general importance, genome widgs-element analyses have been performed to
determine the frequency and distribution of AREZ]JR» and MYB-binding sites and
composite modules of these motifs in monod@tyga sativa and dicot Arabidopsis

thaliana) model plants.
Results:

Applying a novel bioinformatic algorithm, we coultemonstrate that singular and
composite modules of AuxREs, BREs and MREs are ifggntly enriched in
promoters of auxin-inducible genes, suggesting tinase motifs act in a co-operative
manner. Furthermore, an enrichment of defined caiganodules has been observed
in selected auxin-related gene families. Althoudteirt species specific genome
structure, in terms of the GC content is considgrabfferent, this enrichment is
generally conserved in both angiosperm plant spe@sted. Consistently, a bipartite
GRE-AuxRE module, which encompasses the bZIP-TFocisted _G-box_related
element (GRE) and an AuxRE-motif, has been foungketbighly enriched. Making use
of transient reporter studies in protoplast, thmdole was confirmed to mediate auxin-
induced transcription, whereas the quantitativeellewof induction was strongly

diminished in reporter constructs lacking the fimtal GRE-motifs.
Conclusions:

These observations strongly suggest that auxineedluAuxRE-mediated transcription
is further fine-tuned by cooperation with specifi@IP- and MYB-binding sites.
Furthermore, an evolutionary conserved regulatoegchmnism is proposed usiogs-

element modules to establish specific auxin- indwgression patterns.
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Background:

Auxin is a major plant hormone that regulates aulgd plant growth as it is involved
in diverse plant developmental processes (Mollat Wreijers, 2009), such as apical
dominance (Leyser, 2005), root formation (Benneitl &cheres, 2010) and growth-
related tropisms, like phototropism and gravitrapifMuday, 2001). In general, the
manifestation of auxin mediated responses is astrib the encoded activity of auxin
responsive genes (Vanneste and Friml, 2009). Aghocomprehensive microarray
analyses have enabled the identification and ¢ieagon of auxin responsive genes
according to their individual auxin mediated indactkinetics (Godaet al, 2004, Jain
and Khurana, 2009) it is still largely unknown whiegulatory elements could provide
means to modulate their individual expression pastén particular to internal and
external stimuli. The transcriptional response txim is primarily mediated through
cisregulatory _Auxin_Response Elements (AuxREs) (Ulowast al, 1999c). These
elements are bound by Auxin Response Factors (ABIRasovet al, 1997a) that act
with Aux/IAA proteins to regulate auxin dependengng transcription, whereby
Aux/IAA proteins repress ARF activity at low cebulauxin concentrations (Guilfoyle
et al, 1998a, Guilfoyleet al, 1998b, Grayet al, 2001). As auxin mediates the
interaction of AUX/IAA repressor proteins with tf8CF ™' auxin receptor complex,
that marks the repressor proteins for degradatipnhb 26S proteasome, increasing
auxin concentrations lead to a de-repression of ARRarget genes (Dharmasgi al,
2005b, Kepinski and Leyser, 2005b).

AuxREs were first discovered and characterizedudnofoot-printing analysis within
the PslAA4/5promoter ofPisumsativum (Ballaset al, 1993). Later, they were shown
to function in a soybea®H3 promoter (Liuet al, 1994, Ulmasovet al, 1995).
Although it could be demonstrated that AuxREs anffigent to provide auxin-
responsiveness (Ulmas@t al, 1995, Ulmasowet al, 1997a, Ulmasoet al, 1997b),
they frequently occur and function as compositenelas in a genuine promoter context
(Guilfoyle et al, 1998a, Hagen and Guilfoyle, 2002). Thereforeag been postulated
that AuxRE coupling elements might have a moduiagffect in the transcriptional
response to auxin (Ulmase¥ al, 1995).

Indeed, quite recently it was pointed out, thateamber of théArabidopsisR2R3 MYB
transcription factor (TF) family, namely AtMYB77nteracts with AtARF7 and
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synergistically promotes the expression of an avegponsive reporter construct (Shin
et al, 2007). In line with these finding&rabidopsismyb77 plants exhibit a down-
regulation of several auxin-responsive geneSA{, IAA19 PIN1, GH3.2 GH3.3
SAUR-AC1HAT2 which harbour multiple putative Myb Response Heis (MRES)
in their promoters. In comparison to wild-type (wtants,myb77and the auxin receptor
mutanttirl-1 exhibit a similar decrease in auxin controllecetat root density under
potassium-deprived conditions. Hence, the authorxloded that AtMYB77 plays a
role in altering auxin responses during transiticom nutrient-sufficient tedeficient

conditions by presumably modulating the plant’ssgerity to auxin (Shiret al, 2007).

Besides the MREs, bZIP Response Elements (BREs®) Ao been reported to be
potential quantitative elements in auxin mediatathgcription. The well-characterised
auxin-responsive soybea®mGH3 promoter for instance, contains three composite
units, encompassing AuxREs and adjacent or partiaerlapping_G-box_Related
Elements (GRE). EMSA studies confirmed that a rdmoant G-box specific_basic
leucine_zipper (bZIP) TF can bind these GREs (Ubmaet al, 1995, Liuet al, 1997a).

A similar promoter organisation can also be fouadthe auxin-responsiv@mAux28
gene in which the GREs are bound by two soybeawxGinding factors, SGBF-1 and
SGBF-2 (Nagacet al, 1993, Honget al, 1995), which however are not functionally
characterized, yet. In tobacco, AuxRE and GRE camg@anodules were located in the
promoter of theNtGH3 gene and at least two GREs were identified thaéwecognised
by the NtBZI-1 TF which promotes NtGH3 transcritim an auxin dependent manner
(Heinekampet al, 2004).

Despite these observations it is yet unknown, wérethodules of AuxRE, BRE and
MRE cis-elements frequently occur in auxin-responsive mi@ms and thus participate
in a common regulatory mechanism in auxin mediatadscription. To address this
question, we conducted a genome-wide bioinformantalysis of auxin responsive
promoters in a dicotArabidopsis thalianpand monocotQ@ryza sativga model plant.
These analyses confirmed that specific singular @mposed modules, consisting of
AuxREs, BREs and MREs are significantly enrichedtlwe promoters of auxin
inducible genes and specifically in some auxin-lagad gene families. In particular,
enrichment of a GRE-AuxRE module was found. Usingtgplast transactivation
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assays, we experimentally demonstrated the relevasfc GREs as quantitative
modulators of auxin-induced, AuxRE-mediated traipsiom.

Results

Promoters of GmGH3 homologs from diverse monocot and dicot plant spees

exhibit several BRE and MRE motifs in the proximity of AuxREs

Previous studies have suggested that BREs and Miftg play a considerable role in
the regulation of some auxin inducildBH3 promoters (Hageet al, 1991, Liuet al,
1994, Heinekamget al, 2004, Shiret al, 2007). Especially GRE and TGA motifsee
Table 1), which are bound by G-box binding factors (Sckenét al, 1992, Menkens
and Cashmore, 1994), were frequently found to eesmbar AuxREs. Similar
observations were made for MREs with respect to Angbidopsis AtGH3.2and
AtGH3.3genes. The promoters of these genes contain sev&EBl motifs and their

expression is significantly decreasedrigb77plants (Shiret al, 2007).

In order to elucidate whether this phenomenon éxi§ip for these genes or might be a
general feature of early auxin-responsd3 promoters we identified homologs of the
soybeanGmGHS3 in several monocot and dicot plant species andysed the
distribution of AuxREs, BREs and MREs in their @sponding promoters. Except of
soybean, homologs were found in seven other angiosplant species: the monocots
(Oryza sativa, Sorghum bicolour, Zea miaysd the dicots Arabidopsis thaliana,
Glycine max, Lotus japonicus, Medicago truncatMdis viniferg. For the homology
search, considerably low BLAST scores<(fix10°) were chosen to keep the number of
putative homologs as limited as possible and tirickshe dataset to likely ortholog and
paralog candidates. On the basis of @id3 protein sequences, a neighbour-joining
phylogram was created using GmGH3 as outgroup.rTdweresponding promoters (-
1000 to -1 bp) were then scanned on both strandshfo consensus AuxRE motif
(TGTCTC core sequence) (Ulmasev al, 1999b) which we call AUX1 and its less
stringent variant AUX2 (TGWCTS core sequence) @a#t al, 1993, Abelet al,
1996), three different BREs: GRE-, TGA- and the mGtif (ACTCAT core sequence)
which was found to be bound by AtbZIP-TFs (Schindde al, 1992, Menkens and
Cashmore, 1994, Satoét al, 2004), and two MREs: MRE1 (AMCWAMC core
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sequence) and MRE2 (GGWTW core sequence) @ilad, 1997, Martin and Paz-Ares,
1997, Romeret al, 1998, Cheret al, 2002) éee Table L

Table 1: Overview of TF-binding sites used in the promaterelement analyse<Lis-elements with
envisaged role in auxin mediated transcription wemeplied and organized into three classes: bZIP-TF
related elements (BREs), B3-type TF related eleméAtUXs/RY) and MYB/MYC-related elements
(MREsS/MYC?2).

Abbr. Sequence Putative trans-acting factors

bZIP related binding sites

G-box related GRE BACGTV | bZIPs
TGA element TGA TGACG bZIPs (group D)
ACTCAT element AC ACTCAT | bZIPs (some group S)

B3-type related binding sites

AuxRE AUX1 TGTCTC | B3-type (ARFS)
AuxRE-related AUX2 TGWCTS | B3-type (ARFs)
Sph/RY RY CATGCATG | B3-type (e. g. ABI3)

Myb/Myc binding sites

Myb-related element 1 MRE1 GGWTW | MYBs
Myb-related element 2 MRE1 | AMCWAMC | MYBs
Myc-related element MYC2 CACATG | MYCs

The resulting phylogram revealed that the analyB#RE motifs were frequently
distributed throughout th€H3 promoters tested. Especially, the MRE2 motif oedur
at a very high frequency and at least once in epesynoter, whereas the MREL, which
was still present in a relevant proportion of thém75 %), showed a much lower
abundanceRigure 1). Concerning the distribution of the BREs it colld observed
that the majority of the promoters of tBenGH3homologs contained one or more BRE
and only a small number (~ 13 %) did not contain @inthe BREs tested. Furthermore,
it was quite remarkable that a correlation betwpestein homology and promoter
organisation with respect to BRE and AuxRE motifiradlance could be observed. More
precisely, closely relate@H3 proteins could be separated in two more or lessndi
clades according to the occurrence of BRESs in #tmiresponding promoter sequences.
The only exception to this were promoters from t®®3 homologs fromLotus
japonicus(LjiCMO0124) andVitis vinifera(Vv0006220001) that were found from protein
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homology within the envisaged BRE rich clade (cléigidut should be located in the
BRE poor clade (clade 1) as their correspondingmai@rs did not contain any BRE
(Figure 1). Moreover, it is mentionable th&H3 homologs from each analysed plant
species had representatives within both cladesodsirating that the corresponding
genomes encode for GH3s which associated promatersither rich or poor of BRE
motifs. A closer inspection of BRE abundance shothed GRE- and TGA-motifs are
the most prominent BREs, whereas the AC-motif cedurelatively rare in the
promoters but also with a higher frequency in tliEBrich clade. Finally it should be

considered that all BREs were often found near Atixpotifs Eigure 1).

In summary the results from this analysis demotestthat within conserved GH3
protein subclasses, a conservation of distribuaad abundance of specifc AuxRE,
BRE and MREcis-elements can be observed. This indicates that riticpkar, GRE,
TGA and MRE1/2 motifs might co-operate with AuxRiBsthe regulation of auxin-
related group IIGH3 genes. In order to examine if this clustering oixRE, BRE and
MRE motifs is in general evolutionary conservedainxin-responsive promoters we
analysed their abundance and distribution on amenoeide basis. As a prerequisite, a
real randomization algorithm for the Motif Mappeoftevare was designed to create
randomized control promoter datasets, for compariamd subsequent statistical
analysis, to identify truly enriched motifs and mhatombinations in large promoter

datasets.
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Figure 1: Phylogram of group Il GH3 homologs to the soybead3GGm05g21680. The closest
homologs to the well-characterized soybean GH3 (&J80680) (Staswick et al., 2005) from several
plant species were compiled and the correspondiregligied protein sequences were rooted to
Gm05g21680 (at the bottom; grey highlighted) toateea neighbour-joining phylogram. The 1000 bp
promoter sequences of the correspondBig3 genes were plotted, in 5 to 3’ orientation, orthe
phyolgram presenting specific BRE, MRE and AuxRBiEelements (sedable 1) detected in their
promoters. The bordering boxes divide the phylogmatm the BRE-rich (lower section; continous line)

and BRE-poor (upper section; dashed line) claddse $cale reflects the number of amino acid
substitutions per site.
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A real randomization algorithm was designed to detect sigincantly enriched and

depleted single and combinedis-element modules in specific promoter datasets

The determination of significance for an enrichmantlepletion of certainis-elements

or cis-element module combinations in a given datasetuge challenging. The
difficulty arises in how to define the numbera-elements and modules as accurate as
possible. Many algorithms are available, capablesezrching de novo or using user
defined modules (Van Loo and Marynen, 2009). Sametfon reliably with metazoans
as algorithm, e.g. TOUCANZ2 (Aerest al, 2005) while others require clusters of co-
expressed genes. However, we headed for a simgleffiective method for testing the
significant occurrence of various motifs and moduht the same time in unprocessed
lists of genes without prior clustering. Therefovee decided to test for motif and
module enrichment in comparison to a real randodhigenomic promoter dataset for
each individual species without superimposed modgllThe features of this algorithm
are presented below and are integrated into thphgral interface version of Motif

Mapper (see methods).

Module description- We used word matching while allowing alternatbases to be
represented by International Union of Pure and #pplChemistry (IUPAC) letters
(Cornish-Bowden, 1985). Modules can be of any nunobenotifs, with any defined or
flexible spacing between them. Previous work hagested that somas-motifs have

a 5’ to 3’ bias with respect to the transcriptiostdrt site of a gene (Berendzehal,
2006, Brownet al, 2007) but the full significance for TF recognities still unknown.
In order to explore if composite modules could aiswe a 5’ to 3’ biasgis-element
modules were analysed in both orientations, whil@néng the single embeddetls-
motifs to be identified on both strands as Watsoi€iack words. In contrast to other
bioinformatic approaches, we do not have to extedpothe relationships between
multiple motifs a priori. For any set of genes wkesn, the algorithm extracts a random
cluster of size n for any number of repetitions. iiend that 1000 random extractions
yielded reliable results in a reasonable amoutitwd. Using this approach it is possible
to calculate the significance of four parameterautianeously: (I) “the number of
promoters with a motif” Eigure 2A); (II) “number of motifs per promoter’Hgure

2B); (Ill) “the total number of motifs” and (IV) “thenotif variance of promoters with a
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motif”’, which indicates whether or not a specifiotih is equally abundant in the

promoter dataset. The algorithm output includesdhiataset values: the actual input
dataset, the average of the random datasets, ang-v¥alues for the four parameters
mentioned above. The random sampling is sufficienyield Gaussian background

distributions from which p-values can be effectyehlculated using a Z-score. Since a
complete genomic population distribution is presehis method can be used to
calculate for both enrichment and depletion. Flusitation, some dataset parameters
for the GRE motif are shown iRigure 2 A, B with respect to its random background

distribution.

False-positive error rate 70 evaluate the quality of the randomization precdke
algorithm enables the user to return both, the gamzation indicesKigure 2A, B, C)
and the parameters (random background distribwabmes, z-comparison values) used
for calculating the p-values. The randomizatioroathm was able to deliver Gaussian
distributions for the analysed motifs from the bgrckund Figure 2A, B) and overall,
most individual promoters were called only 1 ta8ds EFigure 2C), indicating that the
sampling of the genomic dataset was sufficient. Télse-positive error rate was
calculated by screening 1000 random times, randarafyposed datasets of various
sample sizes (50, 200 and 1000 promoters) for warimotifs and calculating the
probability that a given motif is termed enricheg mistake.Figure 2D shows the
false-positive error rate for two p-value cut-affisl and 0.01) for the GRE, AuxRE and
two MRE motifs in theArabidopsisgenomic promoter dataset. Using this method, a p-
value cut-off of 0.1 is too generous as it has laefpositive error rate around 0.3.
Reducing the p-value call for significance to Ottdwever, reduced the false-positive
error rate to 0.05 or below for most motifs. Théuna of the motif and the sample size
can lead to larger false-positive error rates. &mample, the MRE2 motif exhibits a
higher false-positive error rate for larger datasetes when scoring the parameter
“promoters with a motif”, as it is a very commois-element that occurs in nearly every

promoter inArabidopsis
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Figure 2: Typical output of the applied randomization algumit A) The parameter “number of promoters with a matiéls exemplarily determined for the GRE motif inese¥ randomized promoter datasets
(1000 random sets of 304 genes) and its distribuovisualised in the given histogram. Experimedtgtasets which exhibit a significant enrichmentdepletion for e.g. the GRE motif should display a
respective substantially shifted distribution patteo that of the presented background distributBnThe parameter “motif counts per promoter” wasneplarily determined for the GRE motif in several
randomized promoter datasets (1000 random set64fj8nes) and the average number of motif coumtgnoenoter is visualised in the given histogramp&imental datasets which show an enriched or
depleted motif density in the promoters should ldig respective shifted motif density patterniattof the presented background densitylllustration of the number of times a promoterswandomly
pulled to participate in a random dataset. Therélyn pulls individual promoters from the genomataset only once or twice, indicating that onlywmited redundancy is present in the backgrouatdset
modelling.D) Excerpt of the false-positive error rate caldolas for the parameter “number of promoters witmetif’. Exemplarily the error-rates for genomic dreent and infrequent motifs used in this
study are given. As the false positive error-ratdependent on the dataset size, it was calcullateghch motif in differently sized random datagé®, 200, 1000). The given false-positive eraieris an
average value from 1000 calculation repetitiongliReng the p-value call for significance to 0.0dduced the false-positive error rate for most asalymotifs to 0.05 or below.
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The number of promoters with a motif is in genedtas most reliable significance
parameter —It is in principle assumed that a set of genes whace corporately
regulated by the same type of TF, requires that fnemoters posses the corresponding
TF-binding sites. Furthermore we assume that th@selements should be in either all
or a significant proportion of the TF regulated rpagers. In accordance with this, we
observed that the parameter “number of promotetd @&i motif” carries the most
significant relation forcis-element enrichment or depletion in a specific skettaln the
exceptional case that a motif is highly abundanthie analysed genomic promoter
dataset (e. g. MRE2 as described in the previouBosg the parameter “number of
motifs per promoter” could be used additionally Bomparticular dataset as it can be
more meaningful regarding an enrichment or deptetibsuch acis-element. For that
reason we drew our attention in the majoritycisfelement distribution analyses to the
parameter “number of promoters with a motif’ as tmest relevant observation
parameter with a significance call ©10.02 and a false-positive error rate<o®.06, but

if necessary also presented the parameter “nunfbmiotfs per promoter” as positive

or negative motif density for highly abundant mstif

Bioinformatic cis-element analysis of auxin-responsive promoters fro Arabidopsis
reveals that auxin inducible, but not repressible pmoters are enriched for

specific compositecis-element modules

To analyse the distribution of AuxRE, BRE and MBiEelements in auxin-responsive
promoters on a genome-wide scale we made use pitilely available AtGenExpress
Arabidopsismicroarray data (see methods), to initially idgntuxin-regulated genes.
The microarray data applied, was part of an auxne tcourse experiment with 7-days-
old ArabidopsisCol-0 wt seedlings. Samples from mock and 1 uM éated plants

were taken at 0.5, 1 and 3 h after treatment omdetr normalization, genes 2-fold
induced or repressed compared to the controls wlergified for each time point and
for nearly every regulated gene call the correspangromoter sequences were
assignable, giving the obtained promoter dataseid gooverage. Subsequently we
grouped the promoter sequences into 6 classesngtakito account if their

corresponding genes were up- or down-regulated #fiee different induction time-

points. The resulting groups were then scannedh@rpresence of specific AuxREs,
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BREs and MREs Table 1) and their significant enrichment or depletion was
determined using the previously described real@amgation algorithm. The list afis-
elements which was already used in the promoigelement analysis of th&H3
promoters was expanded for the genome-wide andbysike RY motif (CATGCATG
sequence) which is bound by ARF-like B3-type TFsckilson et al, 1988) and a
MYC2 TF binding site (CAGTG) which strongly resembles a consensus G-box
(CACGTG) which is bound by bZIP-TFs (Menkens and Caslent©94, Abeet al,
1997). Concerning module compositions, all possddmbinations between members
of the AuxRE-, BRE- and MRE/MYC-motif classes wersted and the distance
between each individuais-motif was restricted to a maximum of 100 bps, sitie
majority of composite elements that have been desttiso far were either overlapping

or very close to each other (Ulmasatval, 1995, Hagen and Guilfoyle, 2002).

Figure 3A - Cillustrates the results from tlgs-element analysis. Most noticeable was
that the promoters from the auxin up-regulated gewere disproportionably more
enriched for single motifs and bipartite modulesfoixRE-, GRE- and MYC2-motifs
compared to the promoters of the down-regulateccgdrigure 3A, B). Particularly,
the GRE-motif was found to be significantly enridhia the promoters of the auxin up-
regulated genes, 1 and 3 h post-treatment and n@mreacured to a significant higher
degree in association with the AUX1 and the lesaggnt AUX2 AuxRE motif in the
early and late auxin inducible promoteFgure 3A, B). Although the bipartite motif
modules showed in general no orientation spegffi@t5’ or 3’ positioning, the GRE-
AuxRE module seemed to be preferential comparedhéo AuxRE-GRE module
combination Figure 3B). Considering that other BREsSs, like the TGA- an@ Aotif
were per seand in combination with other motifs not enrichedeven depleted at
specific time-points Kigure 3A, B), it indicates that among all auxin up-regulated
Arabidopsispromoters, the GRE motif seems to be the mosepexf bZIP binding

site.

Examining the distribution of the MREs, it becanpparent that both single MRés-

elements; MRE1 and MRE2 were not significantly ogpresented in the auxin-
regulated promoters, whereas they occured with ifsignt high frequency in
combination with the GRE motif at 1 and 3 h posttment or all time points,

respectively Figure 3B). Moreover it was eye-catching that the MYC2 motif
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(CACATG) which is only present in 37% of a@lrabidopsispromoters, was strongly
enriched as single and as coupling element with tested AuxRE motifsHigure 3B).
As this site closely resembles a GRE, it remainsetalisclosed which kind of TF binds

in the context of auxin- induced transcription.

A Element up | [ DOwWN B Element UP DOWN
0.5]10]30 | [05]10]3.0 05[1.0[30] [05[1.0]30
GRE AUX2-AC
TGA AUX2-MRE
AC AUX2-GRE
AUX1 AUX2-MYC2
AUX2 AUX2-MRE2
RY I . AUX2-TGA
MRE1 RY-AC .
MRE2 RY-MRE1
RY-MYC2
B  Element UP__| [_Down RY-MRE2 |
05[10]30 | [05[10]5.0 RY-TGA
GRE-MRE MRE1-AC H
GRE-MYC2 mgg-g&lﬁ
gggﬁéez - MRE1-TGA
GRE-AUX1 MRE1-AUX1
GRE-AUX2 MRE1-AUX2
TGA-MRE1 MRE2-AC
TGA-MYC2 MRE2-GRE
TGA-RY MRE2-RY
TGA-MRE2 MRE2-TGA ||
TGA-AUX1 MRE2-AUX1
TCA-AUX2 MRE2-AUX2
AC-MRE" MYC2-AC
AC-MYC2 MYC2-GRE
AC-RY MYC2-RY
AC-MRE2 MYC2-TGA
AC-AUX1 MYC2-AUX1
AC-AUX2 MYC2-AUX2
AUX1-AC C
AUX1-MRE1
AUX1-GRE 35 + motif
AUX1-MYC2 ' densi
AUX1-MRE2 - motif
AUX1-TGA HEn=

P-value: Promoters with motif

Figure 3: Statistical significance of motif enrichment or tton for specific BRE, MRE and AuxRE
relatedcis-elements in early (0.5 — 1h post auxin treatmant) late (3h post-treatment) auxin responsive
promoters fromArabidopsis thaliana A) Motif enrichment or depletion for individual mfsiin
promoters of auxin-regulated gen&j. Significant enrichment or depletion of bipartiteotif modules,

that embedded individual motifs have a variablerakimal spacing of 100 bps, in promoters of auxin-
regulated gene<) The significance level, which is defined by thetetmined significance p-values, is
displayed as colour-scale. Enriched motifs or meslulith respect to the parameter “number of
promoters with a motif/module” are illustrated ihasles of blue, whereas depleted motifs/modules are
given in shades of red. Motifs which are not erettlor depleted with respect to the parameter “numbe
of promoters with a motif’ but to “number of motifer promoter” are coloured green for motif density

enrichment and purple for motif density depletion.
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While Figure 3A, B illustrates which motif or module is enriched @des not determine
which of the tested motifs is most abundant in dmalysed dataset. Therefore, all
significantly enriched motifs (£ 0.02) were additionally ranked with respect to the
quantity of promoters in which they occured. As MR&hd GREs were both found to
reside near AuxREs (Ulmascet al, 1995, Shinet al, 2007) and might therefore
synergistically contribute to auxin-mediated traingon we expanded the analysis and
included triple motif modules of these three clas3de results from this evaluation are
presented as a top 10 ranking list of single maiifglouble and triple motif module
combinations at each time poiftaple 2) and are briefly summarized in the following

remarks.

Table 2: Top 10 promoter-occurrence ranking list of the #igantly enriched motifs and modules,
within the early (0.5 — 1h post auxin treatment)l date (3h post-treatment) auxin inducible prometer
from Arabidopsis Enrichment ofcis-elements was determined by the parameter “numbgramoters

with a motif’, whereas asterisks indicate an eraéthwith respect to “motif counts per promoter”.

Presented modules exhibit a variable but maximatisg of 100 bps between each embedded motif.

combination | RANK 0.5h UP 1hUP 3 hours UP
single 1 AUX1 1 |GRE 1 |GRE
2 MYC2 2 |MYC2 2 | MYC2
3 3 |AUX1 3 |RY
4 4 |RY 4
bipartite 1 GRE-AUX2 1 | GRE-MRE2 1 | MRE2-GRE
2 MYC2-AUX2 2 | AUX1-MRE2 2 | GRE-MRE2
3 GRE-MRE1 3 | MRE2-AUX1 3 | GRE-AUX2
4 GRE-AUX1 4 | GRE-AUX2 4 | AUX2-GRE
5 AUX1-MYC2 5 | AUX2-GRE 5 | MRE1-GRE
6 MYC2-GRE* 6 | GRE-MRE1 6 | GRE-MRE1
7 MYC2-AUX1 7 | MYC2-AUX2 7 | MYC2-AUX2
8 MYC2-TGA 8 | GRE-AUX1 8 | GRE-MYC2
9 AC-AUX1 9 | AUX2-MYC2 9 | AUX2-MYC2
10 MRE2-RY 10 | AUX1-GRE 10 | GRE-AUX1
tripartite 1 GRE-AUX2-MRE2 1 | GRE-AUX2-MRE2 1 | GRE-AUX2-MRE2
2 MRE2-GRE-AUX2 2 | GRE-MRE2-AUX2 2 | MRE2-AUX2-GRE
3 GRE-AUX2-MRE1 3 | MRE2-AUX2-GRE 3 | GRE-AUX2-MRE1
4 AUX2-GRE-MRE1 4 | AUX2-GRE-MRE2 4 | GRE-MYC2-AUX2
5 MYC2-AUX2-GRE 5 | AUX2-GRE-MRE1 5 | MYC2-AUX2-GRE
6 MYC2-TGA-AUX2 6 | GRE-MYC2-AUX2 6 | TGA-MYC2-AUX2
7 GRE-MRE2-RY 7 | MYC2-AUX2-GRE 7 | GRE-MRE2-RY
8 RY-MRE2-GRE* 8 | MYC2-AUX2-TGA 8 | RY-AC-MRE2
9 GRE-RY-MRE2* 9 |AC-MYC2-AUX2 9
10 10 | TGA-MYC2-AUX2 10
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Single motifs -Besides the well-described auxin response elem®diX{) and the
relatively rare RY motif (only 3 % iArabidopsispromoters) that is bound by ARF like
B3-type TFs, the GRE motif and its related MYC2dang site are ranked within the
top 4 most abundaris-elements. The TGA motif which was shown to be fesdly
present in the promoters of tlimGH3 homologs was slightly depleted as a single
motif within the set of allArabidopsisauxin inducible promoters in this analysis.
However it should be taken into account that tk@pletion was calculated on the basis
of the parameter “number of promoters with a motiimpared to a randomized
background dataset. Still a relevant number of tens in the dataset of auxin
inducible genes harboured this motif.

Bipartite motifs -Within the group of early auxin-responsive promst@®.5 h after IAA
exposure) the GRE-AUX2 module was the best reptedans+egulatory unit as it
ranked at position 1 and as GRE-AUX1 variant also4d position. At later induction
time points, it also ranked at high position$;ahd &' at 1 hr and % and 18' at 3 hrs
post treatment but clearly behind the GRE-MRE2 nmdwhich was the most
predominant module in the group of late inducedrmters (1 and 3 h post-treatment).
The GRE-MRE1 module should also be considered,rasiained among the top 10 list
at all time-points (8 at 0.5 h and B at 1 and 3 h post-treatment). The consensus
AuxRE-motif AUX1 (TGTCTC) was the preferred bindisde in the bipartite modules,
within the promoters of the early auxin up-regufateenes (0.5 h and 1 h), although
even more individual module combinations were idiect using the relaxed AUX2-
motif. In agreement with this, recent publicatiGugigest that the TGTCTC sequence is
the preferred AuxRE even though variants are kngiagen and Guilfoyle, 2002,
Chapman and Estelle, 2009).

Tripartite motifs -Examining the distribution of modules of all thr&€ binding site
classes, defined element combinations were idedtithat could be traced over the
entire time series. The top ranking tripartite medwas the GRE-AUX2-MRE2 at all
time points. Thereafter, the GRE-AUX2-MRE1 as secdrest ranking module,
followed by the GRE-AUX2-MYC2 combination.



3 Results 43

By summing up the results from this-element analysis of auxin-regulated promoters
from Arabidopsis,it can be pointed out that single GRE motifs ahelirt respective
double and triple combinations with the analysedkRE and/or MRE motifs are
significantly enriched within the group of the amxinducible promotersHigure 3A, B;
Table 2). The observation that this enrichment is based requent abundance of the
GRE, GRE-AUX1/2, GRE-MRE1/2 as well as the GRE-AUMRE1/2 containing
modules in the analysed promoter sets, additionalfyms the relevance of these

motifs in the regulation of auxin-inducible promiste

Cis-elements and modules of AuxREs, BREs and/or MREsra also enriched in

auxin-inducible promoters from rice

To assess whether th@s-element distribution, observed in thgrabidopsis auxin
inducible promoters, is evolutionary conserved,amalysed a publicly available auxin
induction microarray experiment from the monocoanpl Oryza sativa In the
corresponding work (Jain and Khurana, 2009) trapspreparations from 7-days-old
rice seedlings after an auxin treatment of 1 aridv@ere pooled and compared to the
transcript sample of mock treated plan®&nce the experiment thus contained no
induction time series, only up- or down-regulateghes could be obtained. After
normalization, these genes were classified witpeesto a 2-fold expression difference
due to the auxin treatment compared to the conti@temoter sequences could be
obtained for 223 up- and 110 down-regulated gemnbs. created promoter lists were
then analyzed for the single, double and tripleifha@mbinations as it had been done

for the Arabidopsispromoters Figure 4A — C; Table 3)

These analysis revealed that, although less ofattadysed motifs and modules were
found to be significantly enriched comparedAtmbidopsis,the trend was preserved,
that the promoters from the up-regulated genesduagld more enriched BRE-, MRE-

or AuxRE-motifs and composite modules (22 in riceinpared to the down-regulated
genes (3 in rice). Regarding the single motifs, MRE2 and RY as well as GRE and
TGA motifs were strongly enriched. For bipartite dates, the GRE-MRE2 or MRE1-

GRE as well as the AuxRE1/2-GRE were frequentlyndlant. These results are also

reflected in the top ranking list in which the emeéd motifs and modules were ranked
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according to the number of promoters they weregotes (Table 3). In this list, the
single MRE2-motif outranked all other motifs andswallowed by the GRE- and TGA-
motif on ranking position 2 and 3, respectively.nCerning the double motif modules,
the GRE occured in 7 of the 22 possible bipartitelates and 5 of those were ranked in
the top 10 list. Referring to this, the GRE-MRE2 éhe TGA-MRE2 module on*land
2" position together with the AuxRE-GRE module off gosition were the most
prominentcis-elements. Within the group of the tripartite elemenodules the GRE-

AUX2-MRE2 module was most preferred.

A Element B Element DN
AUX2-MYC2
GRE AUX2-GRE
TGA AUX2-TGA
AC AUX2-AC
AUX1 RY-MRE1
AUX2 RY-MRE2
RY RY-MYC2
MRE1 RY-GRE
MRE2 RY-TGA
MYC2 RY-AC
MRE1-AUX1
B Element MRE1-AUX2
MRE1-RY
GRE-AUX1 MRE1-GRE
GRE-AUX2 MRE1-TGA
GRE-RY MRE1-AC
GRE-MRE1 MRE2-AUX1
GRE-MRE2 MRE2-AUX2
GRE-MYC2 MRE2-RY
TGA-AUX1 MRE2-GRE
TGA-AUX2 MRE2-TGA
TGA-RY MRE2-AC
TGA-MRE1 MYC2-AUX1
TGA-MRE2 MYC2-AUX2
TGA-MYC2 MYC2-RY
AC-AUX1 MYC2-GRE
AC-AUX2 MYC2-TGA
AC-RY MYC2-AC
AC-MRE1
AC-MRE2 C
AC-MYC2 o = SRR & —
AUX1-MRE1 s S S SR
AUX1-MRE2 =
AUX1-MYC2
AUX1-GRE P-value: Promoters with motif
AUX1-TGA
AUX1-AC + motif
AUX2-MRE1 o
AUX2-MRE2 e

Figure 4: Statistical significance of motif enrichment or ton for specific BRE, MRE and AuxRE
relatedcis-elements in auxin responsive promoters flomza sativa A) Motif enrichment or depletion
for individual motifs in promoters of auxin-regwgat genesB) Significant enrichment or depletion of
bipartite motif modules, of which embedded indivatimotifs have a variable, but maximal spacing of
100 bps, in promoters of auxin-regulated ger@g.The significance level scale for the parameters

“number of promoters with a motif” and “number obtifs per promoter” is adapted frolrigure 3.
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Table 3: Top 10 promoter-occurrence ranking list of the Higantly enriched motifs and modules,
within the auxin inducible promoters fro@. sativa Enrichment oftis-elements was determined by the
parameter “number of promoters with a motif”’, wreseasterisks indicate an enriched with respect to
“motif counts per promoter”. Presented modules leikha variable, but maximal spacing of 100 bps

between each embedded motif.
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single 1 MRE2
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Comparative analysis of rankedcis-elements and modules fromArabidopsis and

rice displays a conservation of specificis-regulatory elements

In order to examine whether specific motifs or cosife modules are conserved in
auxin-induced promoters @rabidopsisand rice, we performed a comparative analysis
of the ranking positions of eaatis-regulatory element. Unfortunately the available
microarray data from the auxin-induction experinseinom Arabidopsisand rice were
differently designed so that comparable datasedsttidoe determined. The microarray

data from the rice experiment were aimed at detgngigene expression changes due
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to an 1 and 3 hour auxin treatment, wherefore liaiR-point transcript samples were
pooled. Actually, analysing th&rabidopsisdatasets only by comparing the 1 to 3 hour
time-points results in a severe reduction of gemeth altered auxin mediated
expression, as it captured only the few geneshia¢ much more dynamic expression
changes at 3 hours compared to 1 hour post-treatrAsrthus, the number of genes
which were explicitly induced after 3 hrs of auwdpplication was in thérabidopsis
dataset rather small, we decided to compare tteseiadf the 1 hour up-regulated genes
from Arabidopsisto that of the combined 1 to 3 hr dataset frora (i@ble 2; Table 3.
Although we cannot exclude that rice plants redter@ntly to the auxin application, a
comparison of these datasets in fact resulted enntlest concurrent list of enriched

motifs in both species.

By this means it became apparent that only twolsing-elements were commonly

enriched in the promoters of auxin up-regulatecegenthe GRE- and the RY-motif.

Concerning the bipartite motif combinations, alldates which were highly enriched in
the Arabidopsisdataset were also present in the top 10 rankisigoli rice. Most
noticeable were the GRE-MRE2 module which ranketf'atosition and the runner-up
GRE-AUX1/2. Moreover the GRE-MRE1 and GRE-MYC2 asllvas the AUX1/2-
MRE2 were further preferred modules as they rargtadirious positions in the ranking
lists of both angiosperm plant species. Thus, the5st enriched bipartite modules from

Arabidopsiswere also present in the top 10 ranking list o ri

With respect to the top ranking triptes-element combinations the GRE-AUX2-MRE2
and its related GRE-AUX2-MRE1 were the best corsgmodules irArabidopsisand
rice. However the GRE-AUX2-MYC2 module was alsohtygabundant in the datasets
of both species.

The most striking difference related to the TGA ifndt was found to be frequently
abundant in the promoters @mGH3homologs Figure 1) and occasionally enriched
as single motif and in composite bi- and tripamitedules in the promoters of auxin up-
regulated genes from rice. In contrast to thisyas not overrepresented in the auxin-

responsive promoters froArabidopsis.

To sum up, the detailed comparison of the motikirag lists of Arabidopsisand Rice
(Table 2; Table 3 revealed that according to their ranking posgiam occurrence,

specific motifs and modules are conserved in tloenpters of the auxin up-regulated
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genes from both species. These are mainly the G&HE; rall possible bipartite module
combinations between GRE, AUX1/2 and MRE1/2 andttipartite modules of GRE-
AUX2-MRE1/2. The enrichment of the GRE and MRE rf®th association with the
well-established auxin-responsive element (AuxRExhiw the auxin inducible
promoters from the tested monocot and dicot modahtp strongly affirms their

envisaged role in cooperatively regulating auxspmsive genes.

Distinct motifs and composite cis-regulatory modules are enriched within

promoters of auxin-related gene families

To create a more detailed profile which auxin-respee genes might actually be
regulated by which specific type of motif or module analysed the promoters of well-
characterised auxin-regulated gene families sucth@&H3s5 SAURsand AUX/IAAs
which are described to be early auxin-responsivegé and Guilfoyle, 2002, Liscum
and Reed, 2002). However, all of them also inclsdme late responsive members
(Godaet al, 2004). In addition, also the family of the auxelatedARF genes was
studied, as an example of an auxin-related butelgrgonstitutively expressed gene
group (Ulmasovet al, 1999c). As the selected gene families have hogsolor
orthologs inArabidopsisand rice, we intended to detect putatively conskrvie-
regulatory elements in the promoters of the spediiuxin-regulated gene classes.
Therefore, the available, respective promoter secggefrom the genes from each gene
family were compiled and tested for motif enrichmem the following section an
overview of the results from this gene class spedis-element analysis is given
(Figure 5).
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A GH3 AUX/TAAs ARFs SAURs
RANK At Os At Os At Os At Os

Singles 1 MYC2* AUX2* MYC2 MYC2
2 AUXI* GRE
3 MYC2*
4 RY

Doubles 1 TGA-AUX2 MRE1-GRE AUX2-MYC2 GRE-MRE2 AUXI-MRE1 MYC2-AUX2 MYC2-AUX2
2 MYC2-AUX2 MREI1-AC AUX2-GRE MRE2-TGA GRE-AUXI1 AUX2-MYC2 RY-MREI1
3 AUX2-TGA RY-GRE GRE-AUX2 AUX1-MYC2
4 GRE-AUX2 MYC2-AC MYC2-GRE MYC2-TGA
5 AC-AUX2 AUXI-MYC2 MRE2-RY
6 GRE-AUX1 MYC2-AUX2 RY-MRE2
7 MYC2-AUXI1 MYC2-AUXI1 MREI-RY
8 AC-MYC2 GRE-AUXI
9 AUX2-AC
10

Triples 1 GRE-AUX2-MRE2 | MREI-GRE-AUX2 | MRE2-AUX2-GRE AUXI-MRE2-AC GRE-AUX2-MRE1 | TGA-MRE2-AUX2
2 AC-AUX2-MRE2 MREI1-AUX2-GRE AC-MRE2-RY TGA-MRE2-RY
3 AUX2-TGA-MRE2 MRE2-AUXI1-GRE TGA-AUX2-MYC2
4 MRE2-TGA-AUX2 MRE2-GRE-AUX1 TGA-AUX2-MYC2
5 GRE-AUX2-MRE1 MREI1-GRE-AUX1 TGA-MYC2-AUX2
6 AUX2-MREI1-GRE MREI-AUX1-GRE
7 MRE2-AC-AUX2 MRE2-AC-AUXI1
8 MREI1-GRE-AUX2 AUXI-MRE2-AC

YN
SCowmwmNOONMWN-0O®

GRE-MYC2-AUX2
MYC2-AC-AUX2
AUX2-AC-MYC2
AUX2-AC-MREI
MREI1-AUX2-AC
AC-AUX2-MREI1
AC-MRE1-AUX2
AUX2-MREI-AC

MREI1-TGA-AUX2

AUX2-TGA-MREI1

MREI-AUX2-TGA
AUX2-MRE2-AC

MRE1-GRE-AUX2
GRE-AUXI-MRE2

Figure 5: Promoter-occurrence ranking list@s-elements and modules that are significantly emdcim specifc auxin responsive gene families flarabidopsisand

rice. Given is the significant motif and moduleiehment or depletion regarding the “number of préam® with a motif’, whereas asterisks indicate anohed with

respect to “motif counts per promoter”. Presentediufes exhibit a variable, but maximal spacing@® bps between each embedded motif.
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GH3s —The promoters of tha&tGH3 gene family are enriched for the single MYC2
motif, which also frequently occured in associatwith the ACcis-element inAtGH3
and OsGH3 promoters. A more detailed evaluation of the Hifmmodules revealed
that the promoters of thAtGH3s exhibit an enrichment of MYC2-AUX1/2 or BRE
(GRE, TGA, AC)-AUX1/2 modules. In contrast to thise GRE and AC motifs
frequently resided near a MRE1 motif in tkisGH3 promoters. In the group of
tripartite modules of the analysed TF-binding sitasses, the module MRE1-GRE-
AUX2 was enriched in both species. However, thgueantly mentioned variant of it,
the GRE-AUX2-MRE2 module was more preferred\nabidopsis

AUX/IAAs —The single AUX1/2, MYC2 and RY motifs were enridha the promoters
of the ArabidopsisAUX/IAA gene family, although the rice promoters did rnatre this.
Concerning the bipartite modules tBsAUX/IAAspromoters exhibited an enrichment
of GRE and TGA associations with MRE2, whereas AieUX/IAAswere strongly
enriched for GRE-AUX1/2 and MYC2-AUX1/2 modules. éfimost prominent single
GRE, MRE2 and AUX1/2 motifs inAtAUX/IAAs were present in different
constellations in multiple GRE-AUX1/2-MRE2 composé&tpartite modules in the
AtAUX/IAApromoters.

ARFs —The promoters of th&tARF and OsARF gene family displayed almost no
enrichment for thecis-elements and modules, which were tested. OnlyriteeARF
promoters showed a higher abundance of the GRE-AQKdA the MRE1-AUX1
bipartite modules and th&rabidopsis ARF$or the AC-MRE2-AUX1 tripartite module.

SAURs —In Arabidopsisand rice, the promoters of tHeAUR gene family were

significantly enriched for the single MYC2 motifhiB conservation also persisted in
the modules in which a combination of the MYC2 #diX1/2 occured in almost each
enriched bipartite module of both species. OnlyRveMRE1 module which was also
conserved in both species differed in this respéttrice, the MYC2 motif also

remained relevant in tripartite modules, in a TGAtiinextended version of the MYC2-
AUX2. Nevertheless the most abundant tripartite ohesl in both species did not
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contain a MYC2 motif as these were the GRE-AUX2-MR#&odule inAtSAURand the
TGA-MRE2-AUX2 module inOsSAURpromoters. Finally, it has to be mentioned that
OsSAURpromoters were in general enriched for tripanitedules containing a TGA

motif.

All in all, it can be concluded that the homolog@uscin-regulated gene families from
Arabidopsisand rice showed only little overlap for specifits-regulatory elements
(Figure 5). However some distinct modules can be highlightédch might play a role
in species- and family-specific induction kinetiddoticeable in this respect is the
observation that the primarily early auxin-respeagjene families such as theGki3s
and AAuxlAAsexhibit an enrichment of the GRE-AUX1/2 module,iethis missing in
the promoters of the mainly constitutively expres8@ARF genes. Moreover it has to
be pointed out that the families of tAeabidopsisand riceSAURgenes show a strong
enrichment for the single MYC2 and MYC2-AUX1/2 mdek1

Surprisingly, neither the single AUX1/2, nor thengle GRE-motif is frequently
enriched in the analysed auxin-regulated geneesasdthough this had been shown for
the set of all auxin-responsive promoters frAmbidopsis(Figure 3; Table 2. These
observations suggest a putative dependency offgpers-element combinations in the

regulation of auxin-responsive gene classes.

Mutations in the GRE cis-element within a GRE-AuxXxRE module of theArabidopsis

GH3.3 promoter lead to a significant reduction of its axin-responsiveness

To validate the bioinformatic based assumption GRE and AuxREcis-elements co-
operate in auxin mediated transcription, we ingxkthe promoters of the early auxin-
responsiveArabidopsis GH3genes for the presence of GRE4GH3.3is a close
homolog of the well- characterised soyb&amGH3and harbours several GREs in its
promoter in close vicinity to AUXRE- and MRtiis-elements and to the transcriptional
start site (TSS)Higure 6A; Figure 1). In fact, some of them also form the GRE-
AuxRE-MRE tripartite-module, which has been shownbe frequently enriched in
AtGH3gene promoterdHgure 6A).

In order to analyse the effect of the GRE motifaxin mediated transcription, a short

syntheticAtGH3.3derived promoter region containing one GRE, onesensus AuxRE
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and an adjacent inversely oriented AuxRis-element, was constructed, which we
termed GRAUX moduleGRE3-AuxRE, Figure 6A). Multimers of this module were
fused to a minimal promoter and a GUS reporter gelh@wving expression analysis via
transient protoplast transfection assays. Whereamgle GRAUX-module construct
exhibited a slightly, but not significantly highexporter gene expression in the presence
of low exogenous auxin concentrations, multimergatstrongly enhanced auxin
responsivenessFigure 6B). Notably all constructs showed a similar backgibu

expression under non-inductive conditioRgy(ire 6B).

