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1. Chapter 1

1 Summary

Heterodimerisation of basic leucine zipper (bZIP) transcription factors (TFs) is proposed to
play a crucial role in regulation of gene expression. To analyse bZIP heterodimerisation of
Arabidopsis thaliana (At) bZIPs, a Gateway"-based two-hybrid system in plant protoplasts
has been established and obtained data has been compared to results of the classical Y2H

approach (EHLERT et al., 2006).

Specific high-affinity heterodimerisation could be observed between nine bZIP members
of the Arabidopsis thaliana group C and S1 bZIP TF indicating a functional connection
and it is therefore, these bZIPs are called the C/S1 bZIP network. Heterodimerisation
should be limited by abundance of the protein partners. Accordingly, using
bZIPpromoter:GUS lines, the different bZIPs shows partly overlapping and distinct
expression patterns (WELTMEIER et al., 2009).

The functional impact of bZIP heterodimerisation has been demonstrated for the ProDH
gene encoding Proline Dehydrogenase a central enzyme in proline degradation during
rehydration after recovery from osmotic stress. ProDH is a direct target gene of the group
S1 bZIP transcription factor AtbZIP53. Dimerisation studies show a synergistic
enhancement of target gene activation with the group C member AtbZIP10. This
heterodimer induced transactivation is independent of the DNA binding activity mediated
by the basic domain and appears to be a crucial mechanism to modulate transcription factor

activity (WELTMEIER et al., 2006).

Furthermore, low energy stress administered by extended darkness leads to activation of
AtbZIP1 and AtbZIP53, which by heterodimerisation regulate several genes in amino acid

metabolism (DIETRICH et al., unpublished).

In addition, an influence on the transcription of maturation (MAT) genes could be shown
for AtbZIP53. Heterodimerisation was demonstrated to enhance bZIP protein stability,
DNA binding to a G-box element and activation of MAT promoters. Thus target gene
activation strongly correlates with the ratio of the correspondent bZIP heterodimerisation
partners AtbZIP10 and AtbZIP25. Interestingly AtbZIP53 is not able to directly interact
with ABI3, a crucial transcriptional regulator in Arabidopsis seeds. Furthermore we had

the possibility to show that the AtbZIP53/10 heterodimer can form a ternary complex with
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ABI3 and activate the expression of MAT genes in plants in comparison to the

AtbZIP53/10 heterodimer itself (ALONSO et al., 2009).

To decipher the complex network of different bZIP heterodimers, which can bind and
regulate particular sub-sets of target genes, Arabidopsis mesophyll protoplasts were
transformed with plasmid DNA encoding the group C transcription factor AtbZIP10, the
group S1 AtbZIP11, or both. Global gene expression analysis revealed that co-expression
of AtbZIP11 and AtbZIP10 results in substantial differences in up-regulated gene sets if
compared to single bZIP expression. Altogether these data provide conclusive evidence
that bZIP heterodimerisation acts as an efficient mechanism to control target gene

expression in plants (HANSSEN et al., unpublished).
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2 General Introduction

Due to their settled life style plants are unable to avoid unfavorable environmental
conditions, such as infection with pathogens or abiotic stresses such as low temperature or
high salinity. In response to changing environmental conditions, plants continuously have
to adjust their metabolism to survive (CHASAR, 2002). Hence, perception, integration and
processing of environmental information are essential requirements for plant growth and
development. In part, these responses are mediated on gene expression level controlled by
transcription factors (TFs). These proteins contain a DNA-binding domain, which bind
specific DNA-cCis-elements of target gene promoters. Furthermore, the TFs possess
regulatory domains (PTASHNE and GANN, 1997). Due to interaction with proteins of the
transcriptional machinery, TFs can either function as activators of gene expression or as

repressors. The repression can be active or passive (THIEL et al., 2004).

TFs, which are classified by their DNA binding domains, generally form large families
such as homeobox, helix- loop- helix, zinc finger or basic leucine Zipper (bZIP) TFs

(RIECHMANN et al., 2000; LANDSCHULZ et al., 1988).

2.1 Basic leucine zipper (bZIP) transcription factors

BZIP proteins are ubiquitously found in all eukaryotic species (LANDSCHULZ et al., 1988).
In general, bZIP TFs harbour a basic domain (b), followed by a zipper dimerisation domain
(ZIP), which form an a helical structure (HURST, 1995). The leucine zipper consists of
heptad repeats of leucine or other bulky hydrophobic amino acids (aa) such as
phenylalanine, methionine, valine and isoleucine (BAXEVANIS and VINSON, 1993;
LANDSCHULZ et al., 1988). The seven aa of one heptad repeat are labeled according to the
nomenclature of McLACHLAN and STEWARD (1975) as a, b, c, d, e, f, and g (Figure 1). At
position d is the aa leucine or other hydrophobic aa located. These hydrophobic aa are
arranged at one side of the helix forming a hydrophobic domain which enables
intermolecular homo- or heterodimerisation (LANDSCHULZ et al., 1988; O'SHEA et al.,
1989) (Figure 1). The dimerisation of two a-helixes results in the generation of a coiled-

coil formation (BAXEVANIS and VINSON, 1993; LUPAS, 1996). The dimerisation is
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obviated, if the aa on position e repels the aa at position g. Hence, dimerisation is very
specific (SIBERIL et al., 2001; VINSON et al., 2002). Formation of homo- or heterodimers
provides huge combinatorial flexibility to a regulatory system (SIBERIL et al., 2001;
VINSON et al., 2002).

Figure 1 EHLERT et al., 2006; Figure 1d

Demonstration of the aa positions in
bZIP dimers.

Heterodimerisation of two bZIP proteins is
mediated by interaction/repulsion of the aa
located in positions a and d as well as e and
g (DEPPMANN et al., 2004; FONG et al.,
2004).

The zipper-domain is fused to a basic domain (b) which mediates binding to specific
promoter Cis-clements containing ACGT-related motifs (SCHINDLER et al., 1992; DE
PATER et al., 1994; SATHO et al., 2004). Furthermore, sequences flanking the ACGT-core
motif are also important for efficient DNA binding (FOSTER et al., 1994). Additionally, as
demonstrated for mammalian, yeast, amphibian and plant nuclear proteins, the basic
domain can harbour a nuclear localisation sequence (NLS) (VAN DER KROL and CHUA,
1991; VARAGONA and RAIKHEL, 1994; LARA et al., 2003).

Members of the bZIP TF family play crucial roles in almost all biological processes.

For example, in growth factor- stimulated mammalian cells the c-JUN binds DNA as a
dimer with c-FOS and regulates transcription (HALAZONETIS et al., 1988; ABATE et al.,
1991). In yeast (Saccharomyces cerevisiae) the bZIP TFs GCN4 (General Control
Nondepressible 4) controls transcriptional regulation of aa metabolism and whereas YAP-1
is involved in abiotic stress response, respectively (VOGT et al., 1987; MOYE-ROWLEY et
al., 1989).

The functional role of bZIP TFs in plants has been linked to a large diversity of biological
aspects, for example responses to light (OYAMA et al., 1997; SCHULZE- LEFERT et al.,
1989a), hormones (FUKAZAWA et al., 2000), biotic (ZHOU et al., 2000) and abiotic stresses
(AGUAN et al., 1993), as well as cell proliferation (MIKAMI et al., 1995) and developmental
processes (CHUANG et al., 1999).
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2.2  The activity of bZIP transcription factors is frequently
modulated by posttranslational mechanisms and
heterodimerisation

In plants, various posttranslational mechanisms have been shown to alter the activity of
bZIP TFs as it has been recently reviewed by SCHUTZE et al 2008. TFs are often
phosphorylated, which might regulate nuclear transport, DNA binding properties or protein
stability (CICERI et al., 1997). Protein phosphorylation and dephosphorylation, catalysed
by protein kinases and phosphatases, respectively, is an important control mechanism for
several biological processes in yeast, plant, and animal cells (CICERI et al., 1997). The
maize bZIP TF Opaque 2 (02) has been shown to be involved in controlling seed specific
expression (VICENTE- CARBAJOSA et al., 1997). Depending on the day- night cycle O2
exhibits in vivo a different phosphorylation pattern which modulate its DNA binding
affinity (CICERI et al., 1997). In Arabidopsis thaliana some bZIP TFs of the group A
require ABA (abscisic acid) dependent phosphorylation to be transcriptional active (CHAE
et al., 2007). Furthermore, nuclear localisation of AtbZIP51 (VIP1) is dependent on
phosphorylation (DJAMEI et al., 2007). The phosphorylation of AtbZIP56 (HYS5) and
AtbZIP39 (ABIS5) influences protein stability (JAKOBY et al., 2002).

BZIP factors might also be regulated by intracellular partitioning (SCHUTZE et al., 2008).
For example AtbZIP10 is regulated in its subcellular localisation through shuttling between
cytoplasm and nucleus. The control of this shuttling is mediated by AtbZIP10 binding
protein LSD1 (Lesions Simulating Disease Resistance 1) (KAMINAKA et al., 2006).

Heterodimerisation is a typical mechanism for regulating bZIP factor activity as it has been
described for mammalian TFs such as JUN and FOS (HALAZONETIS et al., 1988). As a
homodimer, ¢c-JUN binds to the AP-1 cis-element, while ¢c-FOS fails to dimerise and
displays no apparent affinity for the AP-1 element. However, c-JUN and c-FOS
protooncogenes form a heterodimeric complex and regulate transcription via the AP-1
binding site. In plants, heterodimerisation between the maize bZIP factors O2 and OHP1/2
(PYSH et al., 1993) or the orthologous proteins from barley has been described to function
in the regulation of seed maturation (MAT) genes (VICENTE-CARBAJOSA et al., 1998). The
rice bZIP TF LIP19 is induced by low-temperature and heterodimerises with OsOBF1
(Oryza sativa OBF1) in response to cold treatment (SHIMIZI et al., 2005). Furthermore,
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specific bZIP heterodimerisation has been demonstrated between tobacco (Nicotiana
tabacum) BZI-1 and a group of low molecular weight bZIPs, namely BZI-2, BZI-3 and
BZI-4 (STRATHMANN et al., 2001). The same heterodimerisation specificity has been
described for the highly homologous CPRF (Common Plant Regulatory Factor) TFs
isolated from parsley (Petroselium crispum) (ARMSTRONG et al., 1992; RUGNER et al.,
2001). Therefore, it is resonably to speculate that heterodimerisation plays a crucial role in

the regulation of transcriptional activation by these bZIPs.

2.3  The C/ S network of Arabidopsis bZIP transcription factors

In the model plant Arabidopsis thaliana, the bZIP TF family comprises 75 members which
have been classified into 10 groups (JAKOBY et al., 2002). Tobacco BZI-1 shares highest
homology with the four group C bZIP TFs (AtbZIP9, AtbZIP10, AtbZIP25 AtbZIP63)
(STRATHMANN et al., 2001). Members of this group show a molecular weight of 30-40
kDa and are characterised by an extended zipper domain with nine heptad repeats. The
group C TFs exhibit a conserved intron-exon-structure (HEINEKAMP et al., 2002).
AtbZIP10 and AtbZIP25 are the closest homologues to O2 from maize (VICENTE-
CARBAJOSA et al., 1998; ONATE et al., 1999; ONODERA et al., 2001; LARA et al., 2003).
BZI-2, BZI-3 and BZI-4 related Arabiodpsis proteins belong to the large group S of bZIP
TFs which contains 17 small TFs with a molecular weight of 15-20kDa. These TFs contain
a short N- and C-terminal region consisting of a central basic domain and an extraordinary
long leucin zipper with eight to nine heptad repeats (JAKOBY et al., 2002). The group S
bZIP TFs possess no introns. Based on their sequence homology the group S bZIP- TF can
be divided into three subgroups (EHLERT et al., 2006). Remarkably, all members of
subgroup S1 (AtbZIP1, AtbZIP2, AtbZIP1l, AtbZIP44, AtbZIP53) contain highly
conserved upstream open reading frames (uORFs) in the 5'region of their mRNAs
mediating a “sucrose induced repression of translation” (SIRT) (ROOK et al., 1998; WIESE
et al,. 2004; WELTMEIER et al., 2009). Although not firmly established, AtbZIP11 (ATB2)
has been proposed to be involved in source-sink control (ROOK et al., 1998). Furthermore,
group S bZIPs and related TFs from other plant species are implicated in various stress
responses (AGUAN et al., 1993; KUSANO et al., 1995; YANG et al., 2003; LEE et al., 2002).
Based on preliminary data (EHLERT et al., 2006), heterodimerisation of the Arabidopsis



2. Chapter 7

group C and S members seems to occur as it has been described for the tobacco and
parsley system. However, a detailed analysis is necessary to define the heterodimerisation

properties of these bZIPs.

2.4 Function of group C and S bZIPs in primary metabolism and
low energy signaling

Plants sustain life on Earth by converting solar energy. Despite its fundamental
importance, little is known about adaptation mechanisms of plants to the daily light/dark
cycle, or how they respond to unpredictable environmental stresses that compromise
photosynthesis and deplete energy supplies (for review see BAENA- GONZALEZ et al.,
2007). Fluctuation of energy status is an inherent part of plant lifestyle and can be caused
by alterations of the normal day-night cycle due to shading or an extension of the night
hours (SMITH and STITT 2007). An energy deficit can also be triggered by carbon hijack by
pathogens or many adverse conditions such as drought, temperatures extremes, pollutants
or flooding that interfere with carbon assimilation and/or respiration (BASSHAM et al.,
2006). The response to energy fluctuation is triggered before a complete energy deficit
occurs. It is particularly important to consider that even short periods of severe carbon
starvation lead to an inhibition of growth (GUILIONI et al., 2003; SMITH and STITT, 2007).
Comparative studies of public microarray data have uncovered that this is in part
accomplished through changes in gene expression (CROSS et al.,, 2006; BAENA-
GONZALEZ and SHEEN, 2008). The emerging view is that this transcriptome
reprogramming in energy and stress signaling is partly regulated by the evolutionary
conserved energy sensor protein kinases, SNF1 (Sucrose Non- Fermenting 1) in yeast,
AMPK (AMP- activated protein kinase) in mammals and SnRK1 (SNF1- related protein
kinase 1) in plants (for review see POLGE and THOMAS, 2007). Upon sensing the energy
starvation associated with stress, nutrient deprivation and darkness, SnRK1 triggers
extensive transcriptional changes that contribute to restoring homeostasis, promoting cell
survival and elaborating longer-term responses for adaptation, growth and development
(HALFORD et al., 2003; HRABAK et al., 2003; POLGE and THOMAS 2007; HALFORD et al.,
2004; HARDIE, 2007). Recently, the Arabidopsis thaliana SnRK1-like kinases AKIN10

and AKINI11 have been proposed to function as central signaling integrators mediating
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adaptation to energy deprivation (BAENA-GONZALEZ et al.,, 2007). In Arabidopsis
thaliana, a target of AKIN10/ AKINI11 is the asparagine synthetase (ASN1), which
encodes the final enzymatic step in asparagine biosynthesis to control the level of
asparagine (Asn) (BAENA-GONZALEZ et al.,, 2007). In comparison to glutamine,
asparagine contains more nitrogen than carbon and is therefore used to store and transport
nitrogen, especially under stress conditions such as prolonged darkness, when carbon is
limiting (LAM et al., 1994). Sequence analysis of the ASN1 promoter revealed two G-boxes
(CACGTG). This cis-clement is known to be bound by bZIP TFs (NIU et al., 1999).
Protoplast based functional screens revealed that the activation of promoter luciferase
constructs (Proasni:LUC) by AKIN10 and AKINT11 is mediated by one of these G-boxes
(BAENA-GONZALEZ et al., 2007). Furthermore, several group S1 members have been
shown to mediate ASN1 activation in protoplasts (BAENA-GONZALEZ et al., 2007).
However, functional characterisation of bZIP factors in low energy stress response making
use of whole plant systems and gain-of-function and loss-of-function approaches have not

been performed yet.

2.5 Impact of group C bZIPs as transcriptional regulators of seed
maturation genes

Storage reserves accumulate in form of carbohydrates and proteins during seed
development (LARA et al., 2003). Degradation of these reserves upon germination provides
nutrients to the growing seedling before the photosynthetic capacity is fully acquired
(LARA et al., 2003). Expression of seed maturation (MAT) genes in the developing seed is
tightly regulated and coordinated with primary metabolism, in particular aa metabolism
(HUGHES et al., 1989; GUTIERREZ et al., 2007). The MAT genes include major seed
storage protein (SSP) and late embryogenesis abundant (LEA) genes. SSP genes (like 252
albumin) are expressed at early and mid-maturation phases and encode proteins used as
nutrient resources, whereas the LEA genes are primarily proposed to function in acquisition
of desiccation tolerance, which are expressed at later stages of maturation (WOBUS et al.,
1999; HOEKSTRA et al., 2001). Expression of SSP genes is controlled on a transcriptional
level and has been intensively studied as a model system for developmentally and tissue-

specific gene regulation (VICENTE-CARBAJOSA and CARBONERO, 2005). The
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Arabidopsis 2S2 albumin gene promoter contains the RY (CATGCATG) motif (LARA et
al., 2003). Remarkably, factors with a B3 domain such as ABI3, FUS3, or LEC2, are
implicated in the regulation of SSP genes via the RY element (LARA et al., 2003; VICENTE-
CARBAJOSA and CARBONERO, 2005). Additionally, a G-box related Ccis-clement
(CACGTQG) is conserved in many SSP genes, which is the typical binding site of bZIP TFs.
Actually, the first functionally characterised bZIP TF in plants was O2 from maize, a
potent regulator of SSP genes (LARA et al., 2003). The Arabidopsis genome contains four
genes encoding O2 related bZIPs, namely AtbZIP9, AtbZIP10, AtbZIP25 and AtbZIP63
(LARA et al., 2003). However, only the highly homologous TFs AtbZIP10 and AtbZIP25
are expressed in the developing seed and bind the G-box in the SSP promoter of 252
albumin and Cruciferin3 (LARA et al., 2003). Therefore, these bZIPs are proposed to fulfill
functions, assigned to the monocot TF O2 (LARA et al., 2003). Yeast-two-hybrid (Y2H)
analysis revealed that AtbZIP10 and AtbZIP25 can interact with ABI3, an important
regulator of gene expression in the seed of Arabidopsis (LARA et al., 2003). When
expressed individually, AtbZIP10, AthZIP25 and ABI3 could not significantly activate SSP
promoters. However, co-expression of AtbZIP10 or AtbZIP25 with ABI3 resulted in a
remarkable increase in the activation of SSP promoters, suggesting that they are part of a
regulatory complex involved in seed-specific expression (LARA et al., 2003). Although an
important function in MAT gene regulation can be assigned to AtbZIP10 and AtbZIP25, it
has to be analysed whether other bZIP heterodimerisation partners might be involved in

this process.
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2.6 Outline of this thesis

Based on previous work in other plant species, Arabidopsis group C and S bZIPs might
form heterodimers which would consequently influence their functional impact on gene
regulation. Therefore, this thesis focuses on (1) evaluation of bZIP heterodimerisation
capacity of all group C and S members, (2) expression studies for the corresponding genes
to evaluate co-localisation of bZIP heterodimerisation partners, (3) the functional impact of
bZIP heterodimers on target gene regulation and (4) a protoplast-based transfection
approach to evaluate the impact of bZIP heterodimers on a genome-wide level. These

topics are presented in the following publications and manuscripts.

Chapter 3: (EHLERT et al., 2006)

Members of the bZIP C/S1 network form specific heterodimers

In order to study in vivo heterodimerisation of bZIP TFs, an Arabidopsis protoplasts two-
hybrid system (P2H) has been established based on yeast Gal4 DNA binding (BD) and
activation domains (AD). To test the efficiency of the system, a homo- and
heterodimerisation matrix of Arabidopsis group C and S bZIP TFs has been established
and compared to results obtained in yeast two- hybrid systems (Y2H). A preference in

heterodimerisation between members of the sub group S1 and group C was observed.

Chapter 4: (WELTMEIER et al.. 2009)

Members of the C/S1 bZIP network show overlapping expression pattern

The group C/S1 TF network is proposed to implement transcriptional reprogramming in
response to environmental stresses. In order to form heterodimers, the group C and S1
bZIP TFs have to be co-expressed and co-localised. Hence, co-expression was studied
making use of AtbZIPpromoter:GUS lines and array expression data. Clearly overlapping
and distinct differences in expression patterns were observed for the nine members of the

C/S1 heterodimerisation network.
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Chapter 5: (WELTMEIER et al., 2006)

bZIP heterodimers induce transcriptional activity of target genes in hypoosmotic

response

In response to osmotic stress, many plants accumulate the compatible and toxic osmolyte
proline (Pro) (DELAUNEY et al., 1993; LIU and ZHU, 1997; PARVANOVA et al., 2004).
Degradation of Pro is catalysed by the enzymes proline dehydrogenation (ProDH) and P5C
(Pyrrolin-5-carboxylate) dehydrogenase (SPCDH) (PENG et al., 1996; VERBRUGGEN et
al., 1996; NAKASHIMA et al., 1998; YOSHIBA et al., 1999). The transcriptional activation of
the ProDH gene by hypo-osmolarity is dependent of an ACTCAT cis-element, which is a
typical binding site of bZIP TFs. Dimerisation studies using yeast and Arabidopsis
protoplast-based two-hybrid (P2H) systems and BiFC (bimolecular fluorescence
completition) reveal that AtbZIP53 preferentially forms heterodimers with the members of
group C bZIPs, in particular with AtbZIP10. This heterodimer mediated a significant
activation of ProDH transcription independent of the basic DNA binding properties.
Heterodimerisation of bZIP TF has been demonstrated to function as a crucial mechanism

to modulate TF activity and function.

Chapter 6: (DIETRICH et al., unpublished)

Heterodimers of the C/S1 bZIP network controls gene expression in low energy stress

response

In plants, energy deprivation leads to dramatic reprogramming of transcription. Growth
under extended night conditions results in energy starvation and activation of the group S1
bZIP TFs AtbZIP1 and AtbZIP53 by transcriptional and posttranscriptional mechanisms.
Both TFs control the expression of a particular subset of genes involved in the biosynthesis
of the aa asparagine, proline, valine, leucine and isoleucine. Hence, group S1 members are
implicated in reprogramming of primary metabolism in response to low energy stress.
Direct binding of the bZIP TFs to promoters of selected aa metabolic genes has been
confirmed by Chromatin Immuno Precipitation (ChIP) and promoter analysis defining G-

and ACTCAT-boxes as crucial cis-elements in low energy stress response.
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Chapter 7: (ALONSO et al., 2009)

Heterodimers of the C/S1 bZIP network controls gene expression in seed maturation

Arabidopsis seed maturation (MAT) genes are transcriptionally controlled by members of
several TF families, like bZIPs, B3s, MYBs and DOFs. Group S1 AtbZIP53 was defined
as a previously undescribed regulator of MAT genes. Heterodimers of AtbZIP53 and group
C AtbZIP10 and AtbZIP25 were identified to synergistically activate MAT gene
expression. Heterodimerisation was demonstrated to enhance bZIP protein stability, DNA
binding to a G- box element and activation of a SSP promoter (252 albumin). Furthermore,
AtbZIP53 alone does not interact with ABI3, another crucial transcriptional regulator in
Arabidopsis seeds, but ternary complex formation between the AtbZIP53/10 heterodimer

and ABI3 leads to increased 2S2 albumin gene expression.

Chapter 8: (HANSSEN et al., unpublished)

Genome-wide analysis reveals the impact of bZIP heterodimers on target promoter

selection

AtbZIP proteins include a large family of TFs, which affect gene expression by DNA
binding as homo- or heterodimer. To decipher the complex network of different AtbZIP
dimers which can bind and regulate particular sub-sets of target genes, Arabidopsis
mesophyll protoplasts were transformed with plasmid DNA encoding the group C TF
AtbZIP10 and the group S1 AtbZIP11, both and non heterodimerising derivatives. The
array analysis revealed that co-expression of AtbZIP11 and AtbZIP10 results in substantial
differences in up-regulated gene sets when compared to single bZIP expression. Altogether

these data suggest a crucial functional impact of bZIP heterodimerisation.
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Summary

In vivo protein-protein interactions are frequently studied by means of yeast two-hybrid analysis. However,
interactions detected in yeast might differ considerably in the plant system. Based on GAL4 DNA-binding (BD)
and activation domains (AD) we established an Arabidopsis protoplast two-hybrid (P2H) system. The use of
Gateway -compatible vectors enables the high-throughput screening of protein-protein interactions in plant
cells. The efficiency of the system was tested by examining the homo- and heterodimerization properties of
basic leucine zipper (bZIP) transcription factors. A comprehensive heterodimerization matrix of Arabidopsis
thaliana group C and group S bZIP transcription factors was generated by comparing the results of yeast and
protoplast two-hybrid experiments. Surprisingly, almost no homodimerization but rather specific and
selective heterodimerization was detected. Heterodimers were preferentially formed between group C
members (AthZIP9, -10, -25, -63) and members of group S1 (AtbZIP1, -2, -11, -44, -53). In addition, significant but
low-affinity interactions were detected inside group S1, S2 or C AtbZIPs, respectively. As a quantitative
approach, P2H identified weak heterodimerization events which were not detected in the yeast system. Thus,
in addition to cell biological techniques, P2H is a valuable tool for studying protein-protein interaction in living
plant cells.

Keywords: two-hybrid analysis, protein-protein interaction, Arabidopsis thaliana, groups C and S bZIP
transcription factors, heterodimerization.

Introduction

Protein-protein interaction has been considered as increas-
ingly important for the molecular understanding of biologi-
cal processes (Pawson and Nash, 2003). Several methods
have been proposed for studying protein—protein interaction
in vitro and in vivo. In particular, yeast two-hybrid approa-
ches have been very successful in identifying putative pro-
tein interaction partners (Fields and Song, 1989). However,
the data obtained from yeast and plant cells might differ
considerably, and therefore, in planta confirmation of the
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interaction is necessary. Biochemical approaches like co-
immunoprecipitation (Co-IP) or cytological methods like
fluorescence resonance energy transfer (FRET) (Wallrabe
and Periasamy, 2005) or bimolecular fluorescence comple-
mentation (BiFC) (Hu and Kerppola, 2003; Huang et al., 2005;
Walter etal, 2004) have been used. The latter are of
advantage in identifying the cytological localization of a
given protein interaction. However, these methods do not
quantify the affinity of the protein partners. Furthermore,

© 2006 The Authors
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these methods are limited when large numbers of protein
partners have to be tested. In order to enable high-
throughput screening of protein interactions in planta, an
Arabidopsis thaliana protoplast two-hybrid (P2H) assay was
established which utilizes Gateway “-compatible (Invitrogen,
Karlsruhe, Germany) vectors.

To test the efficiency of the P2H system, dimerization of
basic leucine zipper (bZIP) proteins was analysed. The bZIP
proteins are ubiquitously distributed transcriptional regula-
tors characterized by a basic DNA-binding domain {Landsc-
hulz et al, 1988). In general, bZIP proteins bind DNA as
dimers mediated by the so-called leucine zipper domain
(ZIP), a heptad repeat of leucine or other bulky hydrophobic
amino acids creating an amphipathic helix (Baxevanis and
Vinson, 1993; Landschulz et al., 1988). The formation of bZIP
homo- or heterodimers offers a tremendous combinatorial
flexibility to a regulatory system. The DNA-binding specif-
icity and affinity, transactivation properties and, ultimately,
cell physiology might be altered by heterodimerization
(Naar et al., 2001). In the model plant A. thaliana, 75 bZIP
proteins have been identified and classified into 10 groups
(Jakoby et al., 2002). In general, bZIP proteins do not
heterodimerize promiscuously; specific interactions are
preferred (Newman and Keating, 2003). Thus, heterodime-
rization is anticipated to fulfil an important function in gene
regulation. In tobacco (Strathmann et al., 2001) and parsley
(Rugner et al.,, 2001) specific heterodimerization was found
among members which are related to the Arabidopsis group
S and group C bZIP proteins (Jakoby et al, 2002). The
function of group C and group S bZIP proteins has as yet
hardly been assessed. These bZIP transcription factors are
thought to be involved in important functional aspects such
as seed development (Lara et al., 2003), carbohydrate par-
titioning (Rook et al., 1998) or stress responses (Satoh et al.,
2004).

In this work we have compared the dimerization proper-
ties of Arabidopsis group S and group C bZIPs in yeast and
protoplast two-hybrid approaches. A matrix displaying
specific interactions has been established. In particular
strong heterodimerization was found between members of
the groups C and S1. Moreover, the P2H system enables
discrimination between weak and strong interactions.

Results

Arabidopsis group C and group S bZIP transcription factors

Since specific heterodimerization between group C and
group S bZIP proteins has been described in tobacco
(Strathmann et al., 2001) and parsley (Riigner et al., 2001}
this finding prompted us to analyse heterodimerization in
the model plant Arabidopsis, where the complete bZIP gene
family has been described (Jakoby et al., 2002). In Arabid-
opsis, group C and group S consist of four and 17 members,
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respectively. In comparison with other bZIP proteins, these
transcription factors harbour the extraordinarily high num-
ber of eight hydrophobic amino acid repeats (Figure 1a, b).
Based on homology of the bZIP domains, the 17 members of
group S can be divided into three subgroups, designated S1,
52 and S3 (Figure 1c). Members of group C differ with re-
spect to their N-terminal and C-terminal domains sur-
rounding the central bZIP domain. Whereas AtbZIP10,
AtbZIP25 and AtbZIP63 show high amino acid homology,
AtbZIP9 is more distantly related (Figure 1a).