To assign the influence of the GRE motif within tB&RAUX-module, cis-element
specific mutational derivatives of the 4-times nmérised construct were analysed. By
this means, it could be demonstrated that mutatiortee core sequence of the GRE-
motif resulted in a ~ 54% reduction of inducibilitywhile mutations in the AuxREs
alone or in combination with a mutated GRE, leadctonplete auxin insensitivity
(Figure 6C).

In order to validate the results obtained from slgathetic GRAUX-module promoter
and to define the impact of the GREs in the genuit@H3.3 promoter context, a
corresponding full-length promoter:GUS construct swgenerated. Applying site
directed mutagenesis, a promoter construct wasrgieuak that lacked all 4 GREs
located near the TS@igure 6D). Whereas the nativAtGH3.3 promoter-construct
revealed a strong and significant auxin mediatepression, the mutated promoter-
construct displayed a 51% reduction in its auxiggred induction Kigure 6D). As
we have demonstrated that auxin-inducible promaiezsan general enriched for GRE-
AuxRE (GRAUX) modules they are certainly potentialantitative elements in auxin-

regulated promoters.

Discussion

In this work, we have presented a genome wideslement analysis of bZIP- (BRE),
MYB/MYC- (MRE/MYC2) and ARF-TF (AuxRE/RY) relatedibding sites in auxin-
responsive promoters froMrabidopsisand rice. We could demonstrate that specific

cis-elements and composite modules, which encompassatybinding sites for these
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-268bp GRE4 AuxRE a [ ] pGRAUX (X) mock
gtaacatgccaacgtghcgcagacatatcagtcccacatgtotgcccaaaac pGRAUX (1x) I PGRAUX (X) NAA
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Figure 6: Molecular characterisation of the GRAUX-modutd. GRE, MRE and AuxR[Eis-elements within the -268bdtGH3.3promoter region. White boxes indicate the posgtiohthe GRE-, MRE- and
AuxRE motifs within theAtGH3.3 promoter sequence close to the transcriptional sie (TTS). The present GREs are serially nuenbdf-4). The grey highlighted sequence represt&\tGH3.3
promoter-region used as synthetic auxin-resporSRAUX-module promoter construdd) Expression profile of synthetic pGRAUX:GUS remortonstructs. Numbers of multimers are indica@dAuxin
inducibility of the pAtGH3.3derived pGRAUX(4x)-module reporter construct atsdnutational derivates. A schematic view of tlamsfected reporter constructs is given. Mutaisglements are indicated
by X. D) Auxin-responsiveness of tieGH3.3promoter:GUS construct and a GRE motif mutatedivar If not stated elsewhere white coloured barsegally represent transfected, mock treated (DMSO)
and black coloured bars NAA treated (0.25 puM, 16anples. All presented results were obtained fr@mstent protoplast transfection assays. Giventlazemean GUS/NAN values (+ SD) from 3
independent experiments. Different letters<(j9,05; one-way ANOVA followed by Fisher post-hostjeor asterisks (Students T-Test<D,05 = *; p< 0,01 = **; p< 0,001 = ***) denote significant
differences between the used constructs and treédéme
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TFs, are in general significantly enriched in awinducible promoters in both
angiosperm plant species tested. Most prominentcandurrent in this respect, is the
enrichment of the single GRE, MRE2 and AUX1/2 nwotis well as their related bi-
and tripartite-module organisations. Moreover astamitial enrichment of RY and
MYC2 cis-elements was observed. The evolutionary conservaif thesecis-acting
elements in the analysed monocot and dicot modeitgl that exhibit considerable
differences in their species specific genome atinectin terms of the GC content,
affirms that they might be part of a common regarfaimechanism in auxin-responsive
transcription. Gene family specificis-element analysis revealed that especially
promoters from early auxin-responsive gene classesenriched for GRE-AuxRE
modules. In fact, we can demonstrate that mutaiiottse GRE motifs within the native
early auxin-responsivé\tGH3.3 promoter result in a severe reduction of its auxin

triggered inducibility.

Enrichment is a relevant criterion for predicting the function of a promoter cis-

element however the importance of somas-elements might be underrated

In the presentedis-element analysis we focused on the enrichmentciustering of
specificcis-elements in auxin-responsive promoters to predigth motif is important

in this functional context. However, the validitf/this cis-element analysis is based on
and limited by the main assumption that sets ofajpwé¢ target genes, which are
regulated by the same type of TF, should contaiagnate binding sites in all or in a
relevant proportion of their promoters. This prpiei makes it reasonable to propose
single genes or whole co-regulated gene groups Fadafgets by the presence or
enrichment of its according binding site. Howe\vas is not mandatory. For example it
has been reported that some TFs co-operativelyategiheir target genes by interacting
with other proteins that have DNA-binding propesti@hese adaptors mediate the
association with the DNA and thereby recruit specliFs independent on their own
promoter binding and thus independent on the Télatedcis-element (Alonscet al,
2009a).

Besides this, it is conceivable that specifis-elements, which frequently occur
throughout the genome, might not be considered/aeteas they are not significantly

enriched in specific promoter subsets. This ingisahat the role of some motifs and
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their cognate TFs might thus be underrated with #proach. An example for this is
the AuxRE motif itself. It is well-documented thiatis present in most, but not all

auxin-responsive promoters, and in those in which present, it does not always occur
in overabundant numbers (Pufky et al., 2003, Nersdwaet al., 2004). In agreement
with this we could not find an enrichment of thagle AuxRE in the auxin responsive
promoters from rice or any auxin regulated genssche have tested, however it is
enriched in the promoter set of all auxin inducigénes fromArabidopsis Anyhow, it

is known as the most important qualitative elemghich confers auxin sensitivity to

auxin responsive promoters (Ulmasetval, 1995).

Nevertheless, it can conversely still be assumatigpecific motifs that are found to be
significantly enriched are potential binding sitew essential TFs regulating the
corresponding promoters.

Concerning the Motif Mappecis-element analysis software used in this study, the
applied randomization algorithm proved to be stiHmgward and effective for
accessing the significance ois-elements and compositas-element modules of any
unclustered gene group. In contrast to other mamptex cis-regulatory module
scanners that require clusters of tightly co-exgdsgenes and/or sets of orthologous
genes (Van Loo and Marynen, 2009, Wrzodekal, 2010), our algorithm performed
well in noisy, unclustered datasets, as it justnteuall defined motifs and/or
combinations without seeking for optimal concurrembtifs and/or combinations to
explain a given dataset clustering. The prograrfadt, applies the determined number
of distinct motifs and modules in the randomizethdat and the finite number ois-
elements in the experimental dataset to immediatalglate enrichment of motifs or
modules. Therefore, any association of genes cachbsen and analyzed (e.g. gene
families, GO annotations, etc.) and testedderelement enrichment and/or depletion.
Due to the simplicity of the algorithm, it also taeps less bioinformatic knowledge
compared to the majority of other CRM programs, imgikt more accessible to non-
expert user without compromising the analysis dqualihe user only needs to provide a
complete genomic set of promoters, of which sevaral now available, a specific
promoter subset of interest and a listsfelements and/or combinations which should
be tested.
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BRE and MRE cis-elements are potential quantitative coupling elenmds for
AuxREs

As mentioned earlier diverse BRE, MRE/MYC2 and A&xRelated motifs and
composite modules were found to be significantlyickred in the auxin-responsive
promoters fromArabidopsisand rice Figure 2; Figure 3; Table 2; Table 3 and
particularly in early auxin-responsive gene clasdi® the GH3s, AUX/IAAs and
SAURs, whereas they were not enriched in the classheflargely constitutively
expressedARF genes Figure 5). The most outstanding in this respect are thglsin
GRE- and RY-motifs which are strongly enrichedhe promoters from all auxin up-
regulated genes frorrabidopsisand rice, followed by the AUX1 and MYC2 which
are enriched in thArabidopsisauxin up-regulated promoters and MRE2 which istmos
frequent in those from rice. However, the relevaotsome of these motifs become
more pronounced and of others only concrete inctson with additional motifs.
Particularly the MRE motifs are frequently enricheda modular structure with GREs
or AuxREs in auxin-inducible promoters from botrabsed specied~{gure 2; Figure

3; Table 2; Table 3) Thereby the MRE2 seems to be more preferred caedga the
MRE1, whereas this could be partially explainedtig fact that the MRE1 motif is
slightly more rare than the MRE2. The enrichmenthed MRE-AuxXRE associations
suggests that MREs are a relevant integrationgotatfor MYB-TF activities which is
also supported by experimental data provided by $hal. (2007). Consistent with our
observation that MREs frequently reside near Aux@tesauthors were able to show
that AtMYB77 effectively interacts with AtARF7 tg/sergistically promote target gene
expression. All in all, this indicates that MREsnétion as coupling elements for

AuxRE mediated transcription, in both, monocot diabt plant species.

Similar observations can be made for the BRE moflisey also occur in high
frequency in context with adjacent AuxRE elememtsee GRE-AuxRE module is in this
respect the by far most predominant combinatioallirmuxin-inducible promoters and
specifically in those of early auxin-responsive ggifrom both species. Although, it is
present in only 6 % of alArabidopsisand 2% of the rice promoters, it clusters in the
auxin-responsive promoters with 41 % among theeagpHated and 21% of the down-
regulated genes idrabidopsis,and with around 32 % among the up- and down-

regulated gene promoters from rice. Referring teséh percentages, it has to be
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considered that in general more genes are rathethap down-regulated by the auxin
treatment and that these frequencies are much mitffeen the expected random

distribution which is around 6 %.

These data are supported by publications that repat G-box likecis-elements are
coupling elements of the AuxREs in the early awesponsive promoters of the
soybearGH3 andAUX28genes and that they synergistically promote tinairscription
(Nagaoet al, 1993, Honget al, 1995, Ulmaso\et al, 1995, Liuet al, 1997a). In line
with this, the functional relevance of the GRE ammitative coupling element was
further confirmed experimentally in transient ppaest transfection assays, by
analysing the synthetic GRAUX module or the natht&H3.3promoter Figure 6A -
D). Furthermore, it was demonstrated that a tobadt€dH3 gene harbours multiple
GRE-AuxRE repetitions in its promoter and that NHBZbinds to them. This TF
promotes the expression of tNeGH3 gene in an auxin dependent manner, whereas a
dominant-negative derivative of it diminishes thpression (Heinekampt al, 2004).
As homologs of this tobacco bZIP have been chaiaete to be involved in
reprogramming transcription in response to low gyeastress (Baena-Gonzalet al,
2007, Dietrichet al, 2011), these data propose a model in which nmédion about the

cellular energy homeostasis is integrated intoragpiecific gene expression.

Taken together, our observations along with theaggest that GRE-AuxRE modules
are conserved quantitatives-elements in monocot and dicot plant species thbdast
contribute to the expression of some early auxgpoesive genes in multiple plant

species.

Besides the described GRE-AuxRE and MRE-AuxRE mexjUBRE-AuxRE-MRE tri-
partite modules are substantially enriched in themwters of auxin inducible genes
from Arabidopsisand rice Table 2; Table 3 and in those from thArabidopsisearly
auxin-regulated gene classdsgure 5). This establishes the possibility of complex,
combinatorial transcriptional regulation. Howevexs genes are characterized by
specific differences in their expression pattetiferences in theis-element structure
can be envisaged. MYB- and bZIP-TFs are knownetinkolved in regulating diverse
developmental and stress-related processes inspl@ttackeet al, 2001, Baena-
Gonzalezet al, 2007, Alonscet al, 2009a, Dietrictet al, 2011). They might therefore
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singularly or co-operatively integrate changingelepmental or stress-related inputs in

auxin mediated responses.

RY and MYC2 binding sites are strongly enrichedcis-elements in auxin-responsive

promoters with yet undefined relevance

Based on theis-element analysis of auxin-responsive promotens ffwabidopsisand
rice we moreover detected a significant enrichnoeériRY and MYC2cis-elements in
auxin inducible promoterg-{gure 2; Figure 3). Concerning the single MYC2 motif we
observed a strong enrichment in the auxin indugistemoters fromArabidopsisand
more precisely, also as single and in associatitim AUXREs in the promoters of the
auxin-responsiv&AURgene families fronArabidopsisandrice (Figure 5). Consistent
with that, Pufky and co-workers (Puflet al, 2003) revealed in an unbiased approach
that MYC2 motifs were more frequently found in shnausters of auxin inducible
promoters from Arabidopsis compared to the expected genomic frequency and
Nemhauser and co-workers (Nemhausteal, 2004) that MYCZis-elements are over-
represented in promoters of auxin and brassinadteesponsive genes. Even though
these findings suggest that the MYC2 motif might ibeolved in modulating the
expression of auxin-responsive genes it is yetaarcWhich function it exerts. Quite
recently it was reported that the MYC2-motif isiehed in promoters from diurnally
regulated genes and that it is in fact sufficieot confer the observed circadian
expression patterm vivo (Michael et al, 2008). As many growth related processes,
which are mainly mediated by auxin, are also irdenected with the circadian clock
(Robertsonet al, 2009), the MYC2-element might provide a molecuiak between
these systems.

Regarding the single RY motif we have demonstrdted it is enriched in auxin-
inducible promoters frorArabidopsisand rice, even though it was only present in 3%
of all Arabidopsisand 7% of all rice promoters. The RY motif or Spybox (Suzuki

et al, 1997) was reported to be involved in abscisid 48BA) signalling (Finkelstein
and Gibson, 2002). It is known to be bound by membef the B3-type TFs
superfamily, which also includes ARF TFs. One @sih members, which directly binds
the RY cis-element is the ABI3 TF, which contains three ba$itnains, originally
designated B1, B2 and B3 (Suzukt al, 1997). Whereas, the B3 domain was
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demonstrated to be necessary for RY binding (Suetikal, 1997), the B2 domain
appears to be responsible for recruiting bZIP THil €t al, 1996, Ezcurrat al, 2000,
Nakamuraet al, 2001). An example of such interplay of ABI3 andi® TFs was
described by Alonso and co-workers (Alorstoal, 2009a), which reported that these
TFs synergistically promote the expression of sewduration genes, including seed
storage and dehydration-responsive genes. Bast#tsa observations it is conceivable
that the RY motif might be involved in altering @mesponsive gene expression in
response to dehydration or other ABA regulated gsses, especially during seed

development.

Conclusion

In order to adjust auxin controlled growth-relatew! developmental processes in plants
in response to the diversity of changing environtalecues, it can be strongly assumed
that besides the well-characterised qualitative Riexelements, additional quantitative
motifs are needed to accordingly alter the expoassf auxin-responsive genes. Indeed,
modular organisations of GRE- and MRE-motifs incasation with AuXREs are highly
enriched and evolutionary conserved and appeayrtergistically contribute to auxin-
inducible expression. The finding that RY and MY@tifs are highly enriched in
auxin-responsive promoters, further increases thembmatorial, integrative
opportunities in auxin mediated transcription. Rariore, these data demonstrate the
potential of bioinformatic approaches to establksbrking hypotheses on novels-

elements and to design experiments to charactr&epredicted functions.

Material and Methods

Phylogenetic andcis-element analysis of5H3 promoters

GH3 promoter sequences were sourced from Plant Gemmatebase (see references).
All available plant genomes were queried and sadrfoe putativeGmGH3 (NCIB:
accession X60033; (Hagext al, 1991)) homologs using tBLASTX. Sequence matches
with BLAST scores< 0.00001 were retained to identify putative ortlggloFrom plant

genomes with sufficient sequence coverage, -1000pkgmoter sequences were



3 Results 59

extracted. AuxREs, BREs and MREs were mapped &mtrdted using TOUCAN 2
(Aerts et al, 2005). The GH3 protein sequences which were wobthifrom their
corresponding cDNA sequences were used for subseqoteylogenetic analysis
applying the ClustalW2 software (see referencebg phylogenetic tree was designed

with TreeView software (Page, 2002).

Microarray Analysis

Auxin-responsive genes from thalianaandO. sativawere identified by analysing the
microarray data from auxin treatment experimentsr Rrabidopsis wt seedling
experiment with an induction time course of 1 puMAlfor 30 min, 1 h and 3 h (TAIR
ExpressionSet: 1007965859) was used and for fiogz@ sativavariety IR64) a wt
seedling experiment with an auxin induction frontol3 h (NCBI Gene Expression
Omnibus GSE5167). The according data files wereomep into GenSpring GX 7.3.1
(Agilent) and the datasets were adjusted to rentbeebackground of optical noise
using the GC-RMA software (Haat al, 2004) and finally normalized by quantile
normalization. For further analysis only 2-fold up-down-regulated genes after auxin

treatment compared to controls were used.

Promoter sequence retrieval

The Arabidopsispromoter dataset used to create the control raizdohdataset was
obtained fromArabidopsisTAIR 9 release (Lamescét al, 2010) and cleaned from
promoters of plastidial and alternative transcrilipghes. Forcis-element mapping
promoters fromA. thalianaandO. sativawere extracted from GenBank files provided
by NCBI (see referencesprabidopsis promoters were extracted according to their
TAIR 9 annotations or rice promoters using the GamBextraction script aGBSQL of
the Motif Mapper for Python v1.2 software (see refees), respectively. For all
promoters -1000 bp upstream sequences were exirdeginning at the most 5’
annotation point for each gene [option TSS or AT&{cluding the base pair at the 5’

position. TheO. sativapromoter dataset was extracted from NCBI, analsiyou
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Gene Descriptions

Functional gene descriptions f@. sativawere taken from RAP3 locus GFF3 file
provided byRice Annotation Project Database (see references). itleghtl entries, due
to alternative transcripts were manually removeghdiional gene descriptions fé.
thalianawere taken from TAIR9_functional_descriptions dufig. This list was cross
referenced using the TAIR Gene Descriptions weledagiery tool. Redundant entries

due to alternative transcripts were manually rerdove

Real Randomization algorithm

The Cluster Analysis Real Randomization algorithdotif Mapper v5.1.1.39) was
written to facilitate sequence extraction from ihpASTA sequence files and to define
significant motif enrichments compared to a creatmadomized dataset. Therefore,
initially a list of given motifs is entered manuyabhr per text file and they are mapped
for the entire dataset. Motifs and composite maslabn be analyzed on Watson strands
only or include their Crick strand in the calcubati (“auto-antisense” or “dyadic-
(auto)”, respectively). Lists of genes are readbmnatically from any number of text
files present in any number of folders; such lets automatically extracted from any
tab-delimited text file that has a common headdrer@after, the algorithm extracts
random gene sets equal in size to the number oleseg matches actually found in the
FASTA database and records the match values. $hien repeated for the number of
iterations the user defined to build the backgropopulation statistics. The actual gene
set is gathered and a Z-score calculation is madedon the randomized background
population distribution. The results from the Ziscoalculation are returned to the user
per input gene set with an option to also haver#melomization values as well. To
calculate the false-positive error rate; a scripswritten to reiteratively call the Cluster
Analysis Real Randomization algorithm and put tae data to text files from each
pass for calculating the false-positive error rates

Plant cultivation, protoplast transformation and GUS-Assays

4 to 5 weeks oldArabidopsisCol-0 plants (grown on soil under long day comtif at

23°C and a relative humidity of 60%) were usedgmtoplast preparation. Protoplast
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isolation and transformation was performed acc@rdanEhlert and co-workers (Ehlert
et al, 2006). For promoter activation assays 14 pg ef phomoter:GUS reporter
plasmid was co-transfected with 3 pug of a normabnaplasmid (Pro35S:NAN). After
transformation the protoplasts were incubated fér H in an incubation buffer
supplemented with varying concentrations of NAA g(8a-Aldrich, Germany) or
DMSO (mock). GUS and NAN enzyme assays were peddratcording to (Kirby and
Kavanagh, 2002). The ratio of GUS to NAN activitiase calculated as relative
GUS/NAN values. Statistical analysis was performeihg the software OriginPro
8.1G (OriginLabs).

Molecular biological techniques

Standard DNA techniques have been described by Sakband co-workers
(Sambrook, 1989). DNA mutagenesis was performedyaqgpthe Quick Change site
directed mutagenesis kit (Stratagene, Amsterdamthddands) following the
manufacturer's manual. DNA sequence analysis waforpeed using an ABI310
sequencer (Applied Biosystems, Darmstadt, Germantf) an ABI PRISM BigDye
terminator cycle sequencing reaction kit (Applieb$/stems, Darmstadt, Germany).

Plasmid construction has been described in Wetsté, (Chapter 2).

List of Abbreviations

TFs — Transcription Factors, BRE — bZIP ResponsmEht, GRE — G-box related
Element, TGA — TGA Response Element, AC — ACTCATtfmaf S1-group bZIP-TFs,
MRE — MYB Response Element, AuxRE — Auxin RespoBkement, ARFs — Auxin
Response Factors, AUX/IAAs — AUX/IAA repressor @ios, WT — wildtype.
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Abstract

The essential plant growth hormone auxin regulaasscription via Auxin Response
Elements (AuxREs) which are bound by Auxin Respdraetors (ARFs). In order to
sustain optimal plant growth, endogenous and enmemntal stimuli have to be
integrated into auxin-specific transcriptional patts. Using théArabidopsisAtGH3.3
promoter as a model, we defined combinatorial @t auxin-mediated transcription
by a complex arrangement of in part redundantlyngctis-elements consisting of
AuxREs, G-BOX RELATED ELEMENTS (GREs) and MYB RESRSE
ELEMENTS (MREs). Whereas AuxREs function as auwepe&hdent switches, GREs
and MREs act as quantitative modulators of trapson. Importantly, GREs have been
found to enhance sensitivity to low auxin conceidres. Members of the C/S1-network
of basic leucine zipper (bZIP) transcription fastevere identified to modulate auxin-
responses via GRE elements. Gain- and loss-ofimepproaches in transgenic plants
demonstrate that group S1 AtbZIP2, -11 and -44-tiume auxin-induced transcription
and alter typical auxin responses, such as roatthrdateral root formation, root hair
density and gravitropism. As C/S1 bZIPs are re@ogning the primary metabolism in
response to energy stress, the GRE/bZIP modulgpisosed to function as a “rheostat”
which provides means to balance auxin-mediated tyraesponses depending on the
energy status of the cell.

Introduction

The plant hormone auxin regulates various aspdcptant growth and development,
such as embryogenesis, root and shoot architectuggn patterning or vascular
development (Abel and Theologis, 2010, Zhao, 2010).addition, responses to
environmental signals such as tropic growth or @asps to pathogen attack involve
auxin signalling (Maller et al., 1998, Navarro ét, 2006, Robert-Seilaniantz et al.,
2007).

Auxin regulated transcription is mediated by AUXINESPONSE ELEMENTS
(Ulmasov et al., 1995). Theses-sequences are recognised by AUXIN RESPONSE
FACTORS (ARFs) (Ulmasoet al, 1997a, 1999a, d, Tiwaet al, 2003, Guilfoyle and
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Hagen, 2007), which are members of the B3-typestiaption factor (TF) family
(Swaminathan et al., 2008). In the absence of aulken ARF-mediated transcription is
repressed by AUX/IAA proteins via protein-proteintaraction (Gray and Estelle,
2000). AUXI/IAA proteins function by interaction \itthe Groucho/Tup type co-
repressor TOPLESS (TPL) which is proposed to réd¢nsione deacetylases (HDACS)
to the respective promoters (Liu and Karmarkar,808zemenyei et al., 2008). As
histone deacetylation is correlated with transwil inactive, tightly packed
chromatin, transcription is repressed in the abserfcauxin. Auxin is recognised by
binding to the F-box protein TIR1 which in turn disato ubiquitination of Aux/IAA
repressor proteins by the SEE complex (Dharmasiret al, 2005a, Kepinski and
Leyser, 2005a). In response to auxin, Aux/IAA picdeare degraded by the 26S
proteasome and auxin responsive genes are traiscally activated by the ARFs.
This regulatory mechanism based on de-repressiablesn rapid gene activation and
has been found to be a characteristic of severahtre signalling pathways (Pauwels
et al., 2010).

A general feature of transcriptional control is dmnatorial regulation by severals-
elements which allows the integration of diversengli into transcriptional patterns.
Recently, protein interaction between ARF7 and MYBZ R2R3 MYB factor involved
in regulating lateral root growth in response t@iemnmental and nutritional cues has
been demonstrated (Shin et al.,, 2007). MYB factbied to MREs (MYB
RESPONSIVE ELEMENTS), although no simple consersas yet been defined. All
animal MYBs and some plant MYBs bind to the MYB diimg site | (MBS I,
CNGTTA), whereas MBS Il (AGTTAGTTA) has been defineo be recognized by
many plant MYBs (Dubos et al., 2010).

Auxin induced transcription has been studied in tumntext of several rapidly
responding groups of genes, lIBAURS(SMALL AUXIN-UPREGULATED RNAS),
Aux/IAAsand GH3s (Abel et al., 1995, Gil and Green, 1996H3 genes encode for
enzymes which modify the pool of active auxin bynjogation it to amino acids
(Staswick et al., 2005). The soybe&@H3 gene exhibits the best-studied auxin-
responsive promoter (Liet al, 1994, Liuet al, 1997b, Ulmasowt al, 1997a).
Previous findings implicate that seve@s-elements are involved in auxin-mediated

transcription.GH3 promoters from soybean and tobacco harbour G-BE&XAIED
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ELEMENTS (GRESs; consensus: BACGTYV) located in closiity to AUXREs. GREs
are typical binding sites for basic leucine ZipgezIP) TFs. Although G-box binding
activity has been described with respect to thebesay GH3 promoter, the
corresponding TFs have not been assigned yet dtial, 1997a). In our group the
tobacco bZIP-factors BZI-1 and BZI-2 were foundrégulate auxin-mediateltGH3
transcriptionin planta (Heinekamp et al., 2004, Bottner et al., 2009nle¢ al., 2010).
Furthermore, conserved organisation of AuxRE andE@Romoter elements has been
identified inGH3 genes from soybean and tobacco. Accordingly, argystic action of
ARF and bZIP TFs in auxin-mediated transcriptios haen postulated.

Making use of the experimental advantages ofAtabidopsissystem, we focussed on
GREs and AuxREs with respect to their impact on woatorial control of auxin-
mediated transcription. ThArabidopsishomologous of NtBZI-1 and NtBZI-2 have
been classified as group C (AtbZIP9, -10, -25, &3 group S1 (AtbZIP1, -2, -11, -44,
-53) bZIPs which form specific heterodimers andreéfme are proposed to be
functionally interlinked (Jakoby et al., 2002, Hilet al., 2006). The so-called C/S1-
network has been implicated in reprogramming thentd primary metabolism in
response to low energy stress (Baena-Gonzalez,e2(fl7, Dietrich et al., 2011) or
pathogen response (Kaminaka et al., 2006). Furtbrennit is involved in source-sink
control (Hanson et al., 2008) and seed storage gerpression (Alonso et al., 2009b).

Using theArabidopsis thalianadGH3.3as a gene model for auxin-induced transcription,
we identified a complex and in part redundant netwaf AuxRE, MRE and GRE
motifs functioning as important regulatory elemeirisauxin-induced transcription.
Whereas AuxREs mediate auxin-specific inducibilitf$REs and MREs act as
guantitative modulators. In a protoplast-based esgrspecific members of the C/S1
bZIP network were identified to regulate severatiainduced promoters via the GRE
motif. Using gain- and loss-of-function approaclmgransgenic plants, thia planta
function of these bZIPs has been demonstrated enetvel of auxin-induced gene

expression as well as by studying physiological @exklopmental auxin responses.
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Results

A 300 bp fragment of the Arabidopsis GH3.3 promoter located upstream of the

ATG start is necessary and sufficient to mediate atin responsiveness

The Arabidopsis GH3gene family harbours 19 members (Staswick et2805). In
particular, subgroup 1l has been implicated in aogajing auxin to amino acids,
resulting in biological inactive derivatives. Based homology studies between the
soybean, tobacco adabidopsis GH3)enes $upplemental Figure 1A as well as on
strong similarities in promoter structur&upplemental Figure 1B, the AtGH3.3
promoter was chosen as a gene model for furthenqier analysis. In order to perform
rapid analyses, the activity 8#tGH3.3promoter GUS fusions (ProAtGH3.3:GUS) were
tested in amirabidopsistransient protoplast system. Physiological lewdlauxin (0.25
MM o-Naphthaleneacetic Acid, NAA) were sufficient taostgly and reliably induce
AtGH3.3 reporter gene activity. Using the established gplaist system, auxin
responsivecis-elements were mapped by a deletion approkaufe 1A). In order to
obtain full-level auxin responsiveness comparabl¢he 1700 bp full-lengtitGH3.3
promoter, a nucleotide region approximately 300 igpstream the ATG start codon was
necessary and sufficient. In a complementary agproaeither the -1700 to -300
promoter fragment fused to a minimal promoter, aanutational derivate lacking all
discernible GRE, MRE and AuxRé&s-elements transferred any auxin responsiveness
to the GUS reporter. These data indicate that @@l sequence proximal to the ATG
start codon (AtGH3.3y) is required for full auxin-induced transcription.

AuxRE cis-elements mediate the auxin responsiveness of th¢GH3.3 promoter,

however their contributions differ considerably

Similar to the soybea®H3 promoter (Ulmasov et al., 1995) th¢GH3.3300 promoter

region harbours multiple and partially redundag-elements. In particular, three
AuxREs were identified which display a TGTCTC (AR and TGTCTG (AuxRE3)
consensus and a related TGTCCC motif (AuxRER2yYre 1B). The AuxRE1 and 2
build up a module organised as tandem inverted atspedn order to reveal the

functional impact of AuxRE elements, a promoterysia was performed in protoplasts
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making use of the mutations given kigure 1B. As demonstrated ifrigure 1C,
mutations in all three AuxREs resulted in a conglktss of auxin responsiveness.
Mutations in either the AuxRE1 or the AuxREZ2 lecatoeduction of thé&tGH3.3auxin
inducibility by 20%, whereas both mutations origeth in an additive effect. In
contrast, the mutation of AuxRE3 alone, led to #most complete loss of auxin-
inducedAtGH3.3promoter activity. In summary, although all AuxRé&mtribute to the
promoters auxin responsiveness, AuXRE3 is the irosial cis-element. Furthermore,
the AuxRE1/2 module functioned only in co-operatisith the AuxRE3 and was not
sufficient to establish auxin-responsive transaipby itself.

GRE and MRE cis-elements contribute to the quantitative level of axin induced
AtGH3.3 transcription

MREs and GREs have been implicated in auxin-regdl&tanscription (Heinekamp et
al., 2004, Shin et al.,, 2007). Based on bioinfoimatnalysis, two MREs were
postulated to be present in tA6GH3.3300 promoter, designated as MRE1 and MRE2
(Figure 1B). Typical plant G-boxes (CACGTG) harbour the ACE&dre motif (Jakoby
et al.,, 2002). Two G-box related sequences (BACGHh&ye been identified in the
AtGH3.3 promoter, named GRE2 and GRE4. Furthermore, GRill GRE3 were
found to overlap with TGACG-motifs. Both typesait-elements are recognised by G-
box binding factors, whereas the latter is knowbeahe typical binding site for group
D bZIPs (Jakoby et al., 2002).

To determine a functional role of the identified B&Rand GREs in auxin-mediated
gene regulation, a detailed mutational analysiheAtGH3.3promoter was carried out
in the presence and absence of applied auxin. Titation of a single MREHRigure
1D) or GRE Figure 1E) elements reduced the activity of tARE5GH3.3reporter gene by
20 - 40%. Slight quantitative differences were obseé between the particular
elements, e. g. MRE2 appeared to be more impotteart MRE1. Generally, an
increasing number of mutated MREs and GREs redtieeduantitative level of auxin-
inducedAtGH3.3 expression in a non-additive way. Importantly, atiain of multiple
GRE and MRE elements did not completely impair oespveness of th&tGH3.3
promoter to auxin. A threshold induction of approately 50 % remained even if all
GREs and MREs were mutatdeéidure 1C).
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Figure 1: Analysis of the AtGH3.3 promoter in Arabidopsis protoplasts. The indicated promoter
fragments have been fused to a GUS reporter getheegoression is quantified in the absence (white
bars) or presence (black bars) of exogenously egpyiAA (0.25 uM for 16 h)A) Presented are results
obtained with the full-length 1700 bltGH3.3 promoter (PrétGH3.3,7¢9, the 300 bpcis-element rich
promoter region proximal to the transcriptionalrstite (TSS) (PratGH3.33q9), a mutationaAtGH3.3

1700 derivate which lacks all discernible GRE, MRE ahaxRE cis-elements and the remaining TSS
distal promoter fragment (PAGH3.31700-309 fused to a minimal promoter (MFB) Schematic drawing

of the AtGH3.3 promoter organisation and the mutations used. dsgiwn of the P#tGH3.3;700GUS
construct and the indicated mutational derivatestie®en analysed in transiently transformed mesbphyl
protoplasts. Given are the results obtained withatmns in AuxREYC), MREs (D) and GREYE).
Relative positions o€is-elements and the respective mutations (X) are tapigeft). Given are mean
values (+ SD) relative to the induction of tA¢GH3.3,70o promoter (100 %). Different letters denote
significant differences (g 0.05) between constructs and treatments, detedhbgeone-way ANOVA

and subsequent Fisher post-hoc test.

These data demonstrate, that although the quuadtdtinction of the AuxREs is
apparent, these elements are not sufficient toigeofull auxin inducibility on their

own, highlighting the impact of GREs and MREs aargifativecis-elements.

GREs are not sufficient, but functionally interact with AuxREs in auxin induced
AtGH3.3 transcription

The presence of all GREs and MREs in the AuxRE-&dgsnction background did not
result in any auxin-stimulated transcription of tA&GH3.3 promoter Figure 1C).
Hence, GREs and MREs are not sufficient to mediateén responsiveness. In order to
analyse, whether there is a functional link betw#® most relevant AUXRE3 and a
particular GRE, we reduced the complexity of &t&H3.3 promoter by mutating the
tandem AuxRE1/2 motifigure 2A). An additional single mutation of any GRE led to
a similar reduction in auxin responsiveness, irndigathat the GREs were functionally
equivalent and that all GREs co-operate with AuxREauxin-mediated transcription
of the AtGH3.3promoter.
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Figure 2: GREs co-operate with AuxREs and sensitize auxin iedutanscription.A) AuxRE3 functionally
interacts with GREs in auxin-mediated transcriptiddaking use of an AuxRE1/AuxREfhutational AtGH3.3
promoter construct, functional interactionAixRE3 and the respective GRE mutants can be studledresented
GRESs co-operate with AuxRE3 in a similar manner. Egpion levels are presented relative to the geritiGel3.3
1700 Promoter (100 %). Results from mock (DMSO) and N#@ated samples (0.25 uM for 16 h) are illustrated
white or black bars, respective) GREs enhance auxin responsiveness especiallytddomone concentrations.
To analyse the impact of GREs in a simplified praena@ontext amAtGH3.3derived, composite GREuUxRE unit
(GRAUX-module) has been useSupplemental Figure 2A. Auxin responsive GRAUX tetramers have been fused
to a minimal promoter in a GUS reporter construesulting in GRAUX:GUS. Auxin triggered induction is
monitored in an auxin concentration dependent nmamkenutational GRAUX construct lacking functionaR&s
(GRAUX,GREmut:GUS, gray line) shows a rather weak auxiniated expression which is auxin concentration
independent, whereas the intact module (black ligestrongly auxin inducible, particularly at lowrentrations.
Significant differences between constructs andtrimeats are labelled with different letters (one-waMOVA,
followed by Fisher posthoc test<{0.05) or asterisks (Students T-Test §.05 = *; p< 0.01 = **; p< 0.001 = ***),
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GREs enhance auxin responsiveness, in particular &w hormone concentrations

To study the quantitative impact of the GRE elerseah auxin concentration-response
analysis was performed. Therefore, #&H3.3 promoter was simplified to an auxin
responsive unit carrying the AuxRE1/2 inverted segpwith the adjacent GRES,
designated as GRAUX-element (GRE/AuxREpupplemental Figure 2A. A
multimerized GRAUX-element fused to a minimal praeto(GRAUX4:GUS) and its
correspondent construct harbouring a mutated GREocempared with respect to their
auxin inducibility Figure 2B). Whereas the GRE mutant construct showed a lalv an
dose-independent inducibility (up to 4-fold), theegence of the functional GRE
rendered the construct highly sensitive to auximpanticular to low concentrations of
the hormone. Accordingly, a maximum induction of f6&l was obtained at 0.05 pM
NAA. Altogether, these data suggest a rheostattiomof the GREs.

Particular members of the C/S1-bZIP network enhanceauxin-induced AtGH3.3

transcription in protoplasts

GREs are canonical binding sites for bZIP TFs.eBasn the observation that tobacco
BZI-1 and BZI-2 TFs regulate auxin responses (Hang et al., 2004; Iven et al.,
2010), we assayed the nine homologduabidopsisbZIPs (Ehlert et al., 2006). In a
screening approach in protoplastsglure 3A), the group S1 members AtbZIP2, -11, -
44, and -53 and the group C factor AtbZIP63 spedlify enhanced auxin-mediated
ProAtGH3.3:GUS expression, whereas other bZIPsh) siscAtbZIP1 or AtbZIP9 had
no impact. However, bZIP-enhancAtGH3.3reporter activity was not only observed
when auxin was applied exogenously, but also seetha control samples. Similar
results were obtained when assaying the GRAGKS construct Supplemental
Figure 2B). However, in contrast to PAMGH3.3GUS, no activation of the
GRAUX4:GUS construct was obtained with AtbZIP63 or -HB.summary, several,
presumably functionally redundant group S1 bZIRdecare involved in modulating
AtGH3.3promoter activity.
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Figure 3: Particular AtbZIP TFs of the C/S1 network reguléte AtGH3.3 promoter via GREcis-
elementsA) The AtGH3.3reporter and individual Pro35S:AtbZIP-TF effectmnstructs have been co-
transfected in protoplasts to define bZIP TF dependilterations inAtGH3.3 driven reporter gene
expression. Predominantly group S1 AtbZIPs stromegllyance reporter gene expression with and without
additional auxin induction. Relative expressionelevare referred to the induction of th¢GH3.3
promoter (100%).B) Equal expression of the HA-tagged AtbZIP effestdvas been confirmed by
immuno-detection using asHA-tag antibody (* degradation product}) Expression of an AtbZIP11-
repressor domain fusion (AtbZIP11-R) reduces theirainduced expression of the GRAUX4:GUS
reporter.D) The contributory effect of AtbZIP11 and AtbZIP&#4 AtGH3.3expression is dependent on
functional GREcis-elements. Group S1 AtbZIP-TFs induce &t6&H3.3driven reporter gene expression
in the presence and absence of exogenous auxiicapph. In contrast, the effectors are incapable t
activate AtGH3.3reporter derivatives in which all GREBotifs are mutated. Results from experiments
using exogenous auxin (0.25 uM NAA for 16 h) or lmngPMSO) treatment are visualised by black or
white bars, respectively. Discrete letters desigrsgnificant differences (g 0.05) between constructs

and treatments defined by one-way ANOVA followedHigher posthoc test.

The function of bZIPs in auxin-mediated transcription is not limited to the
AtGH3.3 promoter

In order to analyse, whether bZIP-mediated modutatf auxin-induced transcription
is limited to theAtGH3.3 promoter, further GUS reporter constructs werdyaed in
the protoplast system using promoters of well-knoawxin-induced genes which
harbour GRE promoter elementSufpplemental Figure 3A. AtAux/IAA7 and -3
encode repressors of theix/IAAfamily andAtPIN4 an efflux carrier which both show
a moderate and kinetically slow positive respomsauixin (Abel et al., 1995, Paponov
et al.,, 2008). In comparison tAtGH3.3 auxin-induced activation of the reporter
constructs containingAtAUX/IAA3/7 and AtPIN4 promoters was rather low
(Supplemental Figure 3B-D. Nevertheless, a similar set of bZIP-TFs congall
expression of all promoters analysed. This dat&cate a general impact of group S1
factors AtbZIP2, -11 and -44. However, promoter cifpe differences were also
observed e. g. in addition to these bZIREIN4was activated by AtbZIP10.
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Auxin-induced AtGH3.3 transcription is impaired due to expression of bZP

repressor fusions

The impact of bZIP factors was also studied byaadient loss-of-function approach
using the Chimeric Repressor Silencing Technold@RES-T) (Hiratsu et al., 2003).
As a representative example, AtbZIP11 was seleateddfused to a synthetic repressor
domain. When bound to the respective GRE promotifnthe AtbZIP11-R protein
was supposed to block redundantly active TRgure 3C). The auxin-induced activity
of the GRAUX,:GUS construct was strongly impaired in the presasfdhe AtbZIP11-

R repressor fusion protein. Interestingly, the CRE®pressor domain had no effect on
the enhancing AtbZIP11 function in the absencextéraally applied auxin. These data
suggest that different modes of action apply f@nscriptional control depending

whether auxin is present or absent.

AtbZIP proteins enhance auxin-induced AtGH3.3 transcription via GRE cis

elements

In order to analyse, whether the bZIPs act via GREsZIP44 or AtbZIP11 were co-
expressed with a PAdGH3.3GUS construct which harbours mutations in all GREs
Accordingly, AtbZIP11 or AtbZIP44 did not activathe reporter in the presence of
auxin (Figure 3D, Supplemental Figure 4A, B supporting the view that GRE binding
sites are crucial for bZIP function in vivo. Sugdngly, reporter activity was strongly
suppressed after bZIP co-expression. A possibléaeapon would be that the bZIPs
induced the accumulation of AUX/IAA repressor pmgge which in turn negatively
regulate theAtGH3.3promoter via ARF interaction. This effect becamerenapparent
when an increasing number of positively acting GiREs within theAtGH3.3promoter

had been mutated.

AtbZIP2, AtbZIP11 and AtbZIP44 control auxin-induced gene expressionin

planta

In order to study the impact of bZIP factors oniawesponses at the whole plant level,
transgenic gain- and loss-of function approache® warried out. Because constitutive

ectopic expression strongly interferes with plarvwgh (Hanson et al., 2008, Alonso et
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al., 2009b) we expressed the bZIPs as HA-taggesiores using an [3-Estradiol (Est)
inducible expression system (XVE) (Zuo et al., 20@ue to a HA-tagged expression
of AtbZIP11, -44 or -2, the presence of Est-indub&dP factors could be detected by
immune-blot techniquesS(pplemental Figure 5A. Quantitative Real-time PCR (g-
RT-PCR) analysis revealed that the amoumat@H3.3transcripts transiently increased
after Est-induction of AtbZIP11 or AtbZIP44 expriess (Figure 4A), whereas the
application of Est. to control plants had no eff§&upplemental Figure 5B.
Consistent with the protoplast data, the in plakt&@UX/IAA3transcript level correlated
with the bZIP protein amount. ThatAUX/IAA3and to lower extent thAtAux/IAA7
transcript levels did not show a transient expaspattern but continued to accumulate
over a 24 h time period after Est applicatibig(ire 4A). These data support a model in
which AtGH3.3transcription is controlled by the AUX/IAA repress. In the moment,
where Est-induced AtbZIP11 or AtbZIP44 activate ¢épression oAux/IAAgenes and
thus the accumulation of the Aux/IAA proteins, tiepression of th&tGH3.3promoter
activity started. Indeed, an accumulation of AtABA3 or AtAux/IAA7 was able to
repress expression of the RtGH3.3GUS reporter in protoplastsS¢pplemental
Figure 6A). Furthermore, in theaux/iaa7 mutant axr2), AtGH3.3 transcription is
strongly de-repressedpplemental Figure 6B. Altogether, these data indicate that
the bZIPs modulate transcription of two counteragsystems which are connected by

a negative feedback loop (see moddtigure 7).

No T-DNA insertion lines could be identified foritreer AtbZIP11, nor -2 and -44,
which would enable a loss-of-function approach.tfi@nmore, the data presented here
and in previous studies strongly support a paytimddundant function of these closely
related bZIPs (Alonso et al., 2009b, Weltmeierlgt209). We therefore performed an
Est-inducible artificial micro RNA (amiRNA) apprdadn transgenic plants (Schwab et
al., 2006). The amiRNA was designed in a way thahould simultaneously target the
expression of all three bZIP genes. By this apgr@apartial reduction of AtbZIP11, -2
and -44 transcript abundance to 25 — 60% of thgalirevel was achieved after Est.
application Figure 4B, Supplemental Figure 5¢. This decrease correlated well with
the partially reduced expression AfGH3.3, AtAUX/IAA3and AtAUX/IAAY (Figure
4B).
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Figure 4: AtbZIP11 and -44 regulate expression of auxin-rasp@ genef planta.A) Transcription of
AtGH3.3, AtAUX/IAAZANd AtAUX/IAA7has been studied by g-RT-PCR in 3 weeks-old trarisgdants
which express HA-AtbZIP11 or HA-AtbZIP44 in an Elpendent manneSypplemental Figure 5A.
Transcription of all three genes is promoted byZARl1 and AtbZIP44, however their induction kinstic
analysed after 0, 6 or 24 h differ with respecthi® duration of estradiol treatment analysed &ftes or
24 h. Presented is the mean fold expression (+ S&ivt)pared to uninduced plang) Auxin induced
AtGH3.3, AtAUX/IAA3and AtAUX/IAATY transcription is significantly diminished in an tisducible
amiRNA knockdown line (XVE-amiRNA2/11/44 line 2)riér to auxin induction (2 uM NAA for 4 h),
AtbZIP2 -11 and-44 transcript depletion has been achieved by estrattioiced expression (7 uM Est
for 20 h).C) HA-AtbZIP11 and HA-AthZIP44 bind th&tGH3.3promoterin vivo. BZIP binding to the
GRE rich AtGH3.3 promoter region has been determined by CHIP aisabisd g-RT-PCR using the
primers indicated (arrowSupplemental Table }. Enrichment of q-RT-PCR amplified promoter
fragments after Est-induced HA-AtbZIP11/44 expresss given relative to uninduced plants (defined a
1). Presented are results from 4 independent arpets including 2 individually processed pools of
about 100 plants per plant line and treatment. QPER data have been normalised to DNA input, which
is quantified byACTIN8transcript abundance. In all diagrams Est. inducéind the corresponding mock

treatment are illustrated as gray or white baispeetively.
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In order to verifyin vivo promoter TF interaction, Chromatin Immuno Preeain
(ChIP) experiments were performed comparing exrdcom Est-inducible HA-
AtbZIP11 and HA-AtbZIP44 plants with and withouttliseatment. As demonstrated in
Figure 4C, direct binding of the HA-tagged bZIP proteinghie AtGH3.3promoter was

detected.

Expression of group S1 bZIPs modulates auxin respeses

As demonstrated ifrigure 5A, the treatment of wildtype (WT) and transgenicnpda
with 0.25 uM NAA results in auxin-related root grbwphenotypes such as reduced
primary root growth, enhanced lateral root form@at@nd root hair growth. Auxin
depletion should lead with respect to primary rgoowth to similar phenotypes
(Overvoorde et al., 2010). Remarkably, some ofdlresponses were pheno-copied in
the transgenic lines which ectopically expressdaZi®2, -11 or -44. For instance, bZIP
expression resulted in a reduced growth of the gmymoot Figure 5A, B) and an
enhanced outgrowth of lateral root&igure 5A, C). Furthermore, Est-induced
expression in XVE-AtbZIP2, -11 or -44 plants ledacsignificant decrease in auxin-
mediated root hair formationFigure 5A, Table 1). Complementary, the down-
regulation of bZIP expression in Est-amiRNA placésised a moderate, but significant
reduction of lateral root formatiorFigure 5C). However, no differences have been
observed with respect to root length and root faimnation in these plants. Auxin had
also been demonstrated to be a crucial mediattineofoot gravitropism (Moulia and
Fournier, 2009). Est-induced expression of all ¢hbZIPs led to agraviotropic root
growth Figure 6A, Supplemental Figure 7. Importantly, application of auxin to these
lines partially rescued the agravitropic growth mdtype. In summary it could be
observed, that bZIP expression contributed in ty@eu root part to the typical auxin-
related responses like lateral root formation, wher several auxin insensitive

phenotypes became apparent in the more distatissotes.
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and/or 10 uM Est. The most apparent auxin relaved growth phenotypes of WT, XVE-AtbZIP2, -11
and -44 as well as XVE-amiRNA2/11/44 plant linesvédhnébeen quantified with respect ®) the
increment of root length an@) lateral root densityMock (white), estradiol (red), NAA (blue) and
combined Est/NAA (black) treatments are represernedifferently coloured bars. Given are mean
values (+ SEM) from 44 individual plants per treatrh Significant differences between treatments are

determined by one-way ANOVA and Tukey posthoc &est denoted with different letters.

Table 1 Expression of AtbZIP2, -11 and -44 strongly att&ies auxin induced root hair formation.
Auxin application (0.25 uM NAA for 7 d) promoteschd root hair formation distal to the root elongati
zone. Est-induced AtbZIP2, -11 and -44 expresstoongly impairs auxin-induced root hair growth.
Given is the mean number of plants (+ SEM) showirngmacroscopically visible root hairs in the
presence of NAA or a combined NAA/Est treatmentefall, roots from 44 individual plants per line
have been analysed. Statistical significant difiees have been assigned by Students T-Test and are

given as p-values.

plants without root hairs (%)

Line # NAA treatment NAA + Est treatment p-value

WT (Col-0) 13,81 £ 4,27 18,10 £ 4,29 0,26 (n.s.)
XVE-AtbZIP2.2 11,43 £ 2,40 93,17 £ 0,16 2,22E-06
XVE-AtbZIP11.3 15,87 +2,08 93,17 +0,16 1,59E-06
XVE-AtbZIP11.4 11,43 £ 2,40 95,56 + 2,22 6,77E-06
XVE-AtbZIP44.3 27,30 £ 0,63 88,73 +2,06 4 54E-06
XVE-AtbZIP44.9 13,65 + 3,86 97,78 +2,22 2,32E-05
XVE-ami2/11/44.2 29,52 + 1,98 31,75+ 1,59 0,22 (n.s.)
XVE-ami2/11/44.4 22,70 £ 2,03 25,08 +260 0,25 (n.s.)

To analyse differences in auxin responsivenesssid and cellular level, a DR5:GFP
reporter line was crossed into the Est-inducibl&éPb@verexpression lines (Ulmasov et
al., 1997a). It has to be stressed, that this tepdioes not harbour any GRE or MRE
elements, but consisted of multimeric AuxRE repdatportantly, a reduced DR5:GFP
fluorescence was recorded in the AtbZIP-overexpmgsbnes which correlated with
agravitropic and reduced primary root growth anat teair formation Figure 6A-C).
Overall, these data suggest that the analysed biflifesfere with auxin response

pathways in particular, in auxin distribution andggynalling in roots.
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Figure 6: AtbZIP11 and -44 mediated agravitropic root groatinrelates with reduced DR5:GFP activity
in the root meristemA) Number of WT, XVE-AtbZIP11 and XVE-AtbZIP44 plant(DR5:GFP
background) displaying agravitropic root growth pbgypes after cultivation for 7 days on MS medium
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supplemented with or without Est (10 pM) and/or NAA25 puM). Presented is the mean plant number
(= SEM) from a total of 44 individual plants testéifeatments are illustrated by differently colalire
bars, adapting the colour code from FigurdBp Histological analysis of auxin mediated expressio
root tips of inducible AtbZIP11 and 44 over-exprss Transgenic plants harbouring an auxin-indecibl
DR5:GFP reporter (upper panel) and additionallyigdticible AtbZIP11 (XVE-AtbZIP11) (middle) or
AtbZIP44 (XVE-AtbZIP44) (lower panel) constructsveabeen grown for 36 h on MS plates without (-)
or with (+) addition of Est. Presented are overlafysonfocal GFP fluorescence and white light ingmage
C) Quantification of DR5 driven GFP accumulation e troot tip. Overall, GFP fluorescence signals
from root tips of 40 individual plants per treatrhamd plant line were analysed. White bars reptesen
uninduced and gray bars Est. induced conditiongnifitant differences between treatments are
visualised by different letters (one-way ANOVA witlukey posthoc test; § 0.05) or asterisks (Students
T-Test p< 0.05 = * p< 0.01 = **; p< 0.001 = ***),



3 Results 84

Discussion

A general characteristic of promoters is their ctampcomposition of regulatorgis-
elements which integrate various inputs to esthliisne specific expression patterns.
Although AuxREs are well-defined auxin-dependenh-aff switches”, further cis-
elements are required to establish quantitativeressgion patterns, for instance with
respect of induction kinetics. Here, we investigatie biological relevance and
functional interplay of these elements experiméytal

Using prevailingly amrabidopsisprotoplast system ametGH3.3as a model promoter,
we could confirm previous findings that AuxREs arecessary and sufficient to
mediate auxin responsivenegsgure 1) (Tiwari et al., 2003). The AuxREs within the
AtGH3.3promoter act in part redundantly but not in aniige manner. Depending on
their position in the promoter context or its peautar sequence, the impact of the
AuxREs on auxin-induced transcription differs caolesably. However, with respect to
the AtGH3.3promoter, it has to be pointed out that the AuxRiesie are only capable
to provide less than 60% of the auxin-inducibl@s@iptional capacity.

Although the basic model of ARF-mediated transaipis well-established (Guilfoyle
and Hagen, 2007), little is known on the functiomapact of other transcriptional
regulators in auxin-induced transcription. MYB77 ig¥h physically interacts with
ARF7 serves as a prototypic example for co-opesategulation of auxin-induced
genes, such a&tGH3.3 (Shin et al., 2007). The mutational approach preesk here
supports the hypothesis that MREs act as quangtatiodulators of auxin-induced
transcription. However, further mechanistic aspectshe function of the MRE/MYB
module in gene control are still elusive. In hese, focused on a detailed analysis of
GREs and its cognate TFs defining an additiona¢éddtat” mechanism which is fine-

tuning AuxRE-mediated responses.

GREs co-operate with AuxREs to function as a quarntive cis-element in auxin-
regulated transcription

GREs are enriched within the proximal 300 bps efAlGH3.3promoter as well as in
the set of auxin-regulated promoters frémabidopsis Although GREs by themselves

are not sufficient to mediate auxin responsiven@sgure 1C), they significantly
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enhance AuxRE-mediated transcription. Redundanafisfcis-element appears to be
an important characteristic as multiple copies &HES are frequently found in auxin-
induced promoters. Although auxin-induced trangimp is stronger effected when
several GREs are mutated, GREs function in a nadlittae fashion. Furthermore, any
of the four GREs provide a similar contribution whenalysed in combination with the
most effective AUXxRE3Kigure 2A). Hence, there is no requirement for correct Sgaci
between GREs and AuxREs. This is in agreementaovtlobservation that — in contrast
to MYB77 and ARF5/7 — no direct protein interactiohthe GRE binding bZIPs and
ARFs could be detected using two-hybrid systems himdolecular Fluorescence
Complementation (BiFC) approaches (CW, WDL, unmii@d data). However, the
formation of large enhanceosome-like multi-proteemplexes cannot be excluded and
therefore might have been missed by the use ofetheshniques. Although the
molecular mechanism of how GRE- and AuxRE-bindind~sT corporate in
transcriptional gene control remains elusive, oarknestablishes a second, redundantly

organized, quantitative promoter input to modu&igin-regulated transcription.

BZIP transcription factors of the C/S1-network moduate auxin-dependent growth

responses via GREis-regulatory elements

In line with our previous findings on tobacco bZ#etors (Heinekamp et al., 2004), we
could demonstrate that the closely relafgdbidopsisgroup S1 proteins AtbZIP2, -11
and -44 enhance auxin-induc@&dGH3.3 transcription Figure 3). As the AtAuxIAA3
and-7 as well as thétPIN4 promoters are regulated by a similar set of bZtRsy
appear to be of general importance in auxin-trigdegene expression. Although our
work has focused on the three most pronounced bZiivators of the auxin response,
we cannot exclude the possibility that other bzZpRsticipate as well in particular, as
heterodimer formation is of crucial importance witlthe C/S1-network (Ehlert et al.,
2006; Weltmeier et al., 2006).

Redundancy among bZIP factors limits the use o$-tfsfunction approaches. We
therefore, applied the CRES-T approach (Hiratswalgt2003) expressing dominant
bZIP-repressor fusions. Interestingly, the AtbZIHR Istill functions as an activator

when no exogenous auxin is applied, but as a repreafter auxin treatment. As
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demonstrated by Szemenyei et al. (2008), transmnipdf auxin-controlled genes is
blocked in the absence of auxin by AUX/IAA/TPL-dedent recruitment of HDACs.
The AtbZIP11-R repressor recruits the same hist@aeetylation machinery however,
it functions independent of an auxin-mediated protdegradation mechanism.
Accordingly, as AtbZIP11-R is proposed to speclficdarget GREs in theAtGH3.3
promoter, it will reduce its transcription eventie presence of auxin. Interestingly,
both AtbZIP11 and AtbZIP11-R functions as activatahen no auxin is added. Under
these conditions, transcription is repressed by ABX/IAA/TPL complex which
cannot be further enhanced by an additional repredsmain. Nevertheless, the
activator function of AtbZIP11 becomes obvious, ethis able to bypass the AUX/IAA
repression mechanism when overexpressed. We thereémclude that the activator
function of AtbZIP11 is discrete from the AUX/IA&pressor system.

In vivo binding of bZIPs to thé&tGH3.3promoter has been demonstrated by ChIP. To
confirm whether binding is mediated by GREs, coregpion analyses in protoplasts
were performed using the PAGH3.3GUS construct. Mutation of all GREs impairs
the impact of bZIPs to activate the promoter, wigapports our hypothesis that GREs
act as in vivo binding sites.

The data obtained in the protoplast system washdursubstantiated by transgenic
approaches. A balanced expression of AtbZIP2, fdl-44 appears to be very critical
as no viable overexpression or knock-out linesadond obtained (Hanson et al., 2008,
Weltmeier et al., 2009). In particular, all congtite overexpressors are dramatically
dwarfed. In contrast, the related group S1 AtbZ#ees not enhance auxin-induced
transcription and accordingly, the respective tansc approaches could successfully
be established (Dietrich et al., 2011). These datyest that particular C/S1-network
members display specific functions. Making use aft-iBduced bZIP expression,
typical auxin-related root phenotypes were obseigure 5). As the expression of
either AtbZIP2, -11 or -44 leads to similar resps)sthese data imply an at least
partially redundant function. In the upper roottgateral root formation was enhanced,
whereas several auxin insensitive phenotypes, wdrielreminiscent to those of auxin-
insensitive mutants such as the gain-of funcsbg2-2(aux/iaa3 mutant (Weijers et
al., 2005) were apparent in the more distal rasues. As endogenous auxin is present

in the transgenic plants, we interpret these figslias enhancer function of the bZIPs on
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auxin-modulated processes which have already betablshed.

Ectopic overexpression of TFs may generate unspdaiéomorphic) phenotypes. As
knock-out lines appear to be lethal, Est-inducrbldti-target amiRNA lines have been
established as an alternative loss-of-function aggn which simultaneously down-
regulate transcript abundanceAtbZIP2, -44, -11As bZIP expression is only partially
reduced, these lines are viable but show only naddephenotypical alterations.
However, these lines displayed significantly reducauxin-induced lateral root
formation, which is complementary to the resultsaoted by overexpression.

The physiological and developmental findings anealmrated by a reduced expression
of a DR5:GFP reporter gene in the root tip of tist-iBducible bZIP overexpressors.
Overall, enhanced lateral root formation in theergpart of the root compared to auxin
insensitive phenotypes in the most distal root @argaduced primary root growth,
agravitropic root growth, and reduced root haimfation) point to an altered auxin
distribution. Indeed, recent studies reveal an igm role of the bZIP target genes
AtAUX/IAA3 (shy2) and AtAUX/IAA7 (axr2) which encode repressor proteins
controlling root growth by altering auxin distrilbmn. With respect to agravitropic root
responses, primary root and root hair growth, dtuiste expression or expression of
gain-of function variants of these AUX/IAA proteifilsscum and Reed, 2002) partially
pheno-copies the bZIP-induced root growth alteratidvioreover, it has been reported
that especially SHY?2 is involved in determining tle®t meristem size by repressing
PIN1, PIN3 and PIN7 expression, which are cruaallitators of polar auxin transport
to the root tip (Blilou et al., 2005, Moubayidin &t, 2010, Scarpella et al., 2010). This
leads to a local reduction of auxin and therebyatchange of the auxin/cytokinin
balance which controls meristem growth. When awancentrations decrease which
contribute to meristem growth, the cytokinin inddceell differentiation in the
meristem exceeds and root growth is reduced. Tofiroonthis hypothesis,
measurements of local auxin concentrations areatkledt difficult to perform.

BZIP transcription factors of the C/S1 network sengise auxin signalling by
interfering with the AUX/IAA - GH3 feed-back mechanism

Auxin rapidly acts on activation of transcriptiontbeven more important, an efficient
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mechanism is needed to reverse the system badk toitial state. Inactivation of a
“brake” mechanism has frequently been described deveral plant and animal
signalling systems. Rapid regulation of genes iiclg AtGH3.3by auxin is mediated
due to the degradation of the AUX/IAA repressorgselgase of the brake”).
Accumulation of the AtGH3.3 enzyme initiates a fdxdk mechanism which
inactivates auxin by amino acid conjugation (Stakvet al., 2005). The reduced pool
of free and active auxin leads to a decelerated AKX degradation and, as a
consequence, to a reinforced repression of theg eartin responsive genes including
AtGH3.3 As pointed out irFigure 7, GREs and the GRE-binding bZIPs patrticipate in
modulation of this feed-back mechanism by contnglliranscription ofAtGH3.3 and
AtAux/IAA As demonstrated in the dose-response analyBigsGensitise the cell to
respond particular strong to low auxin leveigyUre 2B). Hence, signal input via GREs
acts on a very sensitive regulatory circuit in ausesponse. It can be anticipated that
due to differences in the promoter context, specifduction kinetics and expression
levels of repressor and target genes are estathisttéch build-up the self-regulating
feedback loop. Altogether, this system providesophssticated means to fine-tune
kinetic properties of the auxin signalling netwakd in consequence functions as a
“rheostat” to regulate auxin responses. Computatiamodelling of the experimentally
obtained data is needed to clearly define the dma#ine impact of the GRE/bZIP

system on the auxin response.

Due to its function in low energy signalling, the €51 network is proposed to
integrate information about the energy status intoauxin specific transcriptional

patterns

Recently, we and others could demonstrate that ressmdf the C/S1-network of bZIP
factors play an essential role in SnRK1 (SNF1 REEBRTKINASE1) mediated low
energy signalling, by adjusting the plant metalmoli® energy starvation conditions
(Baena-Gonzalez et al., 2007, Dietrich et al., 20kilhere, we present evidence for an
important signalling gateway of the C/S1-network meodulate auxin-mediated
transcription during nutrient deficient conditioasd thus, provide a first insight into a

central growth-regulatory mechanism in plants.
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A number of studies have established a functian&lbetween auxin-mediated growth
responses and stress defense, e. g. auxin-medjededh regulation is “hijacked” by

plant pathogens (Robert-Seilaniantz et al., 208n).understanding how the plant is
integrating environmental stress signals and in&tiom on the cellular energy status
into growth-specific transcriptional patterns wbk crucial both for basic science and

future agronomical approaches to improve plantquerénce.
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Figure 7: Model describing the function of group S1 bZIRtéas in auxin-regulated transcription. Auxin
induced transcription oAtGH3.3is established by ARF/AuxRE interaction and furteahanced by
AtbZIP2, -11 and -44 which bind GREs as quantitatis-elements. TheAtGH3.3encoded enzymatic
activity is proposed to reduce the pool of activxia by conjugating it to amino acids. Decreasing
amounts of active auxin would lead to reduced digjian of AUX/IAA repressor proteins and
consequently to enhanced repression of ARF regllat&H3.3 transcription. This self-regulating

feedback loop is modulated by the GRE/AtbZIP “rhatissystem.
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Material & Methods

Plant material and culture

For cultivation and transformation @éfrabidopsis thalianaecotype Columbia (Col-0)
and theaxr2 (aux/iaa?j(Wilson et al., 1990) mutant, plants were grownsoil under
long day conditions (16 h light /8 h dark) at 23 48d a relative humidity of 60%.
Transgenic lines were generated using the “Florgd Dransformation” technique
applying the Agrobacterium tumefacienstrain GV3101 (Weigel and Glazebrook,
2002).

For expression analyses and root morphology assayace sterilized and stratificated
seeds were cultivated on ¥4 MS (Murashige and Skt@gg) agar plates without sugars
under long day conditions. Prior to expression ysislby g-RT-PCR three weeks old
Est inducible plants were treated with 7 uM EstRit&stradiol-E2758, Sigma-Aldrich

Chemie GmbH, Munich, Germany) in PBS or an appeat@rmock solution for 6 or 24

h, respectively. For expression analysis of amiRIk&s, the plants were preinduced
with 10 uM Est for 20 h to ensure target mRNA ddgteon prior to gene induction by

an additional auxin treatment (2 uM NAA for 4 h).

Plants analysed in root morphology assays were mfowtwo weeks on agar plates in
vertical position before they were transferred mductive medium (0,25 uM NAA and
10 uM Est) or the respective mock treatment. Roaripimology or DR5:GFP expression

was monitored after one week or 36 h, respectively.

Protoplast transformation

Protoplast transformation has been performed asrideds by (Sheen, 2001) with
modifications according to Ehlert et al. (2006)r Boixin treatment, protoplasts were
incubated over night in WI solution supplementedhwd.25 uM NAA. In standard
experiments 9 pg of reporter plasmid, 3 pg of a Nfdmalization plasmid (Kirby and
Kavanagh, 2002) and 14 pg of an effector plasmid been used. If not stated

otherwise, mean values are calculated from 6 inuget transfections.



3 Results 91

Molecular biological techniques

Standard DNA techniques have been described in [{&ark et al, 1989). DNA
sequence analyses were performed using an ABI3deseer (Applied Biosystems,
Darmstadt, Germany) with an ABI PRISM BigDye terator cycle sequencing
reaction kit (Applied Biosystems, Darmstadt, Gerg)aWector DNA was gel extracted
and prepared using commercial kits (Macherey-NagelbH & Co. KG, Diren,
Germany). Western analysis has been performed pakse of a polyclonah-HA
antibody from rabbit (Santa Cruz, Santa Cruz, CAAY and an anti-rabbit 1gG
conjugated with a horseradish peroxidase (GE Healé) Freiburg, Germany). Q-RT-
PCR has been performed as described in Dietrieh €2011) and ChIP as described in
Weltmeier et al. (2006) with modifications accomglito Fode et al., (2009).
Oligonucleotide primers are summarizedable S1

Vector construction

The promoter:GUS reporter constructs used in thestent protoplast transactivation
assays were created by amplifying the promoter esazps including the 5’"UTR from
AtGH3.3(~ 1700 bp) AtAUX/IAA3(~ 2060 bp) AtAUX/IAA7(~ 2060 bp) and\tPIN4
(~3000 bp) usingArabidopsisWT genomic DNA and the PCR primers listed in Table
S2. Making use of the attached flanking restrictstes of the resulting PCR products
(AtGH3.3: Xbal, Ncol; AtAUX/IAA3 and AtAUX/IAA7: Baul, Ncol; AtPIN4: Pstl,
Ncol) the promoter fragments were inserted in thgorter plasmid pBT10-GUS (B.
Weisshaar, University of Bielefeld, Germany). Th@ARGH3.31700-300 derivative was
generated accordingly using Xbal / Ncol restrictisites. The PldtGH3.3300GUS
construct were created by removing the upstrearmgter region (300-1700bp) from
the pBT10AtGH3.3GUS construct by digestion with Bsiwl and Xbalbsaquent fill-

in of the resulting sticky-ends with Klenow Fragmé@rermentas, Germany) and blunt-
end ligation of the vector. For site directed metaggis of the AuxRE, GRE and MRE
cis-elements within th&tGH3.3promoter, the Quick Change site directed mutagenes
kit (Stratagene, Amsterdam, Netherlands) was usslbwing the manufacturers

manual. The primers were designed according hétp://www.stratagene.com/

qgcprimerdesigrand are listed ifable S1
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The synthetic GRAUX-unit was designed using comgetary oligonucleotides for the
corresponding sequence with a 5° flanking EcoRI Bedl and a 3" flanking Xbal
restriction site. After hybridisation of the oligatrieotides the fragment was ligated in
the plasmid pBT10-GUS and multimerized accordin(Roshton et al., 2002).

The AtbZIP group S1 and C bZIP effector plasmidsdum the transactivation assays
have been described in Ehlert et al., (2006), ewstones for AtAUX/IAA3 and
AtAUX/IAA7 were obtained from the REGIA TF colleotn (Paz-Ares et al., 2002) and
were transferred into the pHBTL expression veckhlért et al., 2006). The transient
expression vector pEHA-EAR used to generate TFessgmr domain fusions is
described in Dietrich et al. (2011).

In order to generate stable transform@abidopsisplants the Est. inducible XVE
system was used. The gateway compatible binary pfictor (Zuo et al., 2000) was
applied for inducible expression of amiRNA constsucTarget specific and efficient
amiRNA sequences were identified using the onlimeRNA design tool WMD?2 at

http://wmd2.weigelworld.org.

To generate Est-inducible overexpressors and tatoraarget gene expression a HA-
tag was incorporated into the pMCD7 vector. The tdg-was PCR amplified from the
pEHA vector (Weiste et al., 2007) attaching Xhdtnetion sites and inserted between
the inducible promoter and the gateway attachm&nbsthe pMDC7 vector.

Quantification of auxin responses inArabidopsis roots

To determine root morphology parameters high reswiumages (5 Megapixel, 24 bit)
of 44 individual plants per treatment were takenngisthe Camag reprostar 3
documentation system with a Canon G5 camera (CAMX& & Co. GmbH, Berlin,

Germany). From these pictures the root parameteatedifferently treated plants were
monitored. These are: lateral root number, presamcabsence of macroscopically
visible root hairs, the abundance of roots withiobs agravitropic root growth (at least
one root reorientation of more than ~ 45°) andttial root length before and after one
week of treatment. The root length was measuredgudie Image J 1.43u software

available at http://rsb.info.nih.gov/ij whereas tmaimber of lateral roots, roots
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with\without root hairs and roots with agravitromoowth was determined by manual

counting.

Confocal microscopy

To determine the GFP expression driven by the auxlicible DR5:GFP reporter
within the root, 200 fold enlarged brightfield afidorescence images of 40 individual
root tips per treatment were taken using the Le8R5 confocal microscope.
Fluorescence intensities were quantified as redativorescence intensity units using

the Leica AF lite application suite 2.0.0.

Phylogenetic andcis-element analysis

Phylogenetic analysis of group 1l GH3 proteins frAmnabidopsis thalianaGlycine max
and Nicotiana tabacuunwas performed online at http://www.phylogeny.fingsthe
MUSCLE, PhyML and TreeDyn algorithms for sequeniiggnanent, phylogeny analysis
and tree rendering. Protein sequences friarabidopsis GH3s were obtained from
TAIR and for NtGH3 (AF123503) and GmGH3 (CAA42638)m NCBI. Thecis
element analysis and motif visualisation within #oealysed promoter sequences was
performed using the Toucan 2 software at: httpm¥ée.esat.kuleuven.be/~saerts/
software/toucan.php. Promoter sequencesAi@bidopsisGH3 genes were obtained
from TAIR and forNtandGm GH3 genes from NCBI.

Statistics

Figures and statistical tests were done applyirg@higinPro 8.1G and Statgraphics
Centurion XVI software. Significant differences Wween multiple constructs and
treatments were determined using the One-way ANQ¥# followed by a Fisher
posthoc test (< 0.05) and are visualized by different letters.n8igant differences
between only two datasets are defined making usthefStudents T-Test and are
labeled with asterisks @0.05 = *; p< 0.01 = **; p< 0.001 = ***),
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and AtAUX/IAAY.
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Supplemental Figure 7 Expression of AtbZIP2, -11 or -44 leads to adrapic root
growth.

Supplemental Table 1 List of oligonucleotide sequences used in thisst

A

GmGH3
NtGH3
AtGH3.3
AIGH3.2
AtGH3.1
AtGH3.5
I:AIGH3.(1
AtGH3.9
I AtGH3.17
-1000 -900 -800 -700 -600 -500 -400 =300 -200 -100 -0
ProAtGH3.1 1 i T L4 1
ProAtGH3.2 } i L —4 - H
ProAtGH3.3 ¥ B A p
ProAtGH3.4 J . 1 1 }
ProNtGH3 L (NN 1
ProGmGH3 i - ———

ACTCAT I TGAcG H BAcGTV [ TeTCYS

Supplemental Figure 1 Analysis of group Il GH3 promoters from diverse plant species)
Phylogenetic tree of group 1l GH3s frofmabidopsis thaliangAt), Nicotiana tabaccun(Nt) andGlycine
max (Gm). Classification of GH3s has been adapted f&taswick et al. (2005B) Closely related
AtGH3.3 genes share a similar promoter (Pro) organisatiotheir -1000 bp region with respect to
frequency and distribution of postulated bZIP (AGNIC TGACG; BACGTV) and ARF (TGTCYS)
related binding sites. Consensus sequences angr calded.
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A

ProAtGH3.3

.@ uxRE2+luxRE1 IIRE2 HRE1 -{ATG

GRE3 AuxRE2 AuxRE1

caaagaffacgtgaccakaatccctcttatcedelatetdagtctaacy

aaaa aa a a aa

GRAUX-unit

Group S1 AtbZIPs Group C AtbZIPs

180 -
160 -
140
120 4
100 4

GRAUX,4:GUS
relative expression

dCd

AtbZIP = 1 2 11 44 53 - 10 25

Supplemental Figure 2 Group S1 AtbZIP2, -11 and -44 strongly promotnscription of theéAtGH3.3
derived GRAUX-moduleA) Schematic view of promoter context, sequence @RE&E and AuxREcis-
elements of th&tGH3.3promoter derived GRAUX-uniB) Impact of group C/S1 AtbZIPs on GRAUX-
module expression was tested using a multimerisBd\GX,:GUS reporter construct. In particular,
group S1 AtbZIP2, -11 and -44 co-expression enhaeperter gene expression in the absence (white
bars) and presence (black bars) of exogenouslyegpplxin (0.25 uM NAA for 16h). Given are mean
values (+ SD) from 3 independent experiments. ABB&®NAN construct was used for normalisation
(Ehlert et al., 2006). Different letters indicaigrsficant differences between constructs and meats
defined by one-way ANOVA, followed by Fisher posthest (p< 0.05).
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A

-10:20 -9(;‘0 -8?0 -TIII!C -E(ID -5(30 40|0 -3?0 -ZIEIEI 1 EID 0
ProAtGH3.3 I e ——_——-
ProAtAUX/IAA3 ] — L,
ProAtAUX7AAT | 1 I i
ProAtPIN4 } 1
AGTGAT B Teace B BAcGTV Hl cTcYs

ProAUX/IAA3:GUS
relative expression

1000

800+

600

400+

2004

ProAUX/IAAT:GUS
relative expression

2000

1500

1000

ProPIN4.GUS
relative expression

500

0
AtbZIP

Group $1 AtbZIPs

[]-naa
W+ nNAA

2

cC

44

53

1000 4

800 4

600 4

400 4

2004

2000 4

1500 -

1000 -

500 -

Group C AtbZIPs

e de
ab ode ap be PCa
a
b p
a2 a aa aa
9 10 25 63

Supplemental Figure 3 Particular group C/S1 AtbZIPs regulate auxin-cesive promotersA) The -
1000 bp promoter regions from auxin induciBlig&sH3.3 AtAUX/IAA3 AtAUX/IAA7 and AtPIN4 genes

display several AtbZIP- (ACTCAT; TGACG; BACGTV) arARF-TF (TGTCYS) specific binding sites.

Consensus sequences are colour cod&@bidopsis protoplasts have been co-transformed with

promoter:GUS constructs of eitheB)(AtAux/IAA3 (C) AtAux/IAA7and D) AtPIN4 and the AtbZIP

effector constructs indicated (left: group S1, tighgroup C). Reporter gene expression has been
quantified without (white bars) or with addition 825 pM NAA (black bars) for 16 h. Given are mean

values (x SD) from 3 independent experiments witheof 2 replicates relative to the auxin inductdn

the corresponding promoter:GUS construct (100%IRr835S:NAN construct is used for normalisation.

Statistical relevant differences are determinedg~way ANOVA and Fisher posthoc test(.05) and

are indicated by different letters.
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Supplemental Figure 4 Group S1 AtbZIPs regulate th&tGH3.3 promoter via GREcis-elements.
AtbZIP11 (A) and AtbZIP44 B) promote PratGH3.3driven reporter gene expression in the absence
(white bars) and presence (black bars) of exogén@applied auxin (0.25 pM NAA for 16 h). With
increasing number of mutated GRES-elements in theAtGH3.3 promoter, the contributory effect of
AtbZIP TFs on reporter gene expression decreasgen@re mean values (+ SD). Distinct letters denot
significant differences between constructs andtrimeats defined by one-way ANOVA and subsequent
Fisher posthoc test (p0.05).



3 Results 99

A XVE-AtbZIP
Wt (Col-0) DR5:GUS
22 113 443 114 449
st [ [ |
RO ee]
loading
control [
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loading |2 . E
control B I_M
B WT (Col-0)
n.s. []-Est
1,44 Il + Est
e %] n.s
2 0 n.s. e
o n.s.
5 08
®
S 06
2
T 0,44
2
0,2
0,0
AtGH3.3  AtAUX/IAA3 AtAUX/IAAT  AtPIN4
XVE-ami2/11/44.4
1] Est
4 W + Est
1,2
5 0] | .
g *
£08
3
o 08 Kk *
2
S04
[5
0,2
0,0
AtbZIP2 AtbZIP11 AtbZIP44

Supplemental Figure 5 The XVE system enables controlled AtbZIP exprassby low Est
concentrations, which do not unspecifically alteng expression in WT plant&) Immuno-detection of
HA-tagged AtbZIP proteins detected in the unindudest) and Est-treated (+ 5 pM Est for 24 h)
transgenic XVE-AtbZIP2, -11 and -44 plant linesigaded. Unspecific background signals are labelled
by *. B) QRT-PCR analysis cAtGH3.3 AtAUX/IAA3 AtAUX/IAA7andAtPIN4 transcript abundance in
mock (DMSO) and Est-treated (10 uM for 24ArpbidopsisWT plants.C) XVE plants harbouring an
Est-inducible amiRNA construct targeting AtbZIP21-and -44 transcripts (XVE-amiRNA2/11/44, line
4) show a reduced bZIP specific transcript abundaafter Est induction (7 uM for 20 h) compared to
mock (DMSO) treated plants. QRT-PCR data preseimt€B) and C) were obtained from 3 replicates
consisting each of 3 individual plant pools. Givare mean expression levels (x SEM) relative to
uninduced conditions. Significant differences aefired by Students T-Test and illustrated by asksri
(p<0.05 =% p< 0.01 = **; p< 0.001 = ***),
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Supplemental Figure 6 AtGH3.3 expression is negatively regulated by AtAUX/IAA3nda
AtAUX/IAA7. A) Mesophyll protoplasts were co-transfected witle tRroAtGH3.3 reporter and
Pro35SAtAux/IAA3 or Pro35SAtAux/IAAY effector constructs. Both effectors significantlgpress
ProAtGH3.3GUS expression in the absence (white bars) oepres(black bars; 0.25 pM NAA for 16 h)
of supplemented auxin. Given are mean expressiatsié+ SD). Expression of HA-tagged effectors was
monitored by immuno-detection (inset). Significdifferences between treatments and applied construc
were determined by one-way ANOVA and Fisher posttest (p< 0.05) and visualised by varying
letters. B) Q-RT-PCR analysis oAtAux/IAA7 AtAux/IAA3 and AtGH3.3 expression in leaves from
ArabidopsisWT (white bars) an@ux/iaa7mutant (gray, hatched bars) plants. Given is teamrelative
expression (x SEM) referred to WT from 3 replicafemn each of 3 individual plants. Significant
differences between gene expression levels in Wilnamtant plants are defined by Students T-Test and
marked with asterisks ©0.05 = *; p< 0.01 = **; p< 0.001 = **¥),
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plants with agravitropic
root growth (%)
(2]
o

WT (Col-0) XVE- XVE- XVE- XVE-ami
AtbZIP2.2 AtbZIP11.3 AtbZIP44.3 2/11/44.2

[ | mock B +Est Bl +nan Il +Est +NAA

Supplemental Figure 7 Expression of AtbZIP2, -11 or -44 leads to agrayiic root growth.

ArabidopsisWT and transgenic XVEAtbZIP2 -11 and-44 as well as XVE-ami2/11/44 plant lines were
cultivated for 7 days on MS medium supplementeth witwithout 10 uM Est and/or 0.25 puM NAA. Est-
induced group S1 AtbZIP2, -11 or -44 expressionseauagravitropic root growth which is partially

abrogated by additional auxin treatment. Preseistéte mean plant number displaying agravitropiat ro

growth (+ SEM) from a total of 44 individual plartessted. Applied hormone treatments are illustrated

differently coloured bars, following the colour @drom Figure 5. Significant differences between
treatments are determined by one-way ANOVA and dfighosthoc test (g 0.05) and labelled with

different letters.
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Supplemental Table 1 List of oligonucleotide sequences used in thislgt

category Primer sequence (5-3")
PAtGH3.3 1-1700 for AAAAATCTAGAGTGCTGAATATTTT
PAtGH3.3 1-1700 rev AAAAACCATGGGATTAAAATGGTAT
pAtGH3.3 300-1700 for AGGCAGAGTCACAAGCCTAATATTAGGGAACCGCGTGGTAC
PAtGH3.3 300-1700 rev GTACCACGCGGTTCCCTAATATTAGGCTTGTGACTCTGCCT
pAtGH3.3 AuxRE1 mut for CGCGGTCCCTCTTGTCCCCTATAACGGTCTAACGATAACAA
PAtGH3.3 AuxRE1 mut rev TTGTTATCGTTAGACCGTTATAGGGGACAAGAGGGACCGCG
pAtGH3.3 AuxRE2 mut for CGTGACCGCGGTCCCAATTATCCCCTGTCTCGGTC
PAtGH3.3 AuxRE2 mut rev GACCGAGACAGGGGATAATTGGGACCGCGGTCACG
PAtGH3.3 AuxRE3 mut for GGCGCAGACATATCAGTCCCACATATAAGCCCAAAACTAGCCAAA
PAtGH3.3 AuxRE3 mut rev TTTGGCTAGTTTTGGGCTTATATGTGGGACTGATATGTCTGCGCC
PAtGH3.3 GREL mut for TGTCGACGTGGAATTTGGCTCCCTTTGGTTTTCTCCTTCTTGCC
pAtGH3.3 GRE1 mut rev GGCAAGAAGGAGAAAACCAAAGGGAGCCAAATTCCACGTCGACA
PAtGH3.3 GRE2 mut for AAACCGAGCCCACTTTTATGTCGAAAAGGAATTTGGCTGACGTTG
=) PAtGH3.3 GRE2 mut rev CAACGTCAGCCAAATTCCTTTTCGACATAAAAGTGGGCTCGGTTT
g pAtGH3.3 GRE3 mut for GTCTGCCCAAAACTAGCCAAAGATTAAAAGACCGCGGTCCCTC
5] PAtGH3.3 GRE3 mut rev GAGGGACCGCGGTCTTTTAATCTTTGGCTAGTTTTGGGCAGAC
E pAtGH3.3 GRE4 mut for CAATAAATTGCCCAATCAAAGTAACATGCCAAAAAGGCGCAGACATATCAGT
g PAtGH3.3 GRE4 mut rev ACTGATATGTCTGCGCCTTTTTGGCATGTTACTTTGATTGGGCAATTTATTG
Q pAtGH3.3 MRE1 mut for CGACGTGGAATTTGGCTGACGTTAAATTTCTCCTTCTTGCCACTATAAA
=5 pAtGH3.3 MRE1 mut rev TTTATAGTGGCAAGAAGGAGAAATTTAACGTCAGCCAAATTCCACGTCG
PAtGH3.3 MRE2 mut for CCTCTTGTCCCCTGTCTCGGTCTAACGATTTTAGACCGAGCCCACTTTT
PAtGH3.3 MRE2 mut rev AAAAGTGGGCTCGGTCTAAAATCGTTAGACCGAGACAGGGGACAAGAGG
PGRAUX for AATTCACTAGTCAAAGATTACGTGACCGCGGTCCCTCTTGTCCCCTGTCTCGGTCTAACGT
pGRAUX rev CTAGACGTTAGACCGAGACAGGGGACAAGAGGGACCGCGGTCACGTAATCTTTGACTAGTG
pGRAUX GRE mut for AATTCACTAGTCAAAGATTAAAAGACCGCGGTCCCTCTTGTCCCCTGTCTCGGTCTAACGT
PGRAUX GRE mut rev CTAGACGTTAGACCGAGACAGGGGACAAGAGGGACCGCGGTCTTTTAATCTTTGACTAGTG
PAtAUX/IAAS for AAAAAAAATCTAGAGGAGGAATTTATTAGGTTTTAATCCGACATATAAG
PAtAUX/IAA3 rev AAAAAAAACCATGGTTCTTCAAGAATTGCAGGAGAAGATAAAAAG
PAtAUX/IAAT for AAAAAAAAACTAGTTTCACTCGATTGGTTGCGCATCAAATG
PAtAUX/IAAT rev AAAAAAAACCATGGTTACTTGTAATAGATTAGAAATATTGTTTCTCTCTCTG
pAtPIN4 for AAAAACTGCAGGTTTATCTACATCACAGGTCTGGTAGATAAAG
pAtPIN4 rev TTTTTCCATGGTTTTTCCGGTGGGTTTTGGAGTTTAG
AtGH3.3 QP for CATCACAGAGTTCCTCACAAGC
AtGH3.3 QP rev GTCGGTCCATGTCTTCATCA
AtAUX/IAA3 QP for AAAGGCTCAGATTGTTGGATGGC
AtAUX/IAA3 QP rev TGACCCTCATGCTCAGATTCATTC
AtAUX/IAA7 QP for AAGCTACCAGGATCTTTCTGATGC
AtAUX/IAA7 QP rev ATTCCTTGTGCTCCATAGTTTCCC
© AtPIN4 QP for TTGTCTCTGATCAACCTCGAAA
E_) AtPIN4 QP rev ATCAAGACCGCCGATATCAT
|L AtbZIP2 RT for TGATCGGAAACTGATGACTCC
L AtbZIP2 RT rev GAGCAGATTTGACCGTGAGC
AtbZIP11 RT for CGATTCAAACGTCGTCAGG
AtbZIP11 RT rev TCCGTTTACGTTTCCTCTGC
AthZIP44 RT for CATCTACGTAAAGAAAACGCTCAG
AtbZIP44 RT rev CCGGTCTCCATACCGAATC
UBQ5 RT for GACGCTTCATCTCGTCC
UBQS5 RT rev GTAAACGTAGGTGAGTCCA
AtGH3.3 gene ChIP for CCCCATCACAGAGTTCCTCACAAGG
AtGH3.3 gene ChIP rev TGGCATCAACTTCCTTTCACCAGC
% AtGH3.3 prom. ChlIP for TGCCAACGTGGCGCAGACATATCAGTCCC
o AtGH3.3 prom. ChIP rev CAAGAAGGAGAAAACCAACGTCAGCC
AtActin8 ChIP for GGTTTTCCCCAGTGTTGTTG
AtActing ChIP rev CTCCATGTCATCCCAGTTGC
amiRNA AtbZIP2/11/44 | GATTCGTTAAGAGATTGGAGACTTCTCTCTTTTGTATTCC
o3 < 5 amiRNA AtbZIP2/11/44 11 GAAGTCTCCAATCTCTTAACGAATCAAAGAGAATCAATGA
5 § ‘g‘ amiRNA AthZIP2/11/44 Il GACGTCTCCAATCACTTAACGAATCACAGGTCGTGATATG
8 E ﬁ amiRNA AtbZIP2/11/44 IV GATTCGTTAAGTGATTGGAGACGTCTACATATATATTCCT
=> © S| pMDC7-HA for AAAACTCGAGATGGCATACCCATACGACGTTCCGG
© pMDC7-HA rev AAAACTCGAGATCTGCCTAGAGATATCTGCATAGTCCGGG
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Abstract

In higher plants the hormone auxin orchestratesrerske array of developmental and
environmental responses mainly controlled via tteapsonal regulation. In this respect
auxin-induced genes are repressed by AUX/IAA pratevhich are thought to recruit
histone deacetylases to their cognate promoteosdier to modify the chromatin into a
highly-packed, inactive state. Although auxin-inddadegradation of AUX/IAAs has
been described to be a crucial step to de-rephese tgenes, a mechanism which leads
to gene-specific histone acetylation remains ekism here, we assigArabidopsis
AtbZIP11-related, basic leucine Zipper transcriptiactors to recruit the SAGA-like
acetylation machinery via their N-terminal actieatidomains. Pharmacological and
reverse genetic approaches clearly define the itnpiabistone acetylation in auxin-
induced transcription. BZIP-mediated recruitmenthaf histone acetylation machinery
and of RNA-Polymerase Il has been confirmed by @fatin-Immunoprecipitation
(ChIP). In conclusion, we provide conclusive evicenfor a novel regulatory
mechanism which expands our understanding of awegualated transcription.

Introduction

Various developmental and growth-related plant @sses, such as embryogenesis, root
and shoot architecture, organ patterning and vascddvelopment are regulated by the
plant hormone auxin (for review see Zhao, 2010; Ward and Bartel, 2005).
Moreover, responses to environmental signals susckrapic responses or pathogen
defence are associated with this hormone (e. gaiavet al., 2006; Wang et al., 2007).
To control these various responses, co-ordinatgdlagon of auxin-induced genes is
required, which is primarily mediated byis-acting AUXIN RESPONSIVE
ELEMENTS (AuxREs) (Ulmasov et al., 1997; Ulmasovakt 1999a,b), which are
bound by AUXIN RESPONSE FACTORS (ARFs), members tbeé B3-type
transcription factor (TF) family (Swaminathan et, &008; Waltner et al., 2005;
Guilfoyle and Hagen, 2007). Via protein-protein eirgtction, ARF-mediated
transcription is repressed by AUX/IAA proteins (@t al., 2001, Tiwari et al., 2004).
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These repressor proteins function due to theiracteon with the Groucho/Tup type co-
repressor TOPLESS (TPL) which is thought to rednistone deacetylases (HDACS) to
its target promoters (Liu and Karmarkar, 2008; Szeyei et al., 2008). Histone
deacetylation is correlated with transcriptionakdtive, tightly-packed chromatin
(Pandey et al., 2002). In response to auxin pegpivhich is mediated by the F-box
protein TIR1, Aux/IAA repressor proteins are poligiitinated by the SCE!
complex and subsequently degraded by the 26S ptesa (Dharmasiri et al., 2005;
Kepinski and Leyser, 2005). This regulatory mectanbased on de-repression enables
rapid ARF-mediated gene activation (Guilfoyle arayen, 2007) and has been found to
be a characteristic feature of several hormoneafligg pathways (Pauwels et al.,
2010). However, a complementary mechanism leadiregtivation of auxin-responsive
genes via histone acetyltransferases (HATs) sucl@hbls (HAG1) has not been
described, yet although GCN5 has been found intamhguppressor screen for the co-
repressor TPL (Szemenyei et al., 2008). GCN5 aedrdémscriptional adaptor protein
AtADA2b (PRZ1) and AtADA2a physically interact arate, similar to their yeast
orthologs, components of thrabidopsisSAGA-like chromatin remodelling complex
(for review see Servet et al., 2010, Anzola et2110, Bhat et al., 2003, 2004). In fact,
atgcn5andatada2bmutants, in which SAGA complex formation shoulddisrupted,
exhibit several, abnormal auxin related growth pigpes, in particular severe
dwarfism, loss of apical dominance, aberrant memstunction, abnormal root and leaf
development and reduced petal and stamen growttl(dhasios et al., 2003, Bertrand
et al., 2003; Long et al., 2006; Kornet and Sche2669). In addition, AtADA2b was
shown to be required for histone acetylation inpoese to auxin (Anzola et al., 2010).
Consistently, theada2b mutant plants are impaired in translating auxignals into
proper morphogenetic responses, as they form andirced callus-like root structures
instead of lateral roots (Sieberer et al., 2003AA2 proteins are capable to interact
with DNA-binding TFs, suggesting that GCN5 or rethHAT proteins can be recruited
to specific promoters in SAGA-like complexes viaABA2 mediated interactions
(Servet et al., 2010). By now, two direct physigaderactions between AtADA2
homologous proteins and transcriptional activatowsld be confirmedArabidopsis
AtADAZ2b interacts with the AP2 transcription fact8BF1, which promotes expression

of several cold-responsive genes (Stockinger et2801; Mao et al., 2006), whereas



3 Results 109

ADAZ2 from maize binds the bZIP (basic leucine Zigdactor OPAQUEZ2 (0O2), which
is involved in regulating seed storage genes dunragze endosperm development
(Bhat et al., 2004). With respect to O2, it hagHer been demonstrated, that histone
acetylation of its target promoters and transcaptumulation of its target genes,
correlates with promoter binding of O2, ADA2/GCNadaRNA Polymerase Il (RNPII)
(Locatelli et al., 2009). This suggests that thévaton potential of some TFs is

facilitated by recruiting histone modifying enzymes

In order to identifycis-regulatory elements anchns-binding transcription factors (TFs)
which function as recruitment adapters of the Imst@acetylation machinery with
respect to auxin-induced gene activation, we régahéntified G-box related elements
(GRESs) and the closely homologous group S1 bZIP AtBZIP11, -2 and -44 (Weiste
et al., submitted). These TFs quantitatively motulauxin-induced phenotypic

responses and gene activation.