Comprehensive yeast two-hybrid analysis reveals specific
bZIP heterodimerization preferentially between groups C
and S1

Due to their conserved bZIP domain, group C and group S
proteins have been classified as transcription factors. In
order to define their capacity in regulating transcription,
AtbZIP factors were fused to the DNA-binding domain (BD}
of the yeast transcriptional activator GAL4 (Giniger et al.,
1985) and expressed in yeast. The ability of BD-AtbZIP fusion
proteins to bind GAL4 upstream activating sequences (GAL-
UAS) and to activate the transcription of a lacZ reporter gene
was quantified by p-galactosidase assays (Figure 2). Strong
activation capacity was found for the group C members
AtbZIP9 and AtbZIP10, which prevents further interaction
studies in yeast. AtbZIP53, AthZIP25 and AtbZIP63 did not
show any intrinsic activation properties, whereas the acti-
vation capacities of the other AtbZIPs were rather weak.
Transcription factors of the bZIP family bind DNA pre-
dominantly as homo- or heterodimers (Cranz et al., 2004;
Ellenberger et al, 1992; Metallo and Schepartz, 1997).
Making use of a yeast two-hybrid system, heterodimeriza-
tion between members of groups C and S was detected by
prototrophic growth of the yeast strains on plates without
uracil (Figure 3a). Protein-protein interaction was further
elucidated quantitatively by measuring lacZ activity (Fig-
ure 3b,c). Table 1 summarizes the results, indicating that
only selective protein-protein interactions occur. In partic-
ular, the group C bZIP proteins heterodimerized with mem-
bers of subgroup S1. No interaction was observed between
group C and subgroups S2 or S3. Some weak heterodime-
rization was detected among members of subgroup S1
(Figure 3¢, Table 1). Surprisingly, homodimerization was
hardly detected in the yeast two-hybrid system when the
prototrophic growth of the yeast colonies was analysed. In
agreement with this, quantitative [-galactosidase assays
revealed only very weak homodimerization capacities. For
instance, the BD-AtbZIP63/AD-AtbZIP1 heterodimer (AD
being the GAL4 DNA-activation domain) produced a [-
galactosidase activity of 22.1 units, whereas homodimeriza-
tion of AtbZIP63 or AtbZIP1 resulted in an activity of 1.0
and 0.38 units, respectively. From these data we conclude
that the heterodimerization of AtbZIPs of subclass C and
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(a) abodef gabedef gabedef Qabodef qabodef gabodef gabodal gabedef gabodef
o PO " 3. 4. §. L 6. 7.
bZIP9 NDLKRIREMNSNRESAKRSHRREQE n.vm.u ovpsHikG BusTLYK QLIDATQ QERsAGT wllrviikS o¥eTERv KVIHAED :.vancs:.-
bzIP10 EDVKESREMLSNRESARRSRRREQE QTSDLET QVNDLKG EHSSLEK QLSNMNH KYDEARV GNRELKA DIETLRA KVEMAEE TVKRVIGH
bZIP25 TDVKRARBMLSNRESARRERRRECE OMNEFBT QVGQLERA EHSTLIN RLSDMNH KYDAARV DNRILRA DIETLRT KVEMAEE TVKRVIGH
bZIP63 TNVERVERMLSNRESARRSRRREQA HLSELET QVSQLRV ENSFLMK GLEDVTQ TENDASV ENRVIKA NIETLRA KVEMAEE TVEKRLTG*
(b) gqbcdof gabcdef gabcdef gabcdef gabedef gabedef gabcdef gabq,qg.fgqp,gg_g_g
1. L % 3. §. L & 7.
bzZIP1 IDERKRERKLSHEESARESRIKKOK Llllrrm EESSHER RIKENSE RCRAVKQ upsyz'r ENAGERS EKIWLSS YWSDEEN m'rm-
bZIP53 TDERKREEMISHRESARASEMRKOK OBc EVTLLEN DNAKETE OWDEASK KYIEMES KMNVLRA OASELTD RLRSLNS VEEMVEE*
bZIPZ VDERKREAMLSNBESARES EMRKOK QINQLSN DNROIEN SLTVTSQ LYMKIQA ENSVLTA CMEELST qms:‘mr. IVDIVOS*
bZIP11 MEQRKRKRMLSHRESARES EMKKOK LLDDLTA QVNHLKK ENTEIVT S¥SITTQ HYLTVEA ENSVLEA CLDELNH RLQSLND IIEFLDS*
bzIP44 IDERKRKEKQSNEESARRSEMRKOK HLDDLTA QVTHLEK ENAQIVA GIAVITQ HYVTIEA zinm OVLELNH RLOSLNE IVDFVES*
bZ1P3 ARASEMRKOR HEDELLS QVAWDRS EWHQLED KLNOWSD WNDL¥IQ ENSSEKE ENLELRQ VITSMKK*LGGGIHD
bZIP4Z Innnmkmmahsmgxon HLDELWS QVMMLRI EWHOLLD KLNNLSE SHDKVLQ ENAGLKE ETFELKQ VISDMOI*QSPESCE
bZIP43 INERKQKHKISHEESARESHMRKQR CWDELWS OVMMLRD ENHQLLR ELNCVLE SQEEVIE ENVQLKE ETTELKQ MISDMQL*QNQSPFS
bZIP48 LDERKQREMLSNRESARNSHMRKQR HLDELWS QVIRLRN EWNCLID KLNRVSE TONCVLK ENSKLKE EASDLRQ LVCELKS*NENNNNS
bZIP58 DE-RKQREMISHRESARESHMRKQR HLDELWS QVIRLRT DNHCLMD KLNRVSE SHELALK ENAKLKE ET3DLRQ LISEIKS*HNEDDES
bZIP8 ER--KRREKVSHEESARRS EMRKQR H[Uzms MIVOLIN KNKSLVD ELSQARE CYEKVWIE ENMKLRE ENSKSRK*MIGEIGL NWRFLSVE
bZIP70 PEERRAREMVSNRESARNSEMRKKK OIEELQQ QVEQLMM LNHHLSE EVINELE SNHQILQ ENSQLFE KVSSFHL LMADVLL*PMRNAES
bZIP75 DEERRLREMASHRESARETEMRERM MKEGLOM QVKOLMA YNQFLYN KYISLLE YNHQILQ ENSQLKE TVSSFHD QYTISYG NHEGIIG
bzIP4 VDDEKRRETISNRESAKESHMEKKK RFEELTE EVNRINI RNQELKN RLANVVS CGNFESR ENNREKT ESVCLEI RELEEYR FEVAMOS*
bZIP5 TDERKKRRFLSNEESAKRS HEEKOK HLEEMST QENQLEI ONQELKN QLRYVLY HCQRTKM ENDRLLM EHRILHD KLLNIRQ VEIMFRQT*
bZI1P7 mznxmﬂulﬂsmnxoq HIDNLRE QVNRLDL ENRELGN RLRLVLH QLORVWNS DNWRLVT EQETLRL RLSEMRR* ILTIRQL
bZIP6 TDDRKRKRMESNRESAKRSKMRKOR HIDNLED EANRLGL ENRELAN RLRIVLY NIALMCT DNNQILS EQEILER RFLEMRQ*ILIFRQL
(c) AtbZIP1 (d)
AtbZIP53
AtbZIP2 Group S1
AtbZIP11/ATB2
AtbZIP44
AtbZIP4
AtbZIP5
Group S3
AtbZIP6 P
| AtbZIP7
AtbZIP8
AtbZIP3
AtbZIP42
AtbZIP43
- AtbZIP48 Group S2
AtbZIP58
AtbZIP70
AtbZIP75
AtbZIP63
AtbZIP9
AtbZIP10 Group C
AtbZIP25

Figure 1. Classification of A. thaliana groups C and S bZIP transcription factors (Jakoby et al., 2002),

{a} Amino acid (aa) alignment of the bZIP domains of the group C members AtbZIP9 (At5g24800), AtbZIP10 (Atdg02640), AtbZIP25 (At3g54620) and AthZIP63
(At5g28770).

(b} Amino acid alignment of the bZIP domains of the group S members. Conserved aa are depicted in red The positions of the aa in the heptad repeats of the leucine
zipper are labelled with gabedef (Landschulz et al., 1988). Termination of the »-helical ZIP domain as predicted by Deppmann et al. (2004) is indicated (*],

(c) Based on an aa alignment of the bZIP domains, members of group S have been subdivided into the subgroups S1, S2 and S3.

(d} Heterodimerization of two bZIP proteins is mediated by interaction/repulsion of the aa located in positions a and d as well as e and g (Deppmann et al., 2004; Fong
et al,, 2004),

subclass S is preferred over homodimerization. Moreover,
heterodimerization does not occur promiscuously, but in a
very specific manner.

In addition to the formation of C/S1 heterodimers, strong
interaction between the group S2 members AtbZIP58 and
AtbZIP42 was detected (Figure 4). It is important to note that

© 2006 The Authors
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Figure 2. Activation properties of BD-AtbZIP proteins in yeast.

The indicated BD-AtbZIP fusion proteins were expressed in the Proquest®
yeast two-hybrid strain MaV203. Activation of a lacZ reporter driven by GAL-
UAS elements was measured by quantitative [-galactosidase ([-gal) activity
assays. Mean values and standard deviations are calculated from four
measurements obtained from two independent yeast transformants, Data
related to group C and group S1bZIPs are coded in grey or black, respectively.

10 25 63

AtbZIP42 is the only protein tested which shows reasonable
homodimerization activity in yeast (Figure 4a).

A two-hybrid approach to the study of protein-protein
interaction in plant-derived protoplasts

To quantitatively assess protein-protein interaction
in planta, the principle of the yeast two-hybrid approach
was established for transiently transformed Arabidopsis
protoplasts (Figure 5a). In order to enable a high-
throughput protein-protein interaction screening, Gate-
way -compatible high-copy vectors were constructed
which allow the expression of AD or BD fusion proteins
under the control of the strong 35S promoter (Figure 5b).
The ATG start codon was optimized (Sprenger-Haussels
and Weisshaar, 2000) to ensure a high level of translation
in plant cells. The AD and BD constructs harbour nuclear
localization sequences (NLS) which target the fusion pro-
teins to the nucleus, where protein interactions are meas-
ured by reporter gene activity. In order to test whether
given interaction partners exhibit activation properties
without the heterologous AD domain, a third vector was
constructed which allows the expression of HA (hae-
magglutinin)-tagged proteins (Figure 5b). Expression of
the proteins in the transformed protoplasts can be verified
by using commercial antibodies raised against the GAL4
BD and AD domain or the HA tag, respectively (Figure 5c).

Arabidopsis protoplasts were transfected using the PEG
(polyethylenglycol) method described by Sheen (2001).

© 2006 The Authors
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Figure 3. Heterodimerization analysis of groups C and S1 bZIP proteins
using a yeast two-hybrid assay.

(a) Prototrophic growth of the yeast two-hybrid strain MaV203 on media
depleted in uracil indicates heterodimerization of the analysed bZIP partners.
Co-transformants of BD-AtbZIP53 (left) and BD-bZIP83 (middle) with the AD-
bZIP proteins indicated on the right.

(b, c) Activation of a lacZ reporter driven by GAL-UAS elements was
measured by quantitative [-galactosidase ([i-gal) activity assays. We ana-
lysed co-transformants expressing the AD-AthZIP proteins indicated and BD-
AtbZIP25 (b) or BD-AtbZIP1 (c). Mean values and standard deviations
calculated from four measurements obtained from two independent yeast
clones are given. The bZIPs from groups C and S are coded in grey or black,
respectively.

Variation in the transfection efficiencies was corrected by
co-expression of a Prosss:NAN (synthetic neuraminidase
gene) reporter (Kirby and Kavanagh, 2002), the activity of
which can easily be measured in the same buffer system and
with the same equipment that is used for GUS assays. Using
this procedure, highly reproducible data were obtained and
the number of repetitions reduced.

To test the efficiency of the system we analysed group C/
S1 interactions for AtbZIP which had been observed in the
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Table 1 Interaction pattern of group C and group S AtbZIP transcription factors obtained by yeast two-hybrid analysis
BD-AthZIP
c 51 S2
AD-AtbZIP  AtbZIP9  AthbZIP10  AtbZIP25  AtbZIP63  AthZIP1  AtbZIP2  AtbZIP11  AthZIP44  AtbZIPS3  AtbZIP42  AtbZIP58
(o
AtbZIP9 A A = - + + + - - -
AtbZIP10 A A - = + + 4 + - -
AtbZIP25 A A = - + | - -
AtbZIP63 A A - - + + + - -
S1
AtbZIP1 A A + E — (+) (+) - - -
AtbZIP2 A A - - = - - - -
AtbZIP11 A A + +) = B - = = -
AtbZIP44 A A f - = = - = -
AtbZIP53 A A + - - - - = - -
S2
AtbZIP42 A A - - (+) = = (+) = b= +
AtbZIPS8 A A - - - - (+) (+) + (+)
AtbZIP43 A A - - - - - = = = -
AtbZIP48 A A - = - = = = = = (+)
S3
AtbZIP4 A A - - (+) - - - - - -
AtbZIP6 A A - - - - - = - - -
AtbZIP7 A A - - - = = - B B -
AtbZIP8 A A = = = = = = - & ~

Bait proteins, BD-AtbZIP; prey proteins, AD-bZIP; -, no interaction/activation; (+), weak interaction (2-5 x rel. l-galactosidase units); +, strong
interactions (>5 x rel. i-galactosidase units); A, no quantification due to autoactivation of the bait; grey background shows homodimers.

yeast system. Intrinsic activation properties of the BD-bZIP
fusion protein were measured by co-expression with a
GAL4-UAS,:GUS reporter gene. Significant transactivation
properties were found for AtbZIP2, AtbZIP11 and AtbZIP44,
but not for the other members of groups C and S1
(Figure Ba). Activation of the reporter depends on the GAL-
BD-mediated DNA binding. The control experiments in
Figure 6(a) clearly demonstrate that AD-AtbZIP proteins
cannot bind or activate the GAL-UAS;:GUS reporter. Hence,
the binding of the BD domain to GAL-UAS is specific to plant
cells.

Interaction of a BD-AtbZIP protein with a protein partner
fused to the AD domain should result in strong activation
of the GAL4-UAS,:GUS reporter. Figure 6(b) shows data
from typical experiments where the interaction between
non-autoactive BD-AtbZIP1 and the other group_S and
group C bZIPs were studied. Strong interaction of BD-
AtbZIP1 was observed in particular with AtbZIP10 and to a
lesser extent with AtbZIP25 (Figure 6b). Due to the quan-
titative read-out, the method allows us to differentiate
strong from weak interactions, such as that of AtbZIP1
with AtbZIP11. The use of the group C member AtbZIP25
as a bait again revealed that interactions between groups
C and S1 are preferred in comparison to heterodimeriza-
tion within group S or group C factors, respectively
(Figure 6c).

Establishment of an in planta heterodimerization matrix of
group S1 and group C bZIPs

Because the yeast two-hybrid analysis revealed specific
interactions between all group C and group S1 bZIPs, the
P2H system was used to establish a comprehensive in planta
interaction map (Table 2). In principle, the data observed in
yeast could be confirmed with the P2H system. However, in
contrast to the interactions observed in yeast, not all inter-
actions between groups C and S1 appear to be as strong as
in the plant system (e.g. AtbZIP1/AtbZIP63). Furthermore, in
contrast to the yeast system, some additional interactions
within the group C AtbZIPs were detectable (e.g. AthZIP10/
AtbZIP63), indicating that the plant-cell-specific environ-
ment influences the protein-protein interaction pattern. In
summary, the P2H approach seems to be a highly sensitive
tool for studying protein interactions in living plant cells.

Discussion

In this study, we establish a Gateway"-based two-hybrid
assay, which enables quantitative high-throughput studies
of protein-protein interactions in plant cells. The feasibility
of the system was demonstrated by analysing bZIP hetero-
dimerization in comparison with a classical yeast-based two-
hybrid system.

© 2006 The Authors
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Figure 4. Heterodimerization of group 52 bZIP protein using a yeast two-
hybrid assay.

Activation of a lacZ reporter driven by GAL-UAS elements was measured by
quantitative [-galactosidase (fi-gal) activity assays. We analysed the co-
transformants expressing the AD-AtbZIP proteins indicated as well as BD-
AtbZIP42 (a) or BD-AtbZIP58 (b). Mean values and standard deviations
calculated from four measurements obtained from two independent yeast
clones are given. The bZIPs from groups C and S are coded in grey or black,
respectively.

Protoplast two-hybrid (P2H) assays enable high-throughput
protein-protein interaction studies in plant cells

Yeast two-hybrid screenings are well-established tools for
identifying protein interaction partners, particularly those
involved in plant signalling processes. However, since

Figure 5. Development of a protoplast based two-hybrid system (P2H) in
Arabidopsis.

(a) Set-up of the GAL4-based interaction system using GAL4 activation
domain (AD) and GAL4 binding domain (BD) fusions. Interaction of the
proteins X and Y is measured using a GAL-UAS,;:GUS reporter. For normal-
ization of transformation efficiency a Prosss:NAN construct was used (Kirby
and Kavanagh, 2002).

(b} The Gateway“-compatible (GW) vectors p355-GAD-GW, p35S-GBD-GW
and p355-HA-GW enable expression of AD, BD or HA tag fusion proteins in
protoplasts under control of the 355 promaoter (Pro35S). CmR, chloramphen-
icol resistance gene; AmpR, ampicillin resistance gene; ccdB, constitutive cell
death (negative selection marker), attR1/2 GW recombination sites; polyA,
polyA site.

{c} Immunological detection of group 51 and group C bZIP proteins indicated
after expression in Arabidopsis protoplasts. The figure shows Western blots
making use of a HA-tag-specific antibody. *, unspecific background staining.

© 2006 The Authors
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cellular conditions might greatly affect protein-protein
interaction, it is essential to confirm the findings in a plant-
cell system. In this work, we transferred the principle of the
GAL4-based two-hybrid system (Fields and Song, 1989) to
plant cells. Specific binding of BD fusion proteins to the GAL-
UAS,:GUS reporter was demonstrated, whereas AD fusion
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proteins do not bind and activate the reporter. Protein-pro-
tein interaction leads to strong activation of the reporter
mediated by the AD domain, which has been found to
function in the plant system. In comparison to other
approaches, the P2H system offers a number of advantages:
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(i) Itis an in planta assay system. Comparison of bZIP
interactions studied in yeast shows that many but not
all the interactions are identical in the plant system.
This finding can be explained by plant-specific factors
or conditions which might influence interactions in
different cellular systems.

(i) Intrinsic activation properties have been found to be a
problem in yeast two-hybrid systems. The study
presented here demonstrates that interactions can be
observed even if the baits show intrinsic activation
properties.

(iii)  The protoplast two-hybrid assay is an in vivo assay. In
comparison with Co-IP methods, the interactions are
studied without disruption of the cellular context
under in vivo conditions.

{iv) The protoplast two-hybrid assay is easy to handle
using standard plant laboratory equipment and meth-
ods. This is particularly true when compared with
methods like FRET and BiFC.

(v) By applying Gateway"-compatible vectors, P2H can be
used as a high-throughput technology.

{vi} By using a Prosss:NAN normalization construct, the
GUS and NAN reporter assays can be performed in the
same test tube using standard plate reading equip-
ment. In our hands, the assays have been found to be
highly reliable and reproducible.

{vii} The use of commercial tag-specific antibodies (HA, AD,
BD) enables control of the expression levels of the
expressed proteins.

(viii) Finally, but most importantly, P2H allows a quantita-
tive read-out of protein-protein interactions. Whereas
FRET and BIFC methods allow cytological localization
of protein-protein interactions, the quantification of
the fluorescence read-out is difficult.

Like all approaches, P2H has its limitations and therefore
several methods should be used in combination to confirm a
protein-protein interaction:

(i) Asin the classical yeast two-hybrid analysis, the interac-
tion is studied in the nucleus and therefore might be
limited for specific classes of proteins. In particular, the
use of P2H with respect to proteins involved in transcrip-
tional control has been successfully demonstrated.

Figure 6. Heterodimerization of groups C and S1 bZIP proteins using a P2H
assay system in A. thaliana protoplasts.

(a) Activation of a GAL-UAS.:GUS reporter gene was measured after expres-
sion of the BD-AtbZIP proteins indicated (black bars). In control experiments,
AD-AtbZIP proteins (white bars) do not bind and activate the reporter.
Co-expression of BD-AthZIP1 (b) or BD-AtbZIP25 (c) with the AD-bZIP proteins
indicated. Activation of the GAL-UAS,:GUS reporter indicates heterodimeri-
zation. In every transfection experiment 9 g of reporter and 28 pg of effector
plasmid DNA was applied. In co-transfections 14 pg of each bZIP effector
plasmid was used. Variations in transformation efficiency are normalized by
using 3 pg of a Prosss:NAN plasmid construct per experiment {Kirby and
Kavanagh, 2002). Mean values and standard deviations of four independent
transfections calculated as relative GUS/NAN activities (units) are given.
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Table 2 Interaction pattern of group C and group S1 AtbZIP transcription factors obtained by P2H analysis. Activation of a GAL-UAS,:GUS
reporter was quantified after expression of BD-AtbZIP proteins (-} and co-expression of BD-AtbZIP and AD-AtbZIP fusion proteins. Mean values
of GAL.:GUS reporter gene activity (in relative GUS/NAN units) of four independent transfection experiments and the standard deviation (SD)

are given. Grey background shows homodimers

BD-AtbZIP
c S1
AtbZIP9 AthZIP10  AtbZIP25  AtbZIPE3  AtbZIP1 AtbZIP2 AthZIP11 AthZIP44 AtbZIP53
AD-At bZIP sD SD SD SD SD SD SD SD SD
— 4 1 1 1 5 3 2 0 3 1 2 1 25 7 2 0 2 1
C
AtbZIP9 B h 4 0 12 1 10 1 33 3 55 0 134 16 16 4 102 4
AtbZIPI0 28 9 2 0 8 171 14 271 18 63 6 345 4 49 0 176 35
AtbZIP25 19 7 4 0 1m 1 10 1 74019 207 14 500 8 189 8 150 34
AtbZIP63 18 7 T |2 1 0o m 1 13 1 50 0 172 20 15 2 33 12
s1
AtbZIP1 2 0 0 7 30 4 8 2 2 o 13 3 21 4 3 0 8 1
AthZIP2 6 2 9 7 50 70N 3 4 3 % 0 68 17 3 1 17 5
AtbZIP11 7 3 7 5 35 10 18 6 17 8 41 13 30 3 31 29 5
AtbZIP44 5 2 6 4 25 6 13 8 9 4 01 12 2 22 13 3
AtbZIP53 5 1 15 7 28 1 10 2 7 6 5 13 36 0 4 0 6 0

(i) The reporter gene read-out is based on transcriptional
control. Hence, if one of the protein partners or a
combination of both partners has an influence on
transcription, this would consequently affect the read-
out. We therefore provide a vector without an AD
domain, which can be used to control the reporter gene
read-out without activation mediated by the AD domain.
The detection system is based on the expression of
fusion proteins, which might compromise protein func-
tion. As has been described for the yeast two-hybrid,
BiFC and FRET systems, interaction might not work
bidirectionally, depending on whether a BD or an AD
domain is fused to the N-terminus or C-terminus of the
protein of interest. In the described example of bZIP
factors, we found that group S factors tolerate BD
fusions, whereas the read-out of all protein interactions
of group C BD fusions is much lower (see Table 2).
Normalization of the data can be done by statistical
means, such as calculating over average values. This
would enhance interaction values, for example, of
AtbZIP9 and group C members.

(iii)

In consequence, although the reporter gene read-out gives
clear information on whether protein interaction occurs or
not, the quantitative values have to be evaluated with care, as
they might not have been entirely related to protein-protein
interaction properties of the partners. As in yeast systems,
switching between N- and C-terminal fusions is advisable.

Groups C and S1 bZIP transcription factors form specific
heterodimers

Heterodimerization of bZIP transcription factors has been
implicated to be an important mechanism in transcriptional

© 2006 The Authors

control (Newman and Keating, 2003). However, as in other
systems, heterodimerization in Arabidopsis is proposed not
to occur promiscuously (Newman and Keating, 2003), but
rather in a specific manner (Armstrong et al., 1992; Schindler
et al., 1992).

The P2H system offers the unique possibility of analy-
sing a large number of protein interaction events in
parallel. As an example, we studied bZIP heterodimeriza-
tion. In agreement with our yeast interaction data and with
data obtained from highly related bZIP proteins from
tobacco (Strathmann et al, 2001) and parsley (Rigner
et al., 2001) group C bZIPs heterodimerize preferentially
with members of group S1 (Figure 7). These findings could
also be confirmed by using in vitro or in vivo techniques,
such as far-Western (Strathmann et al., 2001) or BiFC (CSM
and WDL, unpublished results). Because no interaction
with selected members of the subgroups S2 and S3 or
other groups such as group A and group D (AE, FW, WDL,
data not shown) resulted in an activation of the reporter
gene, we conclude that the bZIP proteins analysed here are
highly selective with respect to their heterodimerization
properties.

The affinity of the members of groups C and S to form
homodimers is rather low. This is in contrast to in vitro DNA-
binding experiments which show that homodimers of group
S (Satoh et al., 2004) or group C (Lara et al., 2003} can bind
DNA. This finding could be explained by monomeric DNA
binding which has been described before (Cranz et al., 2004;
Metallo and Schepartz, 1997). Alternatively, structural ana-
lysis of bZIP proteins has demonstrated, that, by DNA
binding, the conformation of the basic domain turns into a
coiled structure which is linear with the ZIP domain (Pu
and Struhl, 1991). Hence, the formation of a DNA/bZIP
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Y2H:

P2H:

AtbZIP63

I%azm

AtbZIP10

AtbZIP25

Figure 7. Comparison of the heterodimerization of group C/S1 bZIP tran-
scription factors detected by Y2H (upper panel) or P2H (lower panel).

Weak interactions and strong heterodimerizations are depicted by thin or
solid lines, respectively.

protein complex might alter the dimerization properties. Qur
experimental system makes use of the GAL4 DNA-binding
domain and, hence, protein interaction is measured inde-
pendent of DNA binding mediated by the basic domain. It is
tempting to speculate whether selective dimerization would
occur in the absence of target DNA under in vivo conditions
and if, therefore, heterodimer formation could be involved in
the recognition and guidance of transcription factors to their
specific target promoters.

In addition to the high-affinity group C/S1 heterodimers,
some interactions between members of group S2 (AtbZIP42/
AtbZIP58), group C (AtbZIP 10/AtbZIP63) or group S1 (Ath-
ZIP53/AtbZIP11) were also observed. Although these inter-
actions are weak, they can be reproducibly detected by the
P2H system. Genome-wide interaction screens will provide
the basis to elucidate the biological relevance of particular
heterodimers.

Mutations, which specifically disrupt the s-helical struc-
ture of the ZIP domain, inhibit interaction, indicating that the
protein-protein interaction is mediated by the ZIP domain
(AE, FW, WDL unpublished results). Resulting from know-
ledge obtained in Homo sapiens and Drosophila melano-

gaster, Deppmann et al. (2004) postulated a simple model to
predict homo- and heterodimerization in Arabidopsis based
on (i) the number of heptad (abcdefg) repeats, (i) the
presence of asparagines or charged amino acids in position
a, and (iii) the presence of interhelical electrostatic interac-
tions (mainly in positions g and e) (see Figure 1a,d).
However, the experimental data obtained in this work would
not have been predicted from these simple rules. A more
complicated algorithm was suggested by Fong et al. (2004)
and verified by comparison with near-complete protein
array data obtained for the human bZIP proteome (Newman
and Keating, 2003). This algorithm predicts some, but not all,
of the interactions we found in this study, indicating that
more experimental data are necessary to acquire full know-
ledge of the heterodimerization pattern of bZIPs in plant
systems.

In contrast to the human bZIP proteins, all proteins of
groups S1 and C are characterized by an extraordinarily
long ZIP domain consisting of eight heptad repeats
(Figure 1). Other bZIP proteins, which do not interact with
members of groups C and S1, display significantly fewer
repeats, such as members of group D or group A
{Deppmann et al., 2004). Interestingly, many members of
groups S2 and S3 which do not heterodimerize with group
C contain proline (P} or multiple glycine (G) residues in
their last repeats, which should disrupt the =-helical
structure resulting in a significantly shortened ZIP domain
(e.g. AthZIP43, AtbZIP3, AtbZIP70; see Figure 1). This
would support the idea that these structural features might
influence heterodimerization. However, since the five
closely related group S1 members show significantly
different heterodimerization properties, the number of
repeats cannot be the only determinant. Analyses of
secondary structure using the paircoiL software (Berger
et al., 1995) indicate that proteins with related heterodime-
rization patterns show a similar conformation, based on
their probability of forming s-helical structures (data not
shown). Furthermore, it is striking that the heptad repeats
6 and 7 of the subgroups S2 and S3 are more distantly
related than those of bZIP proteins classified into groups C
and S1 (Figure 1). Experimental studies using ZIP-specific
mutations will give further insights into how heterodime-
rization specificity is achieved.

In this work we demonstrated that bZIP heterodimeriza-
tion does not occur promiscuously but in a specific
manner. Protein structure defines heterodimer formation
and, ultimately, target gene selection. Hence it can be
assumed that heterodimerization plays an important role
in gene regulation. The P2H assay offers a valuable tool for
analysing heterodimerization under in planta conditions.
These studies are important for defining partners for
further functional studies on bZIP transcription factors as
well as improving bioinformatic tools for heterodimer
prediction.

© 2006 The Authors
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Experimental procedures

Plant material and treatment

For protoplast preparation A. thaliana ecotype Columbia (Col-0)
was grown on soil under controlled environmental conditions in 16-
h light/8-h dark cycles.

Molecular biological techniques

Standard DNA techniques have been described in Sambrook et al.
(1989). The DNA sequence analyses were performed using an
ABI310 sequencer (Applied Biosystems, Darmstadt, Germany) with
an ABI PRISM BigDye terminator cycle sequencing reaction kit
(Applied Biosystems, Darmstadt, Germany). Western analysis was
performed as described in Heinekamp et al. (2002) using a poly-
clonal HA antibody (Santa Cruz, Santa Cruz, CA, USA).

Vector construction

For construction of the P2H vectors, the Gateway” cassettes BD-
attR1-GW-attR2 and AD-attR1-GW-attR2 were PCR amplified using
target DNA from the yeast two-hybrid vectors pDEST32 and
pDEST22 (Invitrogen) and the primers pBDy, (AGGTACC-
AACAATGAAGCTACTGTCTTCTATCGAAC) and pGW,., (AGGTAC-
CACCACTTTGTACAAGAAAGCTGAA) or pADy,, (AGGTACCAA-
CAATGCCCAAGAAGAAGCGGAAGGTC) and pGW, ., (AGGTACCA-
CCACTTTGTACAAGAAAGCTGAA), respectively. The translational
start (ATG) was optimized (underlined) for plant expression (Spr-
enger-Haussels and Weisshaar, 2000). The PCR fragments were
inserted in the pGEM-T Vector and verified by DNA sequencing.
After restriction with Acc6b1, the GW cassettes were inserted into
the protoplast transformation vector pHBT (Sheen, 2001) which
enables expression under control of the Prosss.

In order to obtain p35S-HA-GW, the 3xHA-tag-attR1-GW-attR2
cassette located in the plant transformation vector pAlligator2
(Bensmihen et al., 2004) was PCR amplified using the primers
AGGTACCAACAATGGCATACCCATACGACGTTCC and AG-
GTACCACCACTTTGTACAAGAAAGCTGAA. The following steps
were performed, as described above.

Gateway entry vectors (pDONR201, pDONR207) containing the
different Arabidopsis group S and group C bZIP genes were made
available by the REGIA project (Jakoby et al., 2002). From the entry
vectors the bZIP genes were recombined into the ProQuest® Y2H
Vectors pDEST22 and pDEST32 (Invitrogen), p355-GAD-GW, p355-
BD-GW and p355-HA-GW as described by the manufacturer.

Yeast two-hybrid analysis

ProQuest” Y2H vectors pDEST22 and pDEST32 containing the dif-
ferent bZIP genes were transformed into the yeast strain MaV203
(Invitrogen} according to the protocol of Dohmen et al. (1991).
Handling of yeast cultures, plate growth assays and quantitative f-
galactosidase assays were performed as described in the Clontech
Yeast Protocols Handbook (1996).

Protoplast transformation and GUS assays

Protoplast isolation and transformation was performed according
to the method described by Sheen (2001). For transactivation
assays, 9 ug of a GAL4-UAS,:GUS reporter (B. Weisshaar, Univer-
sity of Bielefeld, Germany) and 14 ug of each bZIP effector plasmid

©@ 2006 The Authors
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were used. For normalization 3 pg of Prosss:NAN plasmid (Kirby
and Kavanagh, 2002) was added. GUS and NAN enzyme assays
were performed according to Kirby and Kavanagh (2002). The ratio
of GUS and NAN activities are calculated as relative GUS/NAN units
using Excel software (Microsoft, Office).
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Abstract Members of the Arabidopsis group C/S1 basic
leucine zipper (bZIP) transcription factor (TF) network are

proposed to implement transcriptional reprogramming of

plant growth in response to energy deprivation and envi-
ronmental stresses. The four group C and five group S|
members form specific heterodimers and are, therefore,
considered to cooperate functionally. For example, the
interplay of C/S1 bZIP TFs in regulating seed maturation
genes was analyzed by expression studies and largel gene
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regulation in both protoplasts and transgenic plants. The
abundance of the heterodimerization partners significantly
affects target gene transcription. Therefore, a detailed
analysis of the developmental and stress related expression
patterns was performed by comparing promoter: GUS and
transcription data. The idea that the C/SI network plays a
role in the allocation of nutrients is supported by the
defined and partially overlapping expression patterns in
sink leaves, seeds and anthers. Accordingly. metabolic
signals strongly affect bZIP expression on the transcrip-
tional and/or post-transcriptional level. Sucrose induced
repression of translation (SIRT) was demonstrated for all
group S1 bZIPs. In particular, transcription of group Sl
genes strongly responds to various abiotic stresses, such as
salt (AbZIPI) or cold (AthZIP44). In summary, heterodi-
merization and expression data provide a basic framework
to further determine the functional impact of the C/SI
network in regulating the plant energy balance and nutrient
allocation.