In this work we provide evidence that AtbZIP11-teth TFs modulate expression of
auxin-inducible genes via histone acetylation. Dugrotein-protein interaction with
AtADAZ2Db, which is mediated by the bZIPs’ N-termirgdtivation domain, they are able
to recruit theArabidopsis SAGA-complex. Chromatin Immunoprecipitation (ChliP)
experiments confirm that bZIP-binding to the ealxin responsiv&tGH3.3promoter
correlates with its enhanced, GCNS5 specific histBi3&27 acetylation and activated
RNPII binding. Altogether, these data provide a atosive mechanistic model
describing a bZIP-mediated recruitment of the mstacetylation machinery to activate

auxin-induced transcription.

Results

Pharmacological approaches reveal that auxin-regutad transcription is
controlled by histone acetylation and deacetylation

To confirm the assumption, that auxin-induced tcapsion is controlled by histone
acetylation and deacetylation, we monitored theresgon of the early auxin
responsiveAtGH3.3 and the moderately respondiddAUX/IAA3 AtAUX/IAAT and
AtPIN4 genes (Weiste et al., submitted) in the absenck paesence of the broad-
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spectrum HDAC inhibitor Trichostatin A (TSA) (Yosla et al., 1990; Lusser et al.,
2001) or the GCNS5 specific HAT inhibitor, y-butyaaton (Biel et al., 2004). To ensure
equal exposure of the plant cells to the additivekl-type (wt) mesophyll protoplasts
were prepared and pre-incubated for 3 hrs in aonso solution supplemented with or
without low concentrations of TSA (0.8 uM) or y-prdglacton (0.25 mM), before they
were subjected to an additional 3 hrs auxin treatr{2 M NAA). As demonstrated in
Figure 1A, gene expression is enhanced by auxin and/or B8Aough gene-specific
quantitative differences in induction could be aled. In particular, the moderately

auxin-inducedAtPIN4 gene was strongly de-repressed by TSA treatnfregaiie 1A).

In Arabidopsisfive HAT-genes, related to the yeast GCN5 havenliesscribed, termed
Histone Acetyltransferase of the GNAT/MYST superigntHAG1-5) (Vlachonasios et
al., 2003; Benhamed et al., 2006; Benhamed et2808; Pandey et al., 2002). In
mammals, y-butyrolacton efficiently targets speciimino acids (aa) within the
catalytic active site of the GCN5 enzyme. Sinces¢haa residues are conserved in
AtHAG1 (AtGCNS5), AtHAG4 and AtHAGS Eigure S1) the activity of these enzymes
is likely affected by this HAT inhibitor.

Whereas y-butyrolacton had no effect on gene-indadn the absence of externally
applied auxin, it significantly reduced auxin-ingédc transcription when both
compounds were appliedrigure 1B). In contrast to the inhibitor driven expressional
changes on the auxin-responsive genes tested, UB@Script abundance is largely
unaffected by all treatments usddgure S2. In summary, these pharmacological data
clearly underline the involvement of histone acaigh and deacetylation in auxin-

regulated transcription.
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Figure 1: Auxin responsive gene expression in regulatedhisyone acetylation and deacetylation.
Expression analysis of the auxin-responsit&H3.3 AtAUX/IAA3 AtAUX/IAA7 and AtPIN4 genes in
the absence or presence of auxin aadte histone deacetylase (HDAC) inhibitor, Trictadis A (TSA)

or (B) the GCN5 histone acetyltransferase (HAT) inhihitebutyrolacton. To ensure equal exposure to
the additives, mesophyll protoplasts were preparmdi incubated for 3 hours in an isotonic incubation
buffer supplemented with or without 0.8 uM TSA 02® mM y-butyrolacton before expression of auxin
responsive genes was induced for further 3 houradujtional NAA (2 uM) application. Each gene’s
expression was quantified by qRT-PCR and is preseas relative expression level compared to mock
(DMSO) treated samples (white bars). Respectiveitimddtreatment, such as auxin (light gray),
HAT/HDAC inhibitor (dark gray) or a combined auwimfibitor treatment (black) is visualized by
individually coloured bars. Given are mean valuesSEM) from three independent experiments with
each of four technical replicates. Statistical gigant differences compared to mock treated samfile
each gene’s expression was determined by Studen&siTand is illustrated by asterisks<([0.05 = *; p
<0.01 =* p<0.001 = **).
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AtbZIP11-related basic leucine Zipper transcription factors interact with ADA2
adapter proteins of the histone acetylation maching

Recently, the group S1 bZIP factors AtbZIP11, -A a4 have been demonstrated to
quantitatively modulate auxin-mediated transcriptieia GREs (Weiste et al.,
submitted). To disclose the mechanism how theser@giglate transcription, we tested
the hypothesis, whether these bZIPs are able taitelse histone acetylation machinery
to open-up packed chromatin. Whereas only a mintaraction between GCN5 and
group C and S1 bZIPs (unpublished data) could Iservked in a protoplast two-hybrid
approach (P2H) (Ehlert et al., 2006), a signifiqamitein interaction between AtADA2b
and the closely related group S1 members AtbZIP?2 and -44 and group C AtbZIP10
and -25 could be identified=igure 2A). Using the AtADA2b homolog AtADA2a as
bait in this system, a considerably weaker intévactvith AtbZIP2, -11 and -44 and
hardly any with the group C AtbZIPs could be deteed Figure S3. P2H data were
further confirmed making use of co-immunoprecipiatstudies, by co-expression of
HA-tagged bZIPs and MYC-tagged AtADA2b rabidopsismesophyll protoplasts.
Applying ana-HA antibody, AtADA2b-MYC protein was efficientlyecovered from
samples expressing group S1 HA-AtbZIP2, -11 andaidd HA-AtbZIP10 from group
C (Figure 2B). In conclusion, these results support the hymthethat the
transactivation properties of these bZIPs mighaderibed to their ability to recruit the
SAGA complex, which is mediated in particular byermaction with the AtADA2b

adapter protein.
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Figure 2: Specific group S1 and C AtbZIP-TFs are able taliire HAT complex adapter protein AtADAZ2b vivo.
Binding properties of AtbZIP-TFs were analysedA) protoplast two-hybrid (P2H) an®) co-immunoprecipitation
(ColP) assaysA) In P2H assays, protoplasts were co-transfectéld @anstructs expressing AtADA2b/Gal4-DNA
binding domain (BD) and AtbZIP/Gal4-activation domafAD) fusion proteins, a Gal4-UAS:GUS (ProGal4-
UAS:GUS) reporter and a Pro35S:NAN normalizationstouct. Upon interaction of AD and BD fusion pratia
promoter Gal4 binding TF is reconstituted, that gaomote the expression of the reporter. Presergtdive
expression levels are mean values (+ SD) from thm@ependent experiments with each of two replgaitey are
normalized to the expression of the Pro35S:NAN radization plasmid and are relative to the backgdbun
expression of the ProGal4-UAS:GUS reporter. Asksrisnark statistical significant differences betwette
expression level of each individual assay compaecethe expression level, solely driven by the BD-B#b
construct (p< 0.05 = * p< 0.01 = **; p< 0.001 = ***). B) Mesophyll protoplasts were co-transfected with
constructs expressing the HA-tagged AtbZIP proteimdicated and MYC-tagged AtADA2b. Proper protein
expression had been determined by immuno-detediigput controls). Complexes of HA-AtbZIP and MYC-
AtADA2b were isolated using-HA antibody covered magnetic beads and the amotieb-immunoprecipitated
MYC-AtADA2b was defined by immuno-detection applgian o-MYC antibody (IP samples). Presented is the
outcome from one out of three ColP experiments, wklowed similar results.
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The N-terminus of AtbZIP11 and AtbZIP44 functions & an activation domain and

is necessary for ADA2b interaction

Based on the fact, that the acidic N-terminus of(raque-2 was suggested to be
crucial for ZmADAZ2 interaction (Bhat et al., 200Barlev et al., 1995), N-terminal
truncated AtbZIP11 and AtbZIP44 effector construsisre generated in which the
acidic, serine-rich domains (first 26 aa in AtbZ1Pdr 40 aa in AtbZIP44, respectively)
had been deletedrigure S4A). To monitor their ADA2 interaction propertiesntding

of the full-length and N-terminal truncated AtbZIiesAtADA2b was analysed in P2H
studies. A deletion of the N-terminal domain of 2B11 Figure 3A) and AtbZIP44
(Figure S4B) strongly compromised their capacity to bind AtABA According to the
concept that the expression promoting effect ofZ#11 was mediated by recruiting
the histone acetylation machinery, we further siddhe activation potential of the N-
terminal truncated AtbZIP11l and -44 derivatives the AtGH3.3 promoter in
protoplasts. In fact, it became apparent that,oalgh the full-length and truncated
proteins were equally expressed, the N-terminaldated derivatives, in contrast to the
full-length AtbZIP11 and -44 failed to promote tA&GH3.3 promoter driven reporter
gene expression in the absence of exogenouslyeadpplixin and even suppressed it

under auxin-induced conditionBigure S4C, D.

Similar observations were made in transgenic plaieh expressed the bZIP factors
in an Estradiol (Est)-dependent manner using th& X¥pression system (Zuo et al.,
2000). Without additional auxin-treatment, Est-inedd AtbZIP11 led to significantly
higher expression levels of several auxin-resp@nsnarker genes, which had been
found to be controlled by acetylation and deacétyta(\Weiste et al., submitte#&jgure
3B). In contrast, a comparable expression of the riteal truncated AtbZIP1AN
showed, in particular for AtAUX/IAA3 and AtPIN4 agmificantly less induced target
gene expression. Whereas ectopic AtbZIP11 expressggered diverse auxin related
phenotypes such as reduction in primary root grpwtthanced lateral root formation
and agravitropic root growth, these phenotypes weresiderably less pronounced or
even not distinct in Est-induced AtbZIPAN plants Figure 3C), which showed a
comparable TF expressiofigure 3D). All in all, these data suggest, that the polar,
acidic N-terminus of AtbZIP11 related TFs acts asaativation domain by recruiting

the AtADA2b adapter protein of the histone acetgtamachinery.
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Figure 3: The acidic N-terminus of AtbZIP11 is an activatidomain which is crucial for AtADA2b binding\) The AtADA2b
binding capacity of the full-length and N-terminaincated AtbZIP11-TF protein were analysed in R2says. Although the full-
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length and N-terminally truncated HA-tagged progeivere equally expressed and stable in protoplaseSupplemental Figure
S40), the N-terminal truncated derivative shows, coragao the full-length protein, an impaired capatit bind AtADA2b. The
presented results were obtained from 3 indepertdeméfections with each of 2 technical replicates are given as mean relative
expression values (+ SD). Expression was normatiaede Pro35S:NAN normalization construct andratative to the expression
of the ProGal4-UAS:GUS reportdB) Transactivation properties of full-length and @trinally truncated AtbZIP11-TF proteins
were studied in transgenic XVE-plants. After 24 soof induced full-length AtbZIP11-TF expressiorcansiderably higher target
gene expression, with respect to AtAUX/IAA3 and INR is observed compared to that induced by simdarounts of
AtbZIP11AN. C) Induced XVE-AtbZIP1AN plants exhibit much less severe auxin related goowth phenotypes compared to
XVE-AtbZIP11 plants. Typical auxin-related root with phenotypes such as primary root growth, grgigtooot growth and
formation of lateral roots had been studied in Wansgenic XVE-AtbZIP11 as well as XVE-AtbZIPAN plants. Therefore, 2
weeks old MS grown plants were transferred to, @ritivated for one additional week on, MS plategmemented with or without
0.25 uM NAA and/or 10 pM estradiol. For each treatrthe root parameters of 44 individual plantsengarantified and are given
as mean values (+ SEMD) Equal expression of AtbZIP11 and AtbZIRN in transgenic XVE plants had been comfirmed by
immuno-detection using@&HA antibody. In the experiments listed above digant differences compared tA) the expression of
the BD-ADA2b or B) the expression of auxin responsive genes in iediddbZIP11 and AtbZIP1AN plants were determined by
Students T-Test and are designated with astensks)(05 = *; p< 0.01 = **; p< 0.,001 = ***). Significant differences between
(C) different treatments were defined by one-way ANO&hd subsequent Fisher posthoc test @.05) and are visualized by
different letters.
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Disruption of complex formation between AtbZIP11l rdated TFs and the
Arabidopsis SAGA complex interferes with auxin-mediated transadption

In order to confirm the pharmacological based teswhich showed that expression of
auxin- regulated genes is dependent on proper HAVily, a reverse genetic approach
was pursued. As previously demonstrated, expressian amiRNA construct which
significantly reduces the transcript quantity oé thighly relatedAtbZIP2 -11 and-44
TFs genes attenuated the expression of their aesjpensive target genes (Weiste et
al., submitted), which is in line with the hypotisethat these AtbZIPs might be the
DNA-binding factors, that specifically recruit thpsitively acting SAGA complex to
the corresponding promoters. Furthermakeabidopsisatada2a atada2band atgcn5
mutants were used to disrupt the histone acetylanachinery. Homozygous mutant
plants of HAG1/GCN5 and AtADA2b were found to beosgly dwarfed and display
an abnormal root and stamen development, howeeepliBnotypes aditgcn5Smutants
are less severe comparedatada2bplants (Vlachonasios et al., 2003). As had been
expected this auxin-related phenotypes correlatéh wgimilar alterations in the
expression of a set of AtbZIP11 inducible, auxisp@sive genes iatgcn5 and
atada2bplants. QRT-PCR analyses revealed, that both rsitancurrently showed a
substantial reduction in transcript abundance AIRAUX/IAA3/-7 and enhanced
expression oAtGH3.3 (Figure 4A), indicating that HAG1/GCNS5 is one of the major
HATs controlling AtAUX/IAA3/7 expression and at least not the only one reggatin
AtGH3.3 In fact, AtGH3.3 expression is apparently dependent on the highly
homologous (88 % sequence identity) HAG4 and HAGYT 81 (Latrasse et al., 2008;
Cecchetti et al., 2008). In this respect gRT-PCRilte from homozygoukag5 mutant
plants exhibit a 50% reduction 8tGH3.3transcription, wherea&tAUX/IAA3and-7
expression was largely unaffectedfigure 4B, S5A. This effect on AtGH3.3
expression was even more pronounced in transgdardspexpressing an amiRNA
construct targeting bottHAG4 and HAGS transcripts Figure 4C). Finally, the
expression of the auxin responsive marker genesawalysed in homozygowtada2a
mutants. In accordance with the hypothesis thatD¥2a and AtADA2b are thought to
have distinct biological functions (Hark et al., 0B), expression ofAtGH3.3
AtAUX/IAA3and-7 was, in contrast to their expressionatada2h not significantly
changed iratada2amutant plantsKigure 4D, S5B.
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In conclusion, it can be stated that the expressianset of AtbZIP11 inducible, auxin-
responsive genes is controlled by specific adagter HAT components of the histone

acetylation machinery.
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Figure 4: Reverse genetic approaches reveal that auxiromss@ genes are regulated by specific
ArabidopsisHAT and ADA2 proteins of the histone acetylatioomplex. Expression of the auxin
responsiveAtGH3.3 AtAUX/IAA3 and AtAUX/IAA7 genes was quantified by qRT-PCR in the HAT
mutants Q) gcn5-1 (B) hag5 or (C) the transgenic XVE-amiRNA-hag4/hag5 knockdownnida
Additionally the expression of these genes was toomil in the ADA2 adapter protein mutamd)(
ada2b-1 Given are mean relative expression levels (+ SEM) at least 3 individual plants with each of
4 technical replicates. Expression levels are ikgab the corresponding WT or uniduced XVE-lines.
Significant differences between WT and mutants mnduced and induced XVE plants are defined by
Students T-Test and are marked with asterisksq®5 = *; p< 0.01 = **; p< 0.001 = ***),
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ChIP analyses reveal that binding of AtbZIP11 relaéd TFs coincides with
enhanced GCNb5-specific histone acetylation and RNPtecruitment to the auxin-
responsiveAtGH 3.3 promoter

Transcriptional active chromatin is associated wattetylation of specific lysine
residues at the N-terminal tail of histone 3, ngnd, K14 and K27. This is thought to
enhance the accessibility of the DNA foains-acting co-activators, thereby facilitating
transcription (reviewed in Lee and Workman, 200Ral®hazian and Grunstein, 2007).
As AtbZIP11 and -44 recruit the SAGA complex in egeence-specific manner, we
posed the question if enhanced bZIP binding toAtttiéH3.3 promoter correlates with
its enhanced histone acetylation and RNPII recrntimTo address this point, CHIP
analyses of uninduced and induced XVE-AtbZIP11 afdl plants were performed
applying specific, high-affinity CHIP grade antibesl raised against HA-tagged bZIP
fusion proteins, acetylated lysine 27 residues isfohe 3, specifically performed by
GCNS5 (Earley et al., 2007; Benhamed et al., 200@) the activated RNPII, which is
phosphorylated at serin 5 in the C-terminal don{&@hD) of its largest subunit (RPB1)
(Mosley et al., 2009). As AtbZIP11 related TFs prably bind to GREs (Weiste et al.,
submitted) and envisaged AtbZIP mediated historetydtion and RNPII binding
should also occur in this region, we quantified &ach individual CHIP assay the
immunoprecipitated GRE ricAtGH3.3 promoter region by gRT-PCR. By this means,
we could demonstrate that a short Est-induced sgme of either HA-AtbZIP11 or -
44, in the corresponding transgenic XVE-plantsultssn an enhanced binding of the
AtbZIP-TF, a strongly elevated GCN5 specific H3K&@etylation and a significantly
increased assembly rate of the activated RNPIl ésxnpn the AtGH3.3 promoter
(Figure 5A, B). In independent experiments it could be furthemfcmed that at this
early induction time-point of AtbZIP11 or AtbZIP4&pression, transcription of the
AtGH3.3gene is already significantly induceligure 5C). Thesein vivo data clearly
propose that AtbZIP11 and -44 activate transcniptd this auxin responsive gene by

chromatin remodelling.
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Figure 5: Enhanced binding of AtbZIP11 related TFs to thgim responsiveéAtGH3.3promoter correlates with its
enhanced GCN5 specific histone acetylation and RNRdiuitment. Using high-affinity CHIP grade antilesl
raised against the HA-tag, GCN5 specific histongsthk 27 acetylation (H3AcK27) and the active RNAyR®rase

Il (serine 5 phosphorylated RPB1 subunit), ChIP ysseere performed to determine if enhanced bindihglA-
tagged A) AtbZIP11 or B) AtbZIP44, coincides with elevated H3AcK27 levelsd a higher assembly rate of the
activated RNA Polymerase Il (RNPIl) on the GRE-richtGH3.3 promoter region. The amount of
immunoprecipitatedAtGH3.3 promoter region for each antibody used, was dfiedtiby gRT-PCR using site-
specific primers. Given is the mean relative abmedaof theAtGH3.3promoter region (x SD) in shortly induced (6
hrs, 10 uM Est.) (black bars) XVE-AtbZIP11 or XVBbXIP44 plants compared to uninduced plants (wbites).
Values were normalized to the amount of chromatihADused in each ChIP experiment (% Input), which was
specified by gRT-PCR using Actin8 primers. Depictesults were obtained from 2 independent plant ppetdine
and treatment, from which in total 4 independentfCéxperiments for each antibody were perforn@®dExpression

of AtGH3.3was analysed after 6 hrs of induced AthZIP expoesi the corresponding transgenic XVE-plants.
Significant differences between the uninduced amti¢éed samples for each ChIP assayR) and fromAtGH3.3
expression analysi€] are defined by Students T-Test and are desigristedterisks (g 0.05 = *; p<0.01 =**; p
<0.001 = ***),



3 Results 120

Discussion

Under auxin-deficient conditions, the expressioawfin-responsive genes is envisaged
to be strictly repressed by AUX/IAA/TPL mediatecdmg@tment of HDACS, leading to
histone deacetylation and in consequence to trigmisecral inactive chromatin
(Szemenyei et al., 2008). As summarized in theehwmdrigure 6, this study provides
conclusive evidence for a complementary bZIP-mediatecruitment of histone
acetyltransferases, which specifically open-uptigiely-packed chromatin and thereby,

activate auxin-inducible genes.
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Figure 6: Model of proposed AtbZIP-TF action on auxin meéeéatranscription. Under auxin deficient
conditions, expression of auxin responsive genespressed by AUX/IAA proteins which are thought to
recruit, via the co-repressor TOPLESS (TPL), histdeacetylases (HDACS) to their target promotess. A
soon as auxin concentrations increase, AUX/IAA espor proteins are marked for degradation by the
26S proteasome, via a SCFcomplex dependent mechanism. AUX/IAA degradatierrebresses ARF-
TF activity which is thus able to induce the expres of ARF-TF target genes. In particular, group S
AtbZIP-TFs are able to enhance auxin-mediated ¢ript®on by ADA2 protein mediated recruitment of
histone acetyltransferase complexes. Histone at&tgl decondenses the chromatin, thereby faciigati

co-factor binding and thus transcription.
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Chromatin remodelling by histone acetylation and dactylation is a crucial

mechanism for the regulation of auxin-responsive ges

Making use of pharmacological approaches, chromaémodelling by histone
acetylation and deacetylation has been definedet@ fzrucial mechanism in auxin-
regulated transcription. Inhibition of HDACs by TSde-represses transcription of
several auxin-induced genes, although the impdigtrgiconsiderably depending on the
gene under investigation. These results suggedt tthes mechanism is generally
conserved. Nevertheless, it is further fine-tunedestablish typical gene-specific
expression patterns. In contrast, inhibition oft@egdion by a GCN5 specific HAT
inhibitor, represses auxin incuced transcriptiorihef analysed auxin responsive genes,
which is in line with the model, that their auxirediated expression is facilitated by a
histone deacetylation counteracting system. Thellteedrom the pharmacological
studies were complemented by reverse genetic apipgeademonstrating that AtGCN5
and AtADAZ2b, both protein components of thmbidopsisSAGA-complex are crucial

for auxin-induced gene activation.

Consistent with this, recently published resultghlight the relevance of the AtADA2b
adapter protein in auxin-induced gene regulationz@a et al., 2010) and suggest a
relevance of the HAT GCNS5 in an AUX/IAA/TPL coungéeting mechanism (Long et
al., 2006). Besides the role of GCN5, we have destnated that further HATs of the
GNAT/MYST superfamily are involved in controllingugin-mediated transcription.
However, it has to be pointed out, that a certgecHicity of the studied HATs
(HAG1/GCN5, HAG4 and HAG5) and adapter proteins A2, ADA2b) with respect

to auxin-responsive gene regulation is observed.

BZIP transcription factors are mediators which spedicly recruit the histone

acetlyation machinery to GRE motifs in auxin-inducble promoters

In order to recruit the SAGA acetylation machindoy a promoter in a sequence-
specific-manner, DNA-binding TFs are required. Recstudies have implicated
AtbZIP11, -2 and -44 as quantitative modulatorsagkin-responsive gene expression
which specifically bind GREis-elements (Weiste et al., submitted). Several diasel

unbiased bioinformatic approaches have revealetd @REs, which are preferred

binding sites for plant bZIP-TFs (Jakoby et al.02Dare significantly enriched in auxin
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responsive promoters from the dicot model plardbidopsisand the monocot plant
rice (Nemhauser et al., 2004; Pufky et al., 2008reBdzen and Weiste et al., in
preparation). Furthermore, an observed enrichméntomposite GRE-AuxREcis-
element modules in promoters of auxin inducibleegeinom both species indicated that
GREs are conserved, quantitative coupling motifs tloé well-described auxin-
responsive element (AuxRE) (Berendzen and Weistaletin preparation). This
assumption had been further underpinned by mutipromotercis-element analysis
using the early auxin-responsive soyb&s3 (Ulmasov et al., 1995) ohrabidopsis
AtGH3.3promoter (Weiste et al., submitted).

To elucidate the mechanism by which the GRE/Atb#i&dule is enhancing AuxRE
mediated transcription, an envisaged direct prepeatein interaction between AtbZIP
and ARFs was examined, but couldn't be confirmeat, (W, WDL unpublished
results). However, we found that AtbZIP11 and -whjich specifically bind GREs,
directly interact with AtADA2b, which is an import component of the SAGA
complex, usingin vivo P2H and Co-IP studies. In line with this, appreechvhich

interfere with endogenous AtbZIP expression rexmalimpairment of auxin-induced
transcription. As T-DNA insertion lines for the imdlual highly homologous group S1
AtbZIP2, -11 and -44 appear to be lethal, a maltyét Est-inducible amiRNA
approach was established. Induced expression af @miRNA results both in
significantly reduced expression of AtbZIP11/2/4% well as of its putative auxin-
induced targets (Weiste et al., submitted).

This data supports the view, that group S1, AtbZIRdated TFs function as promoter-
specific adapters, recruiting the acetylation maehi. Comparing several bZIP factors
in interaction assays, we could demonstrate tleaADA?2 recruitment is not specific to
AtbZIP11 or -44 but is conserved within several bot all group C and S1 bZIP
factors. As it has been demonstrated for O2 is enféhat et al., 2004; Locatelli et al.,
2009), the closely homologousrabidopsisgroup C members AtbZIP10 and -25 also
interact with AtADA2 proteins. Interestingly, O2 caatbZIP10, -25 have been shown
to exert related functions in regulation of seedrage protein genes in maize and
Arabidopsis(Locatelli et al., 2009; Alonso et al., 2009). Hertbese data suggest that
bZIPs are not only involved in recruiting the adatign machinery during auxin-

induced transcription. Indeed, recent publicationgplicate seed specific gene
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regulation with histone acetylation (Locatelli & 2009; Bhat et al., 2003). As GREs
frequently act as quantitative@s-elements in a wide array of stimulus-induced gene
expressions (Dietrich et al., 2011; Baena-Gonzatea., 2007; Alonso et al., 2009), it
is tempting to speculate that GRE-mediated recwrritnof SAGA-complexes is of more
general importance. However, further functionaldsts are needed to define the

function of bZIPs on a genome-wide level.

As the interaction between O2 and ZmADAZ2 is thoughte mediated by its acidic, N-
terminal activation domain (Bhat et al., 2004; Barét al., 1995), we accordingly tested
if the acidic N-terminus of AtbZIP11-related TFsalso necessary for activating auxin-
responsive transcription and AtADA2b binding. Inctfa N-terminal truncated
derivatives of AtbZIP11l and -44 exhibit a signifitareduced capacity to bind
AtADA2b and to enhance the expression of their mugsponsive target genes. In
agreement with this, also the AtbZIP11 induced,imuelated root phenotypes were
found to be much less pronounced in plants exprgdbie truncated TF protein. These
data indicate that the interaction platform is stictly conserved but probably is
characterized by specific features, such as patadijc amino acid residues which are
frequently found in activation domains (Schmitz at, 1997). Interestingly, the
recruitment properties of the bZIPs for specifi@ptér proteins differ. For example
AtbZIP11, -2 and -44 recruit both AtADA2b and AtARA, although with significant
lower affinity for the latter. In contrast, adaptending of group C, AtbZIP10 and -25
appear to be only specific to AtADA2b. Accordinglgxpression of auxin-induced
genes is not affected mtada2amutants but strongly impaired atada2b Along this
line, auxin related phenotypic alterations are opignounced inatada2b mutants,
which cannot be rescued by AtADA2a expression (Harlal., 2009; Vlachonasios et
al., 2003). This indicates that the adapter pretékely implement specific functions by

recruiting at least partially individual sets adriscriptional regulators.

Comparing auxin-induced expression AGH3.3 AtAUX/IAA3 and AtAUX/IAA7 in
mutant lines of AtADA2b and AtGCN5 the same patteam be observed, supporting
the model that both proteins functionally co-operah the SAGA complex.
Unexpectedly,AtGH3.3 expression is strongly enhanced in thegl (atgcny and
atada2bmutants, whereas expression of #EX/IAA3 and-7 genes is significantly

reduced. As these repressor proteins had been dénaex to negatively regulate
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AtGH3.3 expression (Weiste et al., submitted), likely hgtdne deacetylation, the
expression oAtGH3.3is de-repressed imaglandada2bmutant plants and no longer

dependent on the recruitment of the counteractistpime acetylation machinery.

Due to this fact, the significance of GCN5 #®GH3.3expression is hard to address.
Nevertheless, théag4 mutant and the multi-target amiRNA line, suppnegsboth
HAG4 and HAG5 expression reveal that the expressidhe AtGH3.3gene is at least
dependent on these HATSs, wherdasX/IAA3and-7 expression is not.

In line with published work (Locatelli et al., 200®lao et al., 2006) it is tempting to
speculate that various HAG and ADA proteins interex form distinct SAGA-
complexes which appear to be recruited to distsets of target genes. However,
neither the mechanism, nor the impact on gene aé&gul is understood, so far.
Altogether, these data support an important mediataection of AtbZIP11 and -44 in
recruiting specific SAGA complexes, via their acidctivation domains.

By binding to auxin-induced promoters AtbZIP11l and AtbZIP44 stimulate

chromatin remodelling and enhance RNA Polymerase ltlependent transcription

The mechanistic model based on pharmacologicathkeimical and genetic data was
further supported bin vivo experiments. ChIP analyses confirm that Est-induzélP
expression leads to an enhanced binding of the IRtz and -44 TFs to th&tGH3.3
promoter sequence which harbours several GRE lgnsite. This binding coincides
with enhanced GCNS5 specific histone 3, lysine 2atyation and recruitment of RNPII
which consequently results in enhanced transcrptod AtGH3.3 Recently we
proposed the GRE/bZIP module to act as a “rheostafine-tune AuxRE-mediated
auxin-responses (Weiste et al., submitted). In,h&eeprovide a mechanism, how this
module is controlling transcription via SAGA-redraent and chromatin remodelling.
As the identified bZIPs belong to the C/S1 netwoirltbZIP-TFs, which are known to
specifically form heterodimers and to be involvadeprogramming the metabolism in
response to low energy stress (Hanson et al., ZD@8ich et al., 2011) it is tempting
to speculate, that the described regulatory mesham used to adjust auxin-mediated

growth responses according to the energy stattiedfell.
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Material & Methods

Plant material, transformation and culture

Arabidopsis thalianaecotype Columbia (Col-0) or Wassilewskija (WS-2)ddag5
(At5g09740; SALK 106046C)ada2a-3 (Hark et al., 2009),ada2b-1 and gcn5-1
(Vlachonasios et al., 2003) mutant plants wereivatkd on soil under long day
conditions (16 h light /8 h dark) at 23 °C and latiree humidity of 60 %. The genotype
of all mutant plants and the expression of mutdlgles from yet uncharacterized
mutants was confirmed by PCR/ gRT-PCR using gend®NA- or transcript specific

primers, respectively (s@able SJ).

Transgenic lines were generated using the “Florgd Dransformation” technique
applying theAgrobacterium tumefacierstrain GV3101 (Clough and Bent, 1989). For
expression analyses and root morphology assaysaasdgenic XVE-lines surface
sterilized and stratificated seeds were cultivateds MS (Murashige and Skoog, 1962)
agar plates without sugars under long day conditiéirior to expression analysis by
gRT-PCR two weeks old Est inducible plants weratege with 7 uM Est (17-13-
estradiol-E2758, Sigma-Aldrich Chemie GmbH, Munighermany) in PBS or an
appropriate mock solution for 6 or 24 h, respetyivEor expression analysis of XVE-
amiRNA-bZIP2/11/44 lines, the plants were preindueath 10 uM Est for 20 h to
ensure target mRNA degradation prior to gene indocby an additional auxin
treatment (2 UM NAA for 4 h).

Plants analysed in root morphology assays were mfowtwo weeks on agar plates in
vertical position before they were transferred &or additional week on inductive
medium supplemented with or without 0.25 uM NAA &mdlO uM Est.

Protoplast transformation and culture

Protoplast transformation has been performed azited by Sheen et al., (2001) with
modifications according to Ehlert et al., (2006Qr lauxin treatment, protoplasts were
incubated over night in WI solution supplementethvi.25 uM NAA (Sigma-Aldrich

Chemie GmbH, Munich, Germany company). In standiasactivation experiments 9

ug of reporter plasmid, 3 pg of a NAN normalizatiglasmid (Kirby and Kavanagh,
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2002) and 14 pg of an effector plasmid has beed.uSencerning protoplast two-
hybrid analyses, 9 pg of the Pro@#\S:GUS reporter construct (B. Weisshaar,
University of Bielefeld, Germany), 3 pg of the NAMrmalization plasmid and 14 pg
of Gal4-binding domain (BD) and/or Gal4-activatiolomain (AD) effector fusion
constructs were applied.

In HAT and HDAC inhibitor studies, protoplasts wergltivated for 4 hrs in isotonic
WI buffer supplemented with or without 0.8 uM TSE€ll Signaling Technology,
USA), or 0.25 mM y-butyrolacton (ALX-270-411; Axx®iGmbH, Lérrach, Germany),
prior to an additional 2 hrs incubation period wiitke inhibitors and 2 UM NAA or an
adequate mock additive (DMSO).

Molecular biological techniques

Standard DNA techniques have been described in fRakbet al., (1989). DNA
sequence analyses were performed using an ABI3deseer (Applied Biosystems,
Darmstadt, Germany) with an ABI PRISM BigDye terator cycle sequencing
reaction kit (Applied Biosystems, Darmstadt, Gerg)aWector DNA was gel extracted
and prepared using commercial kits (Macherey-NagelbH & Co. KG, Ddren,
Germany). Western analysis has been performed iqalse of a primary polyclonat
HA antibody from rabbit (Santa Cruz, Santa Cruz, C/&A) or a monoclonat-MYC
antibody from mouse (Cell Signaling Technology, U®Ad a secondary anti-rabbit or
anti-mouse 1gG conjugated with a horseradish pdesa (GE Healthcare, Freiburg,
Germany). QRT-PCR has been performed as descnbé&detrich et al., (2011) and
ChIP analyses according to Fode et al., (2009) withor modifications. Instead of
sepharose beads, protein A precoated, magnetic bdgda (Invitrogen GmbH,
Darmstadt, Germany) were applied. For each IP,d.Bljomatin and 5 pg CHIP grade
antibody (Abcam Cambridge, UK); CHIP gradeHA (ab9110), CHIP grade Histone
H3 acetyl K27 (ab4729) and CHIP grade RNA polymmerd CTD repeat YSPTSPS
(phosphor S5) were used. All gRT-PCR oligonucleodimers used are summarized
in Table S1
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Co-immunoprecipitation assays

Protocol for Co-IP assays was adapted from Sharalet (2008) with minor
modifications. 2 ml protoplasts (2x105/ml) were nggected with 200 pg of
Pro35S:HA-AtbZIP and/or Pro35S:MYC-AtADA2b effectoonstructs. Proteins from
transfected protoplasts were extracted in a coothgmber at 4°C adding 0,5 ml
extraction buffer (10 mM HEPES [pH 7.5], 100 mM NaQ mM EDTA, 10 %
glycerol, 0.5 % Triton X-100, and a protease inioibicocktail from Roche). After
lysing the cells by vigorously vortexting for 30 sell debris was removed by
centrifugation at 13,000 rpm for 15 min at 4°C. Hupernatant was incubated with 2
png of a CHIP-grade-HA antibody (ab9110; Abcam Cambridge, UK) for 1atr4°C
with gentle shaking, prior to an additional incubatfor 2 hrs with 70 pl of a pre-
washed, protein A coated, Dynabead/extraction bustdution. Subsequently beads
were collected using an appropriate magnet and edaiiur times with washing buffer
(10 mM HEPES [pH 7.5], 100 mM NaCl, 1 mM EDTA, 10d¢tycerol, 0.1 % Triton X-
100, and a protease inhibitor cocktail). Bound @rat were eluted with a 5x SDS/urea
sample buffer and subjected to SDS-PAGE. Co-immrewpitated proteins were
analysed by immuno-detection using @A or a-MYC antibody. The protein bands
of expected molecular weights are presented. Staernhe data from one out of three

ColP experiments, which showed comparable results.

Vector construction

The PréAtGH3.3GUS reporter construct used in the transient jptest transactivation
assays was created by amplifying the promoter seguécluding the 5’UTR from
AtGH3.3(~ 1700 bp) fromArabidopsisWT genomic DNA by PCR using the primers
listed inTable S1 Making use of the attached flanking restrictidessof the resulting
PCR products (Xbal, Ncol) the promoter fragment waserted into the reporter
plasmid pBT10-GUS (B. Weisshaar, University of Bield, Germany). The AtbZIP
group S1 and C bZIP effector plasmids (HA, BD anB Ausions) used in the
transactivation assays are described in Ehlett,g2806). Entry clones for AtADA2a/b
were obtained from Steven J. Triezenberg, Michi§tate University, USA. N-terminal
truncated AtbZIP11 and AtbZIP44 constructs wereatm@ by amplifying the
corresponding gene fragment from the AtbZIP11 ahdudl-length entry clones using



3 Results 128

primers attaching new gateway recognition sit€able SI). Using the Gateway
technology® (Invitrogen, Darmstadt, Germany), tle@mes stored in entry clones were
transferred into the transient pHBTL- HA/AD/BD ergsion vectors (Ehlert et al.,
2006). For ColP experiments the transient pHBTL-M¥&pression vector was
constructed. Therefore the Pro35S:HA-gateway csfregment from the pHBTL-HA
vector was exchanged by the Pro35S:4xMYC-gatewagseatte from the binary
pGWB18 vector (Nakagawa et al., 2007) using A#indd Hind 11 restriction enzymes.

In order to generate stable transform@dhbidopsisplants the Est inducible XVE
system was used. The gateway compatible binary pRiCtor (Zuo et al., 2000) was
applied for inducible expression of amiRNA constsucTarget specific and efficient
amiRNA sequences were identified using the onlin@RINA design tool WMD2
(http://'wmd2.weigelworld.org).

To generate Est inducible over-expressors and tatoraarget gene expression a HA-
tag was incorporated into the pMCD7 vector. The tdg-was PCR amplified from the

pEHA vector (Weiste et al., 2007) attaching Xhdtnetion sites and inserted between
the inducible promoter and the gateway attachm&nbsthe pMDC7 vector.

Quantification of auxin related root growth phenotypes

To determine root morphology parameters high reswiumages (5 Megapixel, 24 bit)
of 44 individual plants per treatment were takenngisthe Camag reprostar 3
documentation system with a Canon G5 camera (CAMX& & Co. GmbH, Berlin,
Germany). From these pictures the root parameteatedifferently treated plants were
monitored. These are: lateral root number, the déoce of roots with obvious
agravitropic root growth and the total root lendibfore and after one week of
treatment. The root length was measured usingniagé J 1.43u software available at
http://rsb.info.nih.gov/ij, whereas the number ateral roots and roots with agravitropic

growth was determined by manual counting.

Statistics and Alignments

Figures and statistical tests were done applyirg@hniginPro 8.1G and Statgraphics
Centurion XVI software. Significant differences ween multiple constructs and
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treatments were determined using the One-way ANQ¥# followed by a Fisher
posthoc test §@0.05) and are visualized by different letters. 8igant differences
between only two datasets are defined making usthefStudents T-Test and are
labeled with asterisks ( 0.05 = *; p< 0.01 = **; p< 0.001 = ***), Protein sequence
alignments were performed with Vector NTI 10 softeva(Invitrogen GmbH,
Darmstadt, Germany).
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Supplemental Table 1 List of applied oligonucleotide primers. Primersed in this work for promoter

and gene cloning, gRT-PCR, CHIP analysis and pi@miotyping are presented. Primer sequences are

given in 5’ to 3’ orientation.

category primer sequence (5°-3°)
ProAtGH3.3 for AAAAATCTAGAGTGCTGAATATTTT
ProAtGH3.3 rev AAAAACCATGGGATTAAAATGGTAT
E’ AtbZIP11AN for GGGGACAAGTTTGTACAAAAAAGCAGGCTCCAGGAAACGTAAACGGATGCTC
§ AtbZIP11AN rev GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAATACATTAAAGCATCAG
© AtbZIP44AN for GGGGACAAGTTTGTACAAAAAAGCAGGCTCCCGGAAGAGAAAGAGGAAACAG
AtbZIP44AN rev GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAACAGTTGAAAACATCACC
AtGH3.3 RT for CATCACAGAGTTCCTCACAAGC
AtGH3.3 RT rev GTCGGTCCATGTCTTCATCA
AtAUX/IAA3 RT for AAAGGCTCAGATTGTTGGATGGC
AtAUX/IAA3 RT rev TGACCCTCATGCTCAGATTCATTC
AtAUX/IAAT RT for AAGCTACCAGGATCTTTCTGATGC
AtAUX/IAAT RT rev ATTCCTTGTGCTCCATAGTTTCCC
AtPIN4 RT for TTGTCTCTGATCAACCTCGAAA
AtPIN4 RT rev ATCAAGACCGCCGATATCAT
04 AtbZIP2 RT for TGATCGGAAACTGATGACTCC
&_) AtbZIP2 RT rev GAGCAGATTTGACCGTGAGC
IE' AtbZIP11 RT for CGATTCAAACGTCGTCAGG
(@7 AtbZIP11 RT rev TCCGTTTACGTTTCCTCTGC
AtbZIP44 RT for CATCTACGTAAAGAAAACGCTCAG
AtbZIP44 RT rev CCGGTCTCCATACCGAATC
AtUBQ5 RT for GACGCTTCATCTCGTCC
AtUBQ5 RT rev GTAAACGTAGGTGAGTCCA
AtHAG4 RT for TGTTTGAGGTGGATGGCAAGAAG
AtHAG4 RT rev GGCATCCACGATCATCACATTCAC
AtHAGS5 RT for CAACGGCAACGCACCG
AtHAGS5 RT rev AAAGGAGGAGGAGGAGGATGAGA
CHIP PromAtGH3.3 for TGCCAACGTGGCGCAGACATATCAGTCCC
o CHIP PromAtGH3.3 rev CAAGAAGGAGAAAACCAACGTCAGCC
6 CHIP AtActing for GGTTTTCCCCAGTGTTGTTG
CHIP AtActin8 rev CTCCATGTCATCCCAGTTGC
ada2a-3 (SALK) geno for CTAGCTTCTCGTCCTGCTGAGG
ada2a-3 (SALK) geno rev TTGACTCCAGCTAAGGCAGACAAAG
ada2b-1 (UW) geno for ACTCCTCACAAATGTGATCACCCATACCG
o> ada2b-1 (UW) geno rev GGTGGAAACAGGTTTCTTCCCTCCAAAAC
.g_ gen5-1 (UW) geno for AGTGGGGGCACACTCGTTTCAAATTATTC
%‘ gen5-1 (UW) geno rev TCCGCAACAAACATATCCAATGTCACGTA
S hag5 (SALK) geno for GCTGAGTAATATGATGACAAAGTTGGTG
O hag5 (SALK) geno rev AATGCAACTTTAATGAACCGTGAATG
LBal (SALK T-DNA left border) | TGGTTCACGTAGTGGGCCATCG
JL202 (UW T-DNA left border) | CATTTTATAATAACGCTGCGGACATCTAC
XR-2 (UW T-DNA right border) | TGGGAAAACCTGGCGTTACCCAACTTAAT




3 Results 131

1 80
Yeast GCN5 (1) -MVTKHQTI
Human GCN5 (1) ——-MLEEEIYGANSPI
AtHAG1 (GCNS) (1) MDSHSSHLNAANRSRSSQTPSPSHSASASVTSSLHKRKLAATTAANAAASEDHAPPSSSFPPSSFSADTRDGALTSNDEL
AtHAG4 (HAM1) (1) - MGSSADTETAMI IATPASNHNNPATNGGDANQNHT SG———————————————, AILALTNSESD
AtHAGS (HAM2) (1) ——————————— e MGSSANTETNGNAPPPS SNQKPPATNGVDGSHPPPPP——————————————— LTPDQAIIESD
Consensus (1) S AT G A L EI
81 160
Yeast GCN5 (8) EEDHLDGATTDPEV---KRVKLENNVEEIQPEQAET-———————-] NKQ-———-— EGTDKENKGKFEKETERIGGSEVVTDV
Human GCN5 (14) WESGFTMPPSEGTQLVPRPASVSAAVVPSTPIFSPSMGGGSNSSLSLDSAGAEPMPGEKRTLPENLTLEDAKRLRVMGDI
AtHAG1 (GCN5) (81) ESISARGADTDSDPDESEDIVVDDDEDEFAPEQDQDSSIRTFTAARLDSSSGVNGSSRNTKLKTESSTVKLESSDGGKDG
AtHAG4 (HAM1) (49) ASKKRRMGVLPLEVGTRVMCQWRDGKYHPVKVIERR-KNYNGGHNDYEYYVHYTEFNRRLDEWIKLEQLDLDSVECALDE
AtHAGS (HAM2) (49) PSKKRKMGMLPLEVGTRVMCRWRDGKHHPVKVIERR- RIHNGGQNDYEYYVHYTEFNRRLDEWTQLDQLDLDSVECAVDE
Consensus (81) s RMA TD EV V DG PV E RR LE LDLDSVE A D
161 240
Yeast GCN5 (71) EKGIVKFEFDGVEYTF-—-—————————————————- K-—————— ERPSVVEENEGKIE FRVVNNDNTKEN—----MMVLTG
Human GCN5 (94) PMELVNEVMLTITDPA--—-———————— A-MLGPETSLLSANAARDETARLEERRGIIEFHVIGNSLTPKANRRVLLWLVG
AtHAGL (GCNS5) (161) GSSVVGTGVSGTVGGSSISGLVPKDESVKVLAENFQTSGAYIAREEALKREEQAGRLKFVCYSNDSIDEH----MMCLIG
AtHAG4 (HAM1) (128) KVEDKVTSLKMTRHQ-—--—--— KRKIDETHVEGHEELD—————— AASLREHEEFTKVKNIATIELGKYEIE-—--TWYFSP
AtHAGS (HAM2) (128) KVEDKVTSLKMTRHQ-———-- KRKIDETHIEGHEELD—————- AASLREHEEFTKVKNISTIELGKYEIE-——-TWYEFSP
Consensus (16l1) VEIVTL TH KD VGE E EE GVI F IN E MMYLSG
241 320
Yeast GCN5 (120) LKNIFQKQLPKMPKEYIARLVYDRSHLSMAVIRKPLTVVGGITYRPEDKREF. ISSTEQVRGYGAHLMNHLKDY
Human GCN5 (162) LQNVFSHQLPRMPKEYIARLVFDPKHKTLALIKDGR-VIGGICERMEPTQGEF VT SNEQVKGYGTHLMNHLKEY
AtHAGIL (GCN5) (237) LKNIFARQLPNMPKEYIVRLLMDRKHKSVMVLRGNL-VVGGITYRPYHSQKF ITADEQVKGYGTRLMNHLKQH
AtHAG4 (HAM1) (192) FPPEYNDCVKLFFCEFCLSFMKRRKEQ-———-——————— LORHMRKCDLKHPPGOEIL YRSISTLSMFEVDGK———————————
AtHAGS (HAM2) (192) FPPEYNDCVKLFFCEFCLNFMKRKEQ-—————————=— LORHMRKCDLKHPPGOEIL YRSIGTLSMFEVDGK———————————
Consensus (241) L NIFN QLP MPKEYILRIM DK H SL VIR VVGGI YR F F AITS EQVKGYG LMNHLK Y
321 400