Keywords
Expression analysis -
Energy homeostasis

Group C and S1 bZIP transcription factors -
Nutrient allocation -

Introduction

Due to their phototrophic life style, plants continuously
adjust their metabolism to day-night rhythms as well as
environmental changes. which result in transient energy
deprivation. Recently, the Arabidopsis thaliana SnRK-like
kinases (sucrose non-fermenting 1(SNF1)-related protein
kinases) KIN10 and KIN11 were proposed to function as
central signaling regulators mediating adaptation to energy
deprivation as well as other stresses (Baena-Gonzalez et al.
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2007). Importantly, these kinases show structural similar-
ities to SNFI-kinase (sucrose non-fermenting ) in yeast
and AMPK (AMP-dependent protein kinase) in mammals
which are considered to function as master regulators of the
energy balance essential for survival under stress (Polge
and Thomas 2007). In plants, the asparagine synthetase
gene (ASNJ) has been proposed to be a target of the
KIN10/11 pathway (Baena-Gonzalez et al. 2007). In Ara-
bidopsis, ASNI controls the level of the major amino acid
asparagine (Lam et al. 1994, 1998, 2003). In comparison to
glutamine, asparagine contains more nitrogen than carbon
and is, therefore, used to store and transport nitrogen.
especially under stress conditions such as prolonged
darkness, when carbon is limiting. The transcriptional
regulation of dark- or stress-induced ASN/ activation is
mediated specifically by a G-box cis-element (Baena-
Gonzalez et al. 2007: Hanson et al. 2008), typically rec-
ognized by basic leucine zipper (bZIP) transcription factors
(TFs). bZIP proteins are exclusively found in eukaryotic
cells and bind DNA by forming homo- or heterodimers
(Landschulz et al. 1988). In the Arabidopsis genome, 75
bZIP genes have been identified and classified into 10
groups. referred to as groups A to U (Jakoby et al. 2002).
Interestingly. only a specific subset of G-box binding bZIP
factors were shown to carry out at least some of the KIN10/
11 responses (Baena-Gonzalez et al. 2007) namely, Atb-
ZIP2 (GBF5, At2g18160), AtbZIP11 (also named ATB2,
Atdg34590), AWZIP53  (At3g62420), and AbZIPI
(At5g49450). The closely related S1 factor AtbZIP44
(Atl1g75390) was not tested but probably participates in
these responses as well (Ehlert et al. 2006). In an inde-
pendent approach, we also identified ASN/ as a target of
AtbZIP11 by a micro array analysis of plants expressing
AtbZIP11 in an inducible manner (Hanson et al. 2008).
The exact function of group S1 bZIPs is poorly under-
stood. Besides sequence similarity, group S1 bZIPs are
characterized by an unusually long 5 leader containing
highly conserved upstream open-reading frames (uORFs).
The AtZIPI1 uORFs have been shown to mediate a
sucrose induced repression of translation (SIRT) at post-
transcriptional level (Wiese et al. 2004), indicating a
function in sugar signaling. Accordingly, AtbZIPI1, a S1
group member that is up-regulated by light in tissues sur-
rounding the vasculature in carbohydrate-consuming (i.e.,
sink) tissues, is proposed to be involved in balancing car-
bohydrate demand and supply (Rook et al. 1998a. 1998b).
Recently, AtbZIP53 was shown to be involved in abiotic
stress response, regulating proline dehydrogenase expres-
sion  (ProDH) during the hypoosmolarity response
(Weltmeier et al. 2006). Homologs of the Arabidopsis
group S| bZIPs are present in all the plant species studied
and are transcriptionally activated by biotic (Lee et al.
2002) or abiotic stresses such as cold (Shimizu et al. 2005),

f Springer

wounding (Stankovic et al. 2000). drought (Ito et al. 1999),
and salt (Kusano et al. 1995). In summary, the currently
available data support the postulated function of group S|
bZIPs in regulating energy starvation and other stress
responses.

Group S1 bZIPs have been shown to elficiently form
specific heterodimers with bZIP members of group C in
planta (Ehlert et al. 2006), namely AtbZIP9 (At5g24800),
AIbZIP10 (Atdg02640). AtbZIP25 (At3g54620) and Atb-
ZIP63 (A15g28770). So far, few publications have focused
on the biological function of group C bZIPs. AthZIP10 was
shown Lo be involved in oxidative stress response. partic-
ularly during defense against the biotrophic pathogen
Hyaloperonospora parasitica  (Kaminaka et al.  2006).
Furthermore, AthZIP10 and AtbZIP25 were proposed to
function as orthologous proteins of the maize OPAQUE2
bZIP factor, which participates in the regulation of seed
storage protein (SSP) genes (Lara et al. 2003). SSP syn-
thesis and accumulation strongly depends on resources
provided by the “source™ tissues to the developing seed,
classified as a typical “sink”. We have recently demon-
strated that heterodimers between group S1 AtbZIP53 and
the group C bZIPs. AtbZIP10 or AtbZIP25, are crucial for
the full level expression of SSP genes (Alonso et al.
submitted).

Heterodimerization between groups C and S1 has so far
been studied in the context of their role as the regulators of
ProDH gene transcription, which was shown to be a direct
target of group C and group S1 heterodimers (Weltmeier
et al. 2006). Importantly, heterodimerization results in the
strong activation of target genes which cannot be evoked
by homodimeric bZIP TFs. Hence, heterodimerization
between group S1 and group C bZIPs provides an efficient
mechanism to enhance transcription of target genes (HIT,
heterodimer induced transactivation). As a starting point of
a systems biology approach, heterodimerization of all
group S| and C were studied in yeast and plant cells (Ehlert
et al. 2006) confirming a high affinity for C/S1 interac-
tions. In summary, these findings support the working
hypothesis that a complex heterodimerization network
of four group C and five group S1 bZIPs provides a sig-
nal integration system operating in plant transcriptional
networks.

Here we present a series of examples where the analysis
of expression patterns of S1/C bZIPs allows the postulation
of functionalities on the basis of potential combinatorial
interactions. We provide evidence, by transient expression
experiments in protoplasts and transgenic gain-of-function
plants, for the function of the C/S1 network in regulating
gene expression in late seed development. The transcription
of target genes is characterized by the coordinated action of
pairs of heterodimerizing TFs. Since co-localization of the
bZIP partners in the same cell and also in the same cellular
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compartment is a prerequisite for heterodimerization and
consequently gene activation, it is essential to know the
temporal and spatial expression patterns of the individual
AWZIP TF genes. Transcriptional analysis and studies per-
formed with promoter: GUS lines defined the partially
overlapping expression patterns of the bZIP genes confined
to typical sink tissues such as seeds or anthers. The regula-
tion by stress stimuli and metabolic signals, such as sugars,
was studied at transcriptional and post-transcriptional levels.
In summary, we provide a basic data set to dissect this
complex regulatory network involved in the plant’s energy
balance.

Materials and methods
Plant material and plant transformation

Arabidopsis thaliana  ecotype Columbia (Col-O) was
grown on soil under controlled environmental conditions
at 16 h light/8 h dark cycles. To improve germination
uniformity, plants were pre-treated at 4°C for 2-4 days.
Floral dip transformation was performed by using Agro-
bacterium tumefaciens strains GVG3101 and wild-type
A. thaliana Col-0 (Weigel and Glazebrook 2002). Protoplast
transformation was described in Ehlert et al. (2006).

Molecular biological techniques

Standard DNA  techniques have been described in
Sambrook et al. (1989). DNA sequence analysis was
performed using an ABI310 sequencer and utilizing an
ABI PRISM BigDye Terminator Cycle Sequencing
Reaction Kit. Plant RNA was isolated using TRIZOL
Reagent (Life Technologies, Rockville, MD, USA).
Hybridisation probes were produced by PCR amplification
from ¢cDNA using specifically designed primers (Supple-
mentary Table 1). For 252 and CRU3 500 bp EcoRI
fragments were obtained from the clones pGEM-282 and
pGEM-CRUS3, respectively (Lara et al. 2003). Protoplast
isolation and transformation was performed as described
in Ehlert et al. (2006).

Vector construction

GATEWAY "™ entry vectors (Invitrogen) for all full-length
bZIP ¢cDNAs have been described in Ehlert et al. (2006).
For ectopic expression, the ¢DNAs were recombined
into the GATEWAY™ destination vectors pAlligator2
(Bensmihen et al. 2004).

Vectors encoding Propzp;:GUS. Proypnps;:GUS.
Projzip2:GUS,  Proay,zpi:GUS  and  Progy,zpss:GUS

fusions have already been described in Rook et al. (1998a),
Wiese et al. (2004) and Weltmeier et al. (2006), respec-
tively. To obtain a Proygzp,:GUS vector, a 1,949 bp
fragment downstream of the AbZIP1 transcription start
site was PCR amplified using the primers given in Sup-
plementary Table 1. Sall and EcoRI restriction sites were
added at the 5" and 3’ of the primer to facilitate directional
cloning into the vector pCAMBIA-1391Z (http://www.
cambia.org/). The Pro,gzpe:GUS construct was cloned
using standard methods and the promoter sequence fused to
the GUS gene of pCAMBIA-1391Z. The 2.784 bp pro-
moter sequence includes the genomic sequence from the
Spel site (2.206 bp upstream of the transcriptional start
site) to the Earl site positioned at position 578 of the
mRNA encoding region (within the AtbZIP44 protein
encoding sequence). DNA fragments of ca. 600 bp from
the promoter regions of AtbZIP63 and AtbZIPY genes were
amplified with primers designed with appropriate restric-
tion sites (Supplementary Table 1) and cloned into pBI101
at Sall-BamHI (AtbZIP63) or Sall-Xbal (AbZIPY) sites to
generate Progy,zpe:GUS and Prog . pes: GUS.

In order to obtain Proyge.jeadeGUS vectors, sequences
of AWZIP1 (460 bp), AtbZIP2 (456 bp), AtbZIPI1]
(475 bp), AtbZIP44 (504 bp) and AtbZIP53 (494 bp) were
amplified using the primers indicated (Supplementary
Table 1). PCR fragments were cloned into the pGEM-T-
Easy vector (Promega. Madison, USA) and sequenced.
Leader fragments were then fused to the GUS-NOS vector
pPA2 (http://www.pgreen.ac.uk), using standard restric-
tion/ligation techniques (between Pstl/Neol for AIbZIPS53
and between EcoRI/Ncol for the other four). The leader:
GUS-NOS fusion fragments were moved to the
pGreen0299 vector (EcoRI/HindlIl digest) (http://www.
pgreen.ac.uk). The UBQI0 promoter was amplified by
PCR. The promoter fragment was inserted into the
pGreen0229 plasmids containing the leader: GUS fusions
(Norl/Pstl restriction). The integrity of the final vectors was
confirmed by sequencing.

GUS Assays

For GUS histochemistry, plant material was stained in a
I mM  5-bromo-4-chloro-3-indolyl  B-D-glucuronide
(X-gluc: Biosynth AG) solution in 50 mM sodium phos-
phate, pH 7.0, 0.1% Triton X-100, 1 mM K;Fe(CN),.
I mM K Fe(CN),, at 37°C over night. Clearing was in a
series of 70% ethanol. Expression analysis was based on
3-6 independent transgenic lines for each bZIP gene. These
lines were selected from 10 to 15 wansgenic lines showing
significant expression. Quantitative GUS enzyme activity
measurements were performed according to Weigel and
Glazebrook (2002).
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Results and discussion

Co-localization studies define the function of specific
group C and S1 members in seed development

Publicly available array data on the expression of group S|
and C genes during seed development are summarized in
Fig. la. Interestingly, AtbZIP53 is significantly induced
during the late stages of seed development indicating a

regulatory function during seed maturation. This expres-
sion pattern was confirmed by GUS staining of the
corresponding promoter: GUS lines (Proagzps::GUS)
(Fig. 1b) and by in situ hybridization (Alonso et al. sub-
mitted). However, as demonstrated in transiently
transformed protoplasts, AtbZIP53 was a weak activator of
the 28 albumin (252) SSP promoter, a typical member of
seed maturation genes (Fig. 2a). Remarkably, 252 tran-
scription was efficiently activated by AtbZIP53 when

(A) 12000
10000 " | — AtbZIP1
8000 = AthZIP53
g 5D ¥ / AtbZIP11
? i AtbZIP44
R m— e |[ARP
2000 W”_: —— AthZIP25
0 T T T T T T

I e e

AtbZIP44

AtbZIP2

AtbZIP53

AtbZIP9

AtbZIP25

AtbZIP10

Fig. 1 Expression of the group C and group 51 bZIP genes during
seed development. (a) Kinetics of transcript abundance of group C
and group S1 AtbZIP genes is based on expression profiles provided
by Schmid et al. (2005). Material has been harvested as defined in the
following stages of seed development (for details see: http://www.
genomforschung.uni-bielefeld.de/GF-research/ AtGenExpress-seeds
Siligques.himl) (3) siliques containing seeds, mid globular 1o early
heart stage (48-66 h after flowering, haf): (4) siliques containing
seeds. early heart to late heart (66-84 haf): (5) siliques containing
seeds, late heart to mid torpedo (84-90 haf): (6) seeds. mid torpedo 1o
late torpedo (90-96 haf): (7) seeds. late torpedo to early walking-stick

4\ Springer

AtbZIP63

(96108 haf); (8) seeds, walking-stick to early curled cotyledons
(108120 haf); (9) seeds, curled cotyledons to early green cotyledons
(120-144 haf): (10) seeds, green cotyledons ( 144-192 haf). For each
time point the average value of three biological replicates is shown.
(b) Histochemical analyzes of GUS activity in young siliques (stage
8-9) of Arabidopsis plants transformed with the indicated Proy,,
2 GUS constructs. Plants were grown for 8 weeks on soil under
long-day conditions and siliques were harvested 8 h after beginning
of the light phase and stained with 1 mM X-Glue. For each construct
one representative silique is shown. Parts of the siliques are removed
to document staining of the seeds
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co-expressed with any group C heterodimerization partner
(Fig. 2b), indicating that co-expression of the group C TFs
during late stages of seed development is critical for the
proposed function of the bZIPs in regulation of seed
maturation genes. Accordingly. in Pro,zp;0:GUS lines,
the whole carpel showed GUS activity, which became
localized to the seeds during development (Fig. Ib). In
contrast, only weak activity in seeds and silique valves was
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Fig. 2 Regulation of the 2§ albumin (252) seed storage protein
promoter by group C and group S1 bZIP TFs in transiently
transformed Arabidopsis leal mesophyll protoplasts. (a) Transfection
experiments of a Prosg>:GUS reporter with the group ST (AtbZIP 1, 2.
11, 44, 53) or group C (AbZIP 9, 10, 25, 63) bZIP constructs
indicated. (b) Co-transfection of AthZIP53 with the group S1 and C
AbZIPs indicated. (¢) Co-transfection of AtbZIP1 with the group S1
and C AWZIPs indicated. Given are mean values and standard
deviations of four transfections. Amount of DNA used in a reaction:
effector plasmid: 14 pg: reporter plasmid: 9 pg. The GUS enzyme
activity was calculated relative to expression of a NAN standard
(3 pg per reaction) (Ehlert et al. 2006)

detectable in Progup:5:GUS lines. The other group C
factors showed no GUS activity in seeds, but in the silique
valves, vasculature and funiculi, as demonstrated for
Prosmznre:?GUS lines or in vasculature and funiculi, as
found in Pro,zpe-GUS lines. Thus, although potentially
several C/S1 bZIP heterodimers can activate 252 target
gene transcription, the in planta function is essentially
confined by co-expression and co-localization of different
bZIP partners.

As reflected in the AtGenExpress data set (Fig. 1a), only
the expression of AWbZIPI, the closest homologue of
AtbZIP53 (Ehlert et al. 2006), is transcriptionally activated
in the late stages ol seed development, thus fulfilling the
requirements for a regulator of seed maturation genes. As
demonstrated in protoplast assays, AtbZIP1 shared activa-
tion and heterodimerization functions to some extent
comparable to those of AtbZIP53. However, 252 activation
by AWZIPI/AZIPI0 was less pronounced when com-
pared to AbZIP53/AbZIP10 (Fig. 2¢). Accordingly.
histochemical analysis of Progp,;:GUS plants revealed
staining of the silique valves but not the seeds (Fig. Ib).
Therefore, expression data as well as activation properties
suggest that AthZIP1 and AWZIP53 are functionally dif-
ferent in planta.

AbZIP2, AWZIPI1 and AWbZIP44 Pro:GUS fusions
lead to staining during early seed development (Fig. Ib,
Supplementary Fig. 1) (Rook et al. 1998a. b). GUS activity
appeared after fertilization, and disappeared when seeds
started to mature. Transient GUS activity was primarily
observed in the upper ovules and in funiculi, but staining
disappeared upon seed maturation, except in the funiculi.
These GUS patterns are in accordance with the micro array
data sets presented in Fig. la. Thus, the specific high
expression of AtbZIP11 and AtbZIP44 in early stages of
seed development suggests yet unknown functions in
embryogenesis but not in seed maturation. Although Atb-
ZIP11 and AtbZIP44 showed a very strong capacily (o
activate 252 transcription in protoplasts (Fig. 2), expres-
sion profiles argued against a function in regulating SSP
genes.

These findings demonstrate that the transcription factors
of the C/S1 network partly overlap with respect to their
transcription factor properties but clearly differ in function,
due to specific expression and heterodimerization patterns.
Further analysis of multiple loss-of-function lines will
disclose whether bZIPs are functionally redundant.

Target gene expression is controlled by the cellular
abundance of bZIP heterodimerization partners

The amount of the bZIP partners present in individual cells

significantly influences target gene expression. As depicted
in Fig. 3, the ectopic expression of AtbZIP33, AtbZIP63 or
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Fig. 3 High abundance of particular group C and group S1 bZIP TFs
leads to misexpression of seed storage protein largel genes in
Arabidopsis seedlings. (a) Activation of 252 and cruciferin (CRUJ)
seed storage protein genes were analyzed in plants ectopically
expressing HA tagged derivatives of AtbZIP1, AIbZIPS3, AtbZIP63
and AtbZIP9 driven by the 355 promoter (Pro;sg). Northern analyzes
of seedlings of the transgenic overexpressors were performed using
the radio-labeled probes indicated. Equal loading was confirmed by
ethidium bromide (EtBr) staining. (b) Western analysis confirmed
expression of the HA tagged bZIP proteins (arrows) HA-AIBZIPI,
HA-AIbZIPS3, HA-AbZIPY and HA-AWZIP63, respectively. The
transgenic plants indicated (right) were compared with wild-type (W)
plants (left)

AWbZIPY under the control of the 35S promoter (Prosss) led
to 252 transcription in seedlings, where this gene is nor-
mally not expressed. These results demonstrate that
AbZIP63 and AtbZIPY possess the capacilty to activate 252
transcription but that their tissue-specific expression pat-
tern limits their in planta function. Manipulating the
protein amount of the bZIP genes might shift the balance of
bZIP dimers and, consequently, result in the misexpression
of target genes. At this point it is not entirely clear whether
this ectopic activation of SSP genes is mediated by
homodimers formed because of unusually high protein
concentrations or whether heterodimers with bZIPs present
under these conditions lead to this misexpression of target
genes. Importantly, ectopic expression of AtbZIP1 did not
activate 252 transcription, suggesting that it has a separate
function in seed maturation compared to AtbZIP53.

In summary, AbZIP53 and AtbZIP10 are the most
important bZIP TFs for the regulation of SSP gene
expression. However, other group C and S1 bZIPs share
partly overlapping transactivation, heterodimerization and/
or expression properties. In order to dissect their functions,
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we performed a comprehensive comparison of expression
profiles.

Group C and S1 bZIP factors show distinct expression
patterns during anther development

Seed formation and pollen development share many
aspects in their physiological status typical of sink tissues.
Besides nutrient allocation from source tissues, pollen
maturation triggers desiccation tolerance programmes
comparable to those existing in the seed to survive harsh
environmental conditions. It is well known that overlap-
ping sets of genes are up-regulated during seed and pollen
development (Zakharov et al. 2004). For instance, the
ProDH gene. encoding a proline degrading enzyme. is
strongly activated during Arabidopsis seed and pollen
development (Satoh et al. 2002) and the ProDH promoter
is a direct target of AbZIP53/AtbZIP10 during the hypo-
osmolarity response (Weltmeier et al. 2006). Possibly, the
group C and group S1 genes are also expressed in other
sink tissues of the plant including pollen. The analysis of
GUS activity in flowers shortly before pollination revealed
two interestingly distinct patterns in the anthers.
While the anthers of Prog,p:GUS. Proggp:GUS,
P!‘UA,;,Z”’_‘T.{.'GUS. Pf'(il_m,z‘r_ng_;.'GUS and P}'{J._m,z;p(,_g.'CUS
lines showed expression in pollen, GUS activity in
the anthers of  Progmwapr:1:GUS.  Proyuzpss:GUS.
Prosmzpe:GUS and Proapzp0:GUS lines was restricted to
the connective tissue at pre- and post-dehiscence stages and
also occasionally in the vascular tissue of the stamen fila-
ment vasculature. In the latter group, staining of pollen was
never observed (Fig. 4). The strong expression of AtbZIP|
and AtbZIP25 in pollen was confirmed by the high tran-
script  abundance displayed in  public array data
(Zimmermann et al. 2004). With the exception of Atb-
ZIP10, all group C and S1 bZIP genes showed significant
transcript level in stamen, but no detectable transcripts in
pollen (Zimmermann et al. 2004). These data further sup-
port the assumption that the C/S1 network is involved in
the allocation of nutrients to sink organs.

In vegetative tissues group C and S1 bZIP genes show
distinct expression patterns in sink leaves and the
vasculature of stems

To obtain deeper insight into the potential role of the C/S1
TF network in green tissues, we extended our expression
analysis to 20-day-old green plants at growth stage 20
(Boyes et al. 2001). As shown in Fig. 5. the GUS staining
of the plants revealed overlapping but distinct expression
patterns. With the exception of the Proyyzp2s:GUS line,
all Promoter:GUS [usions led to staining of young,
developing leaves which are considered sink under these
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Fig. 4 Histochemical analyzes
of GUS activity in flowers at the
time of dehiscence in the
Arabidopsis group S1 (red) and
group C (blue) Proyzp:GUS
lines indicated. Plants were
grown for 8 weeks on soil under
long-day conditions and flowers
were harvested 8 h after
beginning of the light phase. For
each construct one
representative flower is shown.
Interestingly. anthers show GUS
activity either in pollen
(AIbZIP], AtbZIP2, AIbZIP53,
AtbZIP25, AtbZIP63) or in the
connectivum (AtbZIP11,
AthZIP44, AIbZIP9, AtbZIP10),
respectively. Inlet figures are
showing representative anthers
at higher magnification

AtbZIP10

growth conditions. In contrast, the older leaves and
cotyledons showed no or much weaker staining, The
staining in the young leaves was strongest in the vascular
tissue. Compared to the other fusion lines, the staining
of Proy,zp10:GUS and Pro,zpe:GUS lines was con-
fined more to the vascular tissue and the activity of the
Proy,zp0:GUS lines was restricted to the vascular tissue
only (Fig. 5 and 6). Figure 7 represents an overview. which
summarizes GUS results in comparison to the public micro
array data sets (Zimmermann et al. 2004). Contradictory to
the results from the Pro:GUS analysis, mRNA of bZIP
genes were equally abundant in juvenile and adult leaves.
However, this finding might be explained by the juvenile
leaves used in the mRNA profiling experiment being
considerably older than the strongly stained leaves shown
in Fig. 5. In particular, for the group S1 Pro,up:GUS
lines, this difference could be explained by post-tran-
scriptional regulation (Wiese et al. 2004) since SIRT could
reduce GUS activity in well supplied adult source leaves
even at high transcript levels.

AWZIP10 and AtbZIP25 Pro:GUS lines showed weak
GUS activity in the stems, whereas Pro,zpe:GUS lines
displayed constant staining strictly confined to the phloem
(Fig. 6 a—c). In contrast, Proa,zp;:GUS lines showed
GUS activity in both the phloem and the xylem (Fig. 6 d).
Similar GUS activity in the phloem and the xylem was

AtbZIP25 AtbZIPE3

reported for Proggyzpr:GUS lines and a function of Atb-
ZIP11 in “source-sink™ control proposed (Rook et al.
1998a). Altogether, these data support the idea that the
C/S1 network regulates allocation of nutrients in response
1o the energy status of the cell (Baena-Gonzalez et al.
2007).

Despite this general similarity, a detailed observation
revealed considerable differences in GUS activity. All
group S1 Pro:GUS lines showed an intense staining of the
stipulate. which, within group C. was generally observed
for Projupzp25:GUS plants only. Pros,zpe:GUS  and
Prosmap:s:GUS also showed no activity in the trichomes,
which is regularly observed in the other GUS lines
(Fig. 7a). Furthermore, whereas all group S1 Pro:GUS
lines often showed pronounced staining in the hydathodes,
this is not the case for the group C members with the
exception ol the Proazp0:GUS line (Fig. Ta).

We also analyzed GUS activity in roots of 20-day-old
soil-grown plants. Pro,p:GUS lines. corresponding to
ABZIPI, AbZIP2, AWbZIPI1 and AbZIP9, showed an
intense staining, which is strongest in, or even restricted to,
the vascular tissue (data not shown). AtbZIP44, AthZIP53,
and AtbZIP25 displayed a weaker staining. which. in the
Proagzips;:GUS line, was variable depending on the
experiment. Generally, staining in the root increased with
the age of the plant.
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Fig. 5 Histochemical analyzes
of GUS activity in 20 days old
transgenic Arabidopsis plants
expressing Progzp:GUS
fusions. Plants were grown on
soil under long-day conditions
and harvested 8 h after
beginning of the light phase. For
each construct one
representative staining is shown.
In PPYJ‘.‘,;,Z‘JIP;J:;.'GUS lines GUS
activity was found only in
stipulate, which are shown in
magnification next to the whole
plant. All plants have been
stained with 1 mM X-Gluc
exceplt the Proyzp2s:GUS and
Progzps:GUS expressing
plants. Because of low GUS
activity, 2 mM X-Gluc staining
solution has been applied

Fig. 6 Detailed analysis of
specilic ProggzpGUS
expression patterns.
Progyzpe:GUS and
Proyzpr:GUS lines show
distinet tissue-specific GUS
activities not found in any other
group C and group S1 Pro:GUS
line. Thin sections of X-Glue
stained leaf (a). root (h) or stem
(¢) of a Proygzpe:GUS line
showing phloem-specific
activity (P). (d). sections of
X-Glue stained stem of a
Progzp;:GUS line showing
GUS activity in phloem (P) as
well as in xylem (X)
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(A)
AtbZIP: Group S1 AthZIP sroup C AthZIP
1 2 11 44 53 9 10 25 63
young leaves + + |+ + + +P + - +
old leaves - - - - - - - - -
stipulae + + + + + (+) (+) + (+)
trichomes + + (+) (+) (+) = + - (+)
hydathodes (+) | (+) | (+) (+) (+) £ (+) - -
stem +H [H]|®H | & [+ @& -
root - + |+ + | [+ |+ +) |+
flower buds + + + + + + + + +
carpel (+) | + (+) + - + (+) (+) -
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(B)
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Fig. 7 Comparison of expression data for group 51 (red) and group C
(blue) bZIP TFs obtained by histochemical GUS analysis and
transcriptome profiling. (a) Summary of GUS expression patterns:
+: stable, significant GUS activity; —: no GUS activity; (+):
occasional GUS activity appearing in seemingly stochastic manner:
P: GUS activity restricted to the phloem: f: GUS activity mostly in the
funiculus; v: GUS activity mostly in the silique valves; s: GUS
activity mostly in the developing seeds. Results are based on
histochemical analysis of 3-6 independent lines for each bZIP gene.
(b) Abundance of AthZIP transcripts in different plant organs. Given
are the modified output results from the meta analyzer of Geneves-
tigator (Zimmermann et al. 2004). This tool illustrates the transcript

Expression of group C and S1 genes is fine tuned
by metabolic signals on transcriptional and
post-transcriptional levels

In agreement with the postulated [unction of group Sl
bZIPs in energy homeostasis, many bZIP genes of the

N« 26N
e
L T
ha 10
-t o BN

abundance of the indicated genes in different organs, and groups of
genes with similar expression patterns by hierarchical clustering.
Callus and cell suspension were excluded. as they are not topic of this
article. Hierarchical clustering results were generated by pairwise
Euclidean distances and using the average linkage method. Results
are given as heat maps in blue/white coding that reflect absolute
signal values, where a darker colour represents stronger expression.
For the blue/white scale, all gene-level profiles were normalized for
coloring such that for each gene the highest signal intensity obtains
the value 100% (dark blue) and absence of a signal obtains the value
0% (white)

C/S1 network are regulated by sugars on the transcrip-
tional and post-transcriptional level. In comparison,
various hormone treatments barely alfect transcription of
the analyzed bZIP genes (Zimmermann et al. 2004).
Micro array experiments were recently performed with
seedlings treated for 1 h with glucose or with mannitol,
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which served as a control for osmotic stress (Li et al.
2006). Strong repression of transcription was observed for
AWZIP1, AbZIP63 and AIbZIPY, whereas AtbZIP11 was
induced (Supplementary Fig. 2). The importance of Atb-
ZIP1 and AtbZIP63 in energy deprivation is further
demonstrated by the fact that the highest signals detected
for these genes in all 2,507 Genevestigator data sets
(Zimmermann et al. 2004) were observed in plants grown
for 4 days in the dark without supplementary sucrose and
in starving cell cultures. These results were supported by
array analysis performed by Price et al. (2004). Dark-
grown, sugar-depleted plants were transferred for three
hours to hydroponic media supplemented with 3% glu-
cose or 3% 3-o-methylglucose (3-OMG) which is not
sensed by plants. Glucose treatment strongly repressed
expression of AtbZIP1 (>30-fold) and AtbZIP63 (20-fold)
and their transcripts were hardly detectable after treat-
ment. Repression of AtbZIPY9 and AWbZIP2 was less
pronounced. In contrast, the same treatment caused a
strong induction of AtbZIPI1. 3-OMG did not affect the
expression of these genes.

In addition to transcriptional control, the post-tran-
scriptional SIRT mechanism was shown to be effective
for AtbZIP11 (Wiese et al. 2004; Hanson et al. 2008). To
visualize the effect of the SIRT mechanism in transgenic
Arabidopsis  seedlings, approximately 500 bp of the
group S1 bZIP 5 leaders sequences were fused to the
GUS gene and the expression was driven by the con-
stitutive UBQI0 promoter (Fig. 8 a). In comparison to
the mock- or sorbitol-treated controls, growth on
100 mM  sucrose resulted in strongly reduced GUS
activity mainly in the aerial parts of the seedlings
(Fig. 8). Differences in mRNA levels were not respon-
sible for the GUS activity levels, as determined by real
time quantitative RT-PCR analysis (data not shown).
Although these data clearly demonstrate that the uORF
regulation is conserved among all group S1 bZIPs,
transcriptional regulation differs. For instance. AtbZIP1
transcription is repressed by glucose, whereas AtbZIP11
is strongly induced (Supplementary Fig. 2). Strong con-
servation of uwORF leader sequences of S1 bZIPs
indicates that the SIRT mechanism is likely conserved
over the plant kingdom (Wiese et al. 2004). Such post-
translational regulation offers the advantage of added
regulatory potential, or, of more rapid responsiveness and
fine tuning compared to transcriptional control. It is
tempting to speculate that SIRT may serve as an
important regulatory circuit to fine tune the S1 expres-
sion with respect to the nutrient status of the cell. This
hypothesis could also explain variability in GUS staining,
as SIRT offers the opportunity to sense local differences
in sugar concentrations even at the cellular level and to
adapt expression accordingly.
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Fig. 8 The leaders of all group 51 AtbZIP genes repress translation
in response to sucrose (SIRT. sucrose induced repression of
translation). (a) Schematic illustration of wORF arrangement in
leaders of five close members of S1 class bZIPs in Arabidopsis tha-
ligna and the T-DNA uwsed for transformation. Arrows represent
transcriptional start sites. The uORFs are depicted as gray boxes in
three different reading frames. The conserved reading frame is
depicted in dark gray. Wt genomic arrangement (top) and T-DNA
structure (below). In which the endogenous promoter is replaced by
the UBQI0 promoter (Progposo) and the GUS gene is inserted into
the coding sequence of the gene. (b)) Histochemical GUS staining
of 5-day-old transgenic Arabidopsis seedlings grown in media
without sugar added (left), with 100 mM sorbitol (SOR) (middle)
or 100 mM sucrose (SUC) (right). Seedlings were grown for 4 days
without sugar added to the media before treatment (24 h duration).
(g)—(k) Normalized GUS activity levels of the seedlings shown in
(b)~(f). GUS activities were measured using fluorometric MUG assay
and normalized to the concentration of soluble proteins in the extracts
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Group S1 AtbZIPs show distinct and significant
changes in expression in response (o abiolic stresses

The transcription of group S1 AtbZIP genes is affected by
different abiotic stress stimuli. The complexity of the S1
AtbZIP transcriptional regulation is demonstrated by the
AtGenExpress transcriptome data set (Kilian et al. 2007),
in which stressed roots and leaves were analyzed separately
(Supplementary Fig. 4). Application of different abiotic
stresses often led to an induction of S1 AtbZIP genes in one
part of the plant, whereas no effect or an inverse effect was
observed in the other. For example, cold and salt stress
caused a very strong induction of AtbZIPl in roots,
whereas its expression was repressed in leaves. In addition,
AWZIP53 was strongly induced by salt stress in roots.
while the transcript level remained unchanged in leaves.
This induction was highly specific for salt stress, because
the application of osmotic stress had no effect. AtbZIP44
also showed a very strong and specific induction after cold
treatment in the root, but no response in the aerial tissues.
AbZIPI1 was stress-induced in leaves but not in roots:
most strongly by cold stress but also by osmotic and salt
stress. Several stress responses have been shown to be
mediated by plant hormones (Fujita et al. 2006). However,
only transcriptions of AtbZIP] and AtbZIP9 have been
shown to be slightly induced in response to abscisic acid
(ABA) (Zimmermann et al. 2004).

With the exception of AtbZIP63. group C genes were
hardly regulated at the transcriptional level by the different
stress stimuli. However, LSD1-regulated nuclear translo-
cation of AbZIP10 (see below) might serve as a paradigm
for post-translational regulatory mechanism of group C TFs
in stress responses (Kaminaka et al. 2006).

In contrast to abiotic stress, group C and S1 members
show only moderate transcriptional responses to biotic
stresses. AtbZIP10 has been described to be involved in the
defense responses to the biotrophic pathogen Hvalopero-
nospora parasitica (Kaminaka et al. 2006). Nevertheless,
this regulation occurs on post-translational level via the
intracellular distribution of AtbZIP10 by the cell-death
regulator LSD1. Group Sl-related bZIP factors in other
species have been implicated in biotic stress response (Lee
et al. 2002). However, only minor transcriptional changes
have been observed in the Arabidopsis system. After infec-
tion with Pseudomonas syringae, AIbZIP1 showed a 5-fold
induction with very slow kinetics (Supplementary Fig. 3). In
contrast, AbZIP11 was induced 3—4-fold 6 h post-infection.

Concluding remarks

Here we examine the C/S1 network consisting of nine bZIP
transcription factors by focusing on developmental and

stress related expression patterns. A characteristic property
of the C/SI network is an enhanced gene activation
potential brought about by bZIP heterodimers (Ehlert et al.
2006: Weltmeier et al. 2006). Hence, co-expression of at
least two bZIP proteins is required to obtain significant
target gene transcription. Thus, depending on protein
availability in a given cellular context, the C/S1 network of
bZIP factors provides an efficient mechanism to integrate
signals. With respect to the 252 target gene, which is
involved in synthesis of storage compounds during seed
maturation, we could show that although several C/SI
heterodimers share the properties to activate this target
gene, expression pattern and, consequently, protein abun-
dance limits the in planta function of the bZIPs. Analysis
of loss-of-function lines is needed to clarify functional
redundancies among the bZIP proteins.

As a basis for further functional studies we performed a
detailed expression analysis of the C/SI bZIP genes. In
general, all the members of this network show sink specific
expression in young leaves, anthers and in seeds, which
supports the idea that the C/S1 network is involved in
allocation of nutrients to sink tissues (Rook et al. 1998a,
1998b). Constitutive expression of ASN/, under the control
of the Pro;sg. results in an enhanced nitrogen status of the
seeds (Lam et al. 2003). Accordingly. using independent
array approaches, ASN/ has been confirmed as a potential
target gene of members of the C/S1 bZIP network (Hanson
et al. 2008; FW and WD-L, unpublished results). Further
studies have to prove the hypothesis that the C/S1 network
co-ordinates sink specific genes regulation, basic amino
acid metabolism as well as the control of seed storage
compounds.

Our expression data indicate that the protein availability
of C/S1 bZIP TFs is mediated by tissue- and developmental
factors as well as differences in the metabolic status which
is controlled partly by the post-translational SIRT mecha-
nism. In addition to metabolic signals, abiotic and biotic
stress stimuli also result in changes in the transcriptional
patterns of C/S1 bZIP genes. which affect the cellular
amount of the bZIP proteins. However, stress and meta-
bolic signals mainly influence the expression of group S1
bZIPs and do not affect the expression of group C bZIPs.
Consequently, the intrinsic properties of the complex C/S1
heterodimerization network might facilitate integration of
metabolic and environmental signals and allow rapid
integrated responses to the biotic and abiotic environment.

The SnRK1 pathway has been proposed to adjust growth
and development in response to the plant’s energy status
(Baena-Gonzalez et al. 2007). The transcriptional potential
of S1 class bZIP proteins is augmented by the SnRKI1
pathway. However, the regulatory circuits of the bZIP
network seem to be complex and our current knowledge is
limited. System biology tools are required to correlate
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extensive data sets on expression, heterodimerization,
transactivation properties, post-transcriptional and post-
translational regulation that result in the activation of target
genes. These studies will provide further insight into how
the energy status of the cell is signaling growth and
development.
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Proline metabolism has been implicated in plant
responses to abiotic stresses. The Arabidopsis thaliana
proline dehydrogenase (ProDH) is catalysing the first
step in proline degradation. Transcriptional activation of
ProDH by hypo-osmolarity is mediated by an ACTCAT cis
element, a typical binding site of basic leucine zipper
(bZIP) transcription factors. In this study, we demonstrate
by gain-of-function and loss-of-function approaches, as
well as chromatin immunoprecipitation (ChIP), that
ProDH is a direct target gene of the group-S bZIP factor
AtbZIP53. Dimerisation studies making use of yeast
and Arabidopsis protoplast-based two-hybrid systems, as
well as bimolecular fluorescence complementation (BiFC)
reveal that AtbZIP53 does not preferentially form dimers
with group-S bZIPs but strongly interacts with members of
group-C. In particular, a synergistic interplay of AtbZIP53
and group-C AtbZIP10 was demonstrated by colocalisation
studies, strong enhancement of ACTCAT-mediated tran-
scription as well as complementation studies in athzip53
athzipl0 T-DNA insertion lines. Heterodimer mediated
activation of transcription has been found to operate
independent of the DNA-binding properties and is des-
cribed as a crucial mechanism to modulate transcription
factor activity and function.
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Introduction

Osmotic stress, caused by drought, high salinity and cold is a
key determinant of plant growth and productivity (Hoekstra
et al, 2001). In response to environmental conditions causing
osmotic stress, many higher plants accumulate protective
compounds, like the compatible osmolyte L-proline (L-Pro)
(Delauney et al, 1993; Liu and Zhu, 1997; Parvanova et al,
2004). This compound has been proposed to participate
in the protection of plasma membrane integrity (Mansour,
1998) and to act as a scavenger of radicals (Smirnoff and
Cumbes, 1989). In addition, L-Pro is discussed to be a source
of reducing power (Walton and Boldingh, 1991) and to serve
as a transient storage of carbon and nitrogen (Peng et al,
1996).

The L-Pro homeostasis is tightly regulated by its synthesis
(Delauney et al, 1993}, degradation (Verbriiggen et al, 1996)
and transport (Rentsch et al, 1996). L-Pro is synthesised
in the cytosol from glutamine or ornithin precursors
(Figure 1A). In osmotically stressed tissues, L-Pro mainly
results from the glutamine pathway by the activity of the
NADPH using enzymes A'-pyrroline-5-carboxylate-synthe-
tase (P5CS) and P5C reductase (P5CR) (Delauney et al,
1993; Roosens et al, 1999). L-Pro accumulation correlates
with osmotic stress tolerance, however, a stringent causal
relationship is not yet firmly established (Nanjo et al, 1999).
Furthermore, accumulation of L-Pro is toxic and thus L-Pro
and its metabolites have been discussed to function as
signalling molecules in stress-induced cell death (Hellmann
et al, 2000; Nanjo et al, 2003; Deuschle et al, 2004).

Induced by rehydration, L-Pro is degraded by a pathway
localised in the mitochondria, which makes use of the
enzymes proline dehydrogenase (ProDH) and P5C dehydro-
genase (P5CDH) (Peng et al, 1996; Verbriiggen et al, 1996;
Nakashima et al, 1998; Yoshiba et al, 1999). ProDH cata-
lyses the rate-limiting step in-Pro degradation. Transgenic
Arabidopsis plants expressing a ProDH antisense construct
display high L-Pro levels and enhanced tolerance to freezing
conditions and high salinity (Nanjo et al, 1999).

In Arabidopsis thaliana, the ProDH gene (At3g30775) is
induced in response to hypo-osmotic conditions occurring
during rehydration after stress recovery (Kiyosue et al, 1996).
ProDH transcription is also enhanced by high levels of L-Pro
and reduced by dehydration (Peng et al, 1996; Verbriiggen
et al, 1996). Detailed dissection of the 1.4-kb ProDH promoter
revealed an ACTCAT motif which is sufficient for induction
of the ProDH gene by L-Pro or hypo-osmolarity, respectively
(Nakashima et al, 1998; Satoh et al, 2002). Microarray
analysis confirmed that among 121 rehydration-inducible
genes, 48% harbour the ACTCAT motif in their promoters
(Oono et al, 2003). These findings indicate that this motif is of
general relevance with respect to gene regulation during
recovery after osmotic stress. Therefore, ACTCAT-mediated
transcription might serve as a fruitful model system for
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Figure 1 The bZIP transcription factor AtbZIP53 regulates ProDH
transcription in the hypo-osmolarity response. (A) Schematic over-
view of the metabolic pathways involved in L-proline (L-Pro)
synthesis and degradation in plant cells. PSCS: A’-pyrroline-5-
carboxylate-synthetase; PSCR: reductase; ProDH: L-Pro dehydro-
genase; PSCDH: P5C dehydrogenase (Peng et al, 1996; Verbriiggen
et al, 1996, Nakashima et al, 1998; Yoshiba et al, 1999). (B) Gene
induction by hypo-osmotic stress treatment. Arabidopsis plants,
14-day-old, were transferred from MS medium (58 mM sucrose) to
desalted water (Satoh et al, 2004). RNA of control (0 h) and stress-
treated plants (time points as indicated) was analysed by Northern
hybridisation. Depicted are hybridisation experiments with ProlJH-
and AtbZIP53-specific probes, respectively. (C) Schematic illustra-
tion of the T-DNA insertion mutant atbzip53. The insertion was
mapped inside the 5'utr 430 bp upstream of the ATG, (D) Northern
analysis of wild-type (Wt), AtZIP53 T-DNA insertion lines (ath-
zip53), and AtbZIP53-overexpressing plants (Prosss:HA-AtbZIPS3).
Endogenous (e) and transgene encoded (t) AthZIP53 RNAs show
slightly different mobility due to the length of their 5' leaders.
(E) Western Analysis of wild-type (Wt) and several independent
transformants of Prosss:HA-AtbZIP53. The transgene-encoded pro-
teins are detected by a HA-specific antibody (arrow). (F) Induction
of ProDH transcription in response to hypo-osmolarity treatment,
RNA was isolated after the time points indicated and ProDH tran-
script level of Wi, atbzip53, and Prosss:HA-AIbZIP53 plants are
compared. Equal loading was verified by ethidium bromide (EtBr)
staining and hybridisation with an actin-specific probe. All experi-
ments have been replicated at least three times with similar results.

studying transcriptional control of osmotic stress responses,
which is of importance for both, basic science as well as
genetic engineering of crop plants.

The ACTCAT-motif is related to the GCN4-binding site
(ATGA(C/G)TCAT) (Ellenberger et al, 1992) recognised by

The EMBO Journal VOL 25 | NO 13 | 2006

members of the basic leucine zipper (bZIP) transcription
factor family (Landschulz et al, 1988). In the model plant
Arabidopsis thaliana, 75 bZIP genes have been identified and
classified into 10 groups (Jakoby et al, 2002). In vitro
DNA-binding studies and transfection experiments performed
in transiently transformed protoplasts revealed that distinct
members of Arabidopsis group-S bZIP proteins are involved
in ACTCAT-mediated transcription (Satoh et al, 2004).
Although 17 group-S bZIPs have been identified, only a sub-
group consisting of five highly related members (AtbZIP1,
AtbZIP2, AtbZIP11/ATB2, AtbZIP44 and AtbZIP53) seem to
be involved in ProDH regulation (Satoh et al, 2004) and will
be referred to as group-S1 bZIPs.

bZIP proteins are phylogenetically widely distributed tran-
scriptional regulators, characterised by a basic DNA-binding
domain (b) (Landschulz et al, 1988). Although DNA binding
of bZIP monomers has been described, they normally interact
with DNA as dimers (Ellenberger et al, 1992; Metallo and
Schepartz, 1997; Cranz et al, 2004). Dimerisation is mediated
by the so-called leucine zipper domain, a heptad repeat of
leucine or other bulky hydrophobic amino acids creating an
amphipathic helix (Landschulz et al, 1988; Baxevanis and
Vinson, 1993). The formation of bZIP homo- or heterodimers
offers a huge combinatorial flexibility to regulatory transcrip-
tion systems. By heterodimerisation, DNA-binding specificity
and affinity, transactivation properties and ultimately, cell
physiology might be altered (Naar er al, 2001). For instance,
in the animal system, heterodimers of the bZIP proteins Jun
and Fos have been shown to recognise the AP1 motif, which
is not targeted by Jun homodimers (Kouzarides and Ziff,
1988). As bZIP proteins do not heterodimerise promiscuously
but specifically (Newman and Keating, 2003), an important
function for gene regulation is anticipated. In planta, bZIP
heterodimerisation has been shown for closely related bZIPs,
for example, the GBFs (Schindler et al, 1992). In tobacco
(Strathmann et al, 2001) and parsley (Riigner et al, 2001),
specific heterodimerisation was found between members of
two groups of bZIPs that are related to the Arabidopsis groups
S and C. Interestingly, heterodimerisation between these
groups is strongly preferred in comparison to homotypic
dimerisation.

In this work, we demonstrate by means of transgenic and
ChIP approaches that ProDH is a direct target gene of the
group-S1 bZIP transcription factor AtbZIPS3. Using yeast two-
hybrid, BiFC and interaction assays in protoplasts, we show
that AtbZIP53 does not function as a homodimer, but prefer-
entially heterodimerises with group-C bZIP transcription
factors. AtbZIP53 and the group-C heterodimerisation partner
AtbZIP10 were found to be colocalised and to control ACTCAT-
mediated ProDH transcription in a synergistic manner. We
describe bZIP heterodimerisation as an essential mechanism
to modulate transactivation properties of transcriptional reg-
ulators in planta. Furthermore, we provide in vivo evidence
that ProDH is not regulated by a single bZIP but by a complex
heterodimerisation network of group-S1,/C bZIP factors.

Results

AtbZIP53 directly participates in the hypo-osmolarity-
induced transcription of the ProDH gene

Using in vitro DNA-binding studies and transfection experi-
ments in Arabidopsis protoplasts, Satoh et al (2004) demon-
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strated that the group-S1 bZIP transcription factors bind to
the ACTCAT cis element located in the ProDH promoter.
However, expression data of the correspondent bZIP genes,
obtained from the RARGE database (http://rarge.gsc.
riken.jp) or by Satoh et al (2004), suggest that AtbZIP53
constitutes as the main regulator of hypo-osmolarity-induced
ProDH transcription. Whereas AtbZIPS3 is strongly induced
by hypo-osmolarity treatment (Figure 1B), AtbZIP1l or
AtbZIP44 are not. We therefore focussed on studying the
function of AtbZIP53 in the regulation of ProDH transcription.
Expression of an HA-tagged AtbZIPS53 gene driven by the 35S
promoter (ProssstHA-AtbZIP53), as monitored by Northern
and Western analyses (Figure 1D and E), resulted in a
constitutive activation of the ProDH gene (Figure 1F).
Comparable results were obtained with several transgenic
lines expressing an untagged construct indicating that
this response is not due to the HA-tag (data not shown).
Complementarily, a partial loss-of-function mutant of
AtbZIP53 (atbzip53) (Figure 1C and D) displaved a signifi-
cantly reduced and delayed induction of ProDH transcription
after hypo-osmolarity treatment (approximately by 40%)
(Figure 1F). Owing to redundancy, AtbZIP53 and other
group-S1 bZIP transcription factors (Jakoby et al, 2002)
might show an overlapping function which results in the
residual activation of ProDH expression in the AtbZIP53
plant.

To verify direct binding of AtbZIP53 to the ProDH promoter
in vivo, ChIP was performed applying chromatin obtained
from HA-AtbZIP53-expressing plants (Prosss:HA-AtbZIPS3)
using an HA-tag-specific antibody. A significant enrichment
of ProDH promoter fragments was detected by PCR amplifica-
tion, using ProDH promoter-specific primers (Figure 2).
Control primers, unrelated to the AtbZIP53 target gene did
not result in an enrichment following immunoprecipitation
(Figure 2). In summary, the in vitro and in vivo evidence
support the hypothesis that the ProDH promoter is a direct
target of the AtbZIP53 transcription factor.

AtbZIP53 heterodimerises with group-C bZIP
transcription factors in yeast and plant cells
bZIP factors usually bind DNA as homo- or heterodimers,
consequently, dimer formation allows the establishment of

Pro,..:HA Input ChiP a-HA
AtbZIP53

+ - |+ - + - + - 4+ -
ProDH
primer | E—_— - -
Cycles 25 35 38 41 44
cwiNV2
primer - ——

Figure 2 [n vivo binding of AtbZIP53 to the ProDH promoter. ChiP
analysis of chromatin obtained from Proiss:HA-AtbZIP53 ( + ) and
Wi () plants using a HA-specific antibody for immunoprecipita-
tion. ProDH primers were used to amplify a 191 bp fragment of the
ProDH promoter. Given are the PCR products obtained after 35, 38,
or 41 cycles, respectively. As input control, PCR amplicons are
shown which have been obtained after 25 cycles with material
before immunoprecipitation. The specificity was verified by using
primers amplifying the promoter of a nontarget gene (cwlNV2,
At3g52600). Given are amplicons obtained after 38, 41 or 44 cycles,
respectively. The PCR products were stained by ethidium bromide.
The experiments have been replicated three times with similar
results,
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complex regulatory networks based on combinatorial inter-
actions. It is tempting to speculate that heterodimers of
AbZIPS3 formed with the related group-S1 bZIP factors are
regulating ProDH transcription. However, when applying
a yeast two-hybrid approach, no AtbZIP53 homodimers or
AtbZIP53 containing heterodimers were formed with any of
the group-S1 bZIP proteins or other less related group-S bZIP
factors (Figure 3A). A quantitative assay for protein-protein
interactions confirmed the weak heterodimerisation capacity

A
AD- &' AD-
AtbZIP63 . AtbZIP2
AD-
AtbZIP53

AD-
AtbZIP6

AD-
AtbZIP8

BD-bZIP53

1

Figure 3 Yeast two-hybrid analysis studying heterodimerisation of
AtbZIP53 with group-5 and -C bZIP factors. (A) Interaction of BD-
AtbZIP53 and the AD-bZIP fusion proteins indicated lead to proto-
trophic growth of the yeast strain MAV203 (ProQuest", Invitrogen)
on medium lacking uracil. Group-C bZIP (AtbZIP63, AtbZIP9,
AtbZIP25, AtbZIP10) and group-S bZIP proteins (AtbZIP53,
AthZIP2, AtbZIP44, AtbZIP1l, AtbZIP42, AtbZIP7, AtbZIP6,
AtbZIP4, AtbZIPS) are labelled by a grey or white background,
respectively. (B) Interaction of AIbZIP53 and group-C bZIP proteins
is mediated by the ZIP domain. ZIP-specific exchanges of the amino
acids leucines; and alanine;; by Pro (AtbZIP53pp) disrupt the
#-helical structure and results in loss of interaction (right) in
comparison to the wild-type AtbZIP53 (left).
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of AtbZIP53 with other group-51 members (data not shown).
We further analysed the potential of AtbZIP53 to interact with
other bZIP factors. As described for tobacco (Strathmann
et al, 2001) and parsley (Riigner et al, 2001), group-S1-like
bZIP proteins specifically heterodimerise with group-C-like
bZIPs. Strong heterodimerisation of AtbZIP53 was detected
with all Arabidopsis group-C DZIP proteins, namely AtbZIP9,
AtbZIP10, AtbZIP25 and AtbZIPG3 (Figure 3A). As no hetero-
dimerisation with members of the bZIP groups A (e.g.
AtbZIP39) and D (e.g. AtbZIP22) was found, this hetero-
dimerisation is assumed to be specific. In order to analyse
whether the protein-protein interaction is mediated by the
leucine zipper domain, two conserved residues (leucines; and
alanine;;) were changed to prolines which should disrupt the
-helical structure of the ZIP domain (AtbZIP53pp). As shown
in Figure 3B, no interaction between AthZIP53pp and group-C
members, such as AtbZIP10 and AtbZIP9 was observed.

To verify bZIP heterodimerisation in planta, BiFC
assays were performed in Agrobacterium-infiltrated tobacco
(Nicotiana benthamiana) leaves (Walter et al, 2004) using
the strongly interacting AtbZIP53 and AtbZIP10 as a repre-
sentative example. Both bZIP factors localise to the nucleus
when expressed as YFP fusion proteins (Figure 4A and B).
When fused to the N- and C-terminal YFP fragment and
coexpressed in tobacco leaves, a strong BiFC signal was
detected in the nuclear compartment of the transformed
cells (Figure 4C), confirming the interaction of AtbZIP53
and AtbZIP10 in planta. Control experiments in which
C-YFP-AtbZIP53 and unfused N-YFP protein are expressed
do not show any fluorescence (Figure 4D). In order to demon
strate the specificity of BiFC system, the C-YFP-AthZIPS3pp
mutation was coexpressed with N-YFP-AtbZIP10. Specific
mutation of the ZIP domain (see Figure 3B) interferes with
heterodimerisation and in consequence does not result in
positive BiFC signals (Figure 4E). In order to confirm expres-
sion of the BiFC constructs, Western analyses have been
performed (data not shown). Finally, homodimerisation of
AtbZIP53 and AtbZIP10 was analysed in this system, but no
or only significantly weaker homotypic interactions could be
detected (data not shown). In summary, these experiments
provide conclusive evidence for the formation of group-51/C
heterodimers in planta.

Heterodimerisation with group-C bZIPs enhances the
transactivation properties of AtbZIP53 in planta

In order to quantify bZIP heterodimerisation in planta, a two-
hybrid approach was established in Arabidopsis protoplasts
as described by Ehlert et al (2006). AtbZIP53 and the related
group-51 and group-C bZIP factors were fused to the GAL4
DNA-binding domain (BD) (Giniger et al, 1985) and ex-
pressed under control of the 355 promoter. Cotransfection
with a GUS reporter, which is driven by GAL4 upstream
activating sequence (GAL-UAS,:GUS), allows quantification
of bZIP activation properties independent of their DNA bind-
ing (Figure 5A). Whereas group-51 members AtbZIPIL,
AtbZIP44 and AtbZIP2 showed significant activation capa-
city; AtbZIP53, AtbZIP1 and the group-C members displayed
almost no intrinsic activation (Figure 5B).

In order to study heterodimerisation of AtbZIP53, BD-
AtbZIP53 was individually coexpressed with GAL4 activation
domain (AD) fusions of the bZIP heterodimerisation partners
(Figure 5C). Similar to the results obtained in yeast, almost

The EMBO Journal WVOL 25 | NO 13 | 2006

YFP-AtbZIP53

YFP-AtbZIP10

C-YFP-AtbZIP53
N-YFP-AtbZIP10

C-YFP-AtbZIP53
N-YFP

C-YFP-AthZIP53,,,
N-YFP-AtbZIP10

Figure 4 BiFC analysis of AtbZIP53/AtbZIP10 heterodimerisation
in planta. Localisation of YFP-AtbZIP53 (A) and YFP-AtbZIP10 (B)
fusion proteins in Nicotiana benthamiana leaf epidermal cells after
Agrobacterium-mediated transient transformation. (C) Fluorescence
observed by confocal microscopy which results from complementa-
tion of the C-terminal (C-YFP) and N-terminal (N-YFP) part of the
YFP protein fused to AtbZIP53 and AtbZIP10, respectively. (D)
Negative control making use of C-YFP-AtbZIP53 and an unfused
N-YFP protein. (E) Coexpression of the C-YFP-AtbZIPS3pp mutant
(see Figure 3B) and N-YFP-AtbZIP10. YFP-Epifluorescence (left) and
bright field overlay images (right) are depicted.

no AtbZIP53 homodimerisation and only weak interaction
with the group-S1 members AtbZIP2, AtbZIP11 and AtbZIP44
was observed (Figure 5D). A strong heterodimerisation of
AtbZIP53 with the group-C members AtbZIP10, AtbZIP25 and
AtbZIP9 was detected. In contrast, interaction between
AtbZIP53 and group-C AtbZIP63 was less pronounced.
Heterodimerisation might modulate the transactivation
capacity of bZIP transcription factors. We therefore co-
expressed BD-AthZIP53 with bZIP partners which have not
been fused to the AD domain (Figure 5D). Strong reporter
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Figure 5 Analysis of AtbZIP53 heterodimerisation in transiently
transformed Arabidopsis protoplasts. Experimental set-up (A) to
analyse bZIP activation properties. The activation of a GUS reporter
driven by multimeric GAL4-UAS DNA-binding sites (GAL-
UAS,:GUS) was measured after expression of GAL4-BD fusions of
group-51 and C bZIP proteins (BD-AtbZIP) (B). Experimental set-up
(C) to analyse AtbZIP53 heterodimerisation. Activation of a GAL-
UAS:GUS reporter was measured after coexpression of BD-
AIbZIP53 and bZIP proteins fused to an AD domain of GAL4 (AD,
black bars) or an HA-tag (grey bars) (D). In single transfection
experiments, 9 pg of reporter and 28 pg of effector plasmid DNA
were applied. In cotransfections, 14pug of each AtbZIP effector
plasmid were used. Variations in transformation efficiency are
normalised by using 3pg of a Prosss:NAN plasmid construct per
transfection (Kirby and Kavanagh, 2002). Given are mean values
and s.d.s of four independent transfections as relative GUS/NAN
units.

gene activation was obtained for AtbZIP53/AtbZIP10 and
AtbZIP53/AtbZIP25 heterodimers. As neither AtbZIP53 nor
group-C bZIPs exhibit strong activation on their own
(Figure 5B), these data indicate that specific heterodimerisa-
tion may act as a key mechanism to modulate transactivation
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properties in planta. This mechanism will be referred to as
heterodimer-induced transactivation (HIT).

In order to analyse the HIT mechanism, the following
control has been included into the experimental set-up.
Fusing a BD domain to the N-terminus of the bZIP proteins
might mask endogenous activation properties of the bZIP
proteins analysed in Figure 5B. We therefore coexpressed
BD-AtbZIP53 with the other BD-bZIP proteins which also
lead to the synergistic reporter gene activation in the case
of AtbZIPS3/AthZIP10 and AtbZIP53/AtbZIP25, respectively
(data not shown).

The HIT mechanism is not restricted to AtbZIP53/
AtbZIP10 and AtbZIP53/AtbZIP25 heterodimers. A complete
analysis of all group-S1/C interactions, according to the set-
up described in Figure 5C, revealed that the HIT mechanism
is a typical feature of distinct heterodimers (Supplementary
Table S1). It is particularly observed between AtbZIP25,
AtbZIP10 and most group-S1 members. Moreover, HIT
is also observed inside group-C, as demonstrated for
AtbZIP10/AtbZIP63. These data suggest that HIT is of general
importance for the function of the group-C and S bZIP factors.

Group-51 and C bZIPs bind specifically the ACTCAT-
regulatory element present in the ProDH promoter
ProDH promoter analysis revealed an ACTCAT motif to be
necessary and sufficient for hypo-osmolarity-induced gene
activation (Satoh et al, 2002). To assess the significance of
AtbZIP53 homo- or heterodimer participation in ACTCAT-
mediated transcriptional control, we transiently expressed
AD-bZIP proteins in Arabidopsis protoplasts in conjunction
with a reporter vector containing this regulatory element. In
this experimental system, activation of a (ACTCAT),:GUS
reporter should solely rely on the binding properties of the
bZIP proteins and be independent of their intrinsic activation
capacity. The results in Figure 6 show that all bZIP proteins
tested are able to interact with this element, and demonstrate
that AtbZIP53 binds more effectively the ACTCAT motif than
group-C bZIPs. The specificity of this interaction was studied
by introducing mutations into the ACTCAT element. The use
of a (ACTtta),:GUS reporter resulted in a loss of activation for
all bZIPs, confirming that the ACTCAT motif is a specific
binding site for these proteins in planta (Figure 6).

AtbZIP53-containing heterodimers bind the ProDH
promoter ACTCAT-cis-element and regulate ACTCAT-
mediated transcription

The results of the heterodimerisation assays prompted us to
analyse whether ProDH is regulated by AtbZIP53-containing
heterodimers. We therefore coexpressed AtbZIP53 in combi-
nation with AD-bZIP fusions of group-S1 and C bZIPs
(Figure 7). As we observed for the GAL-UAS supported
transcription, synergistic enhancement of the ACTCAT-
mediated transcription was obtained by coexpression of
AtbZIP53 and its group-C heterodimerisation partners
AtbZIP9, AbZIP10, AtbZIP25 and AtbZIP63, respectively. In
order to analyse the endogenous activation properties, the
bZIP proteins were expressed without the AD domain
(Figure 7). Equal expression of the proteins was monitored
by Western blot using an HA-tag-specific antibody (data
not shown). Whereas expression of single bZIP proteins
resulted in weak reporter activation, a significant synergistic
activation was obtained with all AtbZIP53/group-C hetero-
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experiments, 9 pg of reporter and 28 pg of effector plasmid DNA was
applied. Variations in transformation efficiency are normalised
by using 3 pg of a Prosss:NAN plasmid construct per transfection
(Kirby and Kavanagh, 2002). Given are mean values and s.d.'s of
four independent transfections as relative GUS/NAN units.

dimers. Based on these data, a number of heterodimers seem
to fulfil a partly redundant function in ACTCAT-mediated
transcription.

AtbZIP53 and AtbZIP10 cooperate in regulating hypo-
osmolarity induced ProDH transcription
The data described above suggest that a complex network
of heterodimers is involved in regulation of ProDH. To get
further insight in this regulatory mechanism, we focused on
AtbZIP53 and AtbZIP10, the two partners that show the
highest degree of ACTCAT-mediated reporter gene activation.
By means of ChIP analysis we could demonstrate that ProDH
is a direct target of both, AtbZIP53 (Figure 2) as well as
AtbZIP10 (Supplementary Figure S1). Furthermore, electro-
phoretic mobility shift assays (EMSA) confirmed that hetero-
dimers can be formed on the ACTCAT motil in wvitro
(Supplementary Figure S2). A detailed experimental series
was initiated in which the ratio of bZIP effector plasmids was
altered. Figure 8A shows that the synergistic effect of
AtbZIP53 and AtbZIP10 clearly depends on the ratio of the
two heterodimerisation partners. Furthermore, the synergistic
effect depends on the ZIP-mediated heterodimerisation func-
tion. Disruption of the z-helical structure in the AtbZIP53;p
construct impairs activation of the reporter by AtbZIP53/
AtbZIP10 (Figure 8B).

To verify the impact of heterodimerisation on reporter gene
expression, similar experiments as described above were
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Figure 7 The ACTCAT-mediated transcription is regulated by
AtbZIP53 heterodimers. Regulation of the (ACTCAT),:GUS reporter
by heterodimers was analysed by coexpression of AthZIP53 and
group-51 and C bZIP (grey bars) or AD-AtbZIP proteins (black
bars). In single transfection experiments, 9pug of reporter and
28pg of effector plasmid DNA was applied. In cotransfections,
14 pug of each bZIP effector plasmid were used. Variations in
transformation efficiency are normalised by using 3pg of a
Prosss:NAN plasmid construct per transfection experiment (Kirby
and Kavanagh, 2002). Given are mean values and s.d’s of four
independent transfections as relative GUS/NAN units.

performed in protoplasts obtained from atbzip53 atbzipl0
plants. For efficient reporter gene expression, both AtbZIP53
and AtbZIP10 are required (Figure 8D). All together, these
data strongly suggest that AtbZIP53/AtbZIP10 heterodimers
are regulating ACTCAT-mediated ProDH transcription.
Colocalisation of the bZIP partners in the same tissue is a
prerequisite for heterodimerisation. Whereas transcription of
AtbZIP53 is strongly induced by hypo-osmolarity (Figure 1B),
only slight induction can be obtained for AtbZIPIO
(Supplementary Figure S3). Analysis of AtbZIP53 and
AtbZIP10 promoter GUS reporter lines (Prosnzipss;:GUS and
Proamzip1o:GUS) revealed a partial overlap of expression
patterns primarily in the meristematic tissues of the
Arabidopsis plantlet. Strong enhancement of GUS activity
after transfer from MS media to distilled water was found
for both, Projmzips::GUS and Proauzipio:GUS reporter lines
(Figure 9). In contrast, Pros,zip25:GUS lines do not show this
induction, indicating that this bZIP transcription factor is
not involved in this response. Coexpression of AtbZIPS3
and AtbZIP10 was also observed in parts of the flower and
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seeds (data not shown) in which a Prop,.ps:GUS construct is
strongly expressed (Nakashima et al, 1998).