Yeast GCN5 (200) VRNTSNIKYFLTYADNYAIGYFKKQGFTKEITLDKSIWMGYIKDYEGGTLMQCSMLPRIRYLDAGKILLLQEAALRRKI-
Human GCN5 (241) -HIKHNILYFLTYADEYAIGYFKKQGFSKDIKVPKSRYLGYIKDYEGATLMECELNPRIPYTELSHITIKKQKEIIKKLIE
AtHAG1 (GCN5) (316) ARDVDGLTHFLTYADNNAVGYFVKQGFTKEIYLEKDVWHGEIKDYDGGLLME CKIDPKLPYTDLSSMIRQQRKAIDERI—

AtHAG4 (HAM1) (250) -—-——- KNKVYAQNLCYLAKLELDHKTLYYDVDLFLFYILCECDDRG HMVGYFSKEKHSEE-
AtHAGS (HAM2) (250) -—-——- KNKVYAQNLCYLAKLELDHKTLYYDVDLFLFYVLCECDDRG HMVGYFSKEKHSEE-
Consensus (321) IKYFLTYAD AIGYF KQGFTKDI L K WLGYIKDYEGG IM C I PRI YD HMI Q K I I
401 480
Yeast GCN5 (279) RTISKSHIVRPGLEQFKDLNNI--KPIDPMTIPGLKEAGWTPEMDA----LA-———--— QRPKRGPHDAAIQONILTELQNH
Human GCN5 (320) RKQAQIRKVYPGLSCFKEGVRQ----IPVESVPGIRETGWKPLGKE-—————-—— KGKELKDPDQLYTTLKNLLAQIKSH
AtHAGI (GCN5) (395) RELSNCQNVYPKIEFLKNEAGIPRKIIKVEEIRGLREAGWTPDQWGHTRFKLFNGSADMVTNQKQLNATMRALLKTMQDH
AtHAG4 (HAM1) (306) AYNLACILTLPPYQRKGYGKFLIAFSYELSKK--———- EGKVGTPERPLSDLGLVSYRGYWTRILLDILKKHKGNISIKE
AtHAGS (HAM2) (306) AYNLACILTLPSYQRKGYGKFLIAFSYELSKK-————- EGKVGTPERPLSDLGLLSYRGYWTRVLLEILKKHKGNISIKE
Consensus (401) RNS C LV P L KG I IEL I GLRE GWKP E L S R R LD LIKLL I H
481 560

Yeast GCN5 (347) ARAWPFLQPVNKEEVPDYYDFIKEPMDLSTMEIKLESNKYQKMED-FIYDARLVEFNNCRMYNGENTSYYKYANRLEKFEN
Human GCN5 (387) PSAWPFMEPVKKSEAPDYYEVIRFPIDLKTMTERLRS-RYYVTRKLFVADLQRVIANCREYNPPDSEYCRCASALEKFFY
AtHAG1 (GCN5) (475) ADAWPFKEPVDSRDVPDYYDITIKDPIDLKVIAKRVESEQYYVTLDMFVADARRMFNNCRTYNSPDTIYYKCATRLETHFH
AtHAG4 (HAM1) (380) LSDMTAIKAEDILSTLQSLELIQYRKGQHVICADPKVLDRHLKAAGRGGLDVDVSKMIWTPYKEQS-—————————————
AtHAGS (HAM2) (380) LSDVTAIKAEDILSTLQSLELIQYRKGQHVICADPKVLDRHLKAAGRGGLDVDASKLIWTPYKDQS————-——————————
Consensus (481) SAWPFI PVD E PDYYELIKYPIDL VI RLKS YHL FVAD V NCRTYN EQS Y KA LE F
561 574
Yeast GCN5 (426) NKVKEIPEYSHLID
Human GCN5 (466) FKLKEGGLIDK---—
AtHAGL (GCN5) (555) SKVQAGLQSGAKSQ
AtHAG4 (HAM1)  (446) ——————————————
AtHAGS (HAM2)  (446) ——————————————
Consensus (561) KV

Supplemental Figure 1 Protein sequence alignment Afabidopsishomologs of the yeast and human histone
acetyltransferase GCN5. The amino acid (aa) se@seat the yeast GCN5, human GCN5, and Ahabidopsis
HAG1 (AtGCN5), HAG4 and HAGS proteins are alignediare presented in the single letter code accortting
IUPAC nomenclature. Coloured letters indicate aatites between two (green), three (blue) or alyéid proteins
(red). Grey highlighted columns denote aa with Eimbiochemical properties. The black boxed aminmsaare
described to be crucial for HAT activity. The highdonserved glutamate, which is surrounded by séwvarpolar
amino acids, deprotonates the e-amino functiomefhistone lysine side chain and enables a nudléopttack on
the neighboring thioester function of acetyl-CoA (Bé¢ al., 2004). The resulting intermediate is dizdd by a
hydrogen bond to the backbone amide of the closteinye (present in yeast, human and Arabidopsis G@N5
likely also the structural similar serine (presemtHAG4 and HAGS5). The intermediate decomposesingithe
general base glutamate, the acetylated histonetendeduced coenzyme A (Biel et al., 2004). Accaydio the
model of induced fit, the GCN5 HAT inhibitor y-butfacton was designed, which non-irreversibly bitiis active

site.
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AtUBQ5 qRT-PCR data

Ct-values
mock 20,65
+ TSA 20,43
+ NAA 19,94
+ NAA + TSA 20,72
Ct-values
mock 19,60
+ butyrolacton 19,78
+ NAA 19,49
+ NAA+ butyrolacton 20,40

Supplemental figure 2 Expression of th&biquitin5 gene is unaffected by auxin and the applied HAT HDAC
inhibitors. Expression analysis of thbiquitin5 (UBQ5) gene in the absence or presence of auxintfamdhistone
deacetylase (HDAC) inhibitor, Trichostatin A (TSA} the GCN5 histone acetyltransferase (HAT) inhibitpr
butyrolacton. To ensure equal exposure to the iaddit mesophyll protoplasts were prepared and aeabfor 3
hours in an isotonic incubation buffer supplementiti or without 0.8 uM TSA or 0.25 mM y-butyrolact before
protoplasts were subjected to an additional NAAM2papplication for further 3 hourdJBQ5 expression was
quantified by gRT-PCR and is presented as Ct-valueenGire mean Ct-values from four technical replsétem
one out of three independent experiments.

group $1 group C

relative expression

0-
AD-AtbZIP — = 1 2 11 44 53 9 10 25 63
BD-Ada2za = + + + + + + + + + +

ProGal-UAS,:GUS

Supplemental figure 3 AtADA2a binding properties of group C and S1 ABZTFs. Group S1, AtbZIP11 related
TFs and group C AtbZIP10 are able to bind AtADA2andBng properties were determined in P2H assay®erGave
the mean relative expression levels (z SEM) fronmd@pendent experiments with each of 2 technigalic&tes.
Reporter gene expression was normalized to the ssipre of the Pro35S:NAN normalization construct amd
relative to the expression of the Gal4-UAS promoBégnificant differences compared to the expressiothe Gal4-
UAS:GUS reporter gene driven by BD-Ada2a had bederdéned by Students T-Test and are labeld witbriass
(p<0,05 =* p< 0,01 =** p< 0,001 = **),
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Supplemental figure 4 The acidic, polar N-terminus of AtbZIP11 relafBés is an activation domain and is crucial
for AtADA2b binding. A) Alignment of the amino acid (aa) sequence of ABdA and AtbZIP44 TFs and their N-
terminally truncated derivates. The closely relad¢hlZIP11 and AtbZIP44 share a high aa sequenciasity. AA
sequence is presented in the single letter coderdiog to IUPAC nomenclature. Coloured letters intticamino
acid identities between two (green), three (bluealbaligned proteins (red). Grey highlighted aqohs denote aa
with similar biochemical propertie8) The AtADA2b binding capacity of the full-lengtia@ N-terminal truncated
AtbZIP44-TF protein were analysed in P2H assayth@digh the full-length and N-terminally truncatedhgged
proteins were equally expressed and stable in piadts, the N-terminal truncated derivative shawsnpared to the
full-length protein an impaired capacity to bindMXA2b. The activation properties of AtbZIP 1C)(and AthZIP44
(D) and their N-terminal truncated derivatives wemalgses in protoplast transactication assays. Vésdoeth full-
length proteins are able to promote expressioh@fuxin responsivatGH3.3promoter in the absence (white bars)
and presence (black bars) of exogenously appligthathe truncated proteins fail to activate themoter and even
suppress it in the presence of 0.25 UM NAA. Thes@mnéed results were obtained from 3 independensfeations
with each of 2 technical replicates and are givennaan relative expression values (+ SD). Exprassias
normalized to the Pro35S:NAN normalization condtrand are relative to the expression 8 the ProGal-
UAS4:GUS reporter o1, D) the auxin induced PAIGH3.3GUS construct (100%). In the experiments listeovab
significant differences compared tB)(the expression of the BD-ADA2b were determinedSbydents T-Test and
are designated with asterisks<(|®.05 = *; p< 0.01 = **; p< 0.001 = ***), whereas significant differences Wween
(C, D) treatments and constructs were defined by oneANM®VA and subsequent Fisher posthoc test (,05)
and are visualized by different letters.
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Supplemental Figure 5 Expression analysis &tHAG5in homozygousag5 and of auxin responsive
genes imda2amutant plantsA) AtHAG5expression in homozygohsg5mutant plants was determined
by gRT-PCR. Given results were obtained from 5Sviitlial WT andhag5 plants and are presented as
mean expression levels (x SEM) relative to the Wpression.B) Expression of the auxin responsive
AtGH3.3 AtAUX/IAA3 and AtAUX/IAAT genes was quantified by gRT-PCR in homozygada2a
mutant plants. Given are mean relative expresseels (+ SEM) from 3 individual plants with each4of
technical replicates. Given expression levels alaive to the corresponding WT. Significant diéfeces
between WT and mutants are defined by Studentsst-drel are marked with asterisks(p.05 = *; p<
0.01 = **; p< 0.001 = ***),
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3.4 Chapter 4. Heterodimers of the Arabidopsis transcription

factors bZIP1 and bZIP53 reprogram amino acid metalolism
during low energy stress
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Heterodimers of the Arabidopsis Transcription Factors bZIP1
and bZIP53 Reprogram Amino Acid Metabolism during Low
Energy Stress™
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Control of energy homeostasis is crucial for plant survival, particularly under biotic or abiotic stress conditions. Energy
deprivation induces dramatic reprogramming of transcription, facilitating metabolic adjustment. An in-depth knowledge of
the corresponding regulatory networks would provide opportunities for the development of biotechnological strategies.
Low energy stress activates the Arabidopsis thaliana group S1 basic leucine zipper transcription factors bZIP1 and bZIP53
by transcriptional and posttranscriptional mechanisms. Gain-of-function approaches define these bZIPs as crucial
transcriptional regulators in Pro, Asn, and branched-chain amino acid metabolism. Whereas chromatin immunoprecipita-
tion analyses confirm the direct binding of bZIP1 and bZIP53 to promoters of key metabolic genes, such as ASPARAGINE
SYNTHETASE1 and PROLINE DEHYDROGENASE, the G-box, C-box, or ACT motifs (ACTCAT) have been defined as
regulatory cis-elements in the starvation response. bZIP1 and bZIP53 were shown to specifically heterodimerize with group
C bZIPs. Although single loss-of-function mutants did not affect starvation-induced transcription, quadruple mutants of
group S1 and C bZIPs displayed a significant impairment. We therefore propose that bZIP1 and bZIP53 transduce low
energy signals by heterodimerization with members of the partially redundant C/S1 bZIP factor network to reprogram
primary metabolism in the starvation response.

INTRODUCTION especially under stress conditions where carbon is limited (Lam
et al., 1994).

Recently, the Arabidopsis thaliana SnRK1-like kinases (SNF1-
related protein kinases 1) KIN10 and KIN11 have been proposed
to function as central signaling integrators that mediate adapta-
tion to low energy stress (Baena-Gonzélez et al., 2007). These
kinases show structural similarities to the SNF1 kinase (for
SUCROSE NONFERMENTING1) in yeast and the AMP-DEPEN-
DENT PROTEIN KINASE in mammals, which function as master
regulators of the energy balance that is essential for survival
under stress (Polge and Thomas, 2007). In Arabidopsis,
the ASPARAGINE SYNTHETASE1 (ASNT) gene, which encodes
the final step in Asn biosynthesis, was proposed to be a target of
the KIN10/11 pathway that regulates the level of Asn (Baena-
Gonzalez et al., 2007). The dark- or stress-induced regulation
of ASN7 expression is mediated specifically by a G-box cis-
element (Baena-Gonzalez et al., 2007; Hanson et al., 2008), which
is typically recognized by basic leucine zipper (bZIP) transcrip-
tion factors (TFs). bZIP proteins, which are exclusively found in
eukaryotic cells, bind DNA by forming homo- or heterodimers. In
the Arabidopsis genome, 75 bZIP genes have been identified and

Due to their phototrophic life style, plants have to steadily ad-
just their metabolism to day-night rhythms and environmental
changes to withstand transient energy deprivation (reviewed in
Baena-Gonzalez and Sheen, 2008; Usadel et al., 2008). Low
energy stress can easily be mimicked by the cultivation of plants
in the dark. Extended dark treatment is correlated with dramatic
changes in primary plant metabolism, in particular, reduced
photosynthesis, degradation of proteins, amino acids, or nucleic
acids, hydrolysis of polysaccharides, or oxidation of fatty acids.
These physiological changes are accompanied by a massive
reprogramming of transcription, which is reflected in several
recent transcriptome profiling studies (Gan, 2003; Lin and Wu,
2004; Buchanan-Wollaston et al., 2005) In particular, the whole
set of genes leading to the biosynthesis of Asn is reprogrammed
in response to dark treatment. In comparison to Gin, the major
transport form of nitrogen in the light, Asn, contains less carbon
than Gin and is therefore used to store and transport nitrogen

1 These authors contributed equally to this work.

2Address correspondence to wolfgang.droege-laser@uni-wuerzburg.
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classified into 10 groups (Jakoby et al., 2002). Interestingly, only
a specific subset of G-box binding bZIP factors was shown to
activate ASN1 in transiently transformed protoplasts (Baena-
Gonzalez et al., 2007), namely, bZIP2 (GBF5), bZIP11 (ATB2),
bZIP53, and bZIP1. Based on amino acid homology and specific
heterodimerization properties with group C bZIPs, these proteins
were classified as belonging to the S1 subgroup (Ehlert et al.,
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2006). These C and S1 bZIPs form a functional interlinked TF
network (Weltmeier et al., 2009).

In a transcriptome analysis using plants expressing bZIP11 in
a dexamethasone-inducible manner, ASN7 was shown to be
regulated by bZIP11 (Hanson et al., 2008). Furthermore, bZIP53
regulates the expression of PROLINE DEHYDROGENASE
(ProDH) during the hypoosmolarity response (Nakashima et al.,
1998; Satoh et al., 2004; Weltmeier et al., 2006). ProDH degrades
the compatible osmolyte Pro during recovery from stress.

To deal with diurnal changes in carbon supplies, plants retain
some photosynthates as starch, which can be remobilized
during the night (Usadel et al., 2008). However, within 2 to 4 h
of an extended night, these resources are depleted, leading to
severe limitation of carbohydrates. This metabolic process is
demonstrated in the starchless pgm mutant from Arabidopsis,
which uses up its carbohydrate resources within the first few
hours of night, eventually leading to growth retardation (Usadel
et al.,, 2008). Expression profiling of plants cultivated in an
extended night regime allowed the construction of regulatory
models, and these models suggest that plants respond to small
changes in the carbon status in an acclimatory manner (Usadel
et al., 2008). In this work, several group S1 bZIPs, including
bZIP1 and bZIP53, were suggested to be involved in the plant’s
response to carbohydrate starvation. Accordingly, systems bi-
ology approaches studying the integration of C- and N-derived
metabolic signals proposed bZIP1 as a regulator in the nitrogen-
responsive gene network, which includes the modulation of
ASNT1 expression (Gutiérrez et al., 2008).

Although several members of the group S1 bZIPs have been
implicated in starvation responses and particularly in amino acid
metabolism, experimental data are limited to gain-of-function
studies in plant protoplasts. Here, we define bZIP1 and, to a minor
extent, bZIP53 as transcriptionally and posttranscriptionally acti-
vated TFs in the low energy stress response of Arabidopsis. The
impact of bZIP1 and bZIP53 on the starvation-induced transcrip-
tion of key genes in amino acid metabolism and amino acid
accumulation is demonstrated in protoplasts and transgenic
plants. The results of loss-of-function approaches indicate that
several partially redundant TFs of the C/S1 bZIP network coop-
erate to regulate plant low energy responses.

RESULTS

bZIP1 and bZIP53 Expression Is Enhanced during
Dark-Induced Starvation

To identify candidate bZIP TFs, which are involved in regulating
plant starvation responses, a screening of public expression
databases (Hruz et al., 2008) and quantitative real-time PCR
(gPCR) using RNA from plants exposed to extended darkness
were performed. The expression of bZIP1 was strongly induced
upon extended dark treatment and repressed by sugars (see
Supplemental Figures 1A to 1C online). A minor but reproducible
transcriptional induction was also observed for the closest bZIP1
homolog, bZIP53, but not for the other group S1 bZIPs. Based on
these findings, bZIP1 and bZIP53 were selected as candidate
transcriptional regulators to study the dark-induced starvation
response of Arabidopsis.

To further substantiate these findings, a detailed time-course
expression experiment was performed. Remarkably, a night
extension of up to 4 h leads to an eightfold accumulation of
bZIP1 transcripts (Figure 1A), which further increased during an
extended night by up to 30-fold. bZIP53 transcripts accumulate
only slightly during an extended night (three- to fourfold). Histo-
chemical staining of plants containing promoter reporter con-
structs (ProbZIP1:GUS [for B-glucuronidase] and ProbZIP53:
GUS) was used to demonstrate bZIP expression at the whole-
plant level. Whereas the GUS staining of plants grown under a
16-h/8-h day-night cycle demonstrated a bZIP1 and bZIP53
gene activity only in young sink leaves (Weltmeier et al., 2009),
the prolonged incubation in the dark led to a rapid spreading of
expression patterns also into older, well-developed source
leaves (Figure 1B). However, this response was not detected in
transgenic lines harboring promoter:reporter constructs of other
group S1 bZIPs (e.g., bZIP11 or bZIP44) (Weltmeier et al., 2009).

As demonstrated in previous studies (Wiese et al., 2004;
Weltmeier et al., 2009), a posttranscriptional regulatory mecha-
nism applies for all group S1 bZIPs, including bZIP1 and bZIP53,
which leads to a sucrose-induced repression of translation
mediated by a conserved system of upstream open reading
frames (UORFs). With respect to bZIP1 and bZIP53, transcrip-
tional and posttranscriptional mechanisms interact to enhance
expression in response to dark treatment. By contrast, in par-
ticular bZIP11 shows an inverse regulation. Transcription is
repressed by dark treatment and induced by sugar application
(see Supplemental Figure 1B online). Hence, these differences in
expression suggest a function for bZIP1 and bZIP53 in the dark-
induced starvation response that is not shared by the other group
S1 members.

Ectopic Expression of bZIP1 and bZIP53 Results in
Enhanced Dark-Induced Senescence

To further study the function of bZIP1 and bZIP53 in the dark-
induced starvation response, the phenotypes of plants ectopi-
cally expressing bZIP53 and bZIP1 (Pro35S:bZIP53 and Pro35S:
bZIP1) and their HA-tagged versions (Pro35S:HA-bZIP53 and
Pro35S:HA-bZIP1) under the control of the 35S promoter were
analyzed (Weltmeier et al., 2006, 2009; see Supplemental Figure
2 online). Whereas Pro35S:bZIP1 plants grew normally under
standard day-night cycles, Pro35S:bZIP53 plants showed a
dwarf growth phenotype that depended on the expression level
of the transgene (Alonso et al., 2009). Prolonged cultivation of the
bZIP overexpressing lines in the dark resulted in an obvious
phenotype (Figure 1C). In particular, the Pro35S:bZIP1 plants
showed a faster dark-induced leaf yellowing, which was less
pronounced for Pro35S:bZIP53 plants. Accordingly, the bZIP1
and bZIP53 overexpressing plants had significantly reduced
amounts of chlorophyll after 4 d of cultivation in darkness (Figure
1D). However, bzip1 and bzip53 single and double mutants (see
Supplemental Figure 2 online) did not show obvious alterations in
comparison to the wild type.

The culture conditions were further analyzed using well-
defined marker genes for ongoing leaf senescence (see Sup-
plemental Figure 3 online). Whereas the chlorophyll a/b binding
protein gene (CAB), a light-induced marker for photosynthetically
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Figure 1. Analysis of bZIP1 and bZIP53 in the Low Energy Response.

(A) Expression of bZIP1 and bZIP53 increases after extended night
treatment. Wild-type plants are cultivated at a day/night cycle of 16/8 h
as indicated by the scheme. Day, night, and extended night phases are
indicated by white, black, and gray bars, respectively. Transcript abun-
dance as determined by qPCR is presented for bZIP1 (black bars) and
bZIP53 (white bars). Rosette leaves of 10 3-week-old plants were pooled
and used for RNA preparation and gPCR at the time points indicated.

bZIP Factors in Starvation Response 383

active leaves, was transcriptionally downregulated in darkness
(van der Graaff et al., 2006), the SENESCENCE ASSOCIATED
GENE103 (SAG103), a marker for dark-induced senescence,
was induced in wild-type plants after 24 h of extended night (at
the 48-h time point). By contrast, the YELLOW LEAF SPECIFIC3
(YLS3) gene, a marker for natural senescence (van der Graaff
et al., 2006), was not significantly affected in its transcription. We
therefore conclude that the process observed during extended
night is distinct from natural senescence and that ectopic ex-
pression of bZIP1 or bZIP53 enhances physiological responses
that are correlated to dark-induced starvation.

bZIP1 and bZIP53 Regulate ProDH Transcript Level and Pro
Content during Dark-Induced Starvation

ProDH, which encodes an enzyme that mediates the catabolism
of Pro (Figure 2A), is a direct transcriptional target of bZIP53 in
the hypoosmolarity response of Arabidopsis (Weltmeier et al.,
2006). ProDH transcription was also induced after dark treat-
ment, as demonstrated by RNA gel blot analysis (Figure 2B) and
gPCR (Figure 2C). These data are in agreement with the hypoth-
esis that, during the starvation response, amino acids are
recycled to support C, N, and energy demands. Ectopic expres-
sion of bZIP1 and bZIP53 resulted in significantly higher levels of
ProDH transcripts. However, whereas bZIP53 overexpression
led to high ProDH transcript levels both in light and darkness,
which was further enhanced by extended dark treatment, the
regulation by bZIP1 differed, as ProDH transcript accumulation
was preferentially enhanced in the dark (Figures 2B and 2C).

In addition to an overexpression analysis, we also performed
loss-of-function studies using T-DNA insertion mutants of bZIP1
and bZIP53 (see Supplemental Figures 2 and 4 online). In
contrast with single bzip7 and bzip53 mutants (see Supplemental
Figure 5B online), a moderate but significant reduction in the
dark-induced activation of ProDH transcript accumulation was
observed in bzip1 bzip53 double mutants when compared with
the wild type (Figure 2C; see Supplemental Figure 5B online).
However, because the ProDH transcript level is still responsive to

Fold change compared with wild-type expression is depicted at 0 h.
Mean value and sD of two replicates are given.

(B) Histochemical GUS staining of transgenic plants expressing Pro-
bZIP1:GUS (top panel) and ProbZIP53:GUS (bottom panel). The up-
stream regions of the constructs expressed in these plants (diagram
above) contain the conserved system of uORFs (depicted by rectangles)
that mediates sucrose-dependent posttranslational repression (Wiese
et al., 2005; Weltmeier et al., 2009). GUS staining of plants grown under a
16/8-h day/night cycle (0 h) or darkness for 48 and 120 h is shown.

(C) Three-week-old plants expressing bZIP1 under control of the 35S
promoter (Pro35S:bZIP1), the wild type (wt), bzip1, and the bzip1 bzip53
double mutant were analyzed for an enhanced senescence phenotype
after 6 d in the dark.

(D) Relative chlorophyll content of rosette leaves of Pro35:bZIP53 and
the plants depicted in (C). Plants were cultured in a normal day/night
cycle (white bars) or for extended dark treatment as indicated. Signifi-
cance was tested by one-way analysis of variance (ANOVA) analysis
following Fisher’s LSD post-test, P < 0.05.
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(A) The ProDH enzyme regulates catabolism of the amino acid Pro to pyrrolin-5-carboxylate (P5C). Given is the complementary biosynthesis pathway

based on Glu and making use of P5C as intermediate
(B) RNA gel blot analysis of ProDH in the wild type (wt), Pro35S:bZIP1 (line C), and Pro35S:bZIP53 (line 10) (Weltmeier et al., 2006) in response to long-

Figure 2. bZIP1 and bZIP53 Regulate ProDH Transcription and Pro Content during Dark Treatment.
term dark treatment for 1 to 8 d. Plant material was harvested late in the afternoon (5 Pm).
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dark-induced starvation, additional, partly redundant, transcrip-
tional regulators have to be postulated.

As the ProDH enzyme mediates Pro degradation, its activation
should result in reduced Pro levels, which indeed was observed
after transfer of wild-type plants to darkness (Figure 2D). Compared
with the wild type and the bzjp1 bzjp53 double mutant, the Pro
levels were significantly reduced in Pro35S:bZIP53 and Pro35S:
bZIP1 plants (Figure 2D). This observation is in agreement with
our postulated function of bZIP1 and bZIP53 in ProDH-mediated
Pro degradation during the dark-induced starvation response.

Dark-Induced bZIP1 Expression Depends on
Sugar Depletion

To elucidate whether depletion of sugars, which function as the
major energy resource during night, or the absence of light
function as important regulatory signals in the expression of
bZIP1, bZIP53, and ProDH, we grew Arabidopsis plants in a
hydroponic culture system under different carbohydrate re-
gimes. As shown in Figure 2E, the transcripts of bZIP1, bZIP53,
and ProDH coordinately accumulated after 24 h in the dark.
However, transcriptional regulation of bZIP53 was always less
pronounced when compared with bZIP1 (Figures 1A and 2E).
The plants were then transferred to medium supplemented with
equimolar concentrations of 3-ortho-methyl-glucose (3-oMG),
glucose, sucrose, or polyethylene glycol (PEG) and further keptin
darkness. 3-oMG serves as a control as it is taken up by the cells
but does not trigger the glucose-specific sugar signaling path-
ways (Cortes et al., 2003). Sucrose and glucose, but not 3-oMG,
repressed bZIP1, bZIP53, and ProDH transcript accumulation.
These data suggest that sugar signaling and not the absence of
light regulates the transcript accumulation of bZIP1 and bZIP53.
As a putative target, the ProDH transcript level followed that of
the two bZIP TFs, with a slower kinetic, as demonstrated by
comparing the 1- and 2-h time points. It has been reported that
changing of the osmolarity conditions also modulates the ProDH
transcript levels (Satoh et al., 2004; Weltmeier et al., 2006).
Hyperosmolarity conditions applied by PEG1000 treatment led
to downregulation of ProDH but did not affect bZIP1 transcript
accumulation. From these data, we conclude that, while ProDH
transcript accumulation is regulated by several different stim-
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uli, dark-induced energy starvation results in a bZIP1/bZIP53-
dependent induction of Pro degradation.

bZIP1 and bZIP53 Regulate the Level of Asn and the
Branched-Chain Amino Acids Leu, lle, and Val

To determine whether bZIP1 and bZIP53 regulate amino acid
metabolism in general during the dark-induced starvation re-
sponse, a comprehensive amino acid analysis was performed. In
wild-type plants, the total amount of amino acid increased in
response to prolonged darkness. By contrast, Pro35S:bZIP53
plants showed a significantly stronger accumulation of total
amino acids, whereas in the bzip?1 bzip53 double mutant the
increase was less pronounced (Figure 3A). During an extended
night, an increase was observed especially for the levels of the
branched-chain amino acids (BCAAs) Leu, lle, and Val as well as
for Asn (Figure 3B; see Supplemental Data Set 1 online). The
increase in BCAA levels, in particular of Leu and lle, was strongly
repressed in the Pro35S:bZIP1 and Pro35S:bZIP53 plants, indi-
cating that the bZIP regulators promote the degradation of Leu
and lle. The Val levels followed a similar accumulation pattern;
however, it was less pronounced (Figure 3B; see Supplemental
Data Set 1 online). The impact of bZIP1 and bZIP53 on Asn
metabolism differed considerably from that of Leu, lle, and Val.
Dark-induced Asn levels were enhanced by the overexpression of
bZIP53 but not bZIP1, whereas the bzip1 bzip53 plants displayed
a slightly reduced amount of Asn (Figure 3B; see Supplemental
Data Set 1 online). Together, our data suggest that bZIP1 and
bZIP53 participate in the transcriptional reprogramming of amino
acid metabolism during the dark-induced starvation response.

bZIP1 and bZIP53 Regulate the Expression of Genes
Involved in the Dark-Induced Synthesis of Asn and BCAAs

As bZIP1 and bZIP53 are responsible for modulation of amino
acid levels, we tested the expression of genes that are related to
the corresponding metabolic pathways. Asn is the major source
for N/C transport in darkness (Lam et al., 1994, 1998, 2003).
Asn biosynthesis is derived from pyruvate and requires the
coordinated, transcriptional upregulation of several genes (Lin
and Wu, 2004; Figure 4A). Expression of these genes during

Figure 2. (continued).

(C) Analysis of ProDH transcript accumulation in the wild type (black bars), Pro35S:bZIP1 (gray bars), Pro35S:bZIP53 (hatched bars), and bzip1 bzip53
(white bars) plants after short-term dark treatment as described in Figure 1A. Rosette leaves of 10 3-week-old plants were pooled and used for RNA
preparation and gPCR at the time points indicated. Fold change compared with wild-type expression is depicted at 0 h. Mean value and sb of two
replicates are given. Expression analysis of bZIP71 and bZIP53 is provided in Supplemental Figure 4 online. For visualizing the differences in transcript
levels, the y axis is broken twice, at 1.5- and 30-fold induction.

(D) Quantification of Pro levels of the plants described in (B) and (C) after dark treatment. Given are ng Pro/mg dry weight (DW) as mean values and sb of
two independent repetitions. Asterisks represent significant differences between wild-type, overexpressor, and mutant plants at the indicated time
points (two-way ANOVA; *P < 0.05 and ***P < 0.001).

(E) The transcript abundance of bZIP1 and bZIP53 is regulated by sugar depletion. Three-week-old wild-type plants were cultivated in hydroponic
culture as depicted in the scheme. Plants were harvested 3 h after the beginning of the light period (L). The remaining plants were incubated in darkness
for 24 h (D). After 24 h, the plants were transferred to medium containing equimolar (167 mM) 3-oMG, glucose, sucrose, and PEG1000 or
nonsupplemented medium as control (—). During these incubations, plants were kept in the dark. RNA was isolated from the differently supplemented
cultures after 1 or 2 h, respectively. Given are RNA gel blot analyses of ProDH, bZIP1, and bZIP53 transcripts. Loading is controlled by ethidium bromide
(EtBr) staining.



3 Results

143

386 The Plant Cell

A

= total amino acids

s 1250 T *x
O Pro35S:bZIP1 ek

1000 [ | g pro3ss:bzips3
O bzip1 bzip53

~

o

o
T

aa content [ng/ mg D
N 13
(4 (=}
o o

o

B _Leucine
8 W wt
O Pro35S:bZIP1
6 I B Pro35S:bZIP53
O bzip1 bzip53
4t
sk
P
ok sl
2 o I s %)
12 [1soleucine
10
8
6
s 4
o
o 2
£
~ 0
(=]
i=
S
= -
5 40 [valine
2
[ *
S 30
©
©

000 Asparagine
600
400

200

Figure 3. Quantitative Analysis of the Amount of Amino Acids in Dark-
Treated Plants.

The levels of total amino acid content (A) and of Leu, lle, Val, and Asn (B).
Amino acid levels of the wild type (wt) (black bars), Pro35S:bZIP1 (gray
bars), Pro35S:bZIP53 (hatched bars), and bzip1 bzip53 (white bars) after
0, 1, 4, and 6 d of dark treatment are calculated as ng amino acid/mg dry
weight (DW). Given are mean values and sD of two independent exper-

dark-induced starvation was substantiated by public expression
data (see Supplemental Figure 6A online) and confirmed by RNA
gel blot analysis (Figure 4B). The tested genes encoding en-
zymes of the Asn biosynthetic pathway, such as GLUTAMATE
DEHYDROGENASE?2 (GDH2), ASPARTATE AMINOTRANSFER-
ASE3 (ASP3), GLUTAMATE SYNTHASE (GLNS), and ASNT,
were induced during 8 d of dark treatment (Figure 4B). The
overexpression of bZIP1 resulted in an enhanced or more rapid
transcript accumulation of these biosynthetic genes, whereas
overexpression of bZIP53 caused constitutively high transcript
levels. Accumulation of PepCK transcripts, which encode PEP
CARBOXYKINASE, the first enzymatic step in Asn biosynthesis,
was neither induced by darkness nor by bZIP1 overexpression. A
slight accumulation of PepCK transcript was only observed
when bZIP53 was overexpressed (Figure 4B).

A detailed time course of an extended night treatment was
performed for the central Asn biosynthesis pathway gene ASN1.
Comparable to ProDH, rapid induction of ASN1 transcript accu-
mulation was detected within 4 h of the extended night treatment
(Figure 4C). This response was strongly enhanced in Pro35S:
bZIP1 plants but not in Pro35S:bZIP53 plants. These expression
data seem to contradict the metabolic analysis because the
Asn levels were higher in Pro35S:bZIP53 than in Pro35S:bZIP1
plants. However, in contrast with bZIP53, bZIP1 also activated
an ASPARAGINASE (ANS) gene (Figure 4D), which participates
in the degradation of Asn (Bruneau et al., 2006). Our observations
suggest that bZIP1 and bZIP53 have partly overlapping but also
distinct functions in the regulation of Asn metabolism.

Ectopic expression of bZIP1 and bZIP53 leads to reduced levels
of BCAA, indicating their involvement in the corresponding cata-
bolic pathway. The mitochondrial BCAA TRANSAMINASE1
(BCATT1) gene was proposed to encode the central catabolic
enzyme (Diebold et al., 2002; Schuster and Binder, 2005; see
Supplemental Figures 6A and 6B online). However, the analysis
of the six Arabidopsis BCAT genes revealed that BCAT2 and to
a minor extent BCATT were induced during dark treatment. As
depicted in Supplemental Figure 6 online, bZIP1 strongly en-
hances BCAT2 transcript accumulation in the dark. The BCAT2
enzyme is localized in the chloroplasts, where it contributes to
Leu and Glu biosynthesis (Schuster and Binder, 2005). There-
fore, the plastidic deamination reaction of BCAT2 in the dark
might supply the cell with Glu, which in turn is essential for Asn
biosynthesis (see Supplemental Figure 6B online). In conclu-
sion, the dark-induced accumulation of BCAT2 transcript is
rather linked to the dark-induced Asn biosynthesis than to dark-
induced BCAA degradation.

Promoters of Amino Acid Metabolic Genes Are Regulated by
bZIP1 and bZIP53 in Response to Energy Starvation
in Protoplasts

To assess the direct impact of bZIP1 and bZIP53 on gene
regulation, the activity of ASN7 and ProDH promoter:reporter

iments. Asterisks represent significant differences between wild-type,
overexpressor, and mutant plants at the indicated time points (two-way
ANOVA; *P < 0.05, **P < 0.01, and ***P < 0.001).
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Figure 4. bZIP1 and bZIP53 Regulate Gene Expression of Asn Metabolism during Extended Night Treatment.
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constructs (ProASN1:GUS and ProProDH:GUS) was studied in
transiently transfected protoplasts. Starvation was induced by
either the transfer of light-cultivated protoplasts to darkness or
treatment of light-cultivated protoplasts with the photosystem II
inhibitor DCMU. Both starvation treatments induced the tran-
scriptional activity of the ProASN1:GUS and ProProDH:GUS
reporter genes, demonstrating that the protoplast system can be
used to analyze starvation-induced transcription (see Supple-
mental Figure 7 online). bZIP53 upregulated the activity of the
ProDH promoter both after light and dark cultivation. In contrast
with the results obtained in transgenic plants, expression of
bZIP1 in protoplasts did not induce both reporter constructs,
indicating that additional factors are needed to fulfill its function
in plants, which are not present in protoplasts. The differences
observed in bZIP1 and bZIP53 function in protoplasts were not
due to different protein levels as confirmed by immunoblot
analysis (see Supplemental Figure 7C online).

bZIP1 and bZIP53 Directly Regulate ASN1 and ProDH
Promoter Activity via G-Boxes or ACT cis-Elements in the
Starvation Response

Using the protoplast transfection system, we analyzed whether
the starvation response is mediated by ACGT motifs, which
represent typical binding sites for bZIP TFs (Jakoby et al., 2002).
As summarized in Supplemental Table 1 online, all promoters of
the Asn biosynthesis genes and of ProDH and BCAT2 harbor at
least one ACGT motif. In the ASN7 promoter, two G-boxes
(CACGTG) were found, and G-box 1 was identified as the crucial
cis-element in mediating SnRK1 responses (Baena-Gonzalez
et al., 2007). Sequential mutation in the ProASN1:GUS reporter
gene demonstrated that the dark-induced transcription and
the bZIP1/bZIP53-mediated enhancement of transcription de-
pended exclusively on G-box 1 (Figure 5A). No alteration in the
ProASN1:GUS reporter gene activity was observed with a loss-
of-function mutation in G-box 2, indicating that the position of the
hexameric CACGTG sequence within the promoter is important
to mediate the starvation-related gene expression in protoplasts.

To define whether the identified genes involved in amino acid
metabolism are direct targets of the bZIP factors, chromatin
immunoprecipitation (ChlP) experiments were performed with
transgenic Arabidopsis lines expressing the HA-tagged version
of bZIP1. Using primers that amplify the G-box 1/2 promoter
region, we could show direct binding of HA-bZIP1 proteins to the
ASNT promoter (Figure 5B).

Previous results revealed pronounced differences in the reg-
ulation of ProDH and ASN1. The ProDH promoter harbors no
G-box, buta C-box (GACGTC) and two ACT elements (ACTCAT),
which are proposed to be bZIP binding sites involved in ProDH
regulation (Satoh et al., 2004; see Supplemental Table 1 online).
Whereas single mutations in the ACTCAT elements (Figure 5C) or
C-box (see Supplemental Figure 8 online) resulted in minor but
significant effects on dark-induced ProDH activation, multiple
mutations in two cis-elements completely abolished inducibility
of the ProDH promoter. From these data, we propose a crucial
combinatorial in vivo function of these elements in the dark-
induced ProDH activation.

Recently published ChIP experiments demonstrated the in vivo
binding of bZIP53 to the ProDH promoter (Weltmeier et al., 2006).
In addition, ChIP analyses using primers surrounding the ACT
elements and Pro35S:HA-bZIP1 plants also revealed a direct
binding of bZIP1 to the ProDH promoter (Figure 5D). Immunoblot
analysis of chromatin derived from light- and dark-grown plants
showed equal amounts of HA-tagged bZIP1 protein in the ChIP
assays (Figure 5E). Therefore, the binding activity of bZIP1 to the
ProDH promoter was independent of the light/dark regime.

Multiple bZIP Mutants and Plants Expressing EAR
Repressor Fusions of bZIP Factors Are Partially Impaired in
Dark-Induced Transcription of Amino Acid Metabolic Genes

The bzip1 bzip53 double mutant showed only limited impairment
in dark-induced ProDH and ASN1 transcript accumulation (Fig-
ures 2C and 4C; see Supplemental Figure 5 online). Therefore,
we applied an alternative loss-of-function approach. Fusions
between bZIP53 and bZIP1 and the EAR repressor domain
(Hiratsu et al., 2003) were generated and tested for their impact
on the ProDH reporter in protoplasts. As shown in Figure 6A, the
light- and dark-induced activation of the ProProDH:GUS reporter
was completely abolished by EAR-bZIP1 and strongly reduced
by EAR-bZIP53. Expression of the fusion proteins was confirmed
by immunoblot analysis as demonstrated in Supplemental Figure
9A online. These data further substantiate our hypothesis that
bZIP1 and bZIP53 play a crucial role in the regulation of dark-
induced ProDH transcription. However, due to their heterodime-
rization properties, other bZIPs, presumably members of the C/
S1 network, are likely candidates for mediating the dark-induced
starvation response (Ehlert et al., 2006). We therefore included
quadruple T-DNA mutants of bZIP1 and bZIP53 with different
group C bZIPs (bzip1 bzip53 bzip9 bzip63 and bzip1 bzip53

Figure 4. (continued).

(A) The Asn biosynthesis pathway according to Lin and Wu (2004). aKG, a-keto-glutarate; Pyr, pyruvate; PEP, phosphoenolpyruvate; PPDK, pyruvate

orthophosphate dikinase.

(B) RNA gel blot analysis of the indicated genes corresponding to the enzymatic steps depicted in the Asn biosynthesis pathway in (A) after long-term
dark treatment for 0 to 8 d. Compared are wild-type (wt), Pro35S:bZIP1, and Pro35S:bZIP53 plants. During dark induction, plants were harvested at the
indicated days at 5 PM. As a loading control, ethidium bromide stainings are provided for each hybridization experiment.

(C) and (D) Induction of ASN1 (C) or ANS (D) after short-term dark treatment. Rosette leaves of 10 3-week-old plants were pooled and used for RNA
preparation and gPCR at the time points indicated. Fold change compared with wild-type expression is depicted at 0 h. Mean value and sD of two
replicates are given. The wild type (black bars), Pro35S:bZIP1 (gray bars), Pro35S:bZIP53 (hatched bars), and bzip1 bzip53 (white bars) analyzed by
qPCR as described in Figure 1A. For visualizing the differences in transcript levels of ASN7, the y axis is broken twice, at two- and 140-fold induction.

The y axis of the ANS plot is broken once at 10-fold induction.
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bzip10 bzip25) in our study. As demonstrated in Supplemental
Figures 9B and 9C online, depending on the particular bZIP gene,
complete null alleles or knockdown alleles were obtained in the
respective mutant lines. The accumulation of ASN7, ProDH, and
BCAT2 (Figure 6B) transcripts was considerably impaired during
extended dark treatment in the quadruple mutants, although no
complete loss of transcript accumulation was observed. Sur-
prisingly, after long-term dark treatment, gene expression was
partially restored, indicating that the plant harbors regulatory
mechanisms to substitute for the loss of particular bZIP proteins.

DISCUSSION

In this work, we identified two bZIP TFs, namely, bZIP1 and
bZIP53, that translate low energy signals into an altered tran-
scriptional pattern of amino acid metabolic genes in Arabidopsis.
As outlined in the model in Figure 7, starvation activates in
particular bZIP1 transcriptionally and posttranscriptionally, the
latter by a conserved system of uORFs (Wiese et al., 2004;
Weltmeier et al., 2009). Presumably by heterodimerization with
other members of the C/S1 bZIP TF network, bZIP1 and bZIP53
initiate the change in transcriptional activity by binding to ACGT
or ACTCAT-like cis-elements within the promoters of metabolic
target genes. In conclusion, bZIP1 and bZIP53 are proposed to

(A) Arabidopsis protoplasts were transformed with a ProASN1:GUS
reporter construct or the indicated promoter mutations (see diagrams
beneath the x axis). After cotransformation with the effector plasmids
(Pro35S:bZIP1 or Pro35S:bZIP53), reporter induction was compared in
constant darkness (black bars) or in constant light (white bars) condi-
tions. Given is the fold change with respect to the empty vector control
experiment without any bZIP construct added (—) under constant light.
Four transfection experiments were used to calculate mean values and
sD. Significance was tested by one-way ANOVA analysis following
Tukey’s post-test (P < 0.05).

(B) Direct binding of bZIP1 to the ASN7 promoter as demonstrated by
ChlIP. ASN1 promoter structure and primer binding sites are indicated on
the left. Chromatin extracts from wild-type (wt) plants and Pro35S:HA-
bZIP1 were subjected to gPCR analysis with ASN7 promoter-specific
primers after immunoprecipitation with an anti-HA antibody (a-HA). Ct
values for Pro35S:HA-bZIP1 samples were subtracted from the Ct values
of the equivalent wild type. For normalization, an actin (ACT7) gene was
used. Calculated are induction levels with respect to the wild-type
samples. Given are mean values and sD of three independent experi-
ments.

(C) Analysis of the ProProDH:GUS constructs as described in (A).
Additional promoter analyses are provided in Supplemental Figure 8
online.

(D) ChIP experiment of wild-type and Pro35S:HA-bZIP1 plants as
described in (B). Chromatin was isolated from 3-week-old plants grown
under normal light/dark cycle (white bars) or plants cultivated in an
extended night for 4 d (black bars). Given are mean values and sb of
three repetitions.

(E) Immunoblot analysis of chromatin derived from wild-type and
Pro35S:HA-bZIP1 plants detected with an aHA antibody indicates a
comparable HA-bZIP1 protein abundance in light- and dark-treated
plants. As a loading control, Ponceau staining of the protein preparation
is given (bottom panel).