In conclusion, these data demonstrate that AtbZIP53 and
AtbZIP10 colocalise and interact with high affinity. Moreover,
protein availability, which is regulated by environmental and
developmental cues, restricts heterodimer formation and
ultimately controls target gene transcription (Figure 10).
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Discussion

The amino acid L-Pro is essential for basic metabolism as
well as for plant development. Moreover, under stress con-
ditions, it has been proposed to serve as a protective com-
pound or as a signalling molecule (Delauney et al, 1993; Liu
and Zhu, 1997). Consequently, final effects derived from its
availability depend on L-Pro homeostasis, a process tightly
regulated by synthesis, degradation and transport. In this
work we focus on the transcriptional control of the ProDH
gene, encoding the rate-limiting enzyme of L-Pro degradation
and found that it is directly regulated by the transcription
factor AtbZIP53. We disclosed that AtbZIPS3 action is
modulated by other bZIP heterodimerising partners that
integrate a fine regulatory network supported by combina-
torial interactions.

The ProDH promoter ACTCAT motif is a direct target
of AtbZIP53 transcription factors in vivo

Previously reported in vitro DNA-binding studies (Satoh et al,
2004), alongside with the different experimental results pre-
sented in this work, including overexpression in transgenic
plants, ChIP analysis, and activation of ACTCAT reporter
constructs in protoplasts, provide conclusive evidence that

Pro,.zes,:GUS Prog om0, GUS Progzies:GUS

[ ws |

Figure 9 Coexpression studies of AtbZIP53 and AtbZIP10.
Activation of Prosggpss:GUS (left), Proameee:GUS (middle) and
Proapepas:GUS (right) lines in 14 day-old plantlets grown on MS
media (upper panel) and after transier to distilled water (hypo-
osmolarity treatment) for 12 h (lower panel).

Figure 8 The ACTCAT-mediated transcription in Arabidopsis pro-
toplasts depends on AtbZIP53/AtbZIP10 heterodimers. (A) Reporter
activation depends on the ratio of AtbZIP53 and AthZIP10.
Activation of (ACTCAT),:GUS reporter was measured using 14 pg
of AtbZIP10 and increasing amounts of AthZIP53 encoding plasmid
(squares) or 14 pg of AtbZIP53 and increasing amounts of AtbZIP10
encoding plasmid (circles), respectively. Given are reporter gene
induction values in %. Reporter gene activation after applying 14 pg
of each effector is defined as 100%. (B) Activation of the
(ACTCAT):GUS reporter by AtbZIP53/AtbZIP10 depends on a
ZIP-mediated heterodimerisation. ZIP-specific exchanges of the
amino acids leucines; and alanine;; by proline (AtbZIPS3;p) dis-
rupts the =-helical ZIP structure, bZIP heterodimerisation (see
Figure 3B) and reporter gene activation. (C) Graphical description
of the T-DNA insertion mutant atbzip10. Exons are depicted as black
bars, introns as white bars. The insertion was mapped inside the
third exon. (D) Activation of (ACTCAT),:GUS reporter by AtbZIP53,
AIbZIP10 or both was compared in protoplasts derived from wild-
type (black bars) and atbzip53 atbzip10 double mutant plants (grey
bars), respectively. For each bZIP encoding construct, 14 ng of DNA
have been used. Given are relative GUS/NAN units.
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Figure 10 Model describing the combinatorial control of Prol3H transcription by the network of group-51/C heterodimers. (1) Developmental
and tissue-specific cues define expression of AthZIP genes and consequently, the cellular amount of transcription factors. In particular,
AtbZIPS3, AtbZIP1, and AtbZIP2 are transcriptionally induced by environmental signals, for example, rehydration after osmotic stress (hypo-
osmolarity). As a consequence, colocalisation defines which heterodimers can be formed. (2) Specific group-51 and C heterodimers are formed
with high affinity before DNA binding. Therefore, a pool of specific heterodimers can be postulated to exist in the nucleus. (3) Heterodimers
select target genes, such as ProDH. Moreover, group-51/C heterodimers exhibit enhanced transactivation capacity (heterodimer-induced
transactivation, HIT), which is reflected by efficient recruitment of transcriptional cofactors and subunits of the polymerase Il-dependent
transcription initiation complex (Polll). We therefore postulate that bZIP heterodimerisation acts as a crucial mechanism for signal integration

on the level of transcription.

the ProDH gene is a direct target of the bZIP transcription
factor AtbZIP53. Loss-of-function approaches show, however,
that although AtbZIP53 clearly mediates hypo-osmolarity-
induced ProDH transcription, it is not the only factor involved
in this process, as the elimination of AtbZIP53 activity
does not result in complete lack of ProDH activation. In this
respect, additional data obtained in transient expression
assays in Arabidopsis protoplasts suggest that the closely
related group-S1 bZIP proteins might also participate in
ProDH regulation (Satoh et al, 2004). In conclusion, a subset
of five group-S1 bZIP factors including AtbZIPS3 seems
to have overlapping, partly redundant functions. As single
and double knockout lines (FW, KD and WDL, unpublished
results) only partly reduce ProDH target gene expression,
multiple ko lines are needed to assess their function.

HIT—a central mechanism to modulate activation
properties of bZIP transcription factors in plants

By means of yeast two-hybrid analysis, interaction studies in
protoplasts and BiFC, we could establish that AtbZIP53
homodimerisation and heterodimerisation with other group-
S members is not favoured, but instead AtbZIP53 preferen-
tially interacts with group-C bZIP proteins. A similar hetero-
dimerisation behaviour has already been described for
homologous proteins from tobacco (Strathmann et al, 2001)
and parsley (Riigner et al, 2001). We have also determined
that this interaction relies on the ZIP structure, as it could be
abolished by introducing amino-acid exchanges that disrupt
the =z-helical structure of the ZIP domain. Moreover, BiFC
assays confirmed the occurrence of this preferred hetero-
dimerisation in planta, as revealed by fluorescence due to
complementation of two unfunctional parts of the YFP pro-
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tein fused to AtbZIP53 and AtbZIP10. The cellular localisation
of YFP fusions of AtbZIP53 and AtbZIP10 could also be
assigned to the nucleus, in support of a role in transcription.

While the BiFC method provides information about the
cellular localisation of an interaction, it does not give quanti-
tative information about affinity of the protein partners. To
address this question, we reproduced the principle of the
yeast two-hybrid system to Arabidopsis protoplasts. Basically,
results obtained in the yeast system could be confirmed
in planta. Moreover, this assay allows discriminating weak
interactions inside the group-S1 from strong interactions
between groups S1 and C.

In the model plant Arabidopsis thaliana, 75 bZIP genes
have been identified (Jakoby et al, 2002) and heterodimerisa-
tion has been experimentally shown for closely related bZIP
proteins, like the GBFs (Schindler et al, 1992) or Hy5/HyH
(Holm et al, 2002). Based on data obtained for dimerisation
specificity of human bZIP proteins, a model for prediction
of the Arabidopsis bZIP dimerisation has been proposed
(Deppmann et al, 2004). However, group-S1 and group-C
interactions, which have been confirmed experimentally,
have not been predicted. Dimerisation of human bZIPs has
been studied experimentally by means of protein-CHIP tech-
niques (Newman and Keating, 2003); however, bioinformatic
studies using these experimental data conclude that no easy
rules can be inferred for predictions (Fong et al, 2004). Hence,
further experimental studies are needed to assess the com-
plex heterodimerisation patterns in Arabidopsis. In general,
group-S1 and -C have been found to form specific hetero-
dimers (Ehlert et al, 2006). As group-S1 and -C share an
unusual long ZIP domain harbouring eight repeats, we
assume that the observed high-affinity interaction is due to
the intrinsic structural properties of this ZIP domain.
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In vitro DNA-binding experiments show that group-S1 bZIP
proteins can bind DNA without a group-C partner. This
finding could be explained by monomeric DNA binding
which has been described before (Metallo and Schepartz,
1997; Cranz et al, 2004). Alternatively, structural analyses
of bZIP proteins have demonstrated that by DNA binding
the conformation of the basic domain renders into a coiled
structure which is linear with the ZIP domain (Pu and
Struhl, 1991). Hence, DNA-bZIP protein complex formation
might alter dimerisation properties. Our experimental system
makes use of the GAL4 DNA-binding domain and hence,
measured protein-protein interactions are independent of
DNA-binding activities. We therefore conclude that under
in vivo conditions, group-51 and C ZIP domains show a
strong affinity without need to be associated to its target
promoter DNA. It is therefore tempting to speculate that pools
of group-51/C heterodimers are formed in the nucleus, which
has implications on transcriptional control of target genes
(Figure 10).

The functional impact of bZIP heterodimerisation in vivo
has rarely been addressed in planta. A recent publication
deals with the rice bZIP factor LIP19/0BF1 in regulation of
low-temperature-induced genes (Shimizu et al, 2005). In this
case, heterodimerisation is postulated to modulate DNA-
binding specificity. This mechanism is related to the well-
described prototype in animals in which Fos homodimers
cannot bind DNA but by heterodimerisation with Jun,
another bZIP protein, the AP-1-binding site is recognised
(Kouzarides and Ziff, 1988). Depending on the recruitment
of bZIP heterodimerisation partners, members of the small
MAF proteins can activate or repress transcription of their
cognate target genes (lgarashi et al, 1994; Dlakic et al, 2001).
MAF proteins are characterised by an extended DNA-binding
domain and therefore guide their heterodimerisation partners
to promoter binding sites which are not recognised by
the bZIP on its own. In contrast to these examples, specific
heterodimers of AtbZIP53 lead to strong transactivation,
although neither of the single transcription factors displays
significant activation potential by itself. As we have observed
a comparable synergistic enhancement of transcription in a
system based on ACTCAT binding and a GAL-UAS binding,
this mechanism is independent of protein-DNA complex
formation. These data indicate that formation of defined
heterodimers generates new properties, which are relevant
for gene activation under in vivo conditions. bZIP heterodi-
merisation might lead to the interaction with cofactors which
cannot be recruited by homodimers. Alternatively, heterodi-
merisation might result in structural changes that might alter
protein-interaction surfaces and recruitment properties. In
animal systems, Jun/Fos heterodimers have been found to
promote interaction with general transcription factors (GTFs)
like TFIE-34, TFIE-30 and TFIIF-74 in vitro (Martin et al,
1996). Here, we provide conclusive evidence for the impact of
a HIT mechanism in vivo. The isolation of protein-interaction
partners of the group-S1/C heterodimers will give future
insight into transcriptional control. In a comprehensive
study, all group-C and -S1 interactions have been analysed,
indicating that HIT is not restricted to AtbZIP53/AtbZIP10
heterodimers but is a general feature of several group-S1/C
heterodimers. We therefore postulate that HIT is a general
and important mechanism for fine tuning of transcription
in plants,
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The C/S1 network of bZIP transcription factors—signal
integration on the level of transcription

A fine-tuned mechanism can be anticipated by the disclosed
participation of different bZIP factors in the regulation of
common target genes. In particular, here we have studied the
important contribution of distinct heterodimer combinations,
whose concerted action will be ultimately dependent on
common localisation, protein expression levels and func-
tional capacity to interact.

Northern analysis described in this work and web-based
expression resources demonstrate that members of the C/S1
network are transcriptionally regulated by various deve-
lopmental and environmental cues. As L-Pro homeostasis
has to be tightly regulated, the C/S1 network might serve
to adjust gene transcription in response to a variety of
endogenous and exogenous signals. In particular, AtbZIP53,
AtbZIP1, and AtbZIP2 have been shown to be activated by
hypo-osmolarity (RARGE database: http://rarge.gsc.riken.jp)
and promoter:GUS assays reveal that AtbZIP53 and AtbZIP10
are upregulated by hypo-osmolarity. As heterodimerisation
has been shown in vivo in the nucleus independent of DNA
binding to target sequences, we assume that depending on
the concentration of particular bZIP proteins, pools of homo-
or heterodimers can be formed. These dimers compete for
promoter target sites such as the ACTCAT motif in order to
activate or repress transcription (Figure 10).

In the case of AtbZIP53 and AtbZIP10, it has been shown
that the formation of heterodimers depends on the concen-
tration of both partners. In addition, the amount of function-
ally active bZIP protein in the nucleus is regulated by various
means. For instance, post-transcriptional mechanisms, like
sucrose-induced repression of translation (SIRT) (Wiese et al,
2004) have been described for bZIP11/ATB2 and other S1-like
bZIP genes. Nuclear translocation of AtbZIP10 has been
shown to be controlled (KH, unpublished results) by the
protein-interaction partner LSD1 (Dietrich et al, 1997). In
summary, availability of bZIP heterodimerisation partners
is regulated in a highly complex manner by transcriptional
and post-transcriptional mechanisms.

The biological function of the members of the C/S1 net-
work is not well established. Recent findings provide evi-
dence that AtbZIP10 is involved in oxidative stress response
and LSD1-mediated programmed cell death (KH, unpublished
results). Accordingly, proline metabolism has been postu-
lated to play a crucial role in cell death signalling (Deuschle
et al, 2004) and very recently, a function in pathogen-induced
hypersensitive response has been demonstrated (Fabro et al,
2004). We therefore assume that the C/S1 network is not only
involved in recovery after osmotic stress but also represents
a general regulatory circuit in protection against oxidative
stress. Owing to the well-characterised promoter elements,
the growing knowledge on trans acting factors and the
physiological role of proline in cell-death, ProDH will develop
as a valuable marker gene for oxidative stress responses.

Group-C bZIP factors are highly related to well-charac-
terised DZIP proteins involved in seed-storage protein
synthesis, such as 02 in maize (Schmidt et al, 1992). In
Arabidopsis, AtbZIP10 and AtbZIP25 have been implicated in
regulation of seed-storage protein genes (Lara et al, 2003).
ProDH transcription is also highly controlled during seed
development (Nakashima et al, 1998). Hence, we assume
that besides gene regulation in oxidative stress response, the
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C/S1 network is involved in developmentally regulated gene
control.

A characteristic feature of the C/S1 network is overlapping
functional redundancy. Single ko in group-51 or -C could not
completely abolish ProDH gene activation. Heterodimerisation
of group-S1 and -C bZIP factors provide an efficient mechan-
ism to integrate signals and to adjust target gene transcription.
A functional study of the bZIP proteins, the identification of
target genes and a detailed expression and heterodimerisation
analysis is needed to further elucidate the impact of the C/S1
network on gene regulation in higher plants.

Materials and methods

Plant material, plant treatment, plant transformation

For protein isolation, protoplast preparation and ChIP, A. thaliana
ecotype Columbia (Col-0) was grown on soil under controlled
environmental conditions at 16 h light/8 h dark cycles. To improve
germination uniformity, plants were pretreated at 4 C for 2-4 days.
Hypo-osmolarity treatment was performed according to Satoh
et al (2002). Floral dip transformations were performed by using
Agrobacterium  tumefaciens strains GVG3101 and  wild-type
A. thaliana (ecotype Col-0) (Weigel and Glazebrook, 2002).

Identification of T-DNA mutants

Seeds of the T-DNA insertion mutants atbzip 10 (NASC 1D: N606031)
and atbzip53 (NASC ID: N569883) were obtained from the
Nottingham Arabidopsis Stock Centre. Homozygous mutants were
identified by PCR as described in (http://signal.salk.edu/tdnapri-
mers.2.html). AthZIP53-specific primers were 5'-CTGCAGCTTAG
GACAGCTCATCACCA-3' (AtbZIPS3pGUSE) and §'-GTCGACCTCGTT
GACTTTTTGACTTC-3" (AtbZIPS3pGUSK), AthZIP10-specific primers
were 5-TCTTCTCCATTGACGATTTCTC-3' (AtbZIP10for) and 5'-
TGATCTTCCCAGAAGCATCGG-3" (AtbZIP10rev), the T-DNA-specific
primer was 5-TGGTTCACGTAGTGGGCCATCG-3" (Lbal). Homo-
zygous atbzipl0 and atbzip53 T-DNA insertion mutants were
crossed and in the f2-generation double mutants were identified
by PCR.

[T ) tar hinlnaicral $

Standard DNA techniques have been described in Sambrook et al
(1989). Plant RNA was isolated using TRIZOL Reagent (Life
Technologies, Rockville, MD, USA), Northern analysis has been
described in Heinekamp et al (2002). Hybridisation probes were
produced by PCR amplification from cDNA using specifically
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6 Heterodimers of C/S1 bZIP network controls gene
expression in low energy stress response
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SUMMARY

Control of energy homeostasis is crucial for
plant survival, in particular when facing biotic
or abiotic stress conditions. Energy deprivation
induces dramatic reprogramming of
transcription facilitating metabolic adjustment.
The in-depth knowledge of the corresponding
regulatory networks provides opportunities for
the development of future biotechnology
strategies. Low energy stress activates the
Arabidopsis group Sl 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 proline, asparagine and branched-
chain amino acid metabolism. Whereas ChIP
analyses confirm the direct binding of bZIP1
and bZIP53 to promoters of key metabolic
genes such as ASPARAGINE SYNTHETASE

(ASN1) and PROLINE DEHYDROGENASE

(ProDH), the G-box, C-box or ACT-motives
(ACTCAT) have been defined as regulatory
cis-elements in the starvation response. bZIP1

and bZIP53 were specifically
heterodimerise with group C bZIPs. Although
single loss-of-function mutants did not effect

shown to

starvationinduced  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 heterodimerisation with members of
the partially redundant C/S1 bZIP factor
network to reprogram primary metabolism in
starvation response.

INTRODUCTION

Due to their photothrophic life style, plants
have to steadily adjust their metabolism to day-
night rhythms and environmental changes to
accomplish transient energy deprivation (for
review see Baena-Gonzalez and Sheen, 2008;
Usadel et al., 2008). Low energy stress can
easily be mimicked by the cultivation of plants
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in the dark. Extended dark-treatment is
correlated with dramatic changes in primary
plant metabolism in particular reduced
photosynthesis, degradation of proteins, amino
acids (aa) 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;
Buchanan-Wollaston et al., 2005; Lin and Wu,
2004) In particular, the whole set of genes
leading to the biosynthesis of asparagine (Asn)
is reprogrammed in response to dark treatment.
In comparison to glutamine (Gln), the major
transport form of nitrogen in the light, Asn
contains less carbon than Gln and is therefore
used to store and transport nitrogen especially
under stress conditions where carbon is limited
(Lam et al., 1994). Recently, the Arabidopsis
thaliana SnRKI1-like kinases (SNF1-related
protein kinases 1) KIN10 and KINI11 have
been proposed to function as central signalling
integrators mediating adaptation to low energy
stress (Baena-Gonzalez et al., 2007). These
kinases show structural similarities to the
SNF1-kinase (SUCROSE NON-
FERMENTING 1) in yeast and the AMPK
(AMP-DEPENDENT PROTEIN KINASE) in
mammals which function as master regulators
of the energy balance essential for survival
under stress (Polge and Thomas, 2007). In
Arabidopsis, the ASPARAGINE
SYNTHETASE gene (ASN1) which encodes
the final step in Asn biosynthesis was proposed
to be a target of the KIN10/11 pathway
controlling the level of Asn (Baena-Gonzalez
et al.,, 2007). The dark- or stress-induced
regulation of ASNI gene expression is
mediated specifically by a G-box ciselement
(Baena-Gonzalez et al., 2007; Hanson et al.,
2008), typically recognized by basic leucine
zipper (bZIP) transcription factors (TFs). bZIP
proteins, exclusively found in eukaryotic cells,
bind DNA by forming homo- or heterodimers.
In the Arabidopsis genome, 75 bZIP genes
have been identified and classified into 10

groups (Jakoby et al., 2002). Interestingly,
only a specific subset of G-box binding bZIP
factors was shown to activate ASNI1 in
transiently transformed protoplasts (Baena-
Gonzalez et al., 2007), namely bZIP2 (GBFS5,
At2g18160), bZIP11 (ATB2, At4g34590),
bZIP53 (At3g62420) and bZIP1 (At5g49450).
Based on aa homology and specific
heterodimerisation properties with group C
bZIPs these proteins were classified as S1 sub-
group (Ehlert et al., 2006). These C and Sl
bZIPs interlinked TF
network (Weltmeier et al., 2009).
transcriptome analysis using plants expressing

form a functional
In a

bZIP11 in a dexamethasone inducible manner,
ASNI1 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 proline 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
- 4 hours 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 wuses up their
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 to build-up regulatory
models proposing that they 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
plants response to carbohydrate starvation.
Accordingly, biology approaches
studying the integration of C and N derived
metabolic signals proposed bZIP1 as a

systems

regulator in the nitrogen-responsive gene
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network which includes the modulation of
ASNI1 gene expression (Gutierrez et al., 2008).
Although several members of the group Sl
bZIPs have been implicated in starvation
responses and particularly in aa 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 post-transcriptionally
activated TFs in the low energy stress response
of Arabidopsis. The impact of bZIP1 and
bZIP53 on starvation-induced transcription of
key genes in the aa metabolism and aa
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 co-operate to control plant low energy
responses.

RESULTS

bZIP1 and bZIP53 expression is enhanced
during dark-induced starvation

In order to identify candidate bZIP TFs, which
are involved in regulating plant starvation
responses, a screening of public expression
databases and quantitative real-time PCR
(qRT-PCR) using RNA from plants exposed to
extended darkness was performed. The
expression of bZIP1 was strongly induced
upon extended dark treatment and repressed by
sugars (Supplemental Figure S1A,B,C online).
A minor but reproducible transcriptional
induction was also observed for the closest
bZIP1 homologue, 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 up
to 4 hours leads to an 8 fold accumulation of
bZIP1 transcripts (Figure 1A) which further
increased during extended night up to 30 fold.

bZIP53 transcripts accumulate only slightly

during  extended night (3-4  fold).
Histochemical stainings of plants containing
promoter reporter constructs (ProbZIP1:GUS,
ProbZIP53:GUS) were used to demonstrate
bZIP expression on whole plant level. Whereas
the GUS staining of plants grown under a
16/8h 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 in older, well-
developed source leaves (Figure 1B).
However, this response was not detected in
transgenic lines harbouring promoter:reporter
constructs of other group S1 bZIPs (e.g.
bZIP11lor bZIP44) (Weltmeier et al., 2009). As
demonstrated in previous studies (Wiese et al.,
2004; Weltmeier et al., 2009), a post-
transcriptional regulatory mechanism applies
for all group S1 bZIPs including bZIP1 and
bZIP53 which leads to a sucrose-induced
repression of translation (SIRT) mediated by a
conserved system of upstream open reading
frames (UORFs). With respect to bZIP1 and
bZIP53, transcriptional and posttranscriptional
mechanisms interact to enhance expression in
response to dark treatment. In contrast, in
particular bZIP11 shows an inverse regulation.
Transcription is repressed by dark treatment
and induced by sugar  application
(Supplemental Figure S1B online). Hence,
these differences in expression propose a
function for bZIP1 and bZIP53 in the dark-
induced starvation response which 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
response, the phenotypes of plants ectopically
expressing bZIP53 and bZIP1

starvation
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Figure 1. Analysis of bZIP1 and bZIP53 in low energy
response (A) Expression of bZIP1 and bZIP53 increases after
extended night treatment. Wildtype (wt) 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 or grey
bars, respectively. Transcript abundance as determined by qPCR
has been presented for bZIP1 (black bars) and bZIP53 (white
bars) depicted as fold induction. (B) Histochemical GUS staining
of transgenic plants expressing ProbZIP1:GUS (upper panel) and
ProbZIP53:GUS (lower panel). The upstream regions contain the
conserved system of uORFs (depicted by rectangles) which has
been shown to mediate a sucrose dependent post-translational
repression (Wiese et al., 2004; Weltmeier et al., 2009). GUS
staining of plants grown under 16/8 h day/night cycle (Oh) or
darkness for 48 h and 120 h are given, respectively. (C) 3-week-
old plants expressing HA-tagged bZIP1 or bZIP53 under control
of the 35S promoter (Pro35S:bZIP1, Pro35S:bZIP53), wt, bzipl,
bzip53 as well as the corresponding double mutant (bziplbzip53)
show an enhanced senescence phenotype in the dark after 6d. (D)
Relative chlorophyll content of rosette leaves of plants depicted
in (C) cultured in normal day/night cycle (white bars) or for
extended dark treatment as indicated.

(Pro35S:bZIP53, Pro35S:bZIP1) and their HA-
tagged versions (Pro35S:HADbZIPS3,
Pro35S:HA-bZIP1) under the control of the
35S promoter were analysed (Weltmeier et al.,
2006; Weltmeier et al., 2009; Supplemental
Figure S2 online). Whereas Pro35S:HA-bZIP1
plants grew normal under standard day-night
cycles, Pro35S:HA-bZIP53 plants showed a
dwarf growth phenotype depending 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. Accordingly, the
bZIP1 and bZIP53 overexpressing plants had
significantly reduced amounts of chlorophyll
after 4-6 days of cultivation in darkness
(Figure 1D). However, bzipl and bzip53 single
and double mutants (Supplemental Figure S2
online) did not show obvious alterations in
comparison to the wild type (wt). The culture
conditions were further analysed by using
well-defined marker genes for ongoing leaf
senescence (Supplemental Figure S3 online).
Whereas the Chlorophyll A/B binding Protein
gene (CAB) - a light-induced marker for
photosynthetically  active  leaves  was
transcriptionally down-regulated in darkness
(van der Graaff et al, 2006), the
SENESCENCE ASSOCIATED GENE 103
(SAG103), a marker for dark-induced
senescence, is induced in wt plants after 24h of
extended night (48h timepoint). In contrast, the
YELLOW LEAF SPECIFIC (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 expression of bZIP1 or bZIP53
enhances physiological responses which are
correlated to dark-induced starvation.

bZIP1 and bZIP53 regulate ProDH
transcript level and proline content during
dark-induced starvation
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ProDH which encodes an enzyme mediating
the catabolism of proline (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 treatment, as
demonstrated by Northern analysis (Figure 2B)
and qRT-PCR (Figure 2C). These data are in
line with the hypothesis that, during starvation
response, aa are recycled to support C, N and
energy demands. Ectopic expression of bZIP1
and bZIP53 resulted in significant higher
levels of ProDH transcripts. However, whereas
bZIP53 overexpression led to high ProDH
transcript level both in light and darkness,
which was further enhanced by extended dark
treatment, the regulation by bZIP1 differed as
the ProDH transcript accumulation was
preferentially enhanced in the dark (Figure
2B,C). In addition to an overexpression
analysis, we also performed loss-of-function
studies using T-DNA insertion mutants of
bZIP1 and bZIP53 (Supplemental Figure S2,
S4 online). In contrast to single bzipl and
bzip53 mutants (Supplemental Figure S5B
online), a moderate but significant reduction in
the dark-induced activation of ProDH
transcript accumulation was observed in bzipl
bzip53 double mutants when compared to wt
(Figure 2C, Supplemental Figure S5B online).
However, because the ProDH transcript level
is still responsive to dark-induced starvation,
additional, partly redundant transcriptional
regulators have to be postulated. As the ProDH
enzyme is mediating proline degradation, its
activation should result in reduced Pro levels,
which indeed was observed after transfer of wt
plants to darkness (Figure 2D). Compared to
wt and also the bzipl bzip53 double mutant,
the proline levels are 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 the ProDH-mediated proline
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 are acting
as important regulatory signals in the
expression of bZIP1, bZIP53 and ProDH, we
grew Arabidopsis plants in a hydroponic
culture system under different carbohydrate
regimes. As shown in Figure 2E, the
transcripts of bZIP1, bZIP53 and ProDH co-
ordinately accumulated after 24 h in the dark.
However, transcriptional regulation of bZIP53
was always less pronounced when compared to
bZIP1 (Figure 1A, 2E). The plants were then
transferred to medium supplemented with
equimolar concentrations of 3-ortho-methyl-
glucose (3-oMQG), glucose,
polyethylenglycol (PEG) and further kept in
darkness. 3-oMG serves as a control as it is
taken up by the cells but does not trigger the
glucose-specific ~ sugarsignalling pathways
(Cortes et al., 2003). Sucrose and glucose, but
not 3-oMG repressed bZIP1, bZIP53 as well as
ProDH transcript accumulation. These data

sucros¢  or

suggest that sugar signalling and not the
absence of light controls 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 h and 2 h time points. It has been
reported, that changing of osmolarity
conditions also modulates the ProDH transcript
levels (Satoh et al., 2004; Weltmeier et al.,
2006). Hyperosmolarity conditions applied by
PEG1000 treatment lead to down-regulation of
ProDH but did not affect bZIP1 transcript
accumulation. From these data we conclude
that, while ProDH transcript accumulation is
controlled by several different stimuli, dark-
induced energy starvation results in a
bZIP1/bZIP53 dependent induction of proline
degradation.
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Figure 2. bZIP1 and bZIP53 control ProDH transcription and Pro content during dark-treatment. (A) The ProDH enzyme
regulates catabolism of the aa Pro to Pyrrolin-5-carboxylate (P5SC). Given is the complementary biosynthesis pathway based on
Glu and making use of P5C as intermediate (Hellmann et al., 2000). (B) Northern analysis of ProDH in wt, Pro35S:bZIP1 (line
C) and Pro35S:bZIP53 (line 10) (Weltmeier et al., 2006) in response to long-term dark treatment for 1 — 8 d. (C) Induction of
ProDH after short-term dark treatment analysed by qPCR as described in Figure 1A. wt (black bars), Pro35S:bZIP1 (grey bars),
Pro35S:bZIP53 (hatched bars), bziplbzip53 (white bars). For visualizing the differences in transcript levels, the y axes is broken
twice at 1.5 and 30 fold induction. (D) Quantification of Pro levels in wt (black bars), Pro35S:bZIP1 (grey bars), Pro35S:bZIP53
(hatched bars) and bziplbzip53 (white bars) after 0, 1, 4, 6 d of dark treatment. (E) The transcript abundance of bZIP1 is
controlled by sugar depletion. 3-week old wt plants were cultivated in a hydroponic culture as depicted in the scheme. After 3 h
in light (L) and after an additional 24 h in darkness (D) RNA was isolated. The plants were transferred to media containing equal
molar (167mM) 3-ortho-methyl glucose (3-oMQG), glucose, sucrose or PEG1000, respectively. Culture on non-supplemented
media has been used as control. RNA isolated from the differently supplemented cultures after 1 or 2 h, respectively. Given are
Northern analysis of ProDH and bZIP1 transcripts. EtBr: Loading is controlled by Ethidium bromide staining.
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bZIP1 and bZIP53 regulate the level of
asparagine and the branched-chain amino
acids leucine, isoleucine and valine

To determine whether bZIP1 and bZIP53
regulate the aa metabolism in general during
the dark-induced response, a
comprehensive aa analysis was performed. In

starvation

wt plants, the total amount of aa increased in
response to prolonged darkness. In contrast,
Pro35S:bZIP53 plants showed a significantly
stronger accumulation of total aa whereas in
the bzipl bzip53 double mutant the increase
was less pronounced (Figure 3A). During
extended night, an increase was observed
especially for the levels of the Branched-Chain
Amino Acids (BCAA) (Leu),
isoleucine (Ile) and valine (Val) as well as for
Asn (Figure 3B; Supplemental Table S1
online). The increase in BCAA levels, in

leucine

particular Leu and Ile, was strongly repressed
in the Pro35S:bZIP1 and Pro35S:bZIP53
plants, indicating that the bZIP regulators
promote the degradation of Leu and Ile. The
Val levels followed a similar accumulation
pattern, however it was less pronounced
(Figure 3B; Supplemental Table S1 online).
The impact of bZIP1 and bZIP53 on Asn
metabolism differed considerably from that of
Leu, Ile and Val. Dark-induced Asn levels
were enhanced by the overexpression of
bZIP53 but not bZIP1, whereas the bzipl
bzip53 plants displayed a slightly reduced
amount of Asn (Figure 3B; Supplemental
Table S1 online). Altogether, our data suggest
that bZIP1 and bZIP53 participate to the
transcriptional reprogramming of the aa
metabolism during the dark-induced starvation
response.

bZIP1 and bZIP53 control the expression of
genes involved in the darkinduced synthesis
of asparagine and branched chain amino
acids

As bZIP1 and bZIP53 are responsible for
modulation of aa levels, we tested the
expression of genes which are related to the
corresponding metabolic pathways. Asn is the

major source for the N/C transport in darkness
(Lam et al., 1994; Lam et al., 1998; Lam et al.,
2003). Asn biosynthesis is derived from
pyruvate and requires the coordinated,
transcriptional up-regulation of several genes
(Lin and Wu, 2004; Figure 4A). Expression of
these genes during dark-induced starvation was
substantiated by public expression data
(Supplemental Figure S6A online) and
confirmed by Northern blot analysis (Figure
4B). The tested genes encoding enzymes of the
Asn  Dbiosynthetic = pathway such as
GLUTAMATE DEHYDROGENASE (GDH2)
ASPARTATE AMINOTRANSFERASE 3
(ASP3), GLUTAMATE SYNTHASE (GLNS)
and ASN1 were induced during 8 days 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.
The PepCK transcript accumulation, which
encodes PEP CARBOXYKINASE, the first
enzymatic step in the 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 carried out for the central Asn
biosynthesis pathway gene ASN1. Comparable
to ProDH, rapid induction of the ASNI1
transcript accumulation 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
to bZIP53, bZIP1 also activated an
ASPARAGINASE gene (ANS, At3gl6150)
(Figure 4D), which participates to 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 the Asn
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metabolism. Ectopic expression of bZIP1 and
bZIP53 leads to reduced levels of BCAA,
indicating  their involvement in  the
corresponding  catabolic  pathway. The
mitochondrial BCAA TRANSAMINASE 1
(BCATI1) gene was proposed to encode the
central catabolic enzyme (Diebold et al., 2002;
Schuster and Binder, 2005; Supplemental
Figure S6A,B online). However, the analysis
of the six Arabidopsis BCAT genes revealed,
that BCAT2 and to a minor extend BCATI1
were induced during dark-treatment. As
depicted in Supplemental Figure S6 online,
bZIP1 strongly enhances BCAT2 transcript
accumulation in the dark. The BCAT2 enzyme
is localised in the chloroplasts, where it
contributes to Leu and Glu biosynthesis
(Schuster and Binder, 2005). Therefore, the
plastidic deamination reaction of BCAT2 in
the dark might supply the cell with Glu which
in turn is essential for Asn biosynthesis
(Supplemental Figure S6B
conclusion, the dark-induced accumulation of
BCAT2 transcript is rather linked to the
darkinduced Asn biosynthesis than to dark-
induced BCAA degradation.

online). In

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
ASN1 and ProDH promoter:reporter constructs
(ProASN1:GUS; 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 (3-(3,4-
Dichlorphenyl)-1,1-dimethylurea). Both
starvation treatments induced the
transcriptional activity of the ProASN1:GUS
and ProProDH:GUS reporter genes
demonstrating that the protoplast system can
be wused to starvationinduced
transcription (Supplemental Figure S7 online).

analyse
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Figure 3. Quantitative analysis of the amount of aa in dark
treated plants. Given are the levels of total aa content (A)
Leu, Ile, Val and Asn (B). Aa levels of wt (black bars),
Pro35S:bZIP1 (grey bar ars), Pro35S:bZIP53 (hatched bars)
and bzipl bzip53 (white bars) after 0, 1, 4 and6 days of dark
treatment are calculated as ng aa/mg dry weight (DW). Given
are mean values of two independent experiments. Asterisks
represent significant differences between wt, overexpressor
and mutant plants at the indicated time point (two-way
ANOVA, * p<0.05; ** p <0.01; *** p <0.001).
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bZIP53 up-regulated the activity of the ProDH
promoter both after light and dark cultivation.
In contrast to the results obtained in transgenic
plants, expression of bZIP1 in protoplasts did
not induce both reporter constructs indicating
that additional factors are needed to fulfil 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 (Supplemental Figure
S7C online).

bZIP1 and bZIP53 directly regulate ASN1
and ProDH promoter activity via G-boxes
or ACT-cis elements in starvation response

Using the protoplast transfection system, we
analysed whether the starvation response is
mediated by ACGT motifs, which represent
typical binding sites for bZIP TFs (Jakoby et
al., 2002). As summarized in Table S2, all
promoters of the Asn biosynthesis genes and
the promoters of ProDH and BCAT2 harbour
at least one ACGT motif. In the ASNI
promoter two G-boxes (CACGTG) were found
and the 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 depended
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. In order to define whether the
identified genes involved in aa metabolism are
direct targets of the bZIP factors, Chromatin
Immuno Precipitation (ChIP) experiments
were performed with transgenic Arabidopsis
lines expressing the HA-tagged version of
bZIP1. By using primers which amplify the G-

box 1/2 promoter region, we could show direct
binding of HA-bZIP1 proteins to the ASNI
promoter (Figure 5B). results
revealed pronounced differences in the
regulation of ProDH and ASN1. The ProDH
promoter harbours no G-box, but a C-box
(GACGTO) and two  ACT-elements
(ACTCAT) proposed as bZIP binding sites
involved in ProDH regulation (Satoh et al.,
2004; Table S2). Whereas single mutations in
the ACTCAT-element (Figure 5C) or C-boxes
(Supplemental Figure S8 online) resulted in
minor but significant effects on dark-induced
ProDH activation, multiple mutations in two

Previous

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 bzipl bzip53 double mutant showed only
limited impairment in dark-induced ProDH
and ASNI1 transcript accumulation (Figures
2C, 4C, Supplemental Figure S5 online). We
therefore, applied an alternative loss-of-
function approach. Fusions between bZIP53
and bZIP1 and the EAR repressor domain
(Hiratsu et al., 2003) were generated and
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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-bZIPS53.
Expression of the fusion proteins was
confirmed by immunoblot analysis as
demonstrated in Supplemental Figure S9A
online. These data further substantiate our
hypothesis that bZIP1 and bZIP53 play a
crucial role in the control of dark-induced
ProDH transcription. However, due to their
heterodimerisation 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 qua-
druple T-DNA mutants of bZIP1 and
bZIP53 with different group C bZIPs (bzipl
bzip53 bzip9 bzip63 and bzipl bzip53
bzipl0 bzip25) in our study. As
demonstrated in Supplemental Figure
S9B,C online, depending on the particular
bZIP gene, complete null alleles or “knock-
down” alleles were obtained in the
respective mutant lines. The accumulation
of ASNI1, ProDH (Figure 6B) and BCAT2
(Supplemental  Figure S6D, online)
transcripts was considerably impaired
during extended dark treatment in the
quadruple mutants, although no complete
loss of transcript accumulation was
observed. Surprisingly after long term dark
treatment, gene expression was partially
restored, indicating that the plant harbours
regulatory mechanisms to substitute for the
loss of particular bZIP proteins.

DISCUSSION

In this work, we have identified two bZIP
TFs, namely bZIP1 and bZIP53, which
translate low energy signals into an altered
transcriptional pattern of aa metabolic
genes in Arabidopsis. As outlined in the
model in Figure 7, starvation activates in

particular bZIP1 transcriptionally and post-
transcriptionally - the latter by a conserved
system of uORFs (Wiese et al.,, 2004;
Weltmeier et al., 2009). Presumably by
heterodimerisation 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 mediate
transcriptional metabolic reprogramming in
response to starvation.

The bZIP transcription factors bZIP1
and bZIP53 are regulated by energy
deprivation, both on transcriptional and
post-transcriptional level

In this work, bZIP1 - and to minor extends
also bZIP53 - has been found to be
transcriptionally up-regulated by conditions
leading to energy deprivation. Feeding
experiments with sucrose and glucose, but
not 3-oMG represses bZIP1 and bZIP53
transcription (Figure 2E). 3-oMG is taken
up by the cells but is not metabolised and
appears not to signal via the hexokinase-
dependent sugarsignalling pathway (Cortes
et al., 2003). These data indicate that sugar-
signalling controls transcription of bZIP1
and bZIP53 supporting recent findings by
Kang et al. (2010). Since long-time dark
treatments, which frequently have been
applied for dark-induced senescence studies
(Gan, 2003; Lin and Wu, 2004; Buchanan-
Wollaston et al.,, 2005) do not reflect
natural environmental conditions, short-
term experiments have been performed
which describe detailed expression changes
after extended night treatments and defined
bZIP1 and bZIP53 as putative transcript-
tional regulators in the starvation response
(Figure 1A). For assaying starvation
responses, plant and protoplast systems
have been applied using culture conditions
in the dark or incubation with the
photosystem II inhibitor DCMU
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Figure 5. bZIP1 binds directly to the ASN1 and ProDH
promoters and mediates starvation responses via G-box
(CACGTG) or ACTCAT cis-elements. (A) Arabidopsis
protoplasts have been transformed with a ProASN1:GUS
reporter construct or the indicated promoter mutations.
After co-transformation with the effector plasmids
(Pro35S:bZIP1 or Pro35S:bZIP53), reporter induction was
compaired in constant darkness (black bars) or in constant
light (white bars) conditions. Given is the fold change with
respect to the empty vector control experiment without any
bZIP construct added (-) under constant light. (B) Direct
binding of bZIPl to the ASN1 promoter has been
demonstrated by ChIP. ASN1 promoter structure and primer
binding sites are indicated on the left. Chromatin extracts
from wt plants and Pro35S:HA-AtbZIP1 are subjected to
gPCR analysis with ASN1 promoter specific primers after
immunoprecipitation with an anti-HA antibody (a-HA). Ct
values for Pro35S:HA-bZIP1 samples are subtracted from
the Ct values of the equivalent wt. For normalization an
actin (ACT7) gene has been used.

Calculated are induction levels with respect to the wt
samples. Given are mean values and standard deviation of
2 independent experiments. (C) Analysis of the
ProProDH:GUS construct as described in A. Compared are
the non-mutated promoter and ACTCAT (ACT) specific
mutations. (D) ChIP experiment of wt and Pro35S:HA-
bZIP1 plants using aHA antibody and chromatin isolated
from 3-week old plants grown under normal light/dark
cycle (white bars) or plants cultivated in an extended night
for 4 days (black bars). Error bars represent mean values
and standard deviation of 3 repetitions. ProDH promoter
structure and primer binding sites are indicated on the left.
(E) Immuno blot analysis of chromatin derived from wt 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 (lower panel).

(e.g. Figure 1A, Supplemental Figure
S7A,B 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 a
low energy status of the cell can be
assumed to interfere with the primary
metabolism and therefore might also input
into the starvation signalling network
(Baena-Gonzalez and Sheen, 2008). Recent
bioinformatic network analyses point into
the direction that bZIP1 is regulated by the
circadian clock (Gutierrez et al., 2008).
Interestingly, CIRCADIAN  CLOCK
ASSOCIATED 1 (CCAl) which is an
integral component of the Arabidopsis
clock (Yakir et al., 2007) was shown to
directly bind to the bZIP1 promoter
(Gutierrez et al., 2008). Although a detailed
molecular analysis is still elusive, it is
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
control bZIP1-dependent gene expression.
In addition to transcriptional regulation,
further post-transcriptional mechanisms
might account for bZIP1 and bZIP53
regulation. For all group S1 bZIPs a
posttranscriptional repression by sucrose
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Figure 6. Impact of bZIP factors on target gene
expression using bZIP  specific loss-of-function
approaches. (A) EAR repressor fusions of bZIP1 and
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induced ProDH transcription. Arabidopsis protoplasts have
been transiently transformed with a ProProDH:GUS
reporter and co-transfected with Pro35S driven reporters
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bZIP53). Induction by cultivation in constant dark (black
bars) conditions is compared to expression in constant light
(white bars). Depicted is the fold change compared to the
promoter in the light. Significance was tested by One-way
ANOVA analysis following Tukey's post-test, p<0,05.
Expression of the effector constructs has been confirmed by
immuno blot analysis (Supplemental Figure S9A online).
(B) qPCR analysis of ProDH and ASN1 after extended
night treatment as described in Figure 1. Given are fold
change values comparing wt expression at the time point
“0”. Asterisks represent significant differences between wt
and mutant plants at the indicated time point (two-way
ANOVA, * p<0,05 ; **p<0,01 ; ***p<0,001). Impaired
expression of the corresponding bZIP genes is demonstrated
in Supplemental Figure S9B, C online.

(SIRT) was demonstrated (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 starvation response.

bZIP1 is regulated post-translationally
by a starvation-derived signal

Although bZIP1 is strongly up-regulated 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
obtained by studying transgenic plants was
not detectable in the protoplast system by
us and others (Baena-Gonzalez et al.,
2007). Obviously, an unknown component
is missing in the protoplast system and
therefore, these findings clearly emphasize
the importance of studying the whole plant
system. bZIP53 is predominantly regulated
on the level of protein amount. When
overexpressed, it activates transcription
independent of the energy status of the cell
whereas bZIP1 activity is further fine-tuned
on post-translational 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
transcriptional level (Baena-Gonzalez et al.,
2007; Baena-Gonzalez and Sheen, 2008). It
remains to be analysed whether the
starvation signal controlling bZIP1 function
is directly or indirectly mediated by these
kinases.

bZIP1 and bZIP53 show overlapping but
distinct functions in the low energy
response
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In this work, ectopic overexpression of
bZIP1 results in an early senescence
phenotype in the dark, characterized by
rapid loss of chlorophyll (Figure 1C,D). As
defined by marker gene expression, this
phenotype  reflects a  dark-induced
starvation response but not the natural
senescence  (Supplemental Figure S3
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 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 results
in significantly reduced plant growth
(Alonso et al., 2009). These findings clearly
indicate pronounced differences in bZIP1
and bZIP53 function. Overexpression of
bZIP1 and bZIP53 in transgenic plants
revealed that both TFs are capable to
regulate aa metabolic genes proposed to be
up-regulated during dark-induced starvation
response such as ProDH, ASNI, Asn
biosynthesis and BCAA metabolism (e.g.
Figure 2C, 4B,C, Supplemental Figure S6C
online). ASNI1, the key gene of Asn
biosynthesis pathway is characterised by a
complex transcriptional regulation (Lam et
al., 1998; Lam et al., 2003). Transcription
of Asn pathway genes such as ASP3,
GDH2 and ASN1 appears to be co-
regulated and is induced after dark
treatment but repressed when sugar is
available (Lin and Wu, 2004). In light,
ectopic expression of bZIP53 leads to
constitutive activation of ProDH, ASP3,
GDH2 and ASNI1, whereas bZIP1 provokes
only minor effects. Changes in the
transcriptional levels of aa metabolic genes
are well reflected on the level of aa. For
instance, the amount of proline 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
transcriptional level, bZIP1 but not bZIP53
enhances expression of an ASPAR-
AGINASE gene (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. Ectopic
expression of bZIP1 and bZIP53 leads to
reduced levels of BCAA (Figure 3B),
indicating the involvement of both TFs in a
BCAA degradation pathway. BCAT2
transcription follows the pattern of the other
analysed, dark-induced aa metabolic genes,
and bZIP1 and bZIP53 strongly enhance
BCAT?2 transcription (Supplemental Figure
S6C online). Yet, it is not clear whether the
BCAT2 enzyme is involved in an anabolic
or catabolic context. In the dark,
chloroplastic proteins such as RUBISCO
are degraded to provide aa to the starved
nitrogen metabolism. 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, the dark induced
BCAT?2 expression as well as the BCAA
degradation might be closely linked to the
dark-induced  Asn  biosynthesis  and
consequently, 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). E. g., heterodimers
enclosing bZIP53 control the expression of
seed maturation genes involved in
desiccation tolerance, storage compound
synthesis and source sink control, such as
ASN1 (Alonso et al., 2009). Although
bZIP1 heterodimers share the capacity to
activate seed maturation genes in
protoplasts, bZIP1 appears not to be
involved in regulation of these genes during
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seed maturation (Weltmeier et al., 2009).
Altogether, bZIP53 and bZIP1 have
partially overlapping but distinct functions
which are probably defined by expression
pattern and/ or post- translational
mechanisms.

Transcriptional control of amino acid
metabolic genes by bZIP1 and bZIP53 is
mediated by binding 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 ASNI 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 characterised 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 (Figure
5B,D). 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
strongly suggest that the analysed ProDH
and ASN1 promoters are direct in vivo
targets of bZIP1. Dark-induced recruitment
of bZIP1 to its target promoters is one
possible regulatory mechanism which
would explain stimulus induced target gene
activation. However, dark induced
enhancement 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 harbours no G-box but a
closely related, ACGT core-containing C-
box and two ACTCAT motifs. The latter
was shown to be bound by group S1 bZIPs
and is involved in hypoosmolarity response

(Satoh et al., 2002; Satoh et al., 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 their promoter
structure defined by combination and
location of the identified cis-elements.
Furthermore, bZIP  heterodimerisation
might alter target site recognition and
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 bZ1P53

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 expression 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 bzipl and bzip53
T-DNA mutants and even a bzipl bzip53
double mutant do not lead to dramatic
impairment of aa target gene expression
(Supplemental Figure S5 online), the
protoplast data support the view that a
functional redundant bZIP transcription
factor 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 a severely
dwarfed, sterile plants bZIP2 could not be
included in the experimental set-up. Strong
interference with normal plant growth was
also observed by overexpression of bZIP11
(Hanson et al., 2008). Inducible expression
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combined with transcriptome analysis was
used to identify ProDH and ASNI as
bZIP11-controlled 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 down-regulated by darkness.
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Figure 7. Model summarizing the function of bZIP factors
in energy deprivation response. For details see text.

As depicted in Supplemental Figure S1
online, several bZIP genes such as bZIP41
or bZIP54 show appropriate expression
patterns to fulfil a function in energy
deprivation response. Also the group C
factors bZIP63, bZIP9 and bZIP25 which
form heterodimers with group S1 might be
candidates.  Specific ~ bZIP  hetero-
dimerisation 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, Supplemental Figure S9D 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
signalling networks. The regulation of
target genes by C/S1 bZIPs is complex, but
however more stable with respect to
mutations and more flexible in terms of its
potential to fine tune regulation. Although
the plant obviously benefits from this
flexibility, = the  regulatory  circuits
controlling this TF network remain elusive.
Knowledge on the transcriptional regulators
is crucial for understanding the plant energy
control system and a first step to establish
biotech approaches to increase yield and
stress tolerance of crop plants.

MATERIALS AND METHODS

For plant and protoplast transformation, aa
measurement, qPCR, Northern and ChIP
experiments (see Supplemental Methods),
Arabidopsis thaliana ecotype Columbia
(Col-0) was grown on soil under long day
conditions of 16h light/8h dark cycles. Dark
treatment was performed from 4h up to 8
days using 3 week old soil grown plants.
For Northern Analysis the first harvesting
time point (0d) was at 5 pm in the middle of
the light period. Material for qPCR was
harvested as indicated, starting at the
beginning of the light period (8:00 am). For
hydroponic culture, the procedure described
in Gibeaut et al. (1997) has been modified.
3- 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 transformations have been
performed by using the Agrobacterium
tumefaciens strain GVG3101 (Weigel and
Glazebrook, 2002). Transgenic plants and
T-DNA insertion lines are summarized in
Table S3. Homozygous mutants were
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identified by PCR as described in
(http://signal.salk.edu/tdnaprimers.2.html)
using the primers described in Table S4.
Statistical analysis was performed with the
GraphPad Prism software using the tests
indicated in the figure legend.

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 (At5g07440), ASP3
(At5g11520), GLNS (At5g37600), PepCK
(At5g65690), ANS (At3gl6150), CAB
(At1g29920), SAG103 (Atlgl10140), YLS3
(At2g44290),  BCAT2 (Atl1g10070),
LEA76 (At3g15670), UBIS (At3g62250),
ACT7 (At5g09810).
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Heterodimers of the C/S1 bZIP network controls gene
expression in seed maturation
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A Pivotal Role of the Basic Leucine Zipper Transcription Factor
bZIP53 in the Regulation of Arabidopsis Seed Maturation Gene
Expression Based on Heterodimerization and Protein
Complex Formation™
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Transcription of Arabidopsis thaliana seed maturation (MAT) genes is controlled by members of several transcription factor
families, such as basic leucine zippers (bZIPs), B3s, MYBs, and DOFs. In this work, we identify Arabidopsis bZIP53 as a novel
transcriptional regulator of MAT genes. bZIP53 expression in developing seeds precedes and overlaps that of its target
genes. Gain- and loss-of-function approaches indicate a correlation between the amount of bZIP53 protein and MAT gene
expression. Specific in vivo and in vitro binding of bZIP53 protein to a G-box element in the albumin 252 promoter is
demonstrated. Importantly, heterodimerization with bZIP10 or bZIP25, previously described bZIP regulators of MAT gene
expression, significantly enhances DNA binding activity and produces a synergistic increase in target gene activation. Full-
level target gene activation is strongly correlated with the ratio of the correspondent bZIP heterodimerization partners.
Whereas bZIP53 does not interact with ABI3, a crucial transcriptional regulator in Arabidopsis seeds, ternary complex
formation between the bZIP heterodimers and ABI3 increases the expression of MAT genes in planta. We therefore propose
that heterodimers containing bZIP53 participate in enhanceosome formation to produce a dramatic increase in MAT gene

transcription.

INTRODUCTION

As an outstanding adaptation of terrestrial plants, seed formation
favors dispersal of species and allows the interruption of the life
cycle and its resumption once optimal growth conditions are
newly established (for review, see Vicente-Carbajosa and
Carbonero, 2005; Weber et al., 2005; Santos-Mendoza et al.,
2008). Seeds are formed after a double fertilization event, trigger-
ing the development of a complex organ, which comprises the
embryo, the endosperm, and the seed coat derived from the
integuments and other surrounding layers of maternal origin. Seed
development can be divided into three phases: first, embryogen-
esis is characterized by cell division and differentiation until
embryo morphology is established. Second, the maturation phase
is dominated by storage compound accumulation, growth arrest,
and acquisition of desiccation tolerance. Third, the embryo can
enter into a dormancy state that is broken upon germination.
With respect to seed morphology, physiclogy, and gene regu-
lation, considerable variations occur among species. Arabidopsis
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thaliana has been developed as a well-established model system
for dicot seed development, and several similarities and dif-
ferences with monocot model systems have been described
(Vicente-Carbajosa and Carbonero, 2005; Santos-Mendoza
et al., 2008).

Important programs of gene expression related to the meta-
bolic changes that occur during seed maturation are highly
coordinated and tightly regulated (Gutierrez et al., 2007). An
understanding of gene expression control in the seed was
tackled from early studies in plant molecular biology, with maize
(Zea mays) Opaque2 (02) representing a hallmark as one of the
first plant transcription factor (TF) genes cloned and character-
ized (Hartings et al., 1989; Schmidt et al., 1990). Similarly,
orthologous genes from wheat (Triticum aestivum) (SPA) and
barley (Hordeum vulgare) (BLZ2) play the same roles as 02 in
their corresponding species (Albani et al., 1997; Onate et al.,
1999). In dicot species, key TFs have been characterized that
control gene expression programs during seed maturation.

The class of maturation genes (MAT) expressed during seed
maturation typically includes seed storage protein (SSP) genes,
such as albumin and cruciferin genes, which are induced in early
or mid-maturation phase. The late embryogenesis abundant
(LEA) genes are induced at later stages of maturation and
include genes proposed to be involved in acquisition of desic-
cation tolerance (for review, see Tunnacliffe and Wise, 2007).
MAT promoter analyses have revealed several conserved
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cis-regulatory elements with functional relevance in the control of
gene expression during seed maturation. Among them, G-box-
related ACGT elements, RY (CATGCA), AACA, and CTTT motifs
are the best described examples (for review, see Vicente-
Carbajosa and Carbonero, 2005). The corresponding associated
TFs belong to the basic leucine zipper (bZIP), B3, MYB, and DOF
TF families, respectively. Cooperation of these regulatory unitsin
the control of gene expression appears to be an evolutionarily
conserved pattern that can be traced back to the origins of
the Spermaphyta (Vicente-Carbajosa and Carbonero, 2005;
Schallau et al., 2008).

TFs of the bZIP class, related to cereal O2-type TFs, have been
identified in Arabidopsis (Lara et al., 2003), namely, bZIP10 and
bZIP25, which have been classified into group C of the Arabidop-
sis bZIP TF family (Jakoby et al., 2002). Expression during seed
development, specific binding to G-box-like ACGT elements of the
albumin and cruciferin promoters, and in vivo regulation of these
target genes have been demonstrated (Lara et al., 2003). A
peculiarity exists in that none of the four genes in the bZIP group
C in Arabidopsis shows seed-specific expression, in contrast with
characterized members of the cereal O2-type TFs. This suggests
that in Arabidopsis, combinatorial interactions and expression
levels of different TFs may be of major relevance in the induction of
seed-specific gene expression pattems.

ABSCISIC ACID INSENSITIVES (ABI3), FUSCA3 (FUS3), and
LEAFY COTYLEDONZ2 (LEC2) have been implicated in seed
development and belong to the B3 family of TFs (Parcy et al.,
1994; Kroj et al., 2003; Braybrook et al., 2006; Santos-Mendoza
et al., 2008). Mutations in any of these genes result in pleiotropic
phenotypes affecting SSP accumulation and acquisition of des-
iccation tolerance. Recent genetic analysis demonstrated that
these B3-type TFs are controlled by a complex self-regulating
network including LEC1, LEC2, FUS3, and ABI3 (To et al., 2006).
The corresponding genes clearly differ in expression and func-
tion despite being partially redundant. Although binding of ABI3,
FUS3, and LEC2 to the RY element, mediated by the B3 DNA
binding domain, has been shown in vitro and in yeast systems
(Kroj et al., 2003; Ménke et al., 2004; Braybrook et al., 2006), RY
motifs are not sufficient to confer seed-specific expression
patterns to a target promoter (Ezcurra et al., 2000; Nakashima
et al., 2006). Cooperation with neighboring cis-elements and the
cognate TFs has been demonstrated to be important to establish
seed-specific transcriptional patterns. bZIP10 and bZIP25 phys-
ically interact with ABI3, which in turn enhances in vitro DNA
binding of the bZIP proteins to SSP promoters as well as their in
vivo activation capacity (Lara et al., 2003). Therefore, coopera-
tion of transcriptional regulators by protein-protein interactions
provides an efficient mechanism to control gene expression in
seeds and explains some of the molecular mechanisms under-
lying SSP gene expression. However, our knowledge on the
protein partners and their interplay remains limited.

In general, bZIP TFs bind DNA as homo- or heterodimers
(Ellenberger et al., 1992). Recently, we demonstrated that group
C bZIPs, such as bZIP10 and bZIP25, preferentially interact with
group S1 bZIPs, resulting in a set of specific heterodimers
designated the C/S1 network of bZIP TFs (Ehlert et al., 2006). In
particular, members of the C/S1 network have been implicated in
energy homeostasis (Baena-Gonzalez et al., 2007; Usadel et al.,

2008), amino acid metabolism (Weltmeier et al., 2006; Hanson
et al., 2008), stress response (Kaminaka et al., 2008), and sink-
specific gene expression (Rook et al., 1998; Weltmeier et al.,
2009). Importantly, these heterodimers were shown to convey
synergistic activation properties to target genes, suggesting that
heterodimerization serves as an efficient mechanism of signal
integration (Weltmeier et al., 2006). With respect to the regulation
of the seed gene Em, the importance of bZIP heterodimers and
the ABI3 othologous regulator VP1 has already been proposed in
rice (Oryza sativa) (Nantel and Quatrano, 1996).

In this work, we aimed to identify S1 bZIP members that could
be involved in seed gene regulation as important potential
partners of previously described group C bZIPs. We define the
S1 TF bZIP53 as a key regulator of MAT gene transcription.
bZIP53 enhances MAT gene expression by specific heterodime-
rization with bZIP10 or bZIP25. Furthermore, these bZIP hetero-
dimers interact with ABI3, which further increases MAT gene
activation. Therefore, we propose that bZIP53 plays a pivotal and
crucial role in quantitative control of MAT gene transcription
levels by cooperation with several TFs forming enhanceosome-
like protein complexes.

RESULTS

bZIP53 Is Expressed in Seed Tissues during Maturation

We have previously shown that Arabidopsis S1 bZIP proteins
support strong heterodimerization with members of the group C
bZIPs using two-hybrid systems in yeast and protoplasts and
bimolecular fluorescence complementation (BiFC) techniques
(Ehlert et al., 2006; Weltmeier et al., 2006). Since two group C
members, bZIP10 and bZIP25, are known activators of SSP
genes (Lara et al., 2003), we surveyed the expression patterns of
S1 members during seed development to identify possible
partners for C-S1 interactions in this process. According to the
mRNA profiles of S1 bZIPs during silique and seed development
derived from public AtGenExpress microarray data (http://www.
genomforschung.uni-bielefeld.de/GF-research/AtGenExpress-
SeedsSiliques.html), bZIP53 is the S1 member with the highest
expression in mid and late maturation phases. Induction of
bZIP53 precedes and overlaps the activation of typical SSP and
LEA genes, supporting the hypothesis that bZIP53 might be
involved in MAT gene regulation.

Confirmation of the bZIP53 temporal pattern of expression and
its localization within the seed were obtained by in situ hybridiza-
tion studies (Figure 1A). bZIP53 mRNAs produced a strong signal
in the embryo cotyledons during late maturation. In addition, we
performed histochemical localization of B-glucuronidase (GUS)
activity in seeds of Arabidopsis transgenic plants expressing the
GUS reporter gene under control of the bZIP53 gene promoter
(ProbZIP53:GUS). The results presented here were confirmed in
three independent transgenic lines, all of which showed the same
profiles of GUS expression. As seen in Figure 1B, GUS staining in
the developing embryo was observed from the torpedo to the
green cotyledon stages during seed development (Bowman,
1994). Altogether, these results demonstrate that bZIP53 expres-
sion increases during seed development and localizes to the
embryo and endosperm during the maturation phase.
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Figure 1. Expression of bZIP53 in Seeds.

(A) In situ mRNA hybridization for bZIP53 at different stages of seed
development. Longitudinal sections of siliques with seeds at heart (| and
I'), early torpedo (Il and II'), and green cotyledon (lll and III") stages of
development are shown. Sections were hybridized with a bZIP53 anti-
sense (I, Il, and Ill) or a sense probe (I', II', and 1II').

(B) Histochemical analysis of Columbia (Col-0) seeds harboring a bZIP53
promoter fused to GUS (ProbZIP53:GUS). GUS staining of late torpedo
stage (Il) and green cotyledon stage (lll) embryo development are shown.
The arrow indicates the developing endosperm; to facilitate viewing, the
seed has been pressed to push out the embryo.

Ectopic Expression of bZIP53 Results in Abnormal Plant
Growth and Expression of Seed-Specific Genesin
Leaf Tissue

Because of its particularly high levels of expression during seed
development, bZIP53 could be expected to participate in seed
gene regulation. To address this question, we followed a gain-of-

Regulation of Seed Gene Expression by bZIP53 1749

function approach and obtained transgenic Arabidopsis plants
with ectopic expression of bZIP53 driven by the cauliflower
mosaic virus 35S promoter (Pro35S:bZIP53) (Weltmeier et al.,
2006). As seen in Figure 2A, strong overexpression of bZIP53
resulted in phenotypic alterations, including dwarfism and de-
layed bolting compared with the wild-type plants. To test
whether these modifications were associated to altered patterns
of seed gene expression, mMRNA isolated from wild-type and
Pro358:bZIP53 plants was subjected to quantitative RT-PCR
{(qRT-PCR) to check for bZIP53, MAT, and LEA gene expression.
Figure 2B shows data of wild-type and two independent Pro35S:
bZIP53 transgenic lines with increased levels of bZIP53 mRNA as
well as induced expression of seed MAT and LEA genes,
indicating that bZIP53 is able to activate seed-specific expres-
sion in Arabidopsis leaves. Accumulation of SSP transcripts in
leaves, as exemplified by the cruciferin (CRU3) and albumin (252)
genes, was also obtained by overexpression of HA-tagged
bZIP53 (see Supplemental Figures 1A and 1B online). The
presence of the transgene-encoded protein was confirmed by
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Figure 2. Plants with Constitutive Expression of bZIP53 Have Growth
Defects and Increased Levels of Seed Maturation Transcripts.