3 Results

147

390 The Plant Cell

Oight | ProProDH:GUS d

10 ||IM dark

4 ab

fold change
o
o

N Pro35S: Pro35S: Pro35S: Pro35S:
HA-bZIP1 EAR-HA- HA-bZIP53 EAR-HA-
bZIP1 bZIP53
B l w ProDH
300 1| bzip1 bzips3
EX bzip1 bzips3 bzip9 bzip63
" bzip1 bzip53 bzip10 bzip25
2
S 200
£
(3]
3
L
100
0 I ko
[onh  8h IZTN 28h
2000
1500
V]
(=)
c
2
5 1000
3
]
L
500 "
¥
i
B
0 ; ; I
[oh sh NZTW 28h 32h IEETH
2500
BCAT2
2000
81500
c
©
S
o 1000
]
e
500 :
A .
oh__ sh AN 28h 32h

Figure 6. Impact of bZIP Factors on Target Gene Expression Using
bZIP-Specific Loss-of-Function Approaches.

(A) EAR repressor fusions of bZIP1 and bZIP53 reveal a regulatory
function in dark-induced ProDH transcription. Arabidopsis protoplasts
were transiently transformed with a ProProDH:GUS reporter and co-
transfected with Pro35S-driven reporters (HA-bZIP1, HA-bZIP53, HA-

mediate transcriptional metabolic reprogramming in response to
starvation.

The bZIP TFs bZIP1 and bZIP53 Are Regulated by Energy
Deprivation, Both at the Transcriptional and
Posttranscriptional Level

In this work, bZIP1, and to a minor extent also bZIP53, was found
to be transcriptionally upregulated by conditions that lead to
energy deprivation. Feeding experiments with sucrose and glu-
cose, but not 3-oMG, repress bZIP1 and bZIP53 transcription
(Figure 2E). 3-oMG is taken up by the cells but is not metabolized
and appears not to signal via the hexokinase-dependent sugar
signaling pathway (Cortés et al., 2003). These data indicate that
sugar signaling regulates the transcription of bZIP1 and bZIP53,
supporting recent findings by Kang et al. (2010). Since long-time
dark treatments, which have frequently been applied for dark-
induced senescence studies (Gan, 2003; Lin and Wu, 2004;
Buchanan-Wollaston et al., 2005), do not reflect natural environ-
mental conditions, we performed short-term experiments that
described the detailed expression changes after extended night
treatments and defined bZIP1 and bZIP53 as putative transcrip-
tional regulators in the starvation response (Figure 1A).

For assaying starvation responses, plant and protoplast sys-
tems were applied using culture conditions in the dark or incu-
bation with the photosystem Il inhibitor DCMU (e.g., Figure 1A;
see Supplemental Figures 7A and 7B online). Recently, other
stresses, such as anaerobic conditions, have been found equally
useful (Baena-Gonzalez et al., 2007). Altogether these treatments
let to comparable responses with respect to transcription of
starvation-induced genes. Environmental stresses, which also
lead to alow energy status of the cell, can be assumed to interfere
with primary metabolism and therefore might also input into the
starvation signaling network (Baena-Gonzalez and Sheen, 2008).

Recent bioinformatic network analyses suggest that bZIP1 is
regulated by the circadian clock (Gutiérrez et al., 2008). Inter-
estingly, CIRCADIAN CLOCK ASSOCIATED1, which is an inte-
gral component of the Arabidopsis clock (Yakir et al., 2007), was
shown to directly bind to the bZIP1 promoter (Gutiérrez et al.,
2008). Although a detailed molecular analysis is still elusive, it is

EAR-bZIP1, and HA-EAR-bZIP53). Induction by cultivation in constant
dark (black bars) conditions is compared with expression in constant
light (white bars). Depicted is the fold change compared with the
promoter in the light. Four transfection experiments were used to
calculate mean values and sb. Different letters indicate significant
differences, tested by one-way ANOVA analysis following Tukey’s
post-test (P < 0.05). Expression of the effector constructs was confirmed
by immunoblot analysis (see Supplemental Figure 9A online).

(B) gPCR analysis of ProDH, ASN1, and BCAT2 after extended night
treatment as described in Figure 1. Rosette leaves of 10 3-week-old
plants were pooled and used for RNA preparation and gPCR at the
indicated time points. Fold change compared with the wild type (wt) is
indicated at 0 h. Mean value and sD of two replicates are given. Asterisks
represent significant differences between wild-type and mutant plants
at the indicated time points (two-way ANOVA; *P < 0.05, **P < 0.01, and
***P < 0.001). Impaired expression of the corresponding bZIP genes
is demonstrated in Supplemental Figures 9B and 9C online.
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Figure 7. Model Summarizing the Function of bZIP Factors in the Energy
Deprivation Response.

Starvation activates bZIP1 and bZIP53 transcriptionally and posttran-
scriptionally, the latter by a conserved system of uORFs. Presumably by
heterodimerization with other members of the C/S1 bZIP network, bZIP1
and bZIP53 initiate a change in transcriptional activity by binding to
ACGT or ACTCAT-like cis-elements within the promoters of metabolic
target genes, causing a reprogramming of primary metabolism in re-
sponse to low energy stress.

tempting to speculate that a regulatory energy management
network exists in plant cells, which integrates C and N availability
and clock-initiated day/night rhythms to regulate bZIP1-depen-
dent gene expression.

In addition to transcriptional regulation, further posttranscrip-
tional mechanisms might account for bZIP1 and bZIP53 regula-
tion. For all group S1 bZIPs, a posttranscriptional repression by
sucrose (sucrose-induced repression of translation) was dem-
onstrated (Weltmeier et al., 2009). With respect to bZIP1 and
bZIP53, these mechanisms result in an additive effect, leading to
high intracellular levels of the bZIP TFs during energy deprivation
(Figure 7). Thus, bZIP1 and bZIP53 are candidates to execute a
crucial function in metabolic reprogramming during the starva-
tion response.

bZIP1 Is Regulated Posttranslationally by a
Starvation-Derived Signal

Although bZIP1 is strongly upregulated by transcriptional and
posttranscriptional mechanisms, its function in gene regulation
depends on an additional signal, which is initiated by dark-
induced energy deprivation. Importantly, this observation result-
ing from studies in transgenic plants was not detectable in the
protoplast system: Arabidopsis bZIP1 overexpression leads only
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to a minor change in target gene activation. Apparently, an
unknown component is missing in the protoplast system. There-
fore, these findings emphasize the importance of studying the
whole plant system.

bZIP53 is predominantly regulated on the level of protein
amount. When overexpressed, it activates transcription inde-
pendently of the energy status of the cell, whereas bZIP1 activity
is further fine-tuned at the posttranslational level by a starvation-
dependent signal. Recently, KIN10 and KIN11, two kinases of the
SnRK1 family, have been demonstrated to orchestrate starvation
responses, in particular on the transcriptional level (Baena-
Gonzalez et al.,, 2007; Baena-Gonzalez and Sheen, 2008). It
remains to be analyzed whether the starvation signal regulating
bZIP1 function is directly or indirectly mediated by these kinases.

bZIP1 and bZIP53 Show Overlapping but Distinct Functions
in the Low Energy Response

In this work, ectopic overexpression of bZIP1 results in an early
senescence phenotype in the dark, which is characterized by
rapid loss of chlorophyll (Figures 1C and 1D). As defined by
marker gene expression, this phenotype reflects a dark-induced
starvation response, but not the natural senescence (see Sup-
plemental Figure 3 online; van der Graaff et al., 2006). This early
senescence phenotype is less pronounced in Pro35S:bZIP53
plants. Furthermore, distinct differences in the function of bZIP1
and bZIP53 become obvious when these plants were studied
under a normal day/night cycle. As confirmed by immunoblot
analysis, high-level expression of bZIP1 did not lead to obvious
phenotypic changes, whereas medium-level expression of
bZIP53 resulted in significantly reduced plant growth (Alonso
et al., 2009). These findings indicate pronounced differences in
bZIP1 and bZIP53 function.

Overexpression of bZIP1 and bZIP53 in transgenic plants
revealed that both TFs are capable of regulating the amino acid
metabolic genes proposed to be upregulated during the dark-
induced starvation response, such as genes involved in Asn
biosynthesis and Pro and BCAA metabolism (e.g., Figures 2C,
4B, and 4C; see Supplemental Figure 6C online). ASN7, the key
gene of the Asn biosynthesis pathway, is characterized by a
complex transcriptional regulation (Lam et al., 1998, 2003).
Transcription of the Asn pathway genes, such as ASP3, GDH2,
and ASN1, appears to be coregulated and is induced after dark
treatment but repressed when sugar is available (Lin and Wu,
2004). In the light, ectopic expression of bZIP53 leads to con-
stitutive activation of ProDH, ASP3, GDH2, and ASN1, whereas
bZIP1 provokes only minor effects.

Changes in the transcriptional levels of amino acid metabolic
genes are well reflected on the amino acid level. For instance, the
amount of Pro is significantly reduced in Pro35S:bZIP1 and
Pro35S:bZIP53 plants (Figure 2D). Contrarily, the amount of Asn
is induced exclusively in Pro35S:bZIP53 plants (Figure 3B). As
demonstrated on the transcriptional level, bZIP1 but not bZIP53
enhances expression of an ANS (Figure 4D), which leads to the
degradation of Asn (Bruneau et al., 2006). Again, bZIP53 and
bZIP1 show distinct differences in target gene selection. This
might explain the observed differences in the metabolite profiles.
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Ectopic expression of bZIP1 and bZIP53 leads to reduced
levels of BCAAs (Figure 3B), indicating the involvement of both
TFs in a BCAA degradation pathway. BCAT2 transcription fol-
lows the pattern of the other analyzed, dark-induced amino acid
metabolic genes, and bZIP1 and bZIP53 enhance BCAT2 tran-
scription (see Supplemental Figure 6C online). However, it is not
clear whether the BCAT2 enzyme is involved in an anabolic or
catabolic context. In the dark, chloroplastic proteins, such as
ribulose-1,5-bisphosphate carboxylase/oxygenase, are de-
graded to provide amino acid to the starved nitrogen metabo-
lism. It was speculated that the deamination reaction of BCAT2 in
the dark supplies the cell with Glu, which is essential for Asn
biosynthesis (Schuster and Binder, 2005). Hence, dark-induced
BCAT2 expression as well as the BCAA degradation might be
closely linked to the dark-induced Asn biosynthesis and conse-
quently appear to be regulated in a coordinated fashion by the
same set of bZIP TFs.

Differences in function have already been described for
bZIP53 and bZIP1 (Weltmeier et al., 2009). For instance, hetero-
dimers that include bZIP53 regulate the expression of seed
maturation genes involved in desiccation tolerance, storage
compound synthesis, and source-sink regulation, such as
ASNT (Alonso et al., 2009). Although bZIP1 heterodimers share
the capacity to activate seed maturation genes in protoplasts,
bZIP1 appears not to be involved in the regulation of these genes
during seed maturation (Weltmeier et al., 2009). Thus, bZIP53
and bZIP1 have partially overlapping but distinct functions that
are probably defined by expression patterns and/or posttrans-
lational mechanisms.

Transcriptional Control of Amino Acid Metabolic Genes by
bZIP1and bZIP53 s Mediated by Binding to G-Box, C-Box, or
ACTCAT cis-Elements

As demonstrated in transiently transfected protoplasts, one of
the two G-boxes (G-box 1) in the promoter of ASNT7 is essential
for the dark activation of this gene (Figure 5A). Our promoter
deletion experiments further substantiate the hypothesis that
bZIP1 and bZIP53 signal via the G-box 1 in the ASN1 promoter.
G-box-like cis-elements, which are characterized by their ACGT
core, are typical binding sites for bZIP TFs as demonstrated for
bZIP53 by in vitro and in vivo binding assays (Alonso et al., 2009).
We used HA-tagged bZIP1 in ChIP experiments to confirm its
direct binding to ProDH and ASN1 promoter regions (Figures 5B
and 5D). Although, due to overexpression, the ChIP data have to
be interpreted with care, they are supported by results of the
protoplast assays. Our combined data suggest that the analyzed
ProDH and ASNT promoters are direct in vivo targets of bZIP1.
Dark-induced recruitment of bZIP1 to its target promoters is one
possible regulatory mechanism that would explain stimulus-
induced target gene activation. However, dark-induced en-
hancement of bZIP1 DNA binding to the ProDH promoter was
not detected in the ChIP experiments, at least at the time points
used in this study. Surprisingly enough, the ProDH promoter
harbors no G-box but a closely related, ACGT core-containing
C-box and two ACTCAT motifs. The ACTCAT motifs were shown to
be bound by group S1 bZIPs and are involved in the hypoosmo-
larity response (Satoh et al., 2002, 2004; Weltmeier et al., 2006).

Multiple mutations in ACTCAT and C-box elements confirm a
crucial and additive impact of all these cis-elements on basic and
inducible ProDH promoter activity. These data suggest that
differences in ASN1 and ProDH expression patterns are caused
by the combination and location of the identified cis-elements in
their promoter structures. Furthermore, bZIP heterodimerization
might alter target site recognition; therefore, it is tempting to
speculate that different promoters will recruit particular sets of
bZIP heterodimers.

Redundant bZIP Factors Can Partially Substitute for Loss of
bZIP1 and bZIP53

Expression of bZIP1 and bZIP53 fusion proteins containing a
C-terminal EAR repressor domain (Hiratsu et al., 2003) completely
abolishes or significantly reduces dark-induced ProDH expres-
sion in protoplasts (Figure 6A). Since the repressor-modified TF
blocks specific promoter binding sites when overexpressed, this
method was applied to compete with redundantly active TFs to
interfere with their function. As single bzip7 and bzip53 T-DNA
mutants and even a bzip1 bzip53 double mutant do not lead to
dramatic impairment of amino acid target gene expression (see
Supplemental Figure 5 online), the protoplast data support the
view that a functional redundant bZIP TF network is operating in
the starvation response. bZIP2 expression patterns are slightly
similar to the one observed for bZIP53. However, since bZIP2
T-DNA insertion lines are not available and bZIP2 overexpression
results in severely dwarfed, sterile plants, bZIP2 could not be
included in the experimental setup. Strong interference with
normal plant growth was also observed by overexpression of
bZIP11 (Hanson et al., 2008). Inducible expression combined
with transcriptome analysis was used to identify ProDH and
ASN1 as bZIP11-regulated genes. However, although bZIP11
has the capacity to regulate these metabolic genes, it is probably
not involved in the starvation response as its expression is
upregulated by sugar and downregulated by darkness. As
depicted in Supplemental Figure 1 online, several bZIP genes,
such as bZIP41 or bZIP54, show appropriate expression pat-
terns to fulfill a function in the energy deprivation response. Also,
the group C factors bZIP63, bZIP9, and bZIP25, which form
heterodimers with group S1, might be candidates. Specific bZIP
heterodimerization has been shown to be important for bZIP53
activity and function (Ehlert et al., 2006; Weltmeier et al., 2006).
Consequently, quadruple C/S1 T-DNA insertion mutants show
strongly impaired dark-induced target gene expression (Figure
6B; see Supplemental Figure 9D online). Surprisingly, this effect
is only transient and the plant can partially compensate for the
loss of bZIP gene activity during long-term dark adaptation.
Overlapping functional redundancy appears to be a frequently
observed feature in particular in signaling networks. The regula-
tion of target genes by C/S1 bZIPs is complex; however, it is
more stable with respect to mutations and more flexible in terms
of its potential to fine tune regulation. Although the plant benefits
from this flexibility, the regulatory circuits controlling this TF
network remain elusive.

Knowledge of the transcriptional regulators is crucial for un-
derstanding the plant energy control system and is a first step to
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establishing biotech approaches to increase yield and stress
tolerance of crop plants.

METHODS

Plant Cultivation and Treatment

For plant and protoplast transformation, amino acid measurement,
qPCR, RNA gel blot, and ChIP experiments, Arabidopsis thaliana ecotype
Columbia (Col-0) was grown on soil under long-day conditions of 16-h-
light/8-h-dark cycles. Dark treatment was performed for 4 h to 8 d using
3-week-old soil-grown plants. For RNA gel blot analysis, the first harvest-
ing time point (0 d) was at 5 PM, during the light period. Material for qPCR
was harvested as indicated, starting at the beginning of the light period
(8 Am). For hydroponic culture, the procedure described by Gibeaut et al.
(1997) has been modified. Three-week-old plants were grown on a mesh
support under short-day conditions. The media were supplemented
with sugars according to the description in Figure 2E. Floral dip transfor-
mations were performed using the Agrobacterium tumefaciens strain
GVG3101 (Weigel and Glazebrook, 2002). Transgenic plants and T-DNA
insertion lines are summarized in Supplemental Table 2 online. Homozy-
gous mutants were identified by PCR as described (http://signal.salk.
edu/tdnaprimers.2.html) using the primers described in Supplemental
Table 3 online.

Molecular Biology and Physiology Methods

RNA gel blot analysis and histochemical GUS staining were described in
Weltmeier et al. (2006, 2009). Hybridization probes were PCR generated
using the primers summarized in Supplemental Table 3. RNA gel blot
analysis was repeated three times with comparable results. Immunoblot
analysis was performed according to Weltmeier et al. (2006) using «HA
antisera (Santa Cruz Biotechnology). Aa analysis was performed as
described in Pilot et al. (2004).

qPCR

RNA was isolated from pooled material of the rosettes of 10 3-week-old
plants. cDNA synthesis and qPCR analysis were performed as described
by Fode and Gatz (2009). Cycling conditions were as follows: 10 min at
95°C, 40 cycles of 20 s at 95°C, 10 s at 55°C, and 30 s at 72°C, followed by
a default dissociation stage program to detect nonspecific amplification.
Amplification products were visualized by SYBR green. The ubiquitin
(UBI5) gene was used for sample normalization. Other gene-specific
oligonucleotides are described in Supplemental Table 3 online. Statistical
analysis was performed with the GraphPad Prism or OriginPro 8.1
software using the tests indicated in the figure legend.

Transient Expression Assays and Constructs

Protoplast isolation, transformation, construction of effector plasmids,
and immunoblot analysis were performed according to Ehlert et al. (2006).
ProProDH:GUS and ProASN1:GUS reporter constructs were obtained by
inserting the PCR-amplified promoters into the pBT10-TATA-GUS vector
(Sprenger-Haussels and Weisshaar, 2000) using Pstl/Ncol or Xbal/Ncol
restriction sites, respectively. The PCR primers are given in Supplemental
Table 3 online. Mutation of promoter cis-elements was performed using
the Quick Change site-directed mutagenesis kit (Stratagene). For reporter
gene assays, 5 g reporter and 14 pg of effector were used, unless stated
otherwise. One microgram of Pro35S:NAN plasmid was added for
normalization (Kirby and Kavanagh, 2002). Protoplasts were incubated
overnight for 16 h in constant light or constant darkness. For treatment
with DCMU, 20 pM DCMU was added to the solution for incubation
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overnight. Four transfection experiments were used to calculate mean
values and standard deviations of relative GUS/NAN activities as de-
scribed by Ehlert et al. (2006).

ChIP

ChlP was performed as described by Weltmeier et al. (2006) and Alonso
et al. (2009) using an HA-specific antibody (Abcam). Primers are given in
Supplemental Table 3 online. The difference between the resulting C(t)
values of wild-type and Pro35S:HA-bZIP1 overexpressor was calculated
and normalized with the input controls of these samples, which were
analyzed with the same primers. For further normalization, PCR was
performed with unspecific actin (ACT7) promoter primers (see Supple-
mental Table 3 online).

Accession Numbers

Arabidopsis Genome Initiative identifiers for the genes mentioned in
this article are as follows: bZIP53 (At3g62420), bZIP1 (At5g49450),
bZIP63 (At5g28770), bZIP10 (At4g02640), bZIP25 (At3g54620), bZIP9
(At5g24800), ProDH (At3g30775), ASN1 (At3g47340), GDH2 (At59g07440),
ASP3 (At5g11520), GLNS (At5g37600), PepCK (At5g65690), ANS
(At3g16150), CAB (At1g29920), SAG103 (At1g10140), YLS3 (At2g44290),
BCAT2 (At1g10070), LEA76 (At3g15670), UBI5 (At3g62250), and ACT7
(At5g09810).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Expression of bZIP Genes during Energy
Starvation.

Supplemental Figure 2. Molecular Characterization of Transgenic
Plants Altering the Amount of bZIP1.

Supplemental Figure 3. Expression of Senescence Marker Genes
Has Been Analyzed in Plants That Have Been Cultivated under
Extended Night Treatment.

Supplemental Figure 4. Expression of bZIP1 and bZIP53 after
Extended Night Treatment.

Supplemental Figure 5. Expression Analysis of Genes Involved in
Amino Acid Metabolism Analyzed in Single and Double T-DNA
Insertion Mutants of bZIP1 and bZIP53.

Supplemental Figure 6. Regulation of Transcription in Branched-
Chain Amino Acid (BCAA) Metabolism during Dark Treatment.

Supplemental Figure 7. Analysis of Energy Deprivation Induced
Transcription in Protoplasts.

Supplemental Figure 8. Mutation in the C-Box Effects ProDH
Promoter Activity.

Supplemental Figure 9. Immunoblot Analysis of the EAR Repressor
Approach and Characterization of Multiple T-DNA Insertion Mutants
Used in This Study.

Supplemental Table 1. Summary of Putative bZIP Binding Motifs
(ACGT-Like Elements) Found.

Supplemental Table 2. Summary of the T-DNA Insertion Lines Used
in This Study.

Supplemental Table 3. Summary of the Oligonucleotide Primers
Used in This Study.

Supplemental Data Set 1. Summary of Amino Acid Analysis of
3-Week-Old Arabidopsis Rosettes.
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Supplemental Figure 1 Expression of bZIP genes during energy starvai{@h Cluster analysis of all
Arabidopsis bZIP genes (Jakoby et al., 2002) using the Getigatar tool (Hruz et al., 2008).
Transcriptome datasets analysing energy deprivatiencompared and the bZIP TFs are clustered with
respect to their expression profiles during edrigrmediate and late extension of the normal 8ghtn
respectively (time points as indicated). Opposedta@atments with glucose or sucrose (incubatiorfo
h). Red and green colours show induction or repyassf the corresponding genes as indicated in the
colour bar beneath the heat maB) BZIP TFs of group S1 and C have been demonstratddrm
specific heterodimers (Ehlert et al., 2006). Acdogty, cluster analysis was performed for the expi@n

of the nine bZIP TFs during the treatments desdribe(A). (C) Transcript abundance of the group S1
bZIP TF genes after 0—8 days of dark treatment uredsby qPCR analysis. Labelling of the bars are
indicated. Rosette leaves of 10 three week-oldtplaave been pooled and used for RNA preparatidn an
gPCR at the time points indicated. Depicted isfthd change compared to wt at 0 h. Given are mean

value and SD of two technical replicates.
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Supplemental Figure 2 Molecular characterization of transgenic plantthwaltered amounts of bZIP1.
(A) Schematic view showing location of the T-DNA irtgen in the SALK lines bzipl-1
(SALK_059343) andbzipl-2 (SALK _069489). Given are the primers (arrows) used the mutant
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characterisation provided iB) which amplify fragments in the 5’ (al and a2)ao8’ (b1 and b2) region

of the gene.B) Expression analysis #ZIP1in the T-DNA mutant linebzip1-1 bzipl-2and the double
mutantbzipl bzip53erformed by gPCR using primer pair a (bZIP1ab dbZIP1b). For the double and
quadruple mutants, the bzipl-1 allele has been.uBke light/dark regime is given in the schematic
drawing. Rosette leaves of 10 three week-old plhat® been pooled and used for RNA preparation and
gPCR at the time points indicated. Depicted isftié change compared to wt at 0 h. Given are mean
value and SD of two technical replicates. Asterigégresent significant differences of mutant plants
compared to the wt at the indicated time point (imay ANOVA, * p < 0.05; ** p < 0.01; ** p <
0.001). C) RNA blot analysis of bZIP1-specific transcriptsing wt, T-DNA insertion lineshizip1-1,
bzipl bzip53 and plants overexpressih@IP1 under control of the 35S promoter (Pro35S:HA-bZIP1
Ethidium bromide staining (EtBr) was used as a ilogccontrol. D) Immunoblot analysis of protein
extracts derived from the Pro35S:HADbZIP1 lines éatled using a HA-tag specific antibody. Line C was

been used in the experiments described.

Supplemental Data. Dietrich et al. (2011). Plant Cell 10.1105/tpc.110.075390
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Supplemental Figure 3 Expression of senescence marker genes was addlyset plants cultivated

under extended night conditions. Day, night anatreatéd night phases are indicated by white, black or
grey bars, respectively. RNA isolated at the tinn{s indicated was analyzed by qPCR. Whereas
transcription of photosynthetic markers such as G#\Btrongly reduced at the 48 h timepoint, SAG103
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as a marker for dark-induced senescence relatetheécgy deprivation (van der Graaff et al., 2006) is

strongly induced in wt plants. This process isidgtfrom natural senescence as the expressioheof t

corresponding marker gene (YLS3) is not signifibathanged. Rosette leaves of 10 three week-old

plants have been pooled and used for RNA preparatid qPCR at the time points indicated. Depiced i

the fold change compared to wt at 0 h. Given ararmealue and SD of two technical replicates.

Asterisks (**) indicate values that were determiigdone-way ANOVA and following Tukey’'s post-test

to be significantly different (p < 0.01) in comparn to the other time points.

Supplemental Data. Dietrich et al. (2011). Plant Cell 10.1105/tpc.110.075390
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Supplemental Figure 4 Expression ofbZIP1 and bZIP53 after extended night treatment. Wt (black

bars), overexpression plants under control of theS 3promoter (Pro35S:bZIP1, grey bars;
Pro35S:bZIP53, hatched bars) and a double T-DNArtimn line pzipl bzip53 white bars) were
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compared by qPCR with respecti@dlP1 (A) andbZIP53(B) transcript abundance as described in Figure
1. Due to insertion of the T-DNA in the promotegimn, bzip53is considered to be a knock-down,

(Weltmeier et al., 2006), whereas no significanbants ofbzipltranscript are observed. Rosette leaves
of 10 three week-old plants have been pooled aad far RNA preparation and qPCR at the time points
indicated. Depicted is the fold change compareavttaat O h. Given are mean value and SD of two

technical replicates. For visualizing the differesdén transcript levels, the y-axis is broken.

Supplemental Data. Dietrich et al. (2011). Plant Cell 10.1105/tpc.110.075390
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Supplemental Figure 5 Expression analysis of genes involved in amind awetabolism in single and
double T-DNA insertion mutants dZ1P1 andbZIP53(A) RNA blot analysis of the indicated genes after
long-term dark treatment for O — 6 days. Comparedn, bzipl-1 bzip53andbzipl bzip53lants. As a
loading control, ethidium bromide (EtBr) staininge provided for each hybridisation experimeBi) (
gPCR expression analysis A6N1 ProDH and BCAT2in the two T-DNA mutant line®zipl-1and
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bzip1l-2and in the double mutabripl bzip53The light/dark regime is given in the schematiavdng.
Rosette leaves of 10 three week-old plants have peeled and used for RNA preparation and qPCR at
the time points indicated. Depicted is the fold e compared to wt at O h. Given are mean value and
SD of two technical replicates. Asterisks represggnificant differences of mutant plants compated
the wt at the indicated time point (two-way ANOV#p < 0.05; ** p < 0.01; *** p < 0.001).

Supplemental Data. Dietrich et al. (2011). Plant Cell 10.1105/tpc.110.075390
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Supplemental Figure 6 Regulation of transcription irBranched Chain Amino Acid (BCAA)
metabolism during dark-treatmentA)( Cluster analysis of the Asn biosynthesis e@B@AT genes
indicated, making use of public expression data #rel Genevestigator tool (Hruz et al., 2008).
Transcriptome data sets analysing energy deprivatie compared at early, intermediate and latet nigh
extension (h as indicated). Opposed are treatmefits glucose or sucrose (incubation for 4 h),
respectively. Red and green coloursshow inductiorepression of the corresponding genes as indicate

in the colour bar beneath the heat md). $chematic overview of BCAA metabolismKG, a-keto-
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glutarate. C) Induction ofBCAT2after short-term dark treatment. Wt (black baPsp35S:bZIP1 (grey
bars), Pro35S:bZIP53 (hatched bars) and the camelipg T-DNA insertion linekzipl bzip53 white
bars) have been cultivated at a day/night rhythrb638 h as indicated by the scheme at the bottaay, D
night and extended night phases are indicated htgwiilack or grey bars, respectively. Rosette dsanf

10 three week-old plants have been pooled and faselNA preparation and qPCR at the time points
indicated. Depicted is the fold change compareavtat O h. Given are mean value and SD of two
technical replicates. For visualizing the differesdn transcript levels, the y-axis is broken aah@ 450

fold induction.

Supplemental Data. Dietrich et al. (2011). Plant Cell 10.1105/tpc.110.075390
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Supplemental Figure 7 Analysis of energy deprivation-induced transédpt in protoplasts.
Promoter:GUS reporter constructs of the bZIP taggetes, namellProDH (A) andASN1(B), were used
in transiently transformed protoplast assays. Itidocof the reporters has been observed after annhst
dark treatment (black bars) in comparison to cardight treatment (white bars) for 16 h. Compaeabl

induction was observed by treatment with the phat@sn Il inhibitor DCMU (dark grey bars) in
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comparison to untreated cells (light grey bars) SEdtivity was determined after co-transformatiathw
14 ug of Pro35S:HA-bZIP1 or Pro35S:HA-bZIP53 effectdagmids or an empty vector control (-).
Inclusion of 1ug of a reference plasmid encoding a Pro35S:NAN gea used in all experiments to
normalize GUS expression values for differencesansfection efficiencies as described by (Ehledle
2006). Y-axis values are expressed as fold chamgemparison to the control incubation under cartsta
light. Given are mean values and SD of four indeean transfections. Different letters indicate
significant differences of light/dark and +/- DCMtdeatment, tested by one-way ANOVA analysis
following Tukey’s post-test, p < 0.05, respectivedl) Expression of the HA-tagged bZIP effectors was
studied using immunoblot analysis in light/dark \ynoor DCMU treated/untreated protoplasts using a
HAtag specific antibodyoHA). For loading control, Ponceau staining was ug&dtein size is compared

to size standard in kilo Dalton (kDa).

Supplemental Data. Dietrich et al. (2011). Plant Cell 10.1105/tpc.110.075390
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Supplemental Figure 8 Mutation in the C-box affectsProDH promoter activity. Transient

transformation of protoplasts was performed as ritgstt in Figure 5 with the promoter mutations
indicated (diagram below x-axis). Depicted is thkel fchange compared to the unmutated promoterein th
light. Given are mean values and SD of four indeean transfections. Different letters indicate

significant differences, tested by One-way ANOVAabsis following Tukey’s post-test, p < 0.05.
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Supplemental Figure 9 Immunoblot analysis of the EAR repressor appraauth characterisation of the
multiple T-DNA insertion mutants used in this stud) The expression of HA-bZIP1, HA-bZIP53,

EAR-HA-bZIP1 and EAR-HAbZIP53 in Figure 6A in coast light (upper panel) or darkness (lower
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panel) was monitored by immunoblot analysis usingi#lA antibody. Since the EAR domain fusions
harbour only two HA epitopes in comparison to tbastructs without EAR domain (three epitopes), the
expression levels can only be compared betweemnetaged protein fusionsBj Expression analysis of
bZIP1 and bZIP53 performed by gPCR using the indicated T-DNA ingartiines. C) Expression
analysis of group MZIP1Q bZIP25 bZIP9 and bZIP63 using the indicated T-DNA insertion lines.
Rosette leaves of 10 three week-old plants hava peeled and used for RNA preparation and qPCR at
the time points indicated. Depicted is the fold i compared to wt at O h. Given are mean value and
SD of two technical replicates. Asterisks represégificant differences between mutant plants tired

wt at the indicated time point (two-way ANOVA, *$0.05; ** p < 0.01; *** p < 0.001).

Supplemental Table 1 Summary of putative bZIP binding motifs (ACGTkdi elements) found in the
promoters (1 kb upstream region) of genes relaietisn, Pro and BCAT metabolism. Genes, AGI code

and the putative elements are given.

Gene AGI code ACGT-like elements Box
(-1000 bp promoter region)
ProDH At3g30775 -842 cACTCATcct -833 ACT2
-714 gACTCATcct -705 ACT1
-683 ctgACGTcct -674 C
-572 ataACGTagc -563 TIA
-197 aaaACGTgta -188 T/G
-171 tttACGTgct -162 AIG
ASN1 At3g47340 -731 ttaACGTHtt -722 T
-557 aacACGTgta -548 G2
-377 cggACGTcgt -368 C
-354 aacACGTgga -345 G1
-167 tctACGTgca -158 A/G
GDH2 At5g07440 -974 ctaACGTgga -965 T/G
-737 tccACGTccc -728 G/IC
-282 ctgACGTagg -273 C/A
-273 gatACGTcaa -264 A/C
ASP3 At5g11520 -841 tcaACGTggt -832 T/IG
-480 tatACGTtga -471 AT
-122 cttACGTggc -113 AIG
GLNS At5g37600 -157 ttcACGTcac -148 G/C
PepCK At5g65690 -738 aaaACGTgct -729 T/G
-524 caaACGTgaa -515 T/G
-467 tgcACGTaaa -458 G/A
-423 tcaACGTaat -414 T/A
-334 ataACGTgag -325 T/G
-76 tatACGTgta -67 AIG
ANS At3g16150 -882 attACGTaag -873 A
-776 ttgACGTata -767 C/IA
-752 ataACGTaga -743 T/IA
-511 ctgACGTgga -502 C/G
-361 ataACGTttc -352 T
BCAT2 At1g10070 -804 aaaACGTtgt -795 T
-770 ctgACGTggc -761 C/IG
-749 acaACGTgtt -740 TIG
-712 aagACGTtga -703 C/IT
-633 ccaACGTggc -624 T/G
-337 gacACGTcta -328 G/IC
-164 cttACGTgtt -155 AIG
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Supplemental Table 2 Summary of the T-DNA insertion lines used in thisdy.

Mutant SALK Nr. Insertion in | Knock down /
Knock out
bzip1-1 SALK_059343 |ORF Knock out
bzip1-2 SALK_069489 |ORF Knock out
bzip53 SALK_069883 |[|5'UTR Knock down
bzip1 bzip53 SALK_059343 |ORF Knock out
SALK_069883 |[|5'UTR Knock down
bzip1 bzip53 SALK_059343 |ORF Knock out
bzip9 bzip63 SALK_069883 |[|5'UTR Knock down
SALK_093416 |[3. Exon Knock out
SALK_066531 |[|5'UTR Knock down
bzip1 bzip53 SALK_059343 |ORF Knock out
bzip10 bzip25 SALK_069883 |[|5'UTR Knock down
SALK_106031 [3. Exon Knock out
SALK_119931 1. Exon Knock out

Supplemental Table 3 Summary of oligonucleotide primers used in thiglyg.

gPCR Primers:

SAG103 At1g10140 5-AGCTCGAGTGCTGGGATG-3
5-CGGATTCACAGATCCTTCCT-3
CAB At1929920 5-TCAATCTTTTGAATTCGAGTGAGA-3’
5-TCCACCACAAACACAAACCTAC-3’
YLS3 At2g44290 5-GACATCACTAAGTGCCCTGCT-3
5-ACTGTTTCGTTCAGACCTTTAGC-3’
ASN1 At3g47340 5-TTCTTGAGCTTTCTCGCAGAT-3
5-CCGTTCTGATATAAGCCACTCC-3’
ProDH At3g30775 5-CGCCAGTCCACGACACAATTCA-3
5-CGAATCAGCGTTATGTGTTGCG-3’
ANS At3g16150 5-TTCCGATCAGCATTTACGC-3’
5-CAATGTCCTTTCCCGTCAAC-3’
BCAT2 At1g10070 QuantiTect® Primer QT00854875
bZIP1 a1 At5g49450 5 -TGGCAAACGCAGAGAAGACAAGT-3'
bZIP1 a2 5'-CCGCGAATCTGCAAGGAGGTCG-3'
bZIP1 b1 At5g49450 5-GAGTTTAACGCTGACGCAGA-3’
bZIP1 b2 5-GGAATAGCGGTTGGAGATTG-3'
bZIP1 At5g49450 5-TCAGCGTTAAACTCGTCGTAGCAA-3’
5-AACGCGGGTCTTAGATCGGAGAAG-3’
bZIP53 At3g62420 5-TGGGGTCGTTGCAAATGCAAACAA-3
5-CCGTGGCGTACCTCGGATCATTAT-3
bZIP9 At5g24800 5-CGAAAAGGTCCAGCCGGAAACAAT-3
5-TCGACCTCATGAACCGGGATTACA-3’
bZIP10 At4g02640 5-TTTTTCGGCCATGCTGAATCGTTC-3’
5-TTACTCCAAGCGCCAACCCGTA-3
bZIP25 At3g54620 5-AGGAGGATGCTCTCAAACCGAGAA-3
5-CGGCTCTTAATTGGCCTACCTGTG-3
bZIP63 At5g28770 5-AAAAGGGGAACTTTCATCAAACCTCAGG-3’
5-CTGAGGCATATTGTGGAACATTGGGT-3
UBQ5 At3g62250 5-GACGCTTCATCTCGTCC-3
5-GTAAACGTAGGTGAGTCCA-3
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ChIP Primers:
ASN1 At3g47340 5'-CACGTGTACGGCTCTAAAGCA-3’
5-GACCAGCTGTTTCCACGTGTT-3’
ProDH At3g30775 5-CAAGTCCAGGTCCACATGTTG-3
5-CAAGGCCCTGACCATAGGA-3
ACT7 At5g09810 5-CGTTTCGCTTTCCTTAGTGTTAGCT-3
5-AGCGAACGGATCTAGAGACTCACCTTG-3

Primers to test of T-DNA Insertion:

bZIP1 At5g49450 5-ATGGCAAACGCAGAGAAGACAAGTTCA-3
5-TCATGTCTTAAAGGACGCCATTGGTTG-3

bZIP53 At3g62420 5’-CTGCAGCTTAGGACAGCTCATCACCA-3’
5-GTCGACCTCGTTGACTTTTTGACTTC-3’

bZIP9 At5g24800 5-ATGGATAATCACACAGCTAAAGA -3’
5-GAGTTATCGCCTTTCAAAGA-3

bZIP10 At4g02640 5-TTGAGATGAGTTCTGGTGGTTA-3
5-GTCCACTTGATCTTCCGAGAA-3’

bZIP25 At3g54620 5-ATGCACATCGTCTTCTCTGTCG-3’
5-TGCCTTGTTTCTTTCTTCTCAG-3’

bZIP63 At5g28770 5-CGTAGCTCGGTCATTGTGTCGG-3’
5-TCTCCGTCGTCTGCAGCGGC-3

LBa1 5- TGGTTCACGTAGTGGGCCATCG -3

Primers to generate RNA blot probes:

ASN1 At3g47340 5-GTGGAATACTTGCCGTGTTAG-3’
5-CGAAATGCTCACAGTCATCG-3’

GDH2 At5g07440 5-GCTGCAACAAACAGAAACTTCC-3’
5-CCCTGAATCGATTTCCCGT-3

ProDH At3g30775 5-ATGGCAACCCGTCTTCTCCG-3
5-TGGTCGGTCTTTGTCAGCAT-3’

BCAT2 At1g10070 5-CACATCTCTACGCAAAACTCTG-3
5-TGTGATGCTCTTGACGCCTC-3

bZIP1 At5g49450 5-GGCAAACGCAGAGAAGACAA-3
5-GGACGCCATTGGTTGTAGAG-3’

bZIP53 At3962420 5-GTGCTTGAGATGGTTGAAGAAATTA-3’
5-CATACAAAGACACGAACAAATTGAA-3’

PepCK At5g65690 5-ATGGCGGGAAACGGAAACGA-3
5-TCGTACAACTCGGCGGGAGA-3

ASP3 At5g11520 5-CTTCCTCTTCTTCTTCCGATCG-3’
5-GTCGCTGGATCGTAGTATCGG-3

GLNS At5g37600 5-CATCAACCTTAACCTCTCAGACTCCA-3’
5-CTCGTAACCGCCTTCTTCCCTCATTG-3’
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Primers for construction of promoter:GUS constructs:

5'-AAAAAAAAAATCTAGACGTCTCAAGTATT

ASN1 promoter | with Xbal und Ncol

restriction sites

GATAAAATAATAAT-3
5-AAAAAAAAAACCATGGGTTTTTTTTTTGAA
GAAAGTGAAAAAGATCACGAAGAA-3’

ProDH with Pstl and Ncol 5-AAAAAAAAAACTGCAGACTTGCACTAAA
promoter restriction sites GACTAAACAGT-3
5-AAAAAAAAAACCATGGAAAATTCAAAGATT
TTGTTTTTGAAAACGAAAACAAA-3
ProDH ACTCAT1 mutation 5-TATATTAATTAAATAGTTATCCGATGTTAC
promoter ATCCTATGGTCAGGGCCTTGCTGTC-3

ACTCAT1 mut

5-GACAGCAAGGCCCTGACCATAGGATGTA
ACATCGGATAACTATTTAATTAATATA-3

ProDH
promoter
ACTCAT2 mut

ACTCAT2 mutation

5-ATGTTGAATCCGATTCATCATCCTTACAT
CCTTCATATCTTCCTCCACC-3’

5-GGTGGAGGAAGATATGAAGGATGTAAG
GATGATGAATCGGATTCAACAT-3’

ProDH
promoter C-box
mut

C-box mutation

5-CTATGGTCAGGGCCTTGCTGTCTCTGAAA
TCCTTAATTATCATTAT-3’

5-ATAATGATAATTAAGGATTTCAGAGACAG
CAAGGCCCTGACCATAG-3’

ASN1 promoter | G1 mutation 5-CTAGTCTAGAGCAGGCTCATTTCGCGGA

G1-box mut AAGTTG-3
5-GTCTTCCATGGTGTTATCAACCAC-3’

ASN1 promoter | G2 mutation 5-CTAGTCTAGAGCAGGCTCATTTCGCGGA

G2-box mut

AAGTTG-3
5-GTCTTCCATGGTGTTATCAACCAC-3’
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4 General Discussion

4.1 The G-box related element (GRE) and its cognate bPA
transcription factors constitute a novel regulatory unit which
guantitatively modulates auxin-regulated transcription

In the recent decades, tremendous progress hasnha@e to unravel the molecular
components and mechanisms that enable and coh&aat-ordinated manifestation of
the manifold of auxin mediated plant processes. Vdms majority of them has been
ultimately ascribed to the encoded activity of auxesponsive genes which are,
according to the current understanding, basicabulated by a complex network of
members of the ARF- and AUX/IAA TF families (review in Vanneste and Friml,
2009). Whereas the class of ARF-TFs has been fdontte composed of both
transcriptional activators and repressors, whidlivaely bind AuxRE cis-elements in
their auxin responsive target promoters, the AUXIproteins exert their exclusively
repressive function upon ARF-TF dimerisation (Abad Theologis, 2010). Based on
the ability of ARF and AUX/IAA proteins to form hawn and heterodimers between, or
within the two TF classes, respectively and duehtr individual spatio-temporal
expression patterns, it has been postulated thlatrébkulting intrinsic combinatorial
capabilities enable a well-orchestrated implemeottadf the different auxin related

developmental and environmental plant responseg€¥et al., 2005).

Recent discoveries however indicated that the cexiyl of the auxin regulatory
network is in fact larger and is not restricted ttee well-established ARF- and
AUX/IAA-TF families. For instance, it has only retéy been demonstrated that also a
member of the R2R3 class of MYB TFs plays a sulistarole in auxin mediated
transcription (Shin et al., 2007). In this respiéaould be presented that AtMYB77 is
able to directly bind the ARF-TF family specifict€aminus of the ARF7 protein and
thereby contributes to the ARF-TF driven reporteng expression, in a transient
protoplast transfection system (Shin et al., 200He relevance of this synergistic
action was further underpinned by gain- and los&in€tion approaches in transgenic
plants, which demonstrated a correlation between l#vel of MYB77 and the
transcription of several auxin responsive genesthadmanifestation of auxin-related

root growth phenotypes (Shin et al., 2007).iAsitro studies additionally revealed that



4 General Discussion 167

MYB77 is also able to bind further ARF-TFs it haseh suggested that MYB77 and
likely other homologous R2R3 MYB TFs might be ohgeal importance in modulating
auxin responsive gene expression (Shin et al., )200Y validate this assumption by
complementary approaches this work presents a gemdde bioinformaticis-element
analysis of MYB- and ARF-TF related binding sitas the promoters of auxin
responsive genes fromthalianaandO.sativa(Chapter 1). In fact, within the set of all
auxin inducible promoters from both evolutionargdoseparated species, an enrichment
of composite modules of the typical AuxRE and th&BATF related binding site,
MRE2 was demonstrated (Chapter 1). Besides thigspecially high clustering of
adjacent AuxRE and MREis-elements was detected in promoters fiGi3 genes of
several monocot and dicot plant species which welected due to their homology to
the well-characterised soybe&H3 gene (Chapter 1). Two of these closely related
GH3 genes, namelAtGH3.2 and AtGH3.3 were found to contain multiple MRESs in
their corresponding promoters (Chapter 1; Shin.e2807). To subsidiary address the
significance of the MREs in the auxin mediated espion of theAtGH3.3promoter, a
mutational promoter analysis was conducted, in ihe two existing MRES, located
proximal to the transcriptional start site, (TSS3rev mutated (Chapter 2). Consistent
with the proposed mechanism of MYB-TFs to promateim mediated transcription via
direct ARF-TF binding (Shin et al., 2007), a mudatiof the AuxRE adjoining MRE
motif led to a substantial decrease in auxin tngdeexpression, whereas a mutation of
the AuxRE distal MRE resulted only in a minor, Btitl significant reduction (Chapter
2). This indicates that MYB-TFs primarily accomplisheir quantitative modulating
function upon binding of AuxRE close MRE couplingraents (Chapter 2), supporting
the idea that specific MYB transcription factorsgit, in general synergistically
promote auxin responsive transcription upon codperdARF-TF interaction (Shin et
al., 2007).

As the expression of MYB77 was found to be affectgd potassium deficient
conditions, a role of MYB-TFs in modulating auxiasponses according to limited
nutrient supplies has been suggested (Shin 2007). However a detailed analysis of
the signal integration of the environmental aspétis auxin regulated transcriptional
patterns, via these TF classes, remains elusivertmeless these observations indicate

that auxin responsive transcription is corporatelyulated by auxin- and stress-related
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TF families and thus establishes a first modelavhinatorial transcriptional control of

auxin mediated responses.