(A) Plants overexpressing bZIP53 (Pro35S:bZIP53) have a stunted and
late flowering phenotype compared with Col wild-type (Col-0 wt) plants.
(B) mRNA samples from 2-week-old wild-type and two Pro35S:bZIP53
lines (#1 and #2) were analyzed by gRT-PCR to quantify the transcript
levels of bZIP53, LEATS, CRUS3, and ProDH. Expression levels are given
relative to a UBIQUITIN gene for normalization. Given are mean values
and standard deviation of two to three replicates.
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immunoblot analysis. Further examples of seed genes misex-
pressed in leaves are legumin-like CRA1 (Wang et al., 2007) and
the 11-p-hydroxysteroid dehydrogenase gene (HSD7) (Li et al.,
2007; see Supplemental Figure 1C online). In addition, these
plants also show enhanced expression of the proline dehydro-
genase (ProDH) gene, as previously reported (Weltmeier et al.,
2006), or the Asparagine Synthetase1 (ASNT) gene, both typical
genes involved in amino acid metabolism (Lam et al., 2003)
(Figure 2B; see Supplemental Figure 1C online). Altogether,
these data support the assumption that overexpression of
bZIP53 in leaves triggers the misexpression of a substantial
fraction of seed-specific genes.

The Albumin 252 Gene Is a Direct Target of bZIP53

To elucidate whether the SSP promoters were directly targeted
by bZIP53, we performed chromatin immunoprecipitation (ChIP)
from leaves of plants expressing ectopical bZIP53 tagged at the
N terminus with a 3xHA epitope. These plants have been previ-
ously described and display the same phenotype as the un-
tagged Pro35S:bZIP53 plants described in Figure 2A (Weltmeier
et al., 2006).

Figure 3A shows the results of qPCR analyses for the 252
promoter on chromatin samples isolated from wild-type and
Pro35S:HA-bZIP53 plants. The relative enrichment of the 252
gene promoter in Pro35S:HA-bZIP53 immunoprecipitated sam-
ples supports direct binding of a protein complex that includes
bZIP53.

Heterodimerization of bZIP53 with Group C bZIP10 or
bZIP25 Promotes Strong Activation of Seed-Specific Genes

Activation of seed-specific genes in leaves of Pro35S:bZIP53
plants as well as ChIP analyses suggest that bZIP53 is directly
involved in this regulation. We studied the activation properties of
bZIP53 in Arabidopsis leaves transformed by particle bombard-
ment (Lara et al., 2003). Figures 3B and 3C show an example of
252 promoter constructs driving the expression of a GUS reporter
that is cotransformed with effector plasmids for bZIP53, bZIP10,
and bZIP25. Individually, none of these bZIPs is able to produce a
significant increase in the basal activity of the reporter. Previous
studies showed no significant heterodimerization for bZIP10 and
bZIP25, whereas strong heterodimerization of group C bZIPs and
bZIP53 was reported (Ehlert et al., 2006). Accordingly, when
bZIP53 was cotransformed with bZIP10 or bZIP25, a dramatic
increase in the reporter activity was observed. These results were
confirmed in transiently transformed leaf mesophyll protoplasts
using two different seed-specific reporter constructs, driven by the
252 or the CRU3 promoter (see Supplemental Figure 2 online).
Similarly, immunoblot analysis confirmed expression of the bZIP
genes (see Supplemental Figure 3A onling) in transient assays in
protoplasts. Unexpectedly, we observed that coexpression of
bZIP10 and bZIP53 leads to enhanced protein levels, suggesting
that heterodimer formation might stabilize the bZIP proteins from
degradation. This data emphasize the importance of heterodimer
formation between bZIP53 and group C bZIPs in the observed
enhancement of gene activation.

Activation of the 252 Seed Storage Protein Gene by bZIP53
and Its Heterodimers Relies on the G-Box Promoter Element

The in vivo regulation of bZIP53 and its heterodimers was further
investigated on the 252 promoter. A medified version of the
native promoter was used, in which the G-box element was
mutated to a sequence that prevents bZIP DNA binding (Figure
3B; Lara et al., 2003). Different from the behavior of the native
promoter, the activation mediated by the bZIP TFs is completely
abolished in this mutant (Figure 3C), indicating that the regulation
of the 252 promoter by these bZIP proteins requires an intact
G-box motif.

bZIP53 Binds in Vitro to the G-Box Present in the 252
Promoter, and Heterodimerization with bZIP10 or bZIP25
Increases Its Binding Activity

To establish if bZIP53 was able to bind to seed-specific gene
promoters, we performed in vitro DNA binding experiments
with an epitope-tagged bZIP53 (T7-bZIP53) protein. A native-
sequence oligonucleotide (wild type) containing a functional bZIP
(G-box) binding site (Ezcurra et al., 2000) derived from the 252
promoter and a mutated version were used (Figure 3B). Double-
stranded oligonucleotides were covalently attached to 96-well
ELISA plates before doing the binding assays as described in
Methods. Figure 3D shows a positive correlation between the
amount of T7-bZIP53 detected with the epitope-specific anti-
body and the amount of T7-bZIP53 protein extract added to the
wells, indicating T7-bZIP53 binding to the wild-type oligonucle-
otide in a concentration-dependent manner. To analyze the
specificity of this binding, competition experiments were per-
formed with increasing amounts of the wild-type or mutated
oligonucleotides added to the binding reactions. As shown in
Figure 3D, the wild-type, but not the mutated oligonucleotide,
was able to reduce the amount of T7-bZIP53 bound to the plate,
thus confirming the specificity of the binding.

We have shown in previous work and in this study that bZIP53
heterodimerization with bZIP10 or bZIP25 increases its trans-
activation properties (Ehlert et al., 2006; Weltmeier et al., 20086).
To determine if the heterodimerization was also affecting the
binding capabilities of these proteins, we incubated increasing
amounts of T7-bZIP53 in the wild-type oligo-coated wells in the
presence or absence of fixed amounts of bZIP10. Figure 3E
ilustrates the effect of heterodimerization between bZIP53 and
bZIP10 and shows that the binding activity for the concentration
series of bZIP53 is higher in the presence (than in the absence) of
bZIP10. Likewise, the same behavior is observed in the recipro-
cal experiment for a bZIP10 series, in support of an increased
binding activity of the heterodimers.

ABI3Does Not Interactwith bZIP53 Alone, but Heterodimers
with bZIP10 or bZIP25 Form a Ternary Complexin Yeast and
in Planta

ABI3 is an important regulator of gene expression in seeds of
Arabidopsis (Giraudat et al., 1992; Parcy et al., 1994) and is able
to interact with bZIP10 or bZIP25 to increase their activation
capacity on the 252 promoter (Lara et al., 2003). We used a yeast
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Figure 3. In Vivo and in Vitro Binding of the bZIP53 Protein to the
Albumin 252 Promoter and Interaction with bZIP10 and bZIP25.

(A) Chromatin extracts from wild-type plants and plants overexpressing
a HA-tagged bZIP53 protein (Pro35S:HA-bZIP53) were subjected to
qRT-PCR analysis with 252 promoter-specific primers before (input) and
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two-hybrid system to determine if bZIP53 was also able to
interact with ABI3. We expressed the ABI3 and bZIP53 proteins
as fusions to the GAL4 binding (BD) or activation (AD) domains,
respectively, and introduced them into yeast strains containing
LacZ or HIS reporter genes under the control of GAL4 binding
sites. Different combinations of ABI3 and bZIP53 were tested for
possible interactions in this system, alongside ABI5, another
bZIP TF that has been implicated in seed gene expression serves
here as a negative control (Finkelstein and Lynch, 2000). As seen
in Figure 4A, no interaction could be detected between bZIP53
and ABI3 or between bZIP53 and ABI5 in any of the experimental
systems used. As previously reported, positive interactions
between bZIP53 and bZIP10 or bZIP25 confirmed their capacity
to heterodimerize. To further analyze the possibility that these
heterodimers could still interact with ABI3, three-hybrid system
experiments were devised. Yeast cells expressing BD-bZIP53
were cotransformed with either AD-bZIP10 or AD-bZIP25 in the
presence or absence of ABI3, and p-galactosidase reporter

after immunoprecipitation with an anti-HA antibody («-HA). Ct values for
Pro355:HA-bZIP53 samples were subtracted from the Ct values of the
equivalent wild type, and the differentials are shown on top of the right
bars in the graph. A value of 1 was assigned to the Col-0 samples. For
normalization, an actin (ACT7) gene was used (see Methods).

(B} Schematic view of the 252 promoter fused to GUS used as reporter in
transient expression analysis. Depicted are RY (black) and G-box (white)
elements. The sequence of the wild type and mutated G-box (mt) is
shown.

(C) Arabidopsis leaves were transformed with the reporter constructs
containing sequences described in (B) and effector constructs contain-
ing specific bZIP genes under control of the Pro35S in cobombardment
experiments as described by Lara et al. (2003). Three microliters of
control plasmid Pro35S:NAN was included in all the experiments to
normalize GUS expression values for differences in bombardment effi-
ciencies (Kirby and Kavanagh, 2002). The x axis values are expressed as
GUS activity relative to NAN. Given are mean values and standard
deviation of three independent experiments.

(D) In vitro binding of bZIP53 to the G-box sequence from the 252
promoter. A biotinylated oligonucleotide containing the G-box sequence
was bound to streptavidin-coated wells and incubated with increasing
amounts of a T7-tagged bZIP53 protein (1 to 1:80). Nonbound proteins
were removed from the reaction wells, and the amount of T7-bZIP53
protein was guantified by immunodetection with an anti-T7 antibody
(«-T7; left panel). The binding specificity of bZIP53 to the 252 G-box was
analyzed in competition experiments where increasing amounts of
unlabeled oligonucleotides (as indicated) containing a wild-type (252
wt; black bars) or a mutated 252 mt version (gray bars) were incubated
with a fixed amount of the T7-bZIP53 protein and the biotinylated
oligonucleotide containing the wild-type G-box sequence (right panel).
(E) Effect of heterodimerization on bZIP53 and bZIP10 binding affinity. A
biotinylated oligonucleotide containing the G-box sequence was bound
to streptavidin-coated wells and incubated with increasing amounts (1 to
1:30) of a T7-bZIP53 protein in the absence (filled squares) or presence of
a fixed amount of bZIP10 protein (open squares). Nonbound proteins
were removed from the reaction wells, and the amount of T7-bZIP53
protein was quantified by immunodetection with an «-T7 antibody (left
panel). The reciprocal experiment was performed with a T7-bZIP10
protein and a nontagged bZIP53 protein (right panel). Given are mean
values and standard deviation of three repetitions.
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Figure 4. Interaction of bZIP53, bZIP10, and bZIP25 Homo- or Hetero-
dimers with ABI3.

(A) Protein interactions in yeast two- and three-hybrid systems. ABI3,
ABIS, bZIP10, and bZIP25 proteins were fused to the GAL4 DNA BD or
AD and introduced separately into a yeast strain containing the AD-
bZIP53 (HF7c) or BD-bZIP53 (SFY526) protein, respectively. Activation
of the reporter genes HIS3 (growth in a His-depleted medium; left panel)
and LacZ (blue colored colonies; right panel) indicates positive protein-
protein interactions.

(B) Yeast strains (SFY526) expressing different combinations of BD-
bZIP53, AD-ABI3, and bZIP10 or bZIP25 were assayed for B-galacto-
sidase activity. The latter were provided in the three-hybrid vector pTFT
(Egea-Cortines et al., 1999). Average values (Miller units) and standard
errors from six replicates and two independent experiments are shown.
(C) Schematic overview of a three-hybrid assay in Arabidopsis proto-

activities were quantified (see Supplemental Figure 4 online). As
previously observed, the interaction between BD-bZIP53 and
either AD-bZIP10 or AD-bZIP25 was confirmed by an increase of
the reporter activity. However, when a construct designed to
express ABI3 was cotransformed into the strains, a further
increase of the B-galactosidase activity was observed, in sup-
port of a trimeric interaction. As expected for a negative control,
the bZIP factor ABI5, which interacts with ABI3 (Nakamura et al.,
2001) but does not heterodimerize with AtbZIP53, did not show
activation indicative of ternary complex formation.

Reciprocal three-hybrid analysis where the noninteracting
proteins bZIP53 and ABI3 were fused to the Gal4BD and Gal4AD,
respectively, showed also an increase of reporter activity when
assayed in the presence of bZIP10 or bZIP25 (Figure 4), in
support of the proposed trimeric interaction. Altogether, these
results indicate that ABI3 can be brought into the heterodimer
complex, probably by its interaction with bZIP10 and/or bZIP25.
Importantly, bZIP53 does not interfere with the interaction be-
tween ABI3 and bZIP10 or bZIP25.

Ternary complex formation in plant cells was supported by a
similar three-hybrid approach developed in Arabidopsis proto-
plasts. Figure 4C shows a schematic overview of the experi-
mental setup and the structure of the expressed proteins used to
transactivate a reporter construct containing the GUS gene
under the control of a minimal promoter bearing a tetramer of
the GAL4 upstream activating sequence (GAL4-UAS,:GUS)
(Ehlert et al., 2006). As shown in Figure 4D, comparable results
to the yeast system were achieved. Transactivation of the
reporter with BD-bZIP53 alone results in low levels of GUS
activity, whereas cotransformation with either HA-bZIP10 or AD-
bZIP10 displayed enhanced activity indicative of heterodimer
formation as previously observed in the yeast two-hybrid sys-
tem. Expression of the corresponding proteins was assayed by
immunoblot analysis with HA-tag and BD-specific antibodies
(see Supplemental Figure 3B onling). Equally, in both systems,
the supplementary inclusion of HA-ABI3 resulted in an additional
increase of reporter activity, in support of its capacity to interact
with the heterodimers in plant cells.

BiFC (Walter et al., 2004) was used as an additional experi-
mental system to verify the detected ternary interactions in plant
cells. bZIP53 and ABI3 proteins fused to different domains of
yellow fluorescent protein (YFP) were coexpressed in onion cells
in distinct combinations, rendering no reconstruction of YFP
activity. However, when a third construct expressing bZIP10
protein was cotransfected, YFP fluorescence was observed in
support of a tethering function of this protein to promote a ternary
complex formation (Figure 5).

plasts. Constructs are shown on the left, and a model of reporter gene
activation is shown on the right.

(D) Activation of the GAL4-UAS,:GUS reporter after cotransfection with
the constructs indicated in (C). The x axis values are expressed as GUS
activity relative to NAN (Ehlert et al., 2006). Average values and standard
errors from four transfections are shown. Numbers along the y axis
represent fold induction values relative to nontransfected control cells.
The experiments were repeated three times with similar results.
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Figure 5. bZIP53, bZIP10, and ABI3 Protein-Protein Interaction Studied
by BIFC (Walter et al., 2004).

Onion epidermis cells have been transiently transformed by particle
bombardment. Fusion proteins of the C-terminal part of YFP (CtYFP) and
ABI3 and the N-terminal part of YFP (NtYFP) and bZIP53 have been
coexpressed with HA-tagged bZIP10 (HA-bZIP10) (a and a') or an empty
vector control (b and b'). Bright-field images (top panels) and epifluo-
rescence images taken by confocal microscopy (bottom panels) are
shown.

Heterodimer Formation and Interaction with ABI3 Regulate
the Activation Properties of bZIP53 on SSP Gene Expression
in Plant Cells

To study the functional implications of the interaction between
ABI3 and bZIP heterodimers in plant cells, we performed tran-
sient expression analysis in Arabidopsis protoplasts using two
different SSP promoters, corresponding to the 252 and CRU3
genes. Figure 6A shows that the use of bZIP effectors individually
orin combination with ABI3 resulted in limited activation capacity
on both promoters. Combination of bZIP53 and bZIP10 led to an
important increase in the activity, in accordance with previous
results. Moreover, the inclusion of ABI3 in this combination
produced an additional increase in the activation of both pro-
moters.

This reporter gene activation cannot be observed when using
an effector construct expressing bZIP10 with two Pro exchange
mutations (bZIP10pp); these mutations disrupt the zipper dimer-
ization surface and therefore abolish the interaction with bZIP53
(Weltmeier et al., 2006). Expression of bZIP10pp was found to be
comparable to the wild-type protein as confirmed by immunoblot
analysis (Figure 6B). Accordingly, disruption of the bZIP hetero-
dimer using bZIP10pp abolishes this induced gene activation
both in the presence or absence of ABI3. These results indicate a
functional interaction between bZIP53/bZIP10 heterodimer and
ABI3 and confirm a positive effect of ABI3 on heterodimer-
mediated transcription.

To further investigate this effect, a comprehensive analysis of
ABI3 action on the heterodimer was performed. In Figure 6C,
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different ratios of bZIP53 and bZIP10 were used to transactivate
the 252 promoter in Arabidopsis protoplasts, either in the pres-
ence or in the absence of ABI3. In all cases, the activation effect
of the heterodimer was enhanced in the presence of ABI3 by a
similar increment. However, maximum promoter activity was
greatly determined by the ratio of the heterodimerization part-
ners. A 1:1 ratio, which enables optimal heterodimerization,
results in maximum promoter activation.

bZIP53 Loss-of-Function Plants Display Reduced
Expression of SSP Genes

Results from the analysis of ectopic expression of bZIP53
suggested a regulatory role in SSP gene expression. We used
a complementary loss-of-function strategy making use of a
bzip53 T-DNA insertion mutant (Weltmeier et al., 2006) to cor-
roborate the functional relevance of bZIP53 for SSP expression.
We quantified SSP gene expression in bzip53 plants during seed
development. Siliques of wild-type and bzip53 plants were
collected at different stages of seed development, and total
RNA was isolated and used in gRT-PCR experiments. Figure 7A
shows that levels of bZIP53 mRNA were greatly reduced
throughout all the stages of silique development in the bzip53
plants. However, residual levels of bZIP53 were detected, prob-
ably due to the leaky nature of the bzip53 mutation since the
T-DNA is inserted in the promoter region (Weltmeier et al., 2006).
Observed differences in the timing of RNA accumulation be-
tween CRUS, 252, and LEA76 genes were in accordance with
those previously described for MAT and LEA genes (Parcy et al.,
1994). Comparisons between wild-type and bzip53 plants show
significantly reduced levels of SSP transcript in the latter. Al-
though the timing of mMRNA accumulation for these genes in the
bzip53 samples was not significantly altered, the mRNA levels
were reduced throughout the maturation stages and no peaks of
RNA accumulation were detected, in contrast with the wild-type
samples (Figure 7A).

As seen above, impaired bZIP53 activity leads to decreased
SSP gene expression in the seed, probably by limiting the
activation capacity of the regulatory complex involving bZIP10/
bZIP25 and ABI3. To test this hypothesis, we performed
transactivation experiments using a 252 promoter driving a
GUS reporter in different plant backgrounds. Figure 7B shows
results of particle bombardment experiments on Arabidopsis
leaves from wild-type, Pro355:bZIP53, and bzip53 plants. As
previously reported (Lara et al., 2003), the use of bZIP10 and
ABI3 as effectors in this system resulted in the activation of the
252 promoter. This activation was significantly enhanced in
Pro358:bZIP53 plants and reduced in the bzip53 knockdown
mutant line, consistent with the participation of bZIP53 in this
regulatory complex. The same results were obtained for
bZIP25 in combination with ABI3 (see Supplemental Figure 5
online).

DISCUSSION

Seed gene expression relies on specific TFs acting in a combi-
natorial fashion. Both in monocot and dicot species, group C
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Figure 6. Effect of ABI3 on the Transcriptional Activation Mediated by
the bZIP53/bZIP10 Heterodimers.

(A) GUS reporter activity under the control of the 252 or CRU3 promoter
was measured in transiently transformed Arabidopsis protoplasts after
cotransfection of the effector constructs indicated. bZIP10, bZIP53, and
ABI3 are expressed under the control of Pro35S. For immunodetection,
3xHA-epitope-tagged derivatives were used (see Supplemental Figure 3
online). The importance of bZIP heterodimerization was demonstrated by
including bZIP10pp, which is impaired in zipper-mediated dimerization
(Weltmeier et al., 2006). Given are mean values and standard deviation of
four independent transfections.

(B) Immunoblot analysis of transiently transformed protoplasts confirms
that expression of HA-bZIP10 is comparable to HA-bZIP10pp-untrans-
formed control protoplasts. HA epitope-tagged proteins were detected

bZIP factors related to maize O2 have been shown to be
important players in this regulation. However, expression of the
corresponding Arabidopsis bZIP genes is not seed specific. The
recently described functional interaction between group C and
S1 bZIPs (Ehlert et al., 2006) prompted us to investigate the
possible participation of S1 members in seed gene regulation. In
this study, we identified bZIP53 as the major S1 member ex-
pressed during seed maturation. Evidence of its participation in
seed gene regulation was obtained by different approaches,
including the analysis of plants with bZIP53 gain and loss of
function. Moreover, functional studies show that bZIP53 plays a
key role in the strong activation of seed-specific genes, directly
involved in a seed regulatory protein complex encompassing the
group C bZIP10 and bZIP25 and the B3 seed regulator ABI3.

bZIP53 Constitutes a Transcriptional Regulator of Seed
Maturation Genes

Analyses of transcriptomic data of S1 bZIPs from repository
databases show an increase in expression of bZIP53 (and to a
lesser extent for bZIP1) during_intermediate and late stages of
seed development. This suggests a prominent role of bZIP53 in
regulating seed gene expression in conjunction with the group C
members. We further confirmed the precise pattern of expres-
sion of bZIP53 in seed tissues by mRNA in situ hybridization and
promoter reporter fusions in transgenic Arabidopsis plants.

Gain-of-function approaches in transgenic plants and Arabi-
dopsis leaf protoplasts ectopically expressing bZIP53 demon-
strate that bZIP53 is able to activate several seed MAT and LEA
genes, such as 252, CRU3, CRA1, HSD1, and LEA76. However,
as observed before, the presence of MAT RNA does not neces-
sarily result in the detection of the corresponding proteins.
Additional cellular requirements and tissue-specific protein deg-
radation determine high-level accumulation of MAT proteins
(Gruis et al., 2004)

Complementing the gain-of-function results, reduced expres-
sion of bZIP53 in a knockdown line that harbors a T-DNA
insertion in the promoter leads to strong reduction in the ex-
pression of the corresponding target genes. However, these
plants still set viable seeds, which might be due to a residual
amount of bZIP53 protein. The lack of complete knockout lines in
mutant collections might be explained by an essential function of
this gene. Alternatively, other genes among the 75 bZIP TFs
identified in Arabidopsis (Jakoby et al., 2002) may partly substi-
tute for bZIP53 function. Within the group S1, which harbors the
closest homologs of bZIP53, only bZIP1 is intermediately in-
duced during seed maturation with timing comparable to

using an a-HA antiserum, The arrow indicates HA-bZIP10 and bZIP10pp
proteins, and the asterisk shows degradation products.

(C) Transient expression using a GUS reporter gene under the control of
the 252 promoter. Combinations of bZIP53 and bZIP10 at different ratios
(indicated are ratios of input DNA) in the presence (black bars) or
absence (white bars) of ABI3 were used as effectors. The x axis values
are expressed as GUS activity relative to NAN as described by Ehlert
et al. (2006). Average values and standard errors from four transfections
are shown.
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Figure 7. Effect of a bZIP53 T-DNA Insertion Mutant on Seed-Specific
Gene Regulation.
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bZIP53. However, ectopic overexpression of At bZIP1 does not
lead to activation of MAT genes, indicating a lack of functional
redundancy of these genes in MAT gene regulation (Weltmeier
et al., 2009).

High-level ectopic expression of bZIP53 results also in a dwarf
growth phenotype in vegetative phases. Based on these obser-
vations, it can be assumed that regulation of SSP genes reflects
only a subset of bZIP53 targets. In previous work, we and others
demonstrated that bZIP53 is also involved in regulating hypo-
osmolarity responses (Satoh et al., 2004; Weltmeier et al., 2008).
In particular, the promoter of the ProDH gene, which is involved in
regulating amino acid metabolism, has been defined as an in vivo
target of bZIP53. Furthermore, a second amino acid metabolism
gene, ASNT, was shown to be regulated by bZIP53 (this study)
and other members of the C/S1 network (Baena-Gonzalez et al.,
2007; Hanson et al., 2008). Amino acid synthesis, transport, and
SSP synthesis are linked processes that have to be coordinated
in vegetative tissues as well as in the seed. In accordance,
ectopic overexpression of ASN1 enhances the SSP content and
nitrogen status of the seed (Lam et al., 2003). Further studies are
necessary to test whether bZIP53 is coordinating other pathways
in addition to SSP synthesis, such as amino acid metabolism
during seed and vegetative development.

bZIP53 expression is not restricted to the seed and can be
observed in vegetative tissues, particularly under certain stress
conditions. Interestingly, salt treatment dramatically induces
bZIP53 transcription in roots (Weltmeier et al., 2009). In the
context of the seed, it is worth mentioning that besides storage
compound accumulation, dehydration occurs during late stages
of the maturation phase. Accordingly, stress-related programs of
gene expression are also important in the establishment of
desiccation tolerance. We have determined that bZIP53 can
also control the expression of the seed-specific gene LEA76.
Although our knowledge of LEA76 function is limited, LEA
proteins are known to accumulate in seed and vegetative plant
tissues following environmental stress (Xu et al., 1996) and also in
desiccation-tolerant bacteria and invertebrates (Bies-Etheve
et al., 2008; Hundertmark and Hincha, 2008). The hypothesis
whether bZIP53 is involved in establishing stress tolerance in
vegetative tissues requires further testing.

(A) mRNA levels detected of the seed maturation genes indicated by
gRT-PCR in Col wild-type and bzip53 siliques at different stages of
development. Lane 1, 0 d after flowering (DAF); lane 2, 2 DAF; lane 3, 4
DAF; lane 4, 6 DAF; lane 5, 9 DAF; lane 6, 12 DAF; lane 7, 15 DAF; lane 8,
=18 DAF. Data are normalized using UBIQUITIN expression values,
Average values and standard errors from at least two technical replicates
are shown.

(B) Transient expression by microparticle bombardment of Arabidopsis
leaves from the wild type (white bars) and plants with increased (Pro35S:
bZIP53; gray bars) or decreased (bzjp53; black bars) expression of
bZIP53. Effector constructs containing bZIP10 or ABI3 under the control
of a 355 promoter (Pro35S) and a GUS reporter gene under the control of
the 252 promoter were used. The x axis values are expressed as GUS
activity relative to NAN (Kirby and Kavanagh, 2002). Average values and
standard errors from four replicates and two different experiments are
shown.
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Specific Heterodimerization of bZIP53 and Group C bZIPs
Executes an Efficient Mechanism to Enhance Transcription
of Seed Maturation Genes

MAT gene regulation is one of the early investigated areas
in plant transcriptional control. The importance of G-box cis-
elements in MAT gene promoters has been determined both in
monocot and dicot species (Vicente-Carbajosa and Carbonero,
2005; Santos-Mendoza et al., 2008), and its regulation by seed-
specific O2-type bZIPs has been firmly established in cereals. By
contrast, genome scale transcriptomic data in Arabidopsis do
not reveal a seed-specific candidate among all bZIPs, indicating
that in this species (and probably in nonendospermic seeds from
dicot plants), combinatorial effects are likely of major importance
in the regulation of seed gene expression. In this framework, the
group C bZIPs related to 02, bZIP10, and bZIP25 are able to
interact with ABI3 and have been proposed as Arabidopsis
counterparts of the monocot bZIP seed regulator (Schmidt et al.,
1990; Lara et al., 2003). The corresponding genes, which are not
seed specific, are constitutively expressed at low levels in other
tissues, and bZIP10 has been implicated in plant stress re-
sponses to pathogen attack in vegetative tissues (Kaminaka
et al., 2006). Previous work has defined a specific heterodime-
rization network of group C members with group S1 bZIPs, such
as bZIP53 (Ehlert et al., 2006). The expression of this gene
increases during seed maturation, and it strongly heterodimer-
izes with bZIP10 and bZIP25 as demonstrated in yeast and plant
protoplasts (Ehlert et al., 2006), as well as by BiFC. Additionally,
in vitro binding studies show that they can bind DNA as hetero-
dimers (Weltmeier et al., 2006).

Seed expression

Y axis

Seed Genes |
(Maturation) |

Efficient methods for in vivo DNA binding studies in Arabidop-
sis seeds have not been established. However, here, we
demonstrated binding of bZIP53 to the 252 promoter using
leaf-derived chromatin from Pro35S:HA-bZIP53 plants, which in
turn show vegetative transcription of the 252 gene. Although this
approach does not unequivocally confirm participation of bZIP53
inregulation of MAT genes, it provides circumstantial evidence in
line with other results presented in this study. Mutational ap-
proaches confirm the 252 G-box as the in vitro binding site and
also as the relevant in vivo cis-regulatory element. At high protein
concentration, bZIP53 displays interaction with G-box elements
in vitro, but titration experiments demonstrate that binding of
bZIP53 in the presence of bZIP10 or bZIP25, presumably by
heterodimer formation, is significantly enhanced. The in vivo
relevance of heterodimer formation is further supported by ex-
pression of bZIP mutants, which are impaired in zipper-mediated
dimerization, and consequently target gene activation. Detailed
titration experiments in protoplasts also demonstrate that the
level of target gene expression is determined by the ratio of the
bZIP heterodimerization partners. The 1:1 ratio of bZIP53 and
bZIP10 leads to the highest target gene activity. Altogether, these
data provide conclusive evidence that bZIP heterodimers show
enhanced binding to and gene activation through G-box-like cis-
elements. Importantly, heterodimerization provides an efficient
mechanism by which bZIP53 drives MAT gene expression.

Possible mechanisms of heterodimer-enhanced transactiva-
tion have been described elsewhere (Weltmeier et al., 2006),
including (1) increased affinity for binding target sites, (2) stabi-
lization of dimer structures (as effective DNA binding forms) via

Leaf expression

Induction of
Seed Genes
in leafs

Figure 8. Model for bZIP53 Regulation of Seed Maturation Gene Expression.

Yellow and blue backgrounds represent expression in the seed and leaf, respectively. Positions of the indicated TFs were represented in a coordinate
system according to relative expression values in seeds (y axis) and leaves (x axis) (data derived from AtGenExpress). Structure of a typical SSP
promoter-like albumin (252) or cruciferin (CRU3) is depicted, indicating regulatory elements in their promoters (RY, RY-box; G, G-box; TATA, TATA-
box). Continuous and dotted lines indicate DNA-protein interactions and protein-protein interactions, respectively. A displacement arrow (open line)
indicates overexpression of bZIP53 in Pro355:bZIP53 plants. bZIP53 increased expression in leaves favors heterodimer formation (hd) with group C
bZIP10 and bZIP25 and triggers induction of seed gene expression in this organ.
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equilibrium displacement in dimer-monomer concentrations,
and (3) heterodimer interactions with other protein factors that
increase activation. Here, we showed that the second and third
possibilities must be operating in vivo in the regulation of MAT
genes. In support of this is the increased activation observed in
protoplast systems for the heterodimers, which is independent of
their DNA binding when used as GAL4-BD protein fusions (Figure
4E), and their interaction and enhanced gene activation when
assayed with ABI3 (Figure 6). In addition, heterodimer formation
seems to protect bZIP proteins from degradation (see Supple-
mental Figure 3 online) and therefore provides an additional
mechanism that contributes to the observed synergistic effect on
transcription. Although not investigated in this study, the first
possibility might also explain how diversification in target binding
sites can lead to variations in the expression of different SSP
genes (Conceicao Ada and Krebbers, 1994), depending on the
binding properties of the heterodimers prevailing temporally and
spatially in the seed. In conclusion, the concurrence of several
regulatory mechanisms must be operating on the underlying
bZIP network.

bZIP53, Group C bZIPs, and ABI3 Physically and Functionally
Interact in the Control of Seed Maturation Genes

Current models of regulation of MAT gene expression in the seed
entail the participation of bZIP and B3 interacting proteins,
particularly bZIP10 and 25 and ABI3. We have demonstrated
that bZIP53 is a positive factor in this regulation and that its
interaction with group C bZIPs results in enhanced activation of
the heterodimers. Although yeast and protoplast two-hybrid data
indicate that bZIP53 on its own is not able to interact with ABI3,
heterodimerizations should not preclude the group C bZIP-ABI3
interactions. Three-hybrid and BiFC analyses confirmed that
bZIP heterodimerization of bZIP10 or bZIP25 with bZIP53 does
not interfere with ABI3 interaction and supports the existence of a
ternary complex. ABI3 has been shown to bind to the RY element
(Ménke et al., 2004), and a functional interplay between G-box
and RY-element in MAT gene regulation has been previously
described (Ezcurra et al., 2000; Lara et al., 2003). In this report,
we clearly demonstrate functional interplay between bZIP het-
erodimers and ABI3, presumably by ternary complex formation.