Previous detailed analysis on the structural comiposof the early auxin responsive
soybeanGH3 promoter (Liu et al., 1994, 1997; Ulmasov et 4095) revealed that the
promoter's AuxRE motifs are frequently organisedrépeats of composite modules
consisting of AuxREs and the bZIP-TF related GREsmplementary to this, work
from our group demonstrated that the tobacco bAWPBZI-1 and NtBZI-2, which are
known to form heterodimers, are able to induce ghamoter of the soybeaGH3
homologoudNtGH3 gene. As moreover a down-regulationNiBZI-2 or a constitutive
expression of a truncated, likely dominant-negdyiaeting NtBZI-1 protein was found
to result in the development of abnormal auxin teelaphenotypes, it has been
hypothesised that bZIP-TFs might also play a yelefined role in auxin mediated plant
processes (Heinekamp et al., 2004; Iven et al.0R0lo address this issue, a genome-
wide bioinformatic cis-element analysis of auxin responsive promotersmfro
Arabidopsisand rice was performed to examine the distributm abundance of
typical bZIP related binding sites (BREs) (Chaptgr The results from this analysis
clearly showed a significant enrichment of the GE&l&element in the set of auxin
inducible, but not repressible promoters fréxmabidopsisand rice, compared to a
randomized promoter dataset (Chapter 1). Similawhat had been observed for the
association of MRE and AuxRE motifs also becameassp for the GRE and AuxRE
cis-elements, which are in a modular fashion highlyictred in auxin-responsive
promoters from both analysed species (Chapter &kpie the frequently observed
physical proximity of the bZIP- and ARF-TF bindirsges in many auxin responsive
promoters, a direct interaction of bZIP and ARFteirts, as shown for MYB and ARFs
(Shin et al., 2007) has not been detected by P2HBH#RC approaches, yet (CW, WDL
unpublished data). However, it should be taken atimount that only a small fraction of
all possible combinations between members of thgeldRF- and bZIP-TF classes
were addressed. Moreover it should be consideradatlxin responsive promoters are
also enriched for tripartite modules, composed BEGAuUXRE and MREis-elements
(Chapter 1) and that interactions between bZIP-MN®-TFs (Locatelli et al., 2000),
as well as bZIP and ARF-like B3-type proteins, sastABI3 (Lara et al., 2003; Alonso
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et al., 2009) were reported. Therefore direct aliratt interactions between proteins
from these TF classes, which also might be assati@t multi-protein complexes on
auxin responsive promoters, cannot be excludednaigt have been missed with the

applied approaches.

Further examination of promoters from diverse atnelated gene families, exhibited
that the GRE-AuxREcisregulatory module was predominantly enriched i th
promoters of the early auxin responsiabidopsisGH3 andAUX/IAA genes (Chapter
1), whereas the promoters of the commonly constélyt expressedRFs(Ulmasov et
al., 1999) did not show this module enrichment {@éal). In order to determine if
GRE motifs might be of general importance in thenpoters of the group Il, soybean
homologousGH3 genes, a comprehensiees-element analysis of the corresponding
GH3 promoters from several dicot and monocot plantiggewas performed (Chapter
1). Interestingly, the obtained results showed thatabundance of GRE motifs within
the analysedGH3 promoters coincided with the homology of the préen@ssociated
GH3 genes to the soybe&HS3. This observation suggests a combined conservafion
the soybean GH3 protein function and its co-oréidatpresumably GRE motif
dependent regulation within the group of hig@ynGH3homologous genes (Chapter
1). To characterize the role of the GRE in auxindiamd transcription, mutational
promotercis-element analyses of th@GH3.3 promoter were carried out (Chapter 2).
Mutations in each of the four discernible, TSS elo&RE motifs led to an
approximately 20% reduction of the promoter’s aurtucibility, whereas mutations in
all GREs further reduced it two merely 50 % (Chagde The quantitative nature of the
GRE motif was further underpinned by the observatiwat the presence of a GRE-
element significantly contributed to a promotersxia sensitivity, especially with
respect to low auxin concentrations (Chapter 2ndittering that especially promoters
of the early auxin responsive gene families suctGa8 and AUX/IAAs showed a
significant enrichment of GRE-AuxRE bipartite mogwi(Chapter 1), it can be assumed
that the early auxin responsive character of thgm®es might be at least partially
attributed to the auxin sensitizing property of GRE cis-element(s) in their promoters
(Chapter 2). This assumption is supported by theeofation that the artificial auxin
responsive DR5 promoter, which lacks AuxRE coupleilgments and functions by

multimerisation of several AuxREs in a dense sgadgidagen and Guilfoyle, 2002)
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shows a completely different auxin induction kinets e.g. the naturakGH3.3derived
GRE-AuxRE (GRAUX) module (Chapter 2). In this resipehe auxin sensitive
GRAUX module exhibits its highest expression resgoto physiological low auxin
levels (Chapter 2), whereas the artificial DR5 poten shows a linear response to
increasing auxin concentrations (Nakamura et @032, indicative of a different type of
registration for low auxin levels between the camgs. As this feature is likely
mediated by the GRE motif, it underlines the reteea of thiscis-element and its
cognate TFs in enhancing auxin responsive trartgmmipparticularly at low auxin

concentrations.

In line with this, Heinekamp and co-workers (20@dgntified that two tobacco bZIP
transcription factors, namely NtBZI-1 and NtBZIl-Zeacapable to regulate the
expression of theNtGH3 gene in an auxin dependent manner. In order tthdur
characterize bZIP action on tH@H3 promoter and to determine if this might be
transferable to other auxin responsive genes, thigation properties of the closest
Arabidopsishomologs were analysed with respect to the reguiadf several auxin-
responsive promoters, making use of transient ptasb transactivation assays (PTA)
(Chapter 2). InArabidopsis the group C of AtbZIP-TFs, which is composed of
AtbZIP9, -10, -25 and -63 and group S1, that enasses AtbZIP1, -2, -11, -44 and -
53, have been described to be homologs of the ¢tobEtBZI-1 or NtBZI-2 proteins,
respectively (Strathman et al., 2001, Jakoby et28102). Screening of the activation
potential of these homologous AtbZIP-TFs revealwt especially the closely related
group S1 AtbZIP2, -11 and -44 were able to induee promoters of th&tGH3.3
AtAUX/IAA3, AtAUX/IAA7and AtPIN4 genes (Chapter 2). However it should be
mentioned that also group S1 AtbZIP53 and somem@uAtbZIPs displayed some
promoter specific induction capacity, such as AR on theAtPIN4 and AtbZIP63
on the AtGH3.3 promoter (Chapter 2). Most remarkable in this eespwas the
observation that the expression promoting group &lwell as group C AtbZIPs
strongly induced their auxin responsive target mtars already at the protoplasts’
endogenous auxin levels. This strong induction @¢aully moderately, with respect to
the early auxin responsivAtGH3.3 or even hardly, concerning the weak auxin
responsiveAtAUX/IAA3 -7 and AtPIN4 promoters, further promoted by additional

exogenous auxin application (Chapter 2). To deteemif the bZIPs exert their
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activation potential upon direct promoter bindinglavia the typical bZIP related GRE
cis-element, CHIP analysis and transient transactimadssays with GRE mutated
promoter constructs were performed. By this meamsas shown that AtbZIP11 and -
44, which strongly enhanced tW¢GH3.3 promoter driven reporter gene expression,
directly bound the GRE riclAtGH3.3 promoter region and that the bZIPs mediated
induction was dependent on functional GRE motifeg@er 2). In conclusion these
observations further support the notion that bARsrt their activation capacity through
direct GRE binding and thereby induce their aussponsive target promoters already

at low auxin concentrations (Chapter 2).

4.2 AtbZIP11 related transcription factors interfere with the
AUX/IAA - GH3 feed-back mechanism which modulates axin
mediated growth responses

In order to confirm the relevance of bZIP-TFs oxriaunediated transcription on whole
plant level and to address the influence of AtbApression on auxin related
phenotypic responses, stable transgenic gain- @ssddf function approaches for the
closely related AtbZIP2, -11 and -44 AtbZIP-TFsttmost intensively and redundantly
activated the analysed auxin responsive promotetfieé transient PTA experiments,
were established (Chapter 2). As neither T-DNA kaout lines, nor constitutive over-
expressors for these group S1 AtbZIPs could beirsddfaor exhibited an extremely
dwarfed phenotype, respectively (Hanson et al.320@eltmeier et al., 2009; Alonso et
al., 2009), estradiol inducible amiRNA lines, whithowed a simultaneous reduction of
the closely related AtbZIP2, -11 and -44 transergotd individual, inducible bZIP over-
expressing lines were generated. A quantitativeresgioon analysis of the auxin
responsiveAtGH3.3 AtAUX/IAA3 AtAUX/IAA7 and AtPIN4 genes in these transgenic
plants confirmed that the full auxin mediated espren of the auxin responsive target
genes is dependent on an adequdatIP2 -11 and 44 expression and that it can be
substantially enhanced by elevated bZIP inductiGhapter 2). Interestingly time-
course experiments further revealed individual ABBZF mediated induction kinetics
for the analysed auxin responsive target genes.r&dhtGH3.3 showed a fast
induction response, briefly after the triggeredrespion ofAtbZIP11or AtbZIP44 the

expression kinetics of theUX/IAA repressor genes were much slower and peaked at a
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time-point whereAtGH3.3 expression was found to be down-regulated (Chadter
Additional studies on the regulation of tAeGH3.3promoter in PTA experiments and
in aux/iaa7 mutant plants, in fact exhibited a negative feeatkbregulation of the

AUX/IAA3 and AUX/IAAT repressor proteins oAtGH3.3expression (Chapter 2).
These results suggest that in particular the g®LpAtbZIP11 related TFs are able to

induce, with distinct induction kinetics, comporendf an auxin responsive, self-
regulatory system. In this regulatory circuit thél®s rapidly induce the expression of
the early auxin responsivGH3.3 gene and with slower kinetics also theIX/IAA3
and-7 genes (Chapter 2). As the encoded activitAtitH3.3 has been implicated in
regulating auxin homeostasis by conjugating thentoore to amino acids (Staswick et
al., 2005) the enzyme reduces the cell’'s pool o&ttive auxin, which in turn leads to a
stabilization of AUX/IAA repressor proteins (Gray al., 2001). Consequently the
bZIPs induced expression &fUX/IAA3 and -7 represses under the emerging auxin
deficient conditiondAtGH3.3transcription (Chapter 2), thereby balancing tloadtive
auxin concentration at a new, lower threshold legl this means AtbZIP-TFs might
provide a self-adjusting system to rapidly fineduauxin responses by modulating the
pool of active auxin and by inducing repressorsaokin-mediated transcription.
However it has to be pointed out that additiongdezimental data is required to address
the affect of the AtbZIP-TFs on cellular auxin centration and protein stability of the

involved components, to further characterise aridiate this modelKigure 1).
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As a bZIP mediated interference in auxin homeostasd expression of AUX/IAA
repressor proteins should lead to an impairmertuain related responses, phenotypic
alterations of bZIP over-expression plants werelysed. In this respect it was
described that constitutive over-expression of igegroup S1 AtbZIP-TFs in fact
resulted in substantial growth retardation and dbgrto dwarfed plant phenotypes
(Hanson et al., 2008; Weltmeier et al., 2009; Atmrs al., 2009). In particular, the
ectopic expression oAtbZIP2 -11 and -44 was demonstrated to produce severe
dwarfed plants which hardly set any viable seedm@dn et al., 2008; Weltmeier et al.,
2009), whereas expressionAtbZIP53(Alonso et al., 2009) oAtbZIP1(Dietrich et al.,
2011) led to moderate or no apparent plant growthibitions, respectively.
Interestingly, the capacity of each group S1 AtbZRPto affect plant growth strongly
correlated with their individual ability to indudée expression of th&tGH3.3 and
AtAUX/IAA3and-7 genes (Chapter 2).

In order to get a more detailed picture of the bAl@diated growth inhibitory effects,
inducible over-expressor lines @&tbZIP2 -11 and -44 were used and their bZIP
associated plant growth phenotypes were assayedaowse week induction period
(Chapter 2). Most remarkable in this respect was tite enhanced expression of each
of these three bZIPs led at early induction timeysoto obvious root growth
alterations. For instance already after 36 hoursinoiuced AtbZIP2 -11 or -44
expression, the majority of the transgenic plamgealed agravitropic root growth
responses which, related to AtbZIP11 and -44 esprgsplants, coincided with a
significant decrease in the expression of a costemted auxin responsive DR5:GFP
reporter construct in the plant’'s root tip (Chap2¢r indicative of alterations in the
root’s auxin signalling and/or auxin distributio@nly a few days later, additional and
even more pronounced auxin related root growth glypes became apparent.
Compared to the uninduced transgenic plants, ttheced AtbZIP2, -11 and -44 over-
expressing plant lines displayed a strong reducifdhe primary root growth and of the
auxin induced root hair formation, as well as aaremore pronounced agravitropic root
growth response (Chapter 2). In contrast to thasdnainsensitive root growth
phenotypes in the lower root paritpZIP2 -11 and-44 expression led to an enhanced
outgrowth of lateral roots in the more proximal rapeas (Chapter 2). These opposing

auxin related root growth responses along the pyimraot axis indicate that the
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observed phenotypes are at least partially caugethmbnormal auxin distribution. In
fact, several publications indicated that the mbjoof the group S1 AtbZIP-TF
mediated root growth phenotypes might be causetthdgncoded activity of the auxin
responsive bZIP target genes. For instance cotigétaver-expression of thtGH3.3
closest homologs (Chapter 2) such &4GH3.5/WES1 (Park et al., 2007),
AtGH3.2/YDK1(Takase et al., 2004) &tGH3.6/DFL1(Nakazawa et al., 2001) were
found to result in severe dwarfed plants which,ceoning the reduced root and shoot
growth, also resembled the phenotypes of the gaforrtion ataux/iaa3 Tian et al.,
2002; Tian and Reed, 1999; Weijers et al., 2008)aaux/iaa7mutants (Nagpal et al.,
2000; Liscum and Reed, 2002; Wilson et al., 1990)ddition, these mutant plants,
which express stabilized, auxin insensitive AtAUXA3 and -7 proteins, that were
postulated to be in part functionally redundant dp& et al., 2000) showed a
substantial agravitropic root growth response (Taml Reed, 1999; Weijers et al.,
2005; Wilson et al., 1990; Nagpal et al., 2000).ré&bwer, in particular the semi-
dominantataux/iaa7mutants displayed also an inhibition of root Harmation (Wilson
et al., 1990). Whereas the pleiotropic, auxin-is#tére growth phenotypes of thgH3
over-expressor plants were directly ascribed tcetiyme’s activity in regulating auxin
homeostasis via repressive auxin conjugation (Nekazet al., 2001; Takase et al.,
2004; Park et al., 2007), it was postulated thah BdIX/IAA proteins predominantly
halt plant growth by repressing diverse auxin resp@ genes which are involved in
the coordinated manifestation of plant growth paggTian et al., 2002; Nakamura et
al., 2006). Recently published work from Scacchid aco-workers (2010) and
Moubayidin and co-workers (2010) supported thisiagdion by shedding light on the
mechanism oAtAUX/IAA3 mediated root growth regulation. They presented the
root localised expression of the auxin respon8isadJX/IAA3gene negatively regulated
the expression of the main, basipetal auxin tramsfaxilitators, namely AtPIN1,
AtPIN3 and AtPIN7 and therefore controlled the paaxin flow from the upper root
parts to the root tip. Thus it was postulated #ratenhanced expression of this factor
leads to a significant decrease of the local amxaximum in the meristematic root tip
and thus to an imbalance in the local auxin/cytwkiratio, which determines by a
dynamic process of cell division and cell diffeiatibn the apical root mersistem size
and thus prospective root growth (Scacchi et @102 Moubayidin et al., 2010).
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Therefore it is conceivable that the AtbZIP2, -1id a44 promoted expression of the
AtAUX/IAAS but also of theAtGH3.3 and AtAUX/IAA7 genes might at least partially
lead to the observed pleiotropic auxin insensitro®t growth responses in the
transgenic AtbZIP-TF over-expressing lines. Howewasr already mentioned more
detailed analysis on the AtbZIP induced changethéroot’s auxin distribution are

required, to further characterize the underlyinghamism which leads to the observed
auxin insensitive phenotypes, but especially to eghbanced auxin controlled lateral
root formation in the more upper root parts. Ndveldss it can be postulated that bZIP
induced expression of the AtGH3 - AUX/IAA regulagosystem provides means to
rapidly modulate auxin mediated responses.

4.3 AtbZIP1l1l-related transcriptional activators modulate auxin-
mediated gene expression by recruiting the histonacetylation
machinery

Only recently it was suggested that auxin respengjenes are regulated by an
antagonistically acting system of histone acetghatand deacetylation (Long et al.,
2006; Szemenyei et al., 2008). In this respectas Wemonstrated, that the repressive
function of the AUX/IAA-TF, IAA12 on the expressioof auxin responsive genes is
dependent on its interaction with members of thecadted TOPLESS (TPL) co-
repressor protein family (Szemenyei et al., 2008).a positive genetic interaction
between TPL1 and thélistone De-Acetylase 19 (HDA19) was identified and the
Histone Acetyl-Transferase (HAT) GCN5 was shown to be hypostatvatds TPL1
mediated responses, it was suggested that the AAXrépressor proteins as well as
TPL1 and HDA19 are located in a common repressiyeatiing pathway, whereas the
HAT GCNS5 is positioned in a counteracting, expra@sspromoting system. By this
means the respective proteins might provide a dymesgulatory mechanism to rapidly
adjust auxin responsive gene expression (Long,e2@06; Szemenyei et al., 2008).

In order to verify this hypothesis and to addrddhie bZIP induced auxin responsive
genes are regulated by histone acetylation or dg@atien respectively, a GCN5 family
specific HAT- or a broad-spectrum HDAC inhibitor svapplied (Chapter 3). In fact the
results from this pharmacological approaches, fledeahat the auxin-induced
expression of the group S1 AtbZIP target gedg§H3.3 AtAUX/IAA3 AtAUX/IAA7
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and AtPIN4 was indeed dependent on a functional GCN5 speli§itone acetylation
system and was controlled by a counteracting dglatiein machinery (Chapter 3).

The HAT GCN5 was demonstrated to be a conserveattioator of bZIP-TFs in yeast
and plants (Topalidou et al., 2003; Locatelli et 2D09). In order to determine if the
bZIP-TF mediated induction of auxin-responsive ¢drgenes is at least partially
attributed to the recruitment of a histone remadglcomplex, further reverse genetic
and biochemical approaches were conducted (Ch&pteBy this means it could be
demonstrated that mutants of diverse HAT genesudimy thegcn5 and the GCN5
relatedhag4andhag5mutants exhibited a significant, in part HAT spieaieduction of
the bZIP auxin-responsive target genes (ChapteA&ording to the concept of HAT
regulated auxin responses, mutations in these gdrmedd consequently result in auxin
insensitive phenotypes. In fact, it was presentegt gcn5 mutant plants display
pleiotropic auxin-related phenotypic alterationstsas severe dwarfism, loss of apical
dominance, aberrant meristem function, abnormalt @wd leaf development and
reduced petal and stamen growth (Vlachonasios,e2@03, Bertrand et al., 2003; Long
et al., 2006; Kornet and Scheres, 2009). Similaeokations were reported for mutants
of the highly homologous, apparently functional medantHAG4 and HAG5 genes.
Whereas homozygous double mutants were not viaBksqui-mutant plants
(HAG4/hag4 — hagb5/hag5) displayed severe disoroetiie auxin dependent pollen
development (Latrasse et al., 2008; Cecchetti.e2@08; Iven et al., 2010).

However all these HAGs seem to be involved in maiiog auxin-regulated
transcription, the observed differences in the HA@tant phenotypes and their
individual ability to affect auxin-regulated genepeession (Chapter 3) indicate that the
GCN5 enzyme and the two HATSs of the related MY Siieglamily (HAG4 and HAGD5)

might implement in part distinct auxin-mediatedp@sses.

The HAT GCN5 was described to be in general assaatia large protein complexes.
Similar to the yeast GCNb5, thArabidopsisand maize homologous enzymes are
incorporated in a SAGA-like histone remodelling qdex (Vlachonasios et al., 2003;
Bhat et al., 2004).

In maize the bZIP-TF O2 was demonstrated to regudaéd storage genes by recruiting
the SAGA complex to its target promoters via a dirateraction with the complex
adapter protein ADA2 (Locatelli et al., 2009; Bleatl., 2004)
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Analogously, it was tested if group S1 and C Atl&ZiRight also be able to recruit this
complex upon binding to the ZmADA2 homologodsabidopsis AtADA2a and
AtADA2b complex components. In fact, particulathetgroup S1 AtbZIP2, -11 and -44
TFs exhibited a strong capacity to bind both AtAD&@apter proteins, whereas the O2
orthologues AtbZIP10 and AtbZIP25 (Alonso et aDPQ2; Jakoby et al., 2002) showed
a significant binding exclusively to AtADA2b (Chapt3). This indicates that diverse
bZIP-TFs are in principle able to recruit the SA@A&mplex to regulate their diverse
target genes. However further work is necessaryalaate this assumption and to
define the individually involved SAGA complex HATha adapter components, which
besides the promoter bound TFs apparently alsoecosbme specificity to the

regulatory system.

Based on the acidic nature of the N-terminus ofgimip S1 AtbZIP-TFs (Chapter 3),
and the fact that a similar structured region wiasady suggested to be the potential
ADAZ2 interaction surface within the O2 protein (Ble al., 2004), the activation and
ADA2 binding properties of N-terminally truncatedtbXIP11 and AtbzZIP44
derivatives were analysed in transient protoplashsfection assays and in stable
transgenic plants. The obtained results demondtthss ADA2 binding was mediated
by the bZIP’s N-terminus, which acted as an adtiwatdomain and was crucial to
induce the expression of the bZIP auxin respondamget genes and for the

manifestation of bZIP mediated auxin-related poivth responses (Chapter 3).

As variants of the observed polar, acidic activatemd ADA2 binding domain are
apparently conserved within certain homologous bFfPclasses from diverse species,
these results could explain the reported, in parnidant negative property of the
Arabidopsisgroup C and maize O2 homologous tobacco NtBZI-Gtgim on the
expression of the auxin responsN&5H3 gene and on auxin mediated plant responses
(Heinekamp et al., 2004).

In order to finally clarify, if the activation patéal of the AtbZIP11 and -44 TFs was
mediated by the recruitment of a chromatin remadgll GCN5 histone acetylation
complex to the auxin responsive target promotetd)]PCanalyses were performed
(Chapter 3). By this means it could be demonstrtatupon enhanced AtbZIP11 or -
44 promoter binding, the rate of GCN5 specific dn&t acetylation in the GRE rich
AtGH3.3 promoter region and the assembly of the RNA polase Il near the
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transcriptional start site of theH3.3 gene was significantly increased (Chapter 3). As
this went along with a bZIP mediated enhanced tr@ptson of theAtGH3.3gene it can

be assumed that in particular the AtbZIP11-reldted are capable to induce their auxin
responsive target genes, by consultingAaabidopsisSAGA-like HAT complex to
their target promoters and thereby represent atemasting system to the repressive
action of the AUX/IAA-TFs, which are thought to ¢onl target gene expression by
histone deacetylation. As thas-regulatory GRE-AuxXxRE module was found to be
frequently distributed in the promoters of auxirspensive genes (Chapter 1) the
bZIP/GRE regulatory system likely constitutes apression modulating system, which
enables a rapid and highly dynamic regulation efd&IP auxin responsive target genes

and their associated respondeig(re 2).
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Figure 2: BZIP transcription factors recruit the ArabidapSAGA complex to their auxin responsive

target genes. A detailed description of the modaltee found in the discussion in Chapter 3.

In this work it was demonstrated that group S1 AdA related TFs are able to recruit
a GCNb5/ADA2 composed histone-remodelling complextheir auxin responsive
genes, to induce their expression. However besiese TFs also further group S1 and
C AtbZIPs (Chapter3) and also group D AtbZIP-TFspblished results) are able to
bind the adapter protein AtADAZ2b, in vivo approaches. Therefore it is conceivable
that these and likely other bZIP-TFs, which exh#ipolar, acidic ADA2 interaction
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domain, recruit the SAGA complex to their targebmoters and that this might
constitute a general regulatory mechanism by wHiZkPs are able to rapidly and
dynamically regulate their target genes. Howevespective work is required to verify
this assumption and to define the relevance of SA&A complex recruitment in

diverse bZIP controlled responses.

4.4  BZIP factors of the C/S1 network are proposed to dance plant
growth responses and adaptive metabolic reprogrammg
under energy deprived conditions

In this work it was presented that members of thleZFP-TFs are able to modulate
auxin responses by interfering with auxin mediatgenscription. However a

characterisation of the biological relevance ofstlegulation remains elusive.
Nevertheless analysis of AtbZIP expression profiéesl further published results
indicate that they are involved in adapting awelated growth responses to internal

and external stimuli.

Reffering to this it was shown that the endogermmysression of all group S1 AtbZIP-
TFs is regulated on transcriptional and post-trapganal level by the current sucrose
concentration within the plant (Weltmeier et aD02; Smeekens et al., 2010; Dietrich
et al., 2011), suggesting that the expressionedgdtgrowth modulating TFs (Chapter 2;
Hanson et al., 2008; Weltmeier et al., 2009; Aloasal., 2009) is interlinked with the
plants prevailing energy status. More preciselyyas revealed that the expression of
AtbZIP1land to a minor extem{tbZIP44is induced by sucrose, whergsthZIP1and-

53 are effectively expressed under energy deprivedlitons (Dietrich et al., 2011,
Chapter 4). Despite their opposing sucrose depérniddoction patterns it could be
demonstrated that the translation of all group &RINAs is effectively regulated by an
UORF encoded signalling peptide, which enablesesspon of translation in a sucrose
concentration dependent manner (Wiese et al., 200dmel et al., 2009; Rahmani et
al., 2009). This suggests that group S1 bZIPs piiynexert their function under energy
deprived conditions, when sucrose levels are lodv@nrently synthesized or existing,
presumably primed pools of bZIP transcripts camfbectively translated. Based on the
observed growth inhibitory activity of group S1 PAland their coordinated expression

during energy starvation, it can be hypothesizedt tthese bZIP-TFs represent
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important energy signal integrators in auxin mestiatranscription, to adjust plant
growth to the prevailing energy supplies. This agstion is further supported by the
observation that the expression of group S1 bZPddpending on the individulaZIP-
gene, differently well-pronounced regulated in ardal mannerKigure 3A, B). This
diurnal regulation of group S1 AtbZIP-TFs is prestnoty conferred by the circadian
clock, as it was shown that the integral clock comgnt CCA1 directly binds the
AtbZIP1 promoter (Gutierrez et al., 2008) and/or mightniediated by changes in the
plant's sucrose concentration. This sugar conckotrais directly linked to the
prevailing photosynthesis rates and thus continyaises during the day and declines
during the night (Sulpice et al.,, 2009), therebgspmably dynamically regulating
group S1 bZIP expression via the uUORF encoded seccontrol-peptide. As further
analysis of the expression profiles of the AtbZégulated, growth controlling AtGH3.3
- AtAUX/IAA3/7 system, also demonstrated that alhgponents are in fact preferably
expressed during the night, when carbon supplies liarited, it can certainly be
suggested that the enhanced expression of esge&iblIP11during the night induces
this growth-regulating system to dynamically adjisint growth under energy deprived
conditions Figure 3A).

Besides their envisaged role in adaptive growthulegmn by interfering with the
expression of diverse auxin responsive genes, fapapioup S1 AtbZIP-TFs were
found to additionally regulate several key enzymokshe plant’s primary metabolism
and thereby implement a metabolic reprogrammingdanteract energy starvation
during the night (Chapter 4; Smeekens et al., 20i€rich et al., 2011). In particular
AtbZIP1 and AtbZIP53 (Weltmeier et al., 2006; Dieltret al., 2011) but also AtbZIP2
and -11 (Hanson et al., 2008; Baena-Gonzalez ,e2@07) were described to modulate
amino-acid metabolism by for instance enhancingetkgression of the dark-induced
asparagine synthase (ASN1) gene, which catalyses the last step of glwamate
dependent asparagine (Asn) synthesis. As asparagimains less carbon that
glutamine, but the same amount of nitrogen it efgrentially used as nitrogen transport
form, under carbon limited conditions (Lam et 4B94). Furthermore Dietrich and co-
workers (2011; Chapter 4) demonstrated, that besfdASN1gene also a great part of
the upstream Asn biosynthesis genes are inducesti®iP1 and AtbZIP53 and that

these AtbZIPs additionally regulate genes of tr@ipe- as well as the branched chain
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amino acid catabolic pathways during energy dedrigenditions. Complementary to
this, it was shown that also AtbZIP2 (Baena-Gorzae al., 2007) and AtbZIP11
(Hanson et al., 2008) were involved in this prodassegulating théSN1 and referred

to AtbZIP11 also theroline dehydrogenase @ProDH2) gene (Hanson et al., 2008).
An expression profile analysis of the involvathZIP1, -2, -11 and-53 TF genes and
their targets, such a&SNl1andProDH1 once again showed that all respective genes

exhibited a diurnal expression rhythFigure 3B).
Altogether, it can therefore be hypothesized tipatcBic sets of group S1 and likely

also their group C heterodimerisation partners iamolved in diverse regulatory
networks to adjust plant growth and metabolism he fluctuating energy supplies
between day and night or presumably also duringhéurenergy demanding stress
conditions Figure 4). As the expression and activity of group S1 A®AIFs was
shown to be regulated by several post-transcriptiand -translational events, further
investigation of AtbZIP protein levels and for iaste protein phosphorylation are
required to unravel the underlying mechanism ofFbZiction to co-ordinate plant
growth.

sucrose level sucrose level
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Figure 3: Expression profiles of group S1 AtbZIP-TFs andittlputative target genes calculated from microarra
data described by Michael and co-workers (2008 [uthe plant’'s photosynthetic activity, sucrosaaentration
rises during the day and declines at night (Sulpical., 2009A) AtbZIP11landAtbZIP44expression is induced by
sucrose, whereadtbZIP1 and AtbZIP53 expression is induced by energy deprivation (uktret al., 2011).
Translation of the newly synthesized group S1 ABIZand -53 transcripts or the likely during the dagumulated
transcript pools of AtbZIP11 and -44 is repressed sucrose concentration dependent manner bytbelled SIRT
mechanism (Rahmani et al., 2009). Therefore, tréoslaf group S1 AtbZIPs is supposed to occur dythre night,
when sucrose concentration declines. As translatidhe group S1 AtbZIPs is directly linked to spme availability
their target genes which have been implicated\inrépressing plant growth oB) implementing adaptive metabolic
reprogramming, enable adaptive plant responsesit@ge energy resources during energy deprived tommsli
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Due to the limited quantity of energy resourcemfdahave to co-ordinately manage
their allocation according to the current energgpdies and demands. During stressful
environmental conditions such as cold, drought athpgen attack, it is therefore not
surprising that plants generally react with a daseein their energy consuming growth
processes to presumably save resources which queee for the massive adaptive
metabolic reprogramming which is mandatory to ceratt the prevailing stress
conditions (Park et al., 2007; Burdon et al., 2088ijl, 2002; Rymen et al., 2007). As
most growth related processes are controlled bynamediated gene expression it was
postulated that these diverse environmental sigagdspresumably integrated in the
auxin signalling pathway (Shin et al., 2007; Patlale 2007). Indeed, in response to
pathogen challenge it was observed that an effeqilant defence response against
pathogenic encounters is frequently associated anitimpairment of auxin signalling
and expression of several auxin responsive genéshwé accompanied by reduced
plant growth (Navarro et al., 2006; Wang et alQ20 In contrast to this, it was found
that successful pathogens have evolved variousegies to counteract this plant
triggered impairment of auxin mediated responsesfdryinstance producing large
amounts of auxin (Glickmann et al., 1998) or titrgtAUX/IAA repressors of auxin
responsive gene expression (Padmanabhan et ab, 2008). Consistently, exogenous
auxin application was found to result in an incesas pathogen virulence, indicating

that auxin can act as a susceptibility factor (Mawvat al., 2006; Wang et al., 2007).

In general diverse plant defence responses towaatiophic pathogens are mediated
by the signalling molecule SA and its downstreagnailing components NPR1 and
specific group D bZIP-TFs (Pieterse et al., 2008¢$ and Dong, 2008). Recent studies
discovered that SA mediated processes negativdctafiuxin signalling, which
suggests that plants might adapt their auxin mediatsponses during pathogen
challenge by a repressive action of the pathogeuncible SA pathway. In this respect it
was demonstrated that exogenous SA applicationetlsas pathogen infection led, in a
NPR1 dependent manner, to a down-regulation ofrgelg concurrent set of auxin
responsive and auxin signalling genes, whereasast ktwoGH3 genes were found to
be up-regulated (Wang et al., 2007). Moreover itswshown that several SA
accumulating mutants such asmcl, cpré or cpr5 exhibit diverse growth alterations

which are reminiscent of auxin deficiency (Wangakt 2007; Bowling et al., 1997;
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Clarke et al., 1998; Li et al., 2001). Quantitatauexin measurements in fact revealed
that the free auxin levels were significantly desed in the SA over-producirsmcl
andcpr6 mutant plants (Wang et al., 2007). A possible axation for this SA mediated
reduction of the free auxin levels might be at igmstially attributed to the enhanced
SA inducible expression of thetGH3.3and its closely relatedtGH3.5gene (Wang et
al., 2007), which encoded activities have been rdzst to be involved in repressive
auxin conjugation to diverse amino acids, thereloptrolling auxin homeostasis
(Staswick et al., 2005). In this work it was prdsenthat the promoters of the
homologous group [IGH3 genes from several plant species show a conserved
enrichment for the SA responsive TGACG motifs (Gkagd) which was found to be a
typical binding site of group D bZIP-TFs (Jakobyaét 2002; Butterbrodt et al., 2006).
Indeed, group D bZIPs, which are also known as TIFA- are able to induce in
particularpathogenesigelated (PR) genes in a NPR1 and SA dependent mapoer
TGACG cis-element binding (Pape et al., 2010a , b). In temgrotoplast transfection
assays TGA-TF were also able to quite redundamitiuce theAtGH3.3 promoter
(unpublished results). Moreover they were able iodbthe AtADA2b protein
(unpublished results), which is the postulated tetapomponent of amrabidopsis
SAGA-like HAT complex (Vlachonasios et al., 2003ydatelli et al., 2009). As the
TGA-TF target genePR1 is activated by TGAs and its promoter is histone 3
hyperacetylated after SA and TGA induction (Buttedt et al., 2006; Koornneef et al.,
2008) it is tempting to speculate that group D ABxAF might play a dual role in plant
defence responses by dynamically indudiigggenes for direct pathogen defence and
GH3 genes for adaptive auxin conjugation and growtjulaion to release energy
supplies to balance the fitness costs of effeqgiathogen defencéigure 4). However,
further work is needed to characterise the rol@ GA-TFs in this antagonistic SA-
auxin crosstalk and to address the issue if TGAfé&diatedPR1 and GH3 gene
induction could also be exerted by recruiting HA®OmMplexes to their auxin- and

pathogenesis-related target genes.
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In conclusion these examples suggest that in pdatigroup S1 AtbZIP-TFs but likely
also further bZIP-TFs constitute a regulatory systeo fine-tune auxin-mediated
responses with respect to internal and externaluti By this means AtbZIP-TFs could
assist to manage the plant’'s energy resources dingoto the prevailing energy

demands to sustain optimal plant growth and sutviva

pathogen challenge energy deprivation
SA 1
NPR1
TGA- TF AtbZIP2, 11, -44 AtbZIP1, -2, 11, -53
| gy Joe }
PR1 ) AtGH33 AtAUXIIAABIT ProDH, ASN1

\

auxm
v v
Defence Auxln mediated Metabolic
responses growth regulation reprogramming

Adaptive plant responses

Figure 4. Proposed model of AtbZIP-TF action in adaptivanplprocesses under energy demanding
conditions. Upon pathogen challenge, which eligiS8A accumulation, group D AtbZIP-TFs (TGAs) are
trans-activated by NPR1 interaction and induce ggghesis-related (PR) genes as well as presumably
the auxin responsiv&tGH3.3 gene, to repress auxin mediated growth respomsesder to release
energy supplies which are required to balance itiness costs of effective pathogen defence. Under
energy deprived conditions specific group S1 AtbZF% induce genes of the amino acid metabolism
and presumably also the auxin responsive AtGH3AM/IAA3/7 growth regulatory system to adapt
plant metabolism and growth to the prevailing egyestatus of the plant. Envisaged gene activation by
bZIP mediated histone acetylation is labelled Wi
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5  Appendix

51 Abbreviations

General abbreviations

AA Amino acid

ABA Abscisic acid

ABI3 ABA INSENSITIVE 3 gene
ABP1 Auxin binding protein 1

AD Activation domain

AFB Auxin signalling F-Box protein

amiRNA Avrtificial micro RNA
ANOVA Analysis of variance

ARF Auxin response factor

ASN1 Asparagine synthase 1 gene

At Arabidopsis thaliana

AtbZIP Arabidopsis thaliana basic leucine zipper
AuxRE Auxin responsive element

BD Binding domain

bps Base pairs

BRE BZIP related element

ChiP Chromatin Immunoprecipitation

ColP Co-Immunoprecipitation

Col-0 Columbia-0 (Arabidopsis ecotype)
CRES-T Chimeric repressor silencing technology
DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

dNTPs Deoxynucleotide Triphosphate

e.g. For example

EAR-domain ERF associated amphiphilic repressoradiom
Est 17-3-estradiol
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Et al. Et alia / and others

GCN5 General Control Nondepressible 5
Gm Glycine max

GNAT GCNS5 related N-acetyltransferase
GRAUX GRE-AuxRE module

GRE G-box related element

GUS 3-glucuronidase

H Hour

H3 Histone 3

HA Human influenza hemagglutinin peptide
HAG Histone acetyltransferase of the GNAT/MYST stiqmily
HAT Histone acetyltransferase

HDAC Histone deacetylase

IAA Indole-3-acetic acid

IAM Indole-3-acetamide

IAOX Indole-3-acetaldoxime

IGP Indole-3-glycerol-phosphate

IPA Indole-3-pyruvic acid

kDA Kilo Dalton

ko Knock out

M Molar

MAPK Mitogen-activating protein kinase
MRE Myb related element

MRNA Messenger ribonucleic acid

NAA 1-Naphthaleneacetic acid

NAN Neuraminidase gene

Nt Nicotiana tabacum

O.sativa Oryza sativa

02 Opaque-2

OEX Overexpessor

P Probability

P2H Protoplast-2-hybrid assay
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PBS
PCR
PIN
Pro
ProDH
PTA
gRT-PCR
RNPII
rpm
SA
SAGA
SCF
SD
SDS-PAGE
SEM
SIRT
SnRK1
TAA
TAM
T-DNA
TF
TIR1
TPL
TSA
TSS
UBQ5
uORF
UTR
WT
XVE

Phosphate buffered saline

Polymerase chain reaction

PIN formed mutant phenotype

promoter

Prolin Dehydrogenase

Protoplast transactivation assays
Quantitative realtime PCR

RNA Polymerase Il

Revolutions per minute

Salicylic acid
Spt-Ada-Gcen5-Acetyltransferase
Skp-cullin-F-box complex

Standard deviation

Sodium dodecyl sulphate — poly acrylangeleslectrophoresis
Standard error median

Sucrose induced repression of translation
SNF1 related kinase 1
Tryptophan aminotransferase of Arabidopsis
Tryptamine
Transfer DNA

Transcription factor

TRANSPORT INHIBITOR RESPONSE 1 gene
TOPLESS gene

Trichostatin A

Transcriptional start site

Ubiquitin 5 gene

Upstream open reading frame

Untranslated region

Wildtype

Estradiol inducible espression system
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Metric prefixes
k kilo (10

m o omili (109)
M mikro  (10°
n nano (10)
p pico (109

Amino acid abbreviations

Ala Alanine
C Cys Cysteine
D Asp Aspatrtic acid
E Glu Glutamic acid
F Phe Phenylalanine
G Gly Glycine
H His Histidine
I lle Isoleucine
K Lys Lysine
L Leu Leucine
M Met Methionine
N Asn Asparagine
P Pro Proline
Q GIn Glutamine
R Arg Arginine
S Ser Serine
T Thr Threonine
Vv Val Valine
W Trp Tryptophan
Y Tyr Tyrosine

Nucleotide abbreviations

A Adenine

C Cytosine

G Guanosine
T Thymine

U Uracile



6 References 189

6 References

Abel S, Nguyen MD, Theologis A1995 The PS-1AA4/5-like family of early auxin-induc#®imRNAS in
Arabidopsis thalianal Mol Biol, 251 533.

Abel S, Oeller PW, Theologis A1994 Early auxin-induced genes encode short-lived earcproteins.
Proc Natl Acad Sci U S ®1: 326.

Abel S, Theologis A201Q Odyssey of auxirnCold Spring Harb Perspect Bid; a004572.

Acharya A, Ruvinov SB, Gal J, Moll JR, Vinson C.2002 A heterodimerizing leucine zipper coiled
coil system for examining the specificity of a gmsi interactions: amino acids I, V, L, N, A, and K
Biochemistry41: 14122,

Alonso R, Onate-Sanchez L, Weltmeier F, Ehlert A, @z |, Dietrich K, Vicente-Carbajosa J,
Droge-Laser W. 2009 A pivotal role of the basic leucine zipper tramgion factor bZIP53 in the
regulation of Arabidopsis seed maturation gene esgion based on heterodimerization and protein
complex formationPlant Cell,21: 1747.

Anzola JM, Sieberer T, Ortbauer M, Butt H, Korbei B, Weinhofer I, Mullner AE, Luschnig C.
201Q Putative Arabidopsis transcriptional adaptor @irot(PROPORZ1) is required to modulate
histone acetylation in response to auroc Natl Acad Sci U S AQ7: 10308.

Baena-Gonzalez E, Rolland F, Thevelein JM, Sheen 2007. A central integrator of transcription
networks in plant stress and energy signallvagture,448 938.

Bajguz A, Piotrowska A.2009 Conjugates of auxin and cytokinidhytochemistry70: 957.

Baxevanis AD, Vinson CR.1993 Interactions of coiled coils in transcription flacs: where is the
specificity?Curr Opin Genet De\3: 278.

Benkova E, Michniewicz M, Sauer M, Teichmann T, Séértova D, Jurgens G, Friml J.2003 Local,
efflux-dependent auxin gradients as a common mddulplant organ formatiorCell, 115 591.

Bennett MJ, Marchant A, Green HG, May ST, Ward SP,Millner PA, Walker AR, Schulz B,
Feldmann KA. 1996 Arabidopsis AUX1 gene: a permease-like regulaibroot gravitropism.
Science273 948.

Bertrand C, Bergounioux C, Domenichini S, Delarue M Zhou DX. 2003 Arabidopsis histone
acetyltransferase = AtGCN5 regulates the floral nemis activity through the
WUSCHEL/AGAMOUS pathwayJ Biol Chem278 28246.

Bhat RA, Borst JW, Riehl M, Thompson RD. 2004 Interaction of maize Opaque-2 and the
transcriptional co-activators GCN5 and ADAZ2, in ttm@dulation of transcriptional activityplant
Mol Biol, 55: 239.

Blilou I, Xu J, Wildwater M, Willemsen V, Paponov |, Friml J, Heidstra R, Aida M, Palme K,
Scheres B.2005 The PIN auxin efflux facilitator network controlgrowth and patterning in
Arabidopsis rootsNature,433 39.

Bowling SA, Clarke JD, Liu Y, Klessig DF, Dong X.1997 The cpr5 mutant of Arabidopsis expresses
both NPR1-dependent and NPR1-independent resistBlzcg Cell,9: 1573.

Braun N, Wyrzykowska J, Muller P, David K, Couch D, Perrot-Rechenmann C, Fleming AJ2008
Conditional repression of AUXIN BINDING PROTEIN1veals that it coordinates cell division and
cell expansion during postembryonic shoot develagrire Arabidopsis and tobaccBlant Cell,20:
2746.

Burdon JJ, Thrall PH. 2003 The fitness costs to plants of resistance toqugths Genome Biol4: 227.

Butterbrodt T, Thurow C, Gatz C. 2006 Chromatin immunoprecipitation analysis of theaoto PR-
la- and the truncated CaMV 35S promoter revealferdifices in salicylic acid-dependent TGA
factor binding and histone acetylatidtiant Mol Biol,61: 665.

Cecchetti V, Altamura MM, Falasca G, Costantino P,Cardarelli M. 2008 Auxin regulates
Arabidopsis anther dehiscence, pollen maturatiod,fdlament elongatiorPlant Cell,20: 1760.

Chandler JW. 2009 Local auxin production: a small contribution tbig field. Bioessays31: 60.



6 References 190

Chen JG, Shimomura S, Sitbon F, Sandberg G, JonesMA 2001 The role of auxin-binding protein 1
in the expansion of tobacco leaf ceant J,28: 607.

Cheng Y, Dai X, Zhao Y.2006 Auxin biosynthesis by the YUCCA flavin monooxygees controls the
formation of floral organs and vascular tissueiiabidopsis Genes Dev20: 1790.

Cheng Y, Dai X, Zhao Y.2007 Auxin synthesized by the YUCCA flavin monooxygses is essential
for embryogenesis and leaf formation in ArabidopBlant Cell,19: 2430.

Choi H, Hong J, Ha J, Kang J, Kim SY.200Q ABFs, a family of ABA-responsive element binding
factors.J Biol Chem275 1723.

Clarke JD, Liu Y, Klessig DF, Dong X.1998 Uncoupling PR gene expression from NPR1 and batte
resistance: characterization of the dominant Aragsis cpr6-1 mutanBlant Cell,10: 557.

Davies PJ.2004 Plant hormones: biosythesis, signal transductamtion! London: Kluwer Academic
Publishers3 rd edition.

Davies RT, Goetz DH, Lasswell J, Anderson MN, BarteB. 1999 IAR3 encodes an auxin conjugate
hydrolase from Arabidopsi®lant Cell,11: 365.

De Pater S, Katagiri F, Kijne J, Chua NH.1994 bZIP proteins bind to a palindromic sequence aith
an ACGT core located in a seed-specific elemetti@pea lectin promotellant J,6: 133.

De Smet |, Voss U, Lau S, Wilson M, Shao N, TimmeR Swarup R, Kerr I, Hodgman C, Bock R,
Bennett M, Jurgens G, Beeckman T2011 Unraveling the evolution of auxin signalinglant
Physiol,155: 209.

Dharmasiri N, Dharmasiri S, Estelle M. 2005 The F-box protein TIR1 is an auxin receptdature,
435 441.

Dietrich K, Weltmeier F, Ehlert A, Weiste C, Stahl M, Harter K, Droge-Laser W. 2011
Heterodimers of the Arabidopsis Transcription FextaZIP1 and bZIP53 Reprogram Amino Acid
Metabolism during Low Energy Stre$dant Cell,23: 381.

Dreher KA, Brown J, Saw RE, Callis J.2006 The Arabidopsis Aux/IAA protein family has divéisd
in degradation and auxin responsiven&ant Cell,18: 699.

Dubrovsky JG, Sauer M, Napsucialy-Mendivil S, lvanbenko MG, Friml J, Shishkova S, Celenza J,
Benkova E.2008 Auxin acts as a local morphogenetic trigger tecefy lateral root founder cells.
Proc Natl Acad Sci U S AQ5 8790.

Earley KW, Shook MS, Brower-Toland B, Hicks L, Pikaard CS. 2007 In vitro specificities of
Arabidopsis co-activator histone acetyltransferagaglications for histone hyperacetylation in gene
activation.Plant J,52: 615.

Ellis CM, Nagpal P, Young JC, Hagen G, Guilfoyle TJ Reed JW. 2005 AUXIN RESPONSE
FACTOR1 and AUXIN RESPONSE FACTOR? regulate senaseeand floral organ abscission in
Arabidopsis thalianaDevelopment] 32 4563.

Epstein E CJ, Slovin J 2002The biosynthetic pathway for indole-3-acetic acithnges during tomato
fruit development. Plant Growth Regulatior8: 15.

Foster R, Izawa T, Chua NH.1994 Plant bZIP proteins gather at ACGT elemeRSSEB J8: 192.

Friml J. 201Q Subcellular trafficking of PIN auxin efflux caers in auxin transporEur J Cell Biol,
89: 231.

Friml J, Benkova E, Blilou I, Wisniewska J, HamannT, Ljung K, Woody S, Sandberg G, Scheres
B, Jurgens G, Palme K.2002 AtPIN4 mediates sink-driven auxin gradients aoot patterning in
ArabidopsisCell, 108 661.

Friml J, Vieten A, Sauer M, Weijers D, Schwarz H, Hhmann T, Offringa R, Jurgens G.2003
Efflux-dependent auxin gradients establish theagiasal axis of Arabidopsiblature,426: 147.

Fukazawa J, Sakai T, Ishida S, Yamaguchi |, KamiyaY, Takahashi Y. 2000 Repression of shoot
growth, a bZIP transcriptional activator, regulatesl elongation by controlling the level of
gibberellins Plant Cell,12: 901.

Geisler M, Murphy AS. 2006 The ABC of auxin transport: the role of p-glycomins in plant
developmentFEBS Lett580: 1094.



6 References 191

Glickmann E, Gardan L, Jacquet S, Hussain S, ElasriM, Petit A, Dessaux Y.1998 Auxin
production is a common feature of most pathovar®sgudomonas syringaklol Plant Microbe
Interact,11: 156.

Gray WM, Kepinski S, Rouse D, Leyser O, Estelle M2001 Auxin regulates SCF(TIR1)-dependent
degradation of AUX/IAA proteindNature,414 271.

Grossmann K.2007 Auxin herbicide action: lifting the veil step Bjep.Plant Signal Behay: 421.

Grunewald W, Friml J. 201Q The march of the PINs: developmental plasticify dynamic polar
targeting in plant cellEMBO J,29: 2700.

Guilfoyle TJ, Hagen G.2007. Auxin response factor€urr Opin Plant Biol,10: 453.

Gutierrez RA, Stokes TL, Thum K, Xu X, Obertello M, Katari MS, Tanurdzic M, Dean A, Nero
DC, McClung CR, Coruzzi GM. 2008 Systems approach identifies an organic nitrogespansive
gene network that is regulated by the master ctmrkrol gene CCA1Proc Natl Acad Sci U S A,
105: 4939.

Haagen-Smit AJ DW, Wittwer SH,Murneek AE. 1946 Isolation of 3-indoleacetic acid from immature
corn kernelsAm J Bot33: 118.

Hagen G, Guilfoyle T. 2002 Auxin-responsive gene expression: genes, prosicaed regulatory
factors.Plant Mol Biol,49: 373.

Hanson J, Hanssen M, Wiese A, Hendriks MM, Smeeken$. 2008 The sucrose regulated
transcription factor bZIP11 affects amino acid rbetsm by regulating the expression of
ASPARAGINE SYNTHETASE1 and PROLINE DEHYDROGENASH2ant J,53; 935.

Hardtke CS, Ckurshumova W, Vidaurre DP, Singh SA, $amatiou G, Tiwari SB, Hagen G,
Guilfoyle TJ, Berleth T. 2004 Overlapping and non-redundant functions of thabidopsis auxin
response factors MONOPTEROS and NONPHOTOTROPIC HZ®DYL 4. Development]l131
1089.

Heil M. 2002 Ecological costs of induced resistan€arr Opin Plant Biol,5: 345.

Heinekamp T, Kuhlmann M, Lenk A, Strathmann A, Droge-Laser W. 2002 The tobacco bZIP
transcription factor BZI-1 binds to G-box elemeiristhe promoters of phenylpropanoid pathway
genes in vitro, but it is not involved in their tégtion in vivo.Mol Genet Genomic67: 16.

Heinekamp T, Strathmann A, Kuhlmann M, Froissard M, Muller A, Perrot-Rechenmann C,
Droge-Laser W.2004 The tobacco bZIP transcription factor BZI-1 binde GH3 promoter in vivo
and modulates auxin-induced transcriptiBlant J,38: 298.

Heisler MG, Ohno C, Das P, Sieber P, Reddy GV, LondA, Meyerowitz EM. 2005 Patterns of auxin
transport and gene expression during primordiumeldg@ment revealed by live imaging of the
Arabidopsis inflorescence meriste@urr Biol, 15: 1899.

Hoson T, Masuda Y, Sone Y, Misaki A1991 Xyloglucan antibodies inhibit auxin-induced elatign
and cell wall loosening of azuki bean epicotyls hoit of oat coleoptile?lant Physiol 96: 551.

Hummel M, Rahmani F, Smeekens S, Hanson 2002 Sucrose-mediated translational contrshn
Bot, 104 1.

Hurst HC. 1995 Transcription factors 1: bZIP proteifotein Profile,2: 101.

lkeda Y, Men S, Fischer U, Stepanova AN, Alonso JMLjung K, Grebe M. 2009 Local auxin
biosynthesis modulates gradient-directed planaarfiglin ArabidopsisNat Cell Biol,11: 731.

Ishida T, Kurata T, Okada K, Wada T. 2008 A genetic regulatory network in the developmeht o
trichomes and root hairénnu Rev Plant Biob9: 365.

Iven T, Strathmann A, Bottner S, Zwafink T, Heinekamp T, Guivarc'h A, Roitsch T, Droge-Laser
W. 2010 Homo- and heterodimers of tobacco bZIP proteiosnteract as positive or negative
regulators of transcription during pollen developm®lant J,63: 155.

Izawa T, Foster R, Chua NH.1993 Plant bZIP protein DNA binding specificity.Mol Biol,230 1131.

Jakoby M, Weisshaar B, Droge-Laser W, Vicente-Carb@sa J, Tiedemann J, Kroj T, Parcy F.
2002 bZIP transcription factors in Arabidopsigends Plant Scif: 106.

Jones AM, Im KH, Savka MA, Wu MJ, DeWitt NG, Shillito R, Binns AN. 1998 Auxin-dependent
cell expansion mediated by overexpressed auxiniignorotein 1.Science282 1114.



6 References 192

Kepinski S, Leyser O.2002 Ubiquitination and auxin signaling: a degradirtgrg. Plant Cell, 14
Suppl: S81.

Kepinski S, Leyser 0.2005 The Arabidopsis F-box protein TIR1 is an auxiceptor.Nature,435 446.

Kim J, Harter K, Theologis A. 1997 Protein-protein interactions among the Aux/IAfof@ins.Proc
Natl Acad Sci U S A4: 11786.

Koornneef A, Rindermann K, Gatz C, Pieterse CM2008 Histone modifications do not play a major
role in salicylate-mediated suppression of jasmeiraduced PDF1.2 gene expressi@ommun
Integr Biol,1: 143.

Kornet N, Scheres B.2009 Members of the GCN5 histone acetyltransferase ptexnregulate
PLETHORA-mediated root stem cell niche maintenazee transit amplifying cell proliferation in
ArabidopsisPlant Cell,21: 1070.

Kouzarides T.2007. Chromatin modifications and their functid®ell, 128 693.

Kovtun Y, Chiu WL, Zeng W, Sheen J.1998 Suppression of auxin signal transduction by a MAP
cascade in higher plantdature,395 716.

Lam HM, Peng SS, Coruzzi GM.1994 Metabolic regulation of the gene encoding gluteeridependent
asparagine synthetase in Arabidopsis thaliRtent Physiol 106 1347.

Landschulz WH, Johnson PF, McKnight SL. 1988 The leucine zipper: a hypothetical structure
common to a new class of DNA binding protei@sience240. 1759.

Lara P, Onate-Sanchez L, Abraham Z, Ferrandiz C, Daz |, Carbonero P, Vicente-Carbajosa J.
2003 Synergistic activation of seed storage proteimegexpression in Arabidopsis by ABI3 and two
bZIPs related to OPAQUEZ.Biol Chem278 21003.

Latrasse D, Benhamed M, Henry Y, Domenichini S, KimW, Zhou DX, Delarue M. 2008 The
MYST histone acetyltransferases are essential &mnejophyte development in ArabidopdviC
Plant Biol,8: 121.

Leblanc N, David K, Grosclaude J, Pradier JM, Barber-Brygoo H, Labiau S, Perrot-Rechenmann
C. 1999 A novel immunological approach establishes thatauxin-binding protein, Nt-abp1, is an
element involved in auxin signaling at the plasnmemnhraned Biol Chem274 28314.

Lee JS, Wang S, Sritubtim S, Chen JG, Ellis BE2009 Arabidopsis mitogen-activated protein kinase
MPK12 interacts with the MAPK phosphatase IBR5 eggllates auxin signalin@lant J,57: 975.

Leyser HM, Lincoln CA, Timpte C, Lammer D, Turner J, Estelle M. 1993 Arabidopsis auxin-
resistance gene AXR1 encodes a protein relateditpitin-activating enzyme ENature,364 161.

Li X, Clarke JD, Zhang Y, Dong X. 2001 Activation of an EDS1-mediated R-gene pathwathensncl
mutant leads to constitutive, NPR1-independentqggh resistancédol Plant Microbe Interactl4:
1131.

Liscum E, Reed JW.2002 Genetics of Aux/IAA and ARF action in plant gréwand development.
Plant Mol Biol,49: 387.

Liu Z, Karmarkar V. 2008 Groucho/Tupl family co-repressors in plant depaient. Trends Plant Sci,
13 137.

Liu ZB, Hagen G, Guilfoyle TJ. 1997 A G-Box-Binding Protein from Soybean Binds to t& Auxin-
Response Element in the Soybean GH3 Promoter anthi@ie a Proline-Rich Repression Domain.
Plant Physiol 115 397.

Liu ZB, Ulmasov T, Shi X, Hagen G, Guilfoyle TJ.1994 Soybean GH3 promoter contains multiple
auxin-inducible element®lant Cell,6: 645.

Ljung K, Bhalerao RP, Sandberg G.2001 Sites and homeostatic control of auxin biosyrith@s
Arabidopsis during vegetative growtPlant J,28: 465.

Ljung K, Hull AK, Celenza J, Yamada M, Estelle M, Normanly J, Sandberg G.2005 Sites and
regulation of auxin biosynthesis in ArabidopsistsoBlant Cell,17: 1090.

Locatelli F, Bracale M, Magaraggia F, Faoro F, Manocchi LA, Coraggio |. 200Q The product of the
rice myb7 unspliced mRNA dimerizes with the maigedine zipper Opaque2 and stimulates its
activity in a transient expression assafiol Chem275 17619.



6 References 193

Locatelli S, Piatti P, Motto M, Rossi V.2002 Chromatin and DNA maodifications in the Opaque2-
mediated regulation of gene transcription duringzesendosperm developmerilant Cell, 21:
1410.

Long JA, Ohno C, Smith ZR, Meyerowitz EM. 2006 TOPLESS regulates apical embryonic fate in
ArabidopsisScience312 1520.

Ludwig-Muller J. 2011 Auxin conjugates: their role for plant developrand in the evolution of land
plants.J Exp Bot62: 1757.

Mao Y, Pavangadkar KA, Thomashow MF, Triezenberg SJ 2006 Physical and functional
interactions of Arabidopsis ADA2 transcriptionalactivator proteins with the acetyltransferase
GCNS5 and with the cold-induced transcription fac@F1.Biochim Biophys Actdl, 759 69.

Marchant A, Bhalerao R, Casimiro |, Eklof J, CaseroPJ, Bennett M, Sandberg G2002 AUX1
promotes lateral root formation by facilitating @id-3-acetic acid distribution between sink and
source tissues in the Arabidopsis seedlirignt Cell,14: 589.

Mattsson J, Ckurshumova W, Berleth T. 2003 Auxin signaling in Arabidopsis leaf vascular
developmentPlant Physiol 131 1327.

Metallo SJ, Schepartz A.1997. Certain bZIP peptides bind DNA sequentially asnomers and
dimerize on the DNANat Struct Biol4: 115.

Michael TP, Mockler TC, Breton G, McEntee C, Byer A Trout JD, Hazen SP, Shen R, Priest HD,
Sullivan CM, Givan SA, Yanovsky M, Hong F, Kay SA,Chory J. 2008 Network discovery
pipeline elucidates conserved time-of-day-specieregulatory module®LoS Gene#: el4.

Millar CB, Grunstein M. 2006 Genome-wide patterns of histone modificationyeast.Nat Rev Mol
Cell Biol, 7: 657.

Mockaitis K, Howell SH. 2000 Auxin induces mitogenic activated protein kin@8\PK) activation in
roots of Arabidopsis seedlingBlant J,24: 785.

Moller B, Weijers D. 2009 Auxin control of embryo patternin@old Spring Harb Perspect Biol,:
a001545.

Moubayidin L, Perilli S, Dello loio R, Di Mambro R, Costantino P, Sabatini S2010Q The rate of cell
differentiation controls the Arabidopsis root meeis growth phaseCurr Biol, 20: 1138.

Muday GK. 2001 Auxins and tropismsl Plant Growth ReguR0: 226.

Muto H, Watahiki MK, Nakamoto D, Kinjo M, Yamamoto KT. 2007 Specificity and similarity of
functions of the Aux/IAA genes in auxin signalin§ Arabidopsis revealed by promoter-exchange
experiments among MSG2/IAA19, AXR2/IAA7, and SLRAAA. Plant Physiol 144 187.

Nagpal P, Walker LM, Young JC, Sonawala A, Timpte C Estelle M, Reed JW200Q AXR2 encodes
a member of the Aux/IAA protein familylant Physiol 123 563.

Nakamura A, Higuchi K, Goda H, Fujiwara MT, Sawa S,Koshiba T, Shimada Y, Yoshida S2003
Brassinolide induces I1AA5, IAAL19, and DR5, a syitibeuxin response element in Arabidopsis,
implying a cross talk point of brassinosteroid amdin signalingPlant Physiol, 133 1843.

Nakamura A, Umemura I, Gomi K, Hasegawa Y, Kitano H Sazuka T, Matsuoka M. 2006
Production and characterization of auxin-insensitice by overexpression of a mutagenized rice
IAA protein. Plant J,46: 297.

Nakazawa M, Yabe N, Ichikawa T, Yamamoto YY, Yoshiami T, Hasunuma K, Matsui M. 2001
DFL1, an auxin-responsive GH3 gene homologue, netfgtregulates shoot cell elongation and
lateral root formation, and positively regulates tilght response of hypocotyl lengtRlant J, 25:
213.

Navarro L, Dunoyer P, Jay F, Arnold B, Dharmasiri N, Estelle M, Voinnet O, Jones JD2006 A
plant miRNA contributes to antibacterial resistabgeaepressing auxin signalin§cience312 436.
Nole-Wilson S, Azhakanandam S, Franks RG01Q Polar auxin transport together with aintegumenta

and revoluta coordinate early Arabidopsis gynoecil@velopmentDev Biol,346 181.

O'Shea EK, Rutkowski R, Stafford WF, 3rd, Kim PS. 1989 Preferential heterodimer formation by

isolated leucine zippers from fos and j@&tience245 646.



6 References 194

Okushima Y, Overvoorde PJ, Arima K, Alonso JM, ChanA, Chang C, Ecker JR, Hughes B, Lui A,
Nguyen D, Onodera C, Quach H, Smith A, Yu G, Theolzis A. 2005 Functional genomic
analysis of the AUXIN RESPONSE FACTOR gene familgmbers in Arabidopsis thaliana: unique
and overlapping functions of ARF7 and ARFP%ant Cell,17: 444,

Ostin A, Kowalyczk M, Bhalerao RP, Sandberg G.1998 Metabolism of indole-3-acetic acid in
ArabidopsisPlant Physiol 118 285.

Ouellet F, Overvoorde PJ, Theologis A2001 IAA17/AXR3: biochemical insight into an auxin naunt
phenotypePlant Cell,13: 829.

Ouyang J, Shao X, Li J.200Q Indole-3-glycerol phosphate, a branchpoint ofolee3-acetic acid
biosynthesis from the tryptophan biosynthetic patywn Arabidopsis thalian&lant J,24: 327.

Overvoorde P, Fukaki H, Beeckman T.201Q Auxin control of root developmenCold Spring Harb
Perspect Biol2: a001537.

Overvoorde PJ, Okushima Y, Alonso JM, Chan A, ChandC, Ecker JR, Hughes B, Liu A, Onodera
C, Quach H, Smith A, Yu G, Theologis A.2005 Functional genomic analysis of the
AUXIN/INDOLE-3-ACETIC ACID gene family members in rabidopsis thalianaPlant Cell, 17:
3282.

Padmanabhan MS, Kramer SR, Wang X, Culver JN.2008 Tobacco mosaic virus replicase-
auxin/indole acetic acid protein interactions: oggamming the auxin response pathway to enhance
virus infection.J Virol, 82: 2477.

Padmanabhan MS, Shiferaw H, Culver IN2006 The Tobacco mosaic virus replicase protein disrup
the localization and function of interacting AuxA4proteins.Mol Plant Microbe Interact19: 864.

Pandey R, Muller A, Napoli CA, Selinger DA, Pikaard CS, Richards EJ, Bender J, Mount DW,
Jorgensen RA.2002 Analysis of histone acetyltransferase and histdeacetylase families of
Arabidopsis thaliana suggests functional diveratfan of chromatin modification among
multicellular eukaryoteNucleic Acids Reg0: 5036.

Pape S, Thurow C, Gatz C2010a The Arabidopsis PR-1 promoter contains multiplegration sites
for the coactivator NPR1 and the repressor SRIant Physiol 154 1805.

Pape S, Thurow C, Gatz C2010h Exchanging the as-1-like element of the PR-1 mtemby the as-1
element of the CaMV 35S promoter abolishes saticatiid responsiveness and regulation by NPR1
and SNI1Plant Signal Beha.

Park CM. 2007. Auxin homeostasis in plant stress adaptationorspPlant Signal Beha2: 306.

Park JE, Park JY, Kim YS, Staswick PE, Jeon J, Yun], Kim SY, Kim J, Lee YH, Park CM. 2007.
GH3-mediated auxin homeostasis links growth regpratwith stress adaptation response in
ArabidopsisJ Biol Chem282 10036.

Parry G, Calderon-Villalobos LI, Prigge M, Peret B, Dharmasiri S, Itoh H, Lechner E, Gray WM,
Bennett M, Estelle M.2002 Complex regulation of the TIR1/AFB family of anxieceptorsProc
Natl Acad Sci U S A,06 22540.

Peret B, Larrieu A, Bennett MJ. 2009 Lateral root emergence: a difficult birthExp Bot60: 3637.

Petersson SV, Johansson Al, Kowalczyk M, MakoveyclkuA, Wang JY, Moritz T, Grebe M,
Benfey PN, Sandberg G, Ljung K.2009 An auxin gradient and maximum in the Arabidopsist
apex shown by high-resolution cell-specific anaysf IAA distribution and synthesi®lant Cell,
21: 1659.

Petrasek J, Mravec J, Bouchard R, Blakeslee JJ, AlsaM, Seifertova D, Wisniewska J, Tadele Z,
Kubes M, Covanova M, Dhonukshe P, Skupa P, Benkoug, Perry L, Krecek P, Lee OR, Fink
GR, Geisler M, Murphy AS, Luschnig C, Zazimalova E,Friml J. 2006 PIN proteins perform a
rate-limiting function in cellular auxin effluxScience312 914.

Pieterse CM, Leon-Reyes A, Van der Ent S, Van WeeSC. 2002 Networking by small-molecule
hormones in plant immunitjNat Chem Biol5: 308.

Pitts RJ, Cernac A, Estelle M.1998 Auxin and ethylene promote root hair elongatiorArabidopsis.
Plant J,16: 553.

Pozo JC, Timpte C, Tan S, Callis J, Estelle M1998 The ubiquitin-related protein RUB1 and auxin
response in ArabidopsiScience280 1760.



6 References 195

Pysh LD, Aukerman MJ, Schmidt RJ.1993 OHP1: a maize basic domain/leucine zipper protesth
interacts with opaquePlant Cell,5: 227.

Radchuk R, Radchuk V, Weschke W, Borisjuk L, WeberH. 2006 Repressing the expression of the
SUCROSE NONFERMENTING-1-RELATED PROTEIN KINASE gerie pea embryo causes
pleiotropic defects of maturation similar to an @big acid-insensitive phenotypPlant Physiol,
140 263.

Rahman A, Hosokawa S, Oono Y, Amakawa T, Goto N, Tsumi S. 2002 Auxin and ethylene
response interactions during Arabidopsis root tiairelopment dissected by auxin influx modulators.
Plant Physiol, 130 1908.

Rahmani F, Hummel M, Schuurmans J, Wiese-Klinkenbeg A, Smeekens S, Hanson 2009
Sucrose control of translation mediated by an epstr open reading frame-encoded peptiRiant
Physiol,150: 1356.

Rampey RA, LeClere S, Kowalczyk M, Ljung K, Sandbeg G, Bartel B. 2004 A family of auxin-
conjugate hydrolases that contributes to free m@shcetic acid levels during Arabidopsis
germinationPlant Physiol 135; 978.

Raven JA. 1975 Transport of indoleacetic acid in plant cellsréhation to pH and electrical potential
gradients, and its significance for polar IAA trpog. New Phytol74: 163.

Reed JW.2001 Roles and activities of Aux/IAA proteins in Araloipsis.Trends Plant Sck: 420.

Remington DL, Vision TJ, Guilfoyle TJ, Reed JW.2004 Contrasting modes of diversification in the
Aux/IAA and ARF gene familieRlant Physiol 135 1738.

Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A,Shapiro H, Nishiyama T, Perroud PF,
Lindquist EA, Kamisugi Y, Tanahashi T, Sakakibara K, Fujita T, Oishi K, Shin IT, Kuroki Y,
Toyoda A, Suzuki Y, Hashimoto S, Yamaguchi K, SuganS, Kohara Y, Fujiyama A, Anterola
A, Aoki S, Ashton N, Barbazuk WB, Barker E, Benneten JL, Blankenship R, Cho SH,
Dutcher SK, Estelle M, Fawcett JA, Gundlach H, Handa K, Heyl A, Hicks KA, Hughes J,
Lohr M, Mayer K, Melkozernov A, Murata T, Nelson DR, Pils B, Prigge M, Reiss B, Renner T,
Rombauts S, Rushton PJ, Sanderfoot A, Schween G, i8ISH, Stueber K, Theodoulou FL, Tu
H, Van de Peer Y, Verrier PJ, Waters E, Wood A, Yag L, Cove D, Cuming AC, Hasebe M,
Lucas S, Mishler BD, Reski R, Grigoriev 1V, Quatraro RS, Boore JL.2008 The Physcomitrella
genome reveals evolutionary insights into the cestof land by plant$Science319 64.

Robert HS, Friml J. 2009 Auxin and other signals on the move in plahtat Chem Biol5: 325.

Rogg LE, Bartel B.2001 Auxin signaling: derepression through regulatsatgolysis.Dev Cell,1: 595.

Rook F, Gerrits N, Kortstee A, van Kampen M, Borrias M, Weisbeek P, Smeekens $998 Sucrose-
specific signalling represses translation of thebddopsis ATB2 bZIP transcription factor gene.
Plant J,15: 253.

Ruegger M, Dewey E, Gray WM, Hobbie L, Turner J, Eselle M. 1998 The TIR1 protein of
Arabidopsis functions in auxin response and isteeldo human SKP2 and yeast grr@enes Dev,
12: 198.

Rugner A, Frohnmeyer H, Nake C, Wellmer F, KircherS, Schafer E, Harter K.2001 Isolation and
characterization of four novel parsley proteing ithteract with the transcriptional regulators CRRF
and CPRF2Mol Genet Genomic265 964.

Rymen B, Fiorani F, Kartal F, Vandepoele K, Inze D,Beemster GT.2007. Cold nights impair leaf
growth and cell cycle progression in maize throtrghscriptional changes of cell cycle gerfélaint
Physiol, 143 1429.

Sabatini S, Beis D, Wolkenfelt H, Murfett J, Guilfoyle T, Malamy J, Benfey P, Leyser O, Bechtold
N, Weisbeek P, Scheres B.999 An auxin-dependent distal organizer of patterd palarity in the
Arabidopsis rootCell, 99: 463.

Santner A, Calderon-Villalobos LI, Estelle M.2009 Plant hormones are versatile chemical regulators
of plant growthNat Chem Biol5: 301.

Satoh R, Fujita Y, Nakashima K, Shinozaki K, Yamageghi-Shinozaki K. 2004 A novel subgroup of
bZIP proteins functions as transcriptional activatm hypoosmolarity-responsive expression of the
ProDH gene in Arabidopsi®lant Cell Physiol45: 309.



6 References 196

Savic B, Tomic S, Magnus V, Gruden K, Barle K, Grekovic R, Ludwig-Muller J, Salopek-Sondi B.
2009 Auxin amidohydrolases from Brassica rapa cledee a&lanine conjugate of indolepropionic
acid as a preferable substrate: a biochemical aykhmg approacHlant Cell Physiol50: 1587.

Scacchi E, Salinas P, Gujas B, Santuari L, Krogan NRagni L, Berleth T, Hardtke CS.201Q Spatio-
temporal sequence of cross-regulatory events ih mayistem growthProc Natl Acad Sci U S A,
107 22734.

Scarpella E, Marcos D, Friml J, Berleth T.2006 Control of leaf vascular patterning by polar auxi
transportGenes Dev20: 1015.

Schindler U, Beckmann H, Cashmore AR1992 TGA1 and G-box binding factors: two distinct das
of Arabidopsis leucine zipper proteins competetiier G-box-like element TGACGTG®@Iant Cell,
4: 1309.

Senn AP, Goldsmith MH. 1988 Regulation of electrogenic proton pumping by auxind fusicoccin as
related to the growth of Avena coleoptil®ant Physiol 88: 131.

Servet C, Conde e Silva N, Zhou DX201Q Histone acetyltransferase AtGCN5/HAGL1 is a vélesat
regulator of developmental and inducible gene esgiom in ArabidopsisMol Plant,3: 670.

Sheldrake Ra.1974 Carrier-mediated auxin transpdflanta,118 101.

Shin R, Burch AY, Huppert KA, Tiwari SB, Murphy AS, Guilfoyle TJ, Schachtman DP.2007. The
Arabidopsis transcription factor MYB77 modulatesiawsignal transductiorRlant Cell,19: 2440.

Shishova M, Lindberg S.2004 Auxin induces an increase of Ca2+ concentratiathé cytosol of wheat
leaf protoplasts] Plant Physiol 161 937.

Shoji K, Addicott FT, Swets WA. 1951 Auxin in Relation to Leaf Blade Abscissidplant Physiol ,26:
189.

Siberil Y, Doireau P, Gantet P.2001 Plant bZIP G-box binding factors. Modular struetuand
activation mechanismg&ur J Biochem268 5655.

Smeekens S, Ma J, Hanson J, Rolland R01Q Sugar signals and molecular networks controlfifemt
growth.Curr Opin Plant Biol,13: 274.

Snow.1935 Activation of cambial growth by pure hormonblew Phytol34: 347.

Sorefan K, Girin T, Liljegren SJ, Ljung K, Robles P, Galvan-Ampudia CS, Offringa R, Friml J,
Yanofsky MF, Ostergaard L. 2009 A regulated auxin minimum is required for seespdrsal in
ArabidopsisNature,459 583.

Spoel SH, Dong X2008 Making sense of hormone crosstalk during plamhime response€ell Host
Microbe, 3: 348.

Staswick PE.2009 The tryptophan conjugates of jasmonic and in@séeetic acids are endogenous
auxin inhibitors.Plant Physiol, 150 1310.

Staswick PE, Serban B, Rowe M, Tiryaki I, MaldonadoMT, Maldonado MC, Suza W. 2005
Characterization of an Arabidopsis enzyme familgttbonjugates amino acids to indole-3-acetic
acid.Plant Cell,17: 616.

Stepanova AN, Robertson-Hoyt J, Yun J, Benavente LIMXie DY, Dolezal K, Schlereth A, Jurgens
G, Alonso JM. 2008 TAAl-mediated auxin biosynthesis is essentiahfmmmone crosstalk and plant
developmentCell, 133 177.

Stockinger EJ, Mao Y, Regier MK, Triezenberg SJ, Tlomashow MF.2001 Transcriptional adaptor
and histone acetyltransferase proteins in Arabido@nd their interactions with CBF1, a
transcriptional activator involved in cold-reguldtgene expressioilucleic Acids Re29: 1524.

Strathmann A, Kuhlmann M, Heinekamp T, Droge-Laser W. 2001 BZI-1 specifically
heterodimerises with the tobacco bZIP transcripfestors BZI-2, BZI-3/TBZF and BZI-4, and is
functionally involved in flower developmerRlant J,28: 397.

Sulpice R, Pyl ET, Ishihara H, Trenkamp S, Steinfat M, Witucka-Wall H, Gibon Y, Usadel B,
Poree F, Piques MC, Von Korff M, Steinhauser MC, Kerentjes JJ, Guenther M, Hoehne M,
Selbig J, Fernie AR, Altmann T, Stitt M. 2009 Starch as a major integrator in the regulation of
plant growthProc Natl Acad Sci U S AQ6 10348.



6 References 197

Swarup R, Friml J, Marchant A, Ljung K, Sandberg G, Palme K, Bennett M.2001 Localization of
the auxin permease AUX1 suggests two functionaBirttt hormone transport pathways operate in
the Arabidopsis root apefgenes Devl5: 2648.

Szemenyei H, Hannon M, Long JA.2008 TOPLESS mediates auxin-dependent transcriptional
repression during Arabidopsis embryogeneSgence319 1384.

Takase T, Nakazawa M, Ishikawa A, Kawashima M, IchHiawa T, Takahashi N, Shimada H,
Manabe K, Matsui M. 2004 ydk1-D, an auxin-responsive GH3 mutant that ¥®iwed in hypocotyl
and root elongatiorPlant J,37: 471.

Tam YY, Epstein E, Normanly J. 2000 Characterization of auxin conjugates in Arabidep&ow
steady-state levels of indole-3-acetyl-aspartatejole-3-acetyl-glutamate, and indole-3-acetyl-
glucose Plant Physiol 123 589.

Tan X, Calderon-Villalobos LI, Sharon M, Zheng C, Robinson CV, Estelle M, Zheng N.2007.
Mechanism of auxin perception by the TIR1 ubiquiijase.Nature,446: 640.

Tanaka H, Dhonukshe P, Brewer PB, Friml J.2006 Spatiotemporal asymmetric auxin distribution: a
means to coordinate plant developmé&ll Mol Life Sci63: 2738.

Tao Y, Ferrer JL, Ljung K, Pojer F, Hong F, Long JA, Li L, Moreno JE, Bowman ME, Ivans LJ,
Cheng Y, Lim J, Zhao Y, Ballare CL, Sandberg G, NokeJP, Chory J. 2008 Rapid synthesis of
auxin via a new tryptophan-dependent pathway isired for shade avoidance in plan@ell, 133
164.

Tatematsu K, Kumagai S, Muto H, Sato A, Watahiki MK, Harper RM, Liscum E, Yamamoto KT.
2004 MASSUGU?2 encodes Aux/IAA19, an auxin-regulatedtein that functions together with the
transcriptional activator NPH4/ARF7 to regulatefeliéntial growth responses of hypocotyl and
formation of lateral roots in Arabidopsis thaliaRdéant Cell,16: 379.

Thelander M, Olsson T, Ronne H2004 Snfl-related protein kinase 1 is needed for gnawta normal
day-night light cycleEMBO J,23: 1900.

Theologis A, Huynh TV, Davis RW.1985 Rapid induction of specific mRNAs by auxin in pegacotyl
tissue.J Mol Biol, 183 53.

Thimann. 1977 Hormones action in the whole life of plantdniversity of Massachussetts Press,
Amherst.

Thimann KV. 1938 Hormones and the Analysis of Growkiant Physiol 13: 437.

Tian Q, Reed JW. 1999 Control of auxin-regulated root development bg thrabidopsis thaliana
SHY2/IAA3 gene Development] 26 711.

Tian Q, Uhlir NJ, Reed JW. 2002 Arabidopsis SHY2/IAA3 inhibits auxin-regulatedrgeexpression.
Plant Cell,14: 301.

Tiwari SB, Hagen G, Guilfoyle T.2003 The roles of auxin response factor domains inratesponsive
transcriptionPlant Cell,15: 533.

Tiwari SB, Hagen G, Guilfoyle TJ.2004 Aux/IAA proteins contain a potent transcriptiomapression
domain.Plant Cell,16: 533.

Topalidou I, Thireos G. 2003 Gcn4 occupancy of open reading frame regiondteesuthe recruitment
of chromatin-modifying complexes but not the medliatomplex EMBO Rep4: 872.

Tsurumi S WS. 1980 Transport of shoot- and cotyledon-applied inddaeetic acid to Vicia faba root.
Plant and Cell Physiology21: 803.

Ulmasov T, Hagen G, Guilfoyle TJ.1997a ARF1, a transcription factor that binds to ausésponse
elementsScience?276 1865.

Ulmasov T, Hagen G, Guilfoyle TJ.1999 Dimerization and DNA binding of auxin responsetdas.
Plant J,19: 309.

Ulmasov T, Liu ZB, Hagen G, Guilfoyle TJ.1995 Composite structure of auxin response elements.
Plant Cell,7: 1611.

Ulmasov T, Murfett J, Hagen G, Guilfoyle TJ.1997h Aux/IAA proteins repress expression of reporter
genes containing natural and highly active syntheatixin response elemen®ant Cell,9: 1963.

Vanneste S, Friml J.20092 Auxin: a trigger for change in plant developmesll, 136. 1005.



6 References 198

Vernoux T, Besnard F, Traas J.201Q Auxin at the shoot apical meriste@old Spring Harb Perspect
Biol, 2: a001487.

Vinson C, Myakishev M, Acharya A, Mir AA, Moll JR, Bonovich M. 2002 Classification of human
B-ZIP proteins based on dimerization propertisl Cell Biol, 22: 6321.

Vlachonasios KE, Thomashow MF, Triezenberg SR2003 Disruption mutations of ADA2b and GCN5
transcriptional adaptor genes dramatically affectbddopsis growth, development, and gene
expressionPlant Cell,15: 626.

Walker JC, Key JL. 1982 Isolation of cloned cDNAs to auxin-responsivey$A)RNAs of elongating
soybean hypocotyProc Natl Acad Sci U S A9: 7185.

Wang D, Pajerowska-Mukhtar K, Culler AH, Dong X. 2007. Salicylic acid inhibits pathogen growth
in plants through repression of the auxin signatiathway.Curr Biol, 17: 1784.
Wang YH, Irving HR. 2011 Developing a model of plant hormone interactidtiant Signal Beha\g.

Weijers D, Benkova E, Jager KE, Schlereth A, HamannTl, Kientz M, Wilmoth JC, Reed JW,
Jurgens G. 2005 Developmental specificity of auxin response byrpaf ARF and Aux/IAA
transcriptional regulator&MBO J,24: 1874.

Weijers D, Jurgens G.2004 Funneling auxin action: specificity in signalnsgluction.Curr Opin Plant
Biol, 7: 687.

Weltmeier F, Ehlert A, Mayer CS, Dietrich K, Wang X, Schutze K, Alonso R, Harter K, Vicente-
Carbajosa J, Droge-Laser W.2006 Combinatorial control of Arabidopsis proline dehygenase
transcription by specific heterodimerisation of BAtanscription factor&MBO J,25: 3133.

Weltmeier F, Rahmani F, Ehlert A, Dietrich K, Schutze K, Wang X, Chaban C, Hanson J, Teige M,
Harter K, Vicente-Carbajosa J, Smeekens S, Droge-lser W. 2009 Expression patterns within
the Arabidopsis C/S1 bZIP transcription factor ratw availability of heterodimerization partners
controls gene expression during stress responsderedopmentPlant Mol Biol,69: 107.

Went F, Thimann KV. 1937 PhytohormonesviacMillan Company, New York.

Whippo CW, Hangarter RP. 2006 Phototropism: bending towards enlightenm&teant Cell,18: 1110.

Wiese A, Elzinga N, Wobbes B, Smeekens &04 A conserved upstream open reading frame mediates
sucrose-induced repression of translati®lant Cell,16; 1717.

Wilson AK, Pickett FB, Turner JC, Estelle M. 1990 A dominant mutation in Arabidopsis confers
resistance to auxin, ethylene and abscisic &¢td.Gen Genet222 377.

Woodward AW, Bartel B. 2005 Auxin: regulation, action, and interactichnn Bot,95: 707.

Worley CK, Zenser N, Ramos J, Rouse D, Leyser O, Eologis A, Callis J.2000 Degradation of
Aux/IAA proteins is essential for normal auxin sadjing. Plant J,21; 553.

Zeiger Ta. 2006 Plant Physiology4th edition.

Zhang L, Su X, Liu S, Knapp AR, Parthun MR, Marcucci G, Freitas MA. 2007. Histone H4 N-
terminal acetylation in Kasumi-1 cells treated widbpsipeptide determined by acetic acid-urea
polyacrylamide gel electrophoresis, amino acid dodeass tagging, and mass spectromelry.
Proteome Re%: 81.

Zhao Y. 201Q Auxin biosynthesis and its role in plant devel@mnAnnu Rev Plant Biok1: 49.

Zhao Y, Christensen SK, Fankhauser C, Cashman JR, dhen JD, Weigel D, Chory J2001 A role
for flavin monooxygenase-like enzymes in auxin BigkesisScience?291 306.



Danksagung

Diesen Abschnitt meiner Doktorarbeit mdchte ichzeat um mich bei all denjenigen
zu bedanken, die mich wahrend der letzten vierelahf vielfaltige Weise unterstiitzt
haben und damit maf3geblich zum Gelingen der Abmgetragen haben.

Als Erstes mochte ich mich hiermit bei Prof. Dr. Ngang Droge-Laser bedanken, dass
er es mir ermdglicht hat meine Dissertation in seiArbeitsgruppe anzufertigen. Fur
die zahllosen Besprechungen und den regen ldeausast bin ich ihm genauso

dankbar wie fir sein entgegengebrachtes Vertranenden Freiraum, den er mir bei

der Bearbeitung der Arbeit gelassen hat.

Des Weiteren mdchte ich mich bei Professor Dr. sliame Gatz bedanken. Zum einen
fur die Ubernahme des Korreferats und zum andeadiir ddass sie es mir ermdglicht
hat, die stressige Endphase meiner Arbeit in intabror zu beenden.

Meinen Laborkollegen Tim(i/d), Kat(h)rin, Stefan(Andrea (die alte), Laura, Nora,

Caro, Inken, Jenny, Johanna und Fridtjof, sowienereDiplomandin Andrea (die neue)

mdochte ich ganz herzlich fir die schéne Zeit dankeéhne die Albereien und eure

Hilfsbereitschaft ware diese Arbeit wohl nicht zii&le gekommen und sicher nicht so
lustig Uber die Buhne gegangen.

Ein weiteres Dankeschdn geht auch an alle Mitstreitis den Arbeitsgruppen von Frau
Prof. Gatz, Herrn Prof. Lipka und Herrn Prof. Saliski. Vor allem mdchte ich mich
hier bei Guido, Anna, Ronny, Larissa und Corinnadig vielfaltige Hilfe bedanken.
Des Weiteren mochte ich auch Prof. Volker Lipka wrf. Jan Schirawski fir die
Bereitstellung ihrer Laborgeréte und Rene Fuchsis@én Lofke und Michael Reusche
fur die Einfuhrung in die konfokale Mikroskopie daem.

Auch als nicht voll-assoziiertes Mitglied der bZHdrschergruppe mdchte ich mich
dennoch bei den Kooperationspartnern Sjef Smeakathsesus Vicente-Carbajosa fur
die abwechselungsreichen und spannenden AufenthaltéMadrid und Utrecht
bedanken. Auch bei Johannes Hanson, sowie bei Mi@rsen mdchte ich mich fur
den Mikroarray Auswertungs-Crashkurs und die Einfdlg in R bzw. fur die
Erkundung Utrechts bedanken. Des Weiteren mochteKiaus Harter fur seine Hilfe
bei der Durchsicht der Manuskripte danken und delssin seiner Abteilung einen
Einblick in die Bioinformatik bekommen konnte.

Ein extra Dankeschon geht in diesem Zusammenhan®rarKenneth Berendzen.
Danke fur die viele Arbeit an den Promotor Analyserd an unserem Manuskript und
fur den schoénen Aufenthalt in TUbingen!

Meinen Eltern, Virginia und Hans-Gerd sowie Chries Eltern, Helmut und Luise
madchte ich fur ihre vielfaltige Unterstitzung danke

Mein aller gréf3ter Dank gilt meiner Freundin Christine. Bei allen Krisen der
Doktorarbeit hat sie mich liebevoll unterstitzt und mich so Uber die letzten vier
Jahre gebracht. Ich danke dir!!!



Curriculum Vitae

Personal data

name: Christoph Weiste
date of birth: 23.08.1980
place of birth: Koblenz

Primary and secondary education

1987 until 1991

1991 until 2000
Graduation:

07/2000 until 05/2001

Tertiary education

10/2001 until 11/2006

02/2006 until 10/2006

from 03/2007

Primary school (Martin-Luti@rundschule), Brilon

Grammar school (Gymnasiunmifam), Brilon
Abitur / matriculation standlar

Civilian service (Arbeiterwiatinrt), Brilon

Georg-August-Universitat @igen, Studies of biology,
Specialization: molecular biology
Graduation: Diploma in biology

Graduant at the Departméviblekularbiologie und
Physiologie der Pflanze* at the Albrecht-von-Haller
Institute, University of Gottingen; Diploma thedigle:
.Etablierung einer Methode zuin planta ORFeom
Analyse — Generierung VvonArabidopsis thaliana
Transkriptionsfaktor-Uberexpressionslinien und dere
Screening auf erhdhte Stresstoleranz”.

PhD student at the Department “Molafbiologie und
Physiologie der Pflanze* at the Albrecht-von-Haller
Institute, University of Gottingen; PhD thesis ditl
»Arabidopsis basic leucine Zipper transcription téas
function as quantitative modulators of auxin mestiat
transcription®



Publications

Weiste C, Iven T., Fischer U., Ofate-Sanchez L. and Drogset W. (2007)tn planta
ORFeome analysis by large-scale over-expressioB ATEWAY-compatible cDNA
clones: screening of ERF transcription factors imed in abiotic stress defense. The
Plant Journal 52 (2): 382 — 390.

Dietrich K., Weltmeier F., Ehlert AWeiste C, Stahl M., Harter K., Droge-Laser W.
(2011): Heterodimers of the Arabidopsis TransamiptiFactors bZIP1 and bZIP53
Reprogram Amino Acid Metabolism during Low EnergyeSs. The Plant Cell 23 (1):
381 — 395.

Wehner N.,Weiste C, Droge-Laser W. (2011): Molecular Screening TdolsStudy
Arabidopsis Transcription Factors. Frontiers innPRhysiology, doi: 10.3389.

Publications (submitted/in preparation)

Weiste C. and Drdge-Laser W. (submitted): G-box relatddElements and their
cognate bZIP Transcription Factors function as ttaive Modulators of Auxin-
mediated growth responses.

Berendzen K. W.*Weiste C.* Wanke D., Kilian J., Harter K. and Droge-Laser W.
(submitted): Bioinformaticcis-element analysis performed rabidopsisand rice
reveals bZIP- and MYB-related binding sites as ¢iogpelements in AuxRE mediated
auxin responsive transcription. * joint first-autho

Weiste C. and Droge-Laser W. (in preparationfrabidopsis AtbZIP11-related
transcription factors modulate auxin-mediated ttapsion by recruiting the histone
acetylation machinery.



	Table of Contents
	1 Summary
	2 General Introduction
	2.1 Phytohormones control diverse plant developmental and environmental responses
	2.2 Auxin is an essential plant hormone that controls a wide range of developmental and growth-related processes in the course of plant life
	2.3 Auxin metabolism and homeostasis is controlled by multiple coordinated processes
	2.4 Differential auxin distribution mediated by directional auxin transport initiates and controls auxin related developmental and environmental processes
	2.5 Auxin gradients are primarily converted to local differentiation events via auxin mediated transcription
	2.6 Auxin responsive genes are presumably regulated by antagonistic histone acetylation and deacetylation
	2.7 Members of the bZIP- and MYB-TF families have been implicated in modulating auxin mediated responses
	2.8 The C/S1 network of AtbZIP-TFs is involved in the plant’s energy homeostasis and has been found to modulate plant growth responses
	2.9 Outline and objectives of the thesis

	3 Results
	3.1 Chapter 1: Bioinformatic cis-element analysis performed in Arabidopsis and rice reveals bZIP- and MYB-related binding sites as coupling elements in AuxRE mediated auxin responsive transcription
	3.2 Chapter 2: G-box related cis-elements and their cognate bZIP transcription factors function as quantitative modulators of auxin-mediated growth responses
	3.3 Chapter 3: Arabidopsis AtbZIP11-related transcription factors modulate auxin-mediated transcription by recruiting the histone acetylation machinery
	3.4 Chapter 4: Heterodimers of the Arabidopsis transcription factors bZIP1 and bZIP53 reprogram amino acid metabolism during low energy stress

	4 General Discussion
	4.1 The G-box related element (GRE) and its cognate bZIP transcription factors constitute a novel regulatory unit which quantitatively modulates auxin-regulated transcription
	4.2 AtbZIP11 related transcription factors interfere with the AUX/IAA - GH3 feed-back mechanism which modulates auxin mediated growth responses
	4.3 AtbZIP11-related transcriptional activators modulate auxin mediated gene expression by recruiting the histone acetylation machinery
	4.4 BZIP factors of the C/S1 network are proposed to balance plant growth responses and adaptive metabolic reprogramming under energy deprived conditions

	5 Appendix
	5.1 Abbreviations

	6 References