By altering the bZIP expression levels in leaves, we can still see
functionality of the bZIP heterodimers despite the absence of the
ABI3 protein (Parcy et al., 1994), though their mediated activation
occurs at a significantly lower level. Further experiments in
bZIP53 overexpressing and knockdown plants show that al-
though bZIP10 and/or ABI3 can enhance MAT gene activation to
a certain extent, full-level expression clearly depends on the
presence of bZIP53 (see Figure 7B). In this respect, nonseed
model systems, such as protoplasts and bombarded leaves,
might not fully reflect the native situation in seeds. Nevertheless,
all results obtained in these systems are in agreement with the
intrinsic reduction of MAT gene expression observed in seeds of
mutant bzip53 plants. On the other hand, similar experiments
performed in cereal systems that allowed the postulation of
regulatory models have been confirmed in null mutants and
transgenic plants (Norre et al., 2002). In summary, the output in
MAT gene expression depends on all partners, ABI3 and bZIPs,
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and is quantitatively triggered by the amount of bZIP hetero-
dimers.

Complex formation between the bZIP TF ABI5 and ABI3 have
been recognized in LEA but notin MAT gene regulation (Bensmihen
et al., 2002). Our findings suggest that the same principle based
on ABI3 protein interactions operates on MAT expression, but
inclusion of different bZIP partners defines distinct subsets of
target genes. Therefore, this study provides further insight into the
synergistic action of TFs and formation of enhanceosome-
like protein-DNA complexes, which control seed gene transcrip-
tion.

A Model of Seed Maturation Gene Expression Triggered by
bZIP53 Heterodimerization and Protein Complex Formation

Based on previous findings and data from this study, the working
model in Figure 8 is proposed. The function of the previously
described group C bZIP factors bZIP10 and bZIP25 in seed
maturation strongly depends on bZIP53 as a heterodimerization
partner. Spatial and developmentally controlled expression of
bZIP53 is precisely timed, leading to increased amounts in the
seed from mid maturation. Subsequent accumulation of bZIP53
would trigger heterodimer formation with bZIP10 or bZIP25 as
prerequisite for efficient promoter binding and target SSP gene
activation. ABI3 protein, which also accumulates during seed
maturation, interacts with the bZIP heterodimer via bZIP10 or
bZIP25 and provides an additional increment in promoter acti-
vation. Hence, SSP gene regulation is driven by the interplay of
(at least) two maturation-dependent transcriptional regulators,
namely, bZIP53 and ABI3. The crucial role of ABI3 in this process
was largely uncovered through the characterization of abi3 loss-
of-function mutants (Parcy et al., 1994). This factor has a
prominent role in seed maturation and germination gene expres-
sion programs. In this respect, its participation in a ternary
complex with G/S bZIPs might partly explain many of numerous
pleotropic effects observed in abi3 mutants. Interestingly, tran-
scriptomic data suggest that bZIP53 and bZIP10 expression
levels are reduced in mutant abi3-4 developing seeds (Carrera
et al,, 2008).

In vegetative tissues, where bZIP10 and bZIP25 are constitu-
tively present at low levels, the ectopic high-level expression of
ABI3 can lead to the activation of SSP genes (Parcy et al., 1994;
Parcy and Giraudat, 1997). Likewise, ectopic high-level expres-
sion of bZIP53 can substitute for the presence of ABI3, triggering
SSP gene expression even more effectively than this factor. In
summary, we propose that bZIP53 acts as a key regulator, which
drives a subset of MAT genes mainly by the formation of
heterodimers with a high activation capacity. Although further
research is needed to elucidate distinct interacting partners and
target genes both in vegetative and seed tissues, bZIP53 might
represent an important target for manipulating seed storage com-
pound accumulation and establishment of desiccation tolerance.

METHODS

Plant Materials and Transformation

For plant and protoplast transformation, particle bombardment, and ChiP
experiments, Arabidopsis thaliana ecotype Cal-0 was grown on soil or
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Murashige and Skoog plates under controlled environmental conditions
at 16-h-light/8-h-dark cycles. To improve germination uniformity, seeds
were pretreated at 4°C for 2 to 4 d. Floral dip transformations were
performed using the Agrobacterium tumefaciens strain GV3101 (Weigel
and Glazebrook, 2002). Pro355:bZIP53, Pro35S:HA-bZIP53, ProbZIP53:
GUS, and bzip53 (NASC ID: N569883) plants were described by
Weltmeier et al. (2008).

In Situ Hybridization and Histochemistry

In situ hybridization was performed according to Ferrandiz et al. (2000).
Forward 5'-TTGTCCAATGCAACCCAATCA-3' and reverse 5'-ACA-
AGACTAGAGGACTGAGGCT-3' bZIP53-specific oligonuclectides were
used to amplify a 200-bp fragment from the 3' untranslated region. The
fragment was inserted into pGEM-T easy (Promega), and the sense and
antisense probes were generated as specified by Lara et al. (2003). The
construction of ProbZIP53:GUS plants has been described by Weltmeier
et al. (2006). GUS staining was performed according to Stangeland and
Salehian (2002) with some modifications. The siliques were incubated in
GUS assay buffer overnight at room temperature under vacuum and
transferred to an ethanol/acetic acid (1:1) solution for 4 h (young seeds) or
12 h (mature seeds). Clearing was performed by incubating tissues in
Hoyer's light medium (100 g chloral hydrate in 60 mL water) for 12 h
(young seeds) or 24 h (mature seeds) at room temperature. Samples were
analyzed with a Zeiss Axiophot microscope.

gRT-PCR

RNA was isolated from seedlings and siliques as described by Onate-
Sanchez and Vicente-Carbajosa (2008). cDNA synthesis was performed
according to Onate-Sanchez and Singh (2002), and between 8 and 16 ng
were used as a template for gRT-PCR together with forward and reverse
oligonucleotides (0.5 pM each) in 1< Power SYBR Green PCR Master mix
(Applied Biosystems). Cycling conditions (ABI Prism 7300; Applied Bio-
systems) were as follows: 10 min at95°C, 50 cycles of 155 at95°C, and 60
s at 60°C, linked to a default dissociation stage program to detect
nonspecific amplification. Primers are provided in Supplemental Table
1 online. At least two technical and two biological replicates were
analyzed in all the experiments

Transient Expression Assays and Constructs

Protoplast isolation, transformation, construction of effector plasmids,
and immunoblot analysis were performed according to Ehlert et al. (2008)
and Weltmeier et al. (2006). For reporter gene assays, 9 pg reporter and
14 pg of each effector were used if not stated otherwise. Three micro-
grams of Pro355:NAN plasmid was added for normalization (Kirby and
Kavanagh, 2002). For three-hybrid analysis, 9 pg of each reporter, BD-,
AD-, and HA-plasmid were applied. The overallamount of DNA was set to
40 pg by adding pUC19 plasmid DNA. Particle bombardment was
performed according to Lara et al. (2003). Data presented for the different
assayed constructs are derived from three independent experiments,
including six plates with 10 leaves per plate. Pro252:GUS reporter vector
is a pUC19-derived plasmid containing the GUS reporter gene under the
control of the 252 promoter and fused to the 3'-terminator of the nopaline
synthase gene (3'-nos) (Lara et al., 2003). Effector plasmids for the
expression of bZIP53, bZIP10, bZIP25, and ABI3 were generated by cloning
the comesponding coding sequence under the control of the Pro35S and a
3'-nos terminator (Lara et al., 2003) in the pJIT60 plasmid (Guerineau, 1995).
Three micrograms of Pro355:NAN plasmid was added for normalization.
GUS and NAN enzyme assays were performed according to Kirby and
Kavanagh (2002). Immunoblot analysis was performed according to
Weltmeier et al. (2008) using «-HA and «-BD antisera (SantaCruz).

ChiP

ChIP was performed as described by Weltmeier et al. (2006) using an HA-
specific antibody (SantaCruz). 252 primers were used to amplify a 306-bp
fragment of the 252 promoter (5'-GACCGGTGACCTGCGTGTA-3" and
5'-GACTTGCATGGAGTTCACGTG-3'). The difference between the re-
sulting C(t) values of wild-type and Pro35S:HA-bZIP53 overexpressor
was calculated and normalized with the input controls of these samples
that were analyzed with the same primers. For normalization, PCR was
performed with unspecific actin (ACT7) promoter primers (5'-CGT-
TTCGCTTTCCTTAGTGTTAGCT-3" and 5'-AGCGAACGGATCTAGAGA-
CTCACCTTG-3').

ELISA-Based Protein-DNA Binding Assays

The cDNAs encoding bZIP10, bZIP25, bZIP53, and ABI3 proteins were
cloned into the expression vectors pET23a (Novagen) to generate
T7-epitope tagged proteins (Lara et al., 2003). Expression in Escherichia
coli and preparation of protein extracts were performed as previously
described (Lara et al., 2003). Biotinylated complementary oligo-
nuclectides derived from the At252 promoter containing a G-box se-
quence (5'-CATGCAATGCATTCTTACACGTGATTGCATGCAAA-3" and
5'-TTTGCATGCAATCACGTGTAAGAATGCATTGCATG-3') or a mutated
version (5'-CATGCAATGCATTCTTACAaGgGATTGCATGCAAA-3' and
5'-TTTGCATGCAATCCCITQTAAGAATGCATTGCATG-3') were annealed
in TES buffer (10 mM Tris, pH 8, 1 mM EDTA, and 300 mM NaCl). The
appropriate double-stranded DNA (2 pmoles; target) in 60 pL of TBS-T
buffer (20 mM Tris, pH 7.4, 180 mM NaCl, and 0.1% Tween 20) was added
to each well of a streptavidin-coated plate (Nunc Inmobilizer) and incu-
bated 1 hat 37°C, and nonbound targets were removed by washing three
times with TBS-T. Wells were blocked by incubating 30 min at room
temperature and gentle shaking (150 rpm) with 60 pL of 1% blocking
agent (Roche) in TBS-T and washed three times with TBS-T. Twenty
microliters of the protein extracts were mixed with 40 pL of binding buffer
(4 mM HEPES, pH 7.5, 100 mM KClI, 0.2% BSA, 8% glycerol, and 5 mM
DTT) in microfuge tubes and incubated 15 min on ice. The mixes were
added to the wells of the plate, the binding reactions incubated for 1 h at
room temperature with gentle shaking, and well washed three times with
TBS-T. For epitope detection, we added 60 p.L of a 1:5000 dilution of the
antibody (T7 tag horseradish peroxidase conjugate; Novagen)in TBS-T to
each well. Following incubation for 1 h at room temperature at 150 rpm,
the wells were four times washed with TBS-T. The antibody peroxidase-
conjugated reaction was performed according to manufacturer's instruc-
tions, and the activity was measured at 492 nm using an ELISA plate
reader (Tecan) with filter setting at 650 for reference.

Yeast Two- and Three-Hybrid Analyses

Yeast two-hybrid analyses were done as described previously (Laraetal.,
2003). BD and AD constructs were generated using appropriate restric-
tion enzymes and cloning the indicated open reading frames into the
pGETY9 and pGAD424 plasmids (Clontech), respectively, as follows:
EcoRl/Sall sites for the BD-bZIP53, AD-bZIP53, BD-ABIS5, and AD-ABI5
constructs and BamHI/Sall sites for the BD-ABI3 and AD-ABI3 con-
structs. BD-bZIP10, AD-bZIP10, BD-bZIP25, and AD-bZIP25 were de-
scribed by Lara et al. (2003). To analyze temary complex formation in
yeast, we used BD and AD constructs from the two-hybrid assays and
expressed a third protein whose coding sequences were inserted into the
EcoRI/Sall sites of the pTFT1 plasmid (Egea-Cortines et al., 1999).

BiFC

Experimental procedures were according to Moreno-Risueno et al.
(2007). In general, at least two independent assays were performed that



7. Chapter

79

included four independent plates bombarded for every individual con-
struct or the different combinations. Comparisons were based on trans-
formation efficiencies estimated to Pro355:green fluorescent proteinas a
reference. Vectors used have been described by Weltmeier et al. (2006).

Accession Numbers

Arabidopsis Genome Initiative identifiers for the genes mentioned in this
article are as follows: bZIP53 (At3g62420), bZIP10 (Atdg02640), bZIP25
(At3g54620), bZIP1 (At5g49450), 252 (Atdg27150), CRU3 (Atdg28520),
LEA76 (At3g15670), ProDH (At5g38710), UBI (At5g25760), ACT7
(At5g09810), ABI3 (At3g24650), ABI5 (At2g36270), ASNT (At3g47340),
CRAT (At5g44120), and At HSD1 (At5g50600).
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Supplemental Figure 1. Analysis of Putative bZIP53 Target Genes in
Plants Constitutively Expressing HA-bZIP53 or bZIP53.

Suplemental Figure 2. Transient Expression of bZIP53 in Combina-
tion with bZIP10 or bZIP25 Synergistically Enhances Transactivation
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Supplemental Figure 3. Analysis of Effector Proteins Transiently
Expressed in Arabidopsis Protoplasts.
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Abstract

Basic region/leucine zipper motif (bZIP)
proteins comprise a large family of plant
transcription factors. bZIP transcription factors
affect gene expression by binding DNA as
specific homo- or heterodimeric complexes. The
specific transcriptional activity of different
related dimer species has not been studied in
great detail in plants. Unraveling the functions
of the complex network of different bZIP dimers
in plants demands determination of the target
genes of each dimer species. For this purpose,
Arabidopsis thaliana mesophyll protoplasts
were transfected with plasmid DNA encoding
two different bZIP transcription factors: bZIP10
(At4g02640) and bZIP11 (At4g34590). High
bZIP10 protein levels hardly affected gene
expression, as revealed by global gene
expression analysis. Increased expression of
bZIP11 strongly affected gene expression, but
when bZIP11 was transfected together with
bZIP10 a major synergistic effect on gene
expression was observed. These results provide
solid evidence that different bZIP dimers have
differential effects on gene expression.

Introduction

Basic region/leucine zipper motif (bZIP)
proteins form a large family of transcription
factors defined by a basic region that interacts in
a sequence specific manner with the major
groove of DNA through hydrogen bonding, and

an amphipatic leucine zipper region that is
responsible for dimerization. The Arabidopsis
genome holds a total of 75 bZIP genes, only a
handful of which have been functionally
described in the literature. Jakoby et. al. (Jakoby
et al., 2002) divided all bZIPs in Arabidopsis
into classes, based on shared domains in their
sequence. One particular class, the S-class
consists of low molecular weight proteins that
lack other known domains but harbour an
unusually long zipper domain of 8-9 leucines.
An S-subclass (S1) of bZIPs is characterised by
the presence of a highly conserved uORF in the
5’ leader of its messenger RNA that allows
translational control by sucrose (Rook et al.,
1998c; Wiese et al., 2004; Weltmeier et al.,
2009). The best-studied member of this class,
bZIP11, is involved in the regulation of amino
acid metabolism, by affecting the expression of
ASN1 and ProDH2 (Hanson et al., 2008).

In order to bind DNA and affect gene
expression, bZIP transcription factors must form
dimers. S1-class bZIPs preferably dimerise with
members of the C-class, although it has been
shown that S1-class bZIPs, in particular bZIP11,
are also able to form homodimers (Ehlert et al.,
2006a). C-class bZIPs in contrast, do not tend to
form homodimers. The formation of bZIP homo-
and heterodimers potentially offers tremendous
combinatorial flexibility to regulate gene
transcription. For instance, ProDH gene
expression is known to be regulated by several
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heterodimeric complexes consisting of a C class
and an S1-class bZIP protein (Satoh et al., 2004;
Weltmeier et al., 2006). Other genes however,
seem to be regulated by specific bZIP proteins,
as was determined by micro-array analysis
(Hanson et al., 2008). So far, the possibility of
different gene-regulatory functions of different
dimers, consisting of related bZIP proteins has
not been investigated. For this purpose, S’HA-
tagged bZIP10 and 5’HA-tagged bZIP11
enconding plasmids were transfected into
Arabidopsis thaliana mesophyll protoplasts,
either alone or together. Overexpression of only
bZIP11 would result in effects on gene
expression by mostly homodimers, even though
effects of heterodimers involving endogenously
present bZIPs cannot be excluded. Changes in
gene expression after overexpression of both
bZIP10 and bZIP11l in the same protoplasts
likely represent bZIP10+11 dimer effetcts. In
this manuscript we demonstrate the differential
gene-regulatory activity of different bZIP
dimers, and thereby show the importance of
dimerization specificity in the regulation of gene
expression by bZIP transcription factors.

Results

MRNA profiling of mesophyll protoplasts is a
suitable system for gene expression analysis

Gene expression in Arabidopsis mesophyll
protoplasts, transiently overexpressing bZIPs
was studied to identify the targets of bZIP
transcription factors. Overexpression of bZIP
genes was achieved by transfecting Arabidopsis
mesophyll protoplasts with, plasmids encoding
5’HA-tagged bZIP10 or bZIP11, combinations
thereof or an empty vector as control. Sixteen
hours following transfection, the mRNA
expression levels of bZIP10 and bZIP11 were
120 and 400-fold higher, respectively, than
levels in protoplasts transfected with the empty
vector. The bZIP10 and bZIP11 proteins were
demonstrated to be abundantly expressed and
fully translated by Western analysis, using
antibodies directed against the HA-tag (Figure
1). After transfection, global gene expression in
protoplasts was compared using the ATHI
GeneChip®. Next, the expression for each
probeset was calculated, a linear model was fit
to the data and expression levels of genes were
compared (Figure 2). Results obtained from the
array data were confirmed by quantitative real-
time PCR (Table 1). In all protoplast
preparations, a representative set of about 9000

genes was expressed to levels statistically
significant above  background.  Previous
experiments have shown around 11000 genes to
be expressed in 7-day-old seedlings
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Figure 1 bZIPs are highly expressed in transfected
protoplasts

Western analysis after immunoprecipitation with an HA
antibody shows that the full- length bZIP fusion proteins are
highly abundant in transfected protoplasts. Protoplasts were
transfected with an empty control vector (-), HA- tagged 35S:
bZIP11 or both bZIP10 and bZIP11 fusion constructs. In the
right- most lane results are shown for an experiment where
both bZIP fusion constructs were transfected at half the
concentration of the plasmids. The boxes right of the blot
represent the mobility of bZIP10 and bZIP11 HA- fusion
proteins as determined by previous experiments and molecular
weight markers.

(Allemeersch et al., 2005; Hanson et al., 2008).
A MAPMAN representation of the 9000 genes
expressed in protoplasts shows that genes of all
GO terms in the map are well represented
(Figure 3). Inherent to the protoplast system
some classes are underrepresented because of
tissue specificity. Root or cell wall specific
genes are underepresented in mesophyll
protoplasts. Nonetheless, these findings indicate
that the protoplast system is representative of the
whole-plant system and suitable for gene
expression studies, as demonstrated before
(Birnbaum et al., 2005; Baena-Gonzalez et al.,
2007).

Effects of bZIP11 overexpression in seedlings
can be reproduced in protoplasts

A total of 383 genes were expressed at
statistically significantly (q < 0.02) higher levels
(two-fold) after protoplasts were transfected
with plasmid DNA encoding constitutively
expressed HA-tagged bZIP11. In an earlier
mRNA profiling experiment the effect of
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Figure 2. Gene expression in transfected protoplasts

The boxplots show average signal intensities over the slides used
before (A) and after (B) normalization. The interquartile ranges
are depicted as boxes, the dashed lines represent the 95%
confidence interval and horizontal bars represent median levels.

Table 1. Gene expression levels determined by micro-array are comparable to
corresponding levels determined by quantitative real-time PCR

bzIpi0 bzIpi1 bZ1P10 and bZIP11

AGI Gene name Exprlevel®  Array -PCR Amay  QPCR Amay  Q-PCR
ATIGAT40  ASNT 44 00 02 13 13 43 30
ATSG38710  ProDH2 100 03 04 04 06 10 04
AT1G10070 ATBCAT-2 47 42 0.0 10 16 34 38
AT4G34590  bZIP1! 86 01 03 87 133 87 130
AT4G3IT00 74 03 02 43 45 44 40
ATIGIOTIS  ProDH 95 0.5 05 32 41 36 43
ATIG1BTB0  ACTZ2 10 01 02 00 0.1 20 14
AT1G15040 94 0.2 00 43 43 45 48
AT4G3STI0  SENT 101 01 03 15 21 28 32

* hverage expression level over all microarrays

elevated levels of bZIP11 on the transcriptome
in seedlings was studied (Hanson et al., 2008).

It was found that bZIP11 is a potent activator of
gene expression. Upon increasing nuclear
bZIP11 levels, a total of 163 genes were
expressed at statistically significantly higher
levels. Out of these 163 genes, 44 were up
regulated in protoplasts overexpressing bZIP11,
compared to expression levels in protoplasts
transfected with the empty vector (Table 2).
Given the set of 11000 expressed genes in the
previous study and assuming complete
randomness, the binominal probability of
picking up 44 out of the 163 up regulated genes
from that study would be 2.6x107°. This
confirms that the experimental system used here
is of biological relevance. Interestingly, among
the up regulated genes several bZIP transcription
factors were identified. The C-class bZIP
transcription factor bZIP25 was down regulated
more than 3 fold, which made it the single most
down regulated gene in this study. The S1-class
bZIP transcription factor bZIP1 was down
regulated more than twofold. Members of the G
class of bZIP transcription factors were up
regulated. Out of the five bZIPs in this class,
bZIP68, bZIP54 and bZIP55 were up regulated.
Out of the five bZIPs in this class, bZIP68,
bZIP54 and bZIP55 were up regulated 4, 6, and

20-fold, respectively. Analysis of the ATHI
probeset sequences of these genes revealed no
significant similarities to the bZIP11 sequence,
ruling out non-specific binding of the abundant
bZIP11 transcript to these probesets.

Overexpression of bZIP10 causes minor
changes in gene expression
To date little is known about the biological

functions of C-class bZIPs. mRNA levels in
protoplasts transfected with plasmid DNA
encoding HA-tagged bZIP10, show that bZIP10
by itself has little capability to activate gene
expression (Supplementary table S2 and Figure
4). Only seven genes (besides bZIP10 itself)
were induced at least two-fold upon induction of
bZIP10 levels. None of the induced genes
showed a significant expression level increase
above four-fold. Among the group of seven up-
regulated genes was SUC7, a proposed sucrose-
proton symporter.

Remarkably, bZIP25 expression was down
regulated more than three-fold by bZIP10
transfection, as was the case after induction of
bZIP11. The only other repressed gene was
HSP18.2, mRNA levels of which dropped
slightly below half of those in the control
treatment.

bZIPs have differential effects on gene
expression
The effects of induced levels of both bZIP10 and

bZIP11 together were examined to explore
possible synergistic effect of bZIP dimers. It was
found that when bZIP10 was added in
combination with bZIP11, the effect on gene
expression levels was much larger than the
combined effect of both individual transcription
factors. In total, 645 genes were statistically
significantly upregulated more than two-fold
(Supplementary table S3 and Figure 5), whereas
only 7 or 383 genes were upregulated by the
single bZIP10 or bZIP11 transfections,
respectively. Out of the 645 bZIP10+11
responsive genes 269 also responded to bZIP11
alone. Some of these 269 overlapping genes
responded stronger when bZIP11 was
complemented with bZIP10, others responded in
the same way or weaker. The 2S SEED
STORAGE PROTEIN 1 gene (At4927140)
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Figure 3. Gene expression in protoplasts is comparable to gene
expression in seedlings The figure shows MAPMAN
representations of all expressed genes in protoplasts (A) compared
to 7-day-old seedlings (B). Grey squares represent genes
expressed at levels that were statically significant above
background levels in all slides of the respective experiments.

show the strongest combinatorial expression
effect of bZIP10+11. Tt’s expression was
unaffected by bZIP11, but increased over 500-
fold when bZIP11 was complemented with
bZIP10. In an essentially identical experimental
setup both bZIP plasmids were transfected into
protoplasts at half DNA concentrations (results
not shown). Effects on gene expression of
thesetransfections were similar to the ones
described here.

Different bZIP dimers likely recognize different
promoters. Promoters of genes affected by
bZIP10+11 dimers were compared to promoters
of genes affected by bZIP11 alone, probably
forming bZIP11 homodimers (Figure 6). The
one Kb upstream regions of the top-100 genes
most significantly affected by either type of
dimer were subjected to motif analysis. It was
found that the different dimers affect genes with

promoters that show different motif enrichment.
In agreement with the data obtained for
experiments on seedlings, an ACGT motif was
found to be highly enriched in promoters of
genes affect by dimers containing bZIP11.

bZIPs have differential effects on biological
processes

The notion that different bZIP dimers affect
different sets of genes and thereby different
biological processes, was substantiated by gene
ontology (GO) analysis. bZIP10 and bZIP11
were found to have a much stronger inducing
than repressing effect on gene expression

levels. Therefore, the most significantly up

regulated genes (fold change > 2) were subjected
to GO analysis. The topGO software package
(Alexa and Rahnenfuhrer, 2006) was used to
identify GO categories whose member genes
showed a statistically different response after
induction of bZIP levels. bZIP11 effects were
compared to those of the empty vector. The
effect of the bZIP10+11 combination was
compared to the effect bZIP11 alone (Table 3).
In agreement with the observation that different
bZIPs have differential effects on gene
expression, they also affect biological processes
differentially. Some GO terms are induced after
both transfections but the majority of the 20
most affected GO categories are unique for
either bZIP10+11 or bZIP11 treatment.

Discussion

The transcription factor bZIP11 had significant
effects on gene expression when overexpressed
in Arabidopsis thaliana mesophyll protoplasts.
Elevated levels of bZIP11 caused a total of 383
genes to show increased mRNA levels.
Comparatively, few genes (36) were down
regulated. This finding is in agreement with
results obtained earlier. Also in seedlings,
elevated levels of nuclear bZIP11 induced the
expression of significantly more genes than it
repressed (Hanson et al., 2008). In contrast to
the situation in stably transformed seedlings, not
all cells in the protoplast system overexpressed
the bZIP proteins, due to the limit of transfection
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Table 2. Genes regulated by bZIP11 in protoplasts as well as seedlings

A list of genes with increased mRNA levels in protoplasts expressing a constitutive HA-tagged bZIP 11, which were also induced in seedlings after
bZIP11 induction (Hanson et al., 2008). Changes in mRNA levels are shown logarithmically.

Seedlings Protoplast
AGI Description Log2FC adj.P.Val Log2FC adj.P.Val
AT1G02660 lipase class 3 family protein 3.89 2.36E-09 2.02 1.28E-09
AT1G10070 ATBCAT-Z, branched-chain-amino-acid transaminase/ catal... 5.21 6.61E-06 1.03 2.55E-03
AT1G15040 glutamine amidotransferase-related 11.41 1.13E-09 433 3.98E-14
AT1G16850 unknown protein 2.79 2.04E-08 4.62 2.37E-14
AT1G18460 lipase family protein 6.06 3.47E-09 1.57 1.48E-06
AT1G19450 integral membrane protein, putative / sugar transporter... 4.41 6.61E-07 3.18 6.35E-06
AT1G30820 CTP synthase, putative / UTP--ammonia ligase, putative 4.40 6.70E-06 2.28 2.4BE-06
AT1G51090 heavy-metal-associated domain-containing protein 6.16 7.81E-07 2.27 7.74E-07
AT1G56660 unknown protein 3.57 3.29E-08 1.65 1.59E-06
AT1G60190 armadillo/beta-catenin repeat family protein / U-box do... 893 4 98E-07 1.19 1.21E-04
AT1G62510 protease inhibitor/seed storage/lipid transfer protein. .. 220 517E-05 255 1.40E-10
AT1GB4620 Doftype zinc finger domain-containing protein 6.12 7.33E-10 1.67 3.31E-06
AT1G71980 protease-associated zinc finger (C3HC4-type RING finger... 8.44 2.02E-07 2.98 2.82E-08
AT1G73120  similar to hypothetical protein [Vitis vinifera] (GB:CA... 18.37 9.21E-12 3.66 2.39E-09
AT2G25200 similar to unknown protein [Arabidopsis thaliana] (TAIR... 244 3.21E-04 1.88 7.60E-07
AT2G26600 glycosyl hydrolase family 17 protein 3.33 7.81E-07 1.18 6.85E-06
AT2G30600 BTB/POZ domain-containing protein 2.36 1.51E-05 2.03 5.13E-07
AT2G36310  inosine-uridine preferring nucleoside hydrolase family... 291 1.16E-07 1.87 2.09E-06
AT2G39130  amino acid transporter family protein 2.88 5.16E-04 272 1.03E-07
AT2G39570  ACT domain-containing protein 5.00 3.69E-10 1.45 3.41E-08
AT2G41830 cyclin-related 232 7.22E-03 212 2.84E-08
AT2G47770 benzodiazepine receptor-related 44 60 9.21E-12 28 1.40E-10
AT3G29160 AKIN11 (ARABIDOPSIS SNF1 KINASE HOMOLOG 11); protein Ki... 492 1.05E-05 2.39 8.54E-11
AT3G30775 ERDS (EARLY RESPONSIVE TO DEHYDRATION 5); proline dehyd... 13.39 3.47E-11 3.18 5.30E-10
AT3G43430  zinc finger (C3HC4-type RING finger) family protein 342 4.21E-06 3.24 S.77E-10
AT3G47340 ASN1 (DARK INDUCIBLE 6) 21 4.80E-05 1.34 2.66E-06
AT3G53620 ATPPA4 (ARABIDOPSIS THALIANA PYROPHOSPHORYLASE 4); inor... 2.79 1.47E-03 1.80 1.52E-07
AT3G5E7520 ATSIP2 (ARABIDOPSIS THALIAMNA SEED IMBIBITION 2); hydral... 2.28 1.39E-06 1.56 4 6BE-08
AT4G23870  similar to unknown protein [Arabidopsis thaliana] (TAIR. .. 249 5.45E-04 1.30 2 B5E-06
AT4G24040 ATTRE1/TRE1 (TREHALASE 1), alpha,alpha-trehalase/ treha... 12.49 3.23E-1 1.55 8.46E-10
AT4G28040 nodulin MtN21 family protein 5.37 3.87E-07 2.66 2.02E-07
AT4G33420 peroxidase, putative 235 1.73E-05 5.69 1.67E-13
AT4G33700 CBS domain-containing protein 7.59 3.05E-10 426 3.30E-11
AT4G33750  unknown protein 290 1.31E-07 1.50 1.68E-07
AT4G35770 SEN1 (DARK INDUCIBLE 1) 25.14 9.02E-17 1.62 4.51E-08
AT4G39660 AGT2 (ALANINE:GLYOXYLATE AMINOTRANSFERASE 2); alanine-g... 4.47 5.84E-08 1.99 1.69E-05
AT5G04310 pectate lyase family protein 5.19 1.99E-10 3.7 4. 19E-11
AT5G08350 GRAM domain-containing protein / ABA-responsive protein... 5.98 1.29E-08 5.03 1.20E-12
AT5G15410 DND1 (DEFENSE NO DEATH 1); calcium channel/ calmodulin... 5.75 4.00E-11 421 1.31E-12
AT5G22460 esterasellipase/thioesterase family protein 3.74 9.26E-09 2.19 2.85E-09
AT5G22920  zinc finger (C3HC4-type RING finger) family protein 5.76 3.19E-08 1.79 1.13E-05
AT5GBH8650 PSY1 (PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1) 7.34 3.32E-10 1.90 6.22E-04
AT5GBE170  similar to unknown protein [Arabidopsis thaliana] (TAIR... 7.08 9.21E-12 491 1.13E-14
ATHGEE650  similar to unknown protein [Arabidopsis thaliana] (TAIR... 4.81 3.44E-09 1.27 1.04E-03

efficiency. This implies that the effects on genes
that are repressed are limited to the cells that
have been transfected. The drop in mRNA in
those cells is potentially overshadowed by the
mRNA still present in the untransfected cells.
However, for bZIP25 it

was shown that its expression was lowered 3-
fold. Assuming total repression of bZIP25 in
transfected protoplasts, this indicates a
transformation efficiency of 66%. Among the set
of confirmed bZIP11 target genes were KIN11,
and two dark inducible (DIN) genes, DIN1 and
DING6/ASN1. Of the 163 genes upregulated in the
seedling- based micro-array experiment, 44

genes were upregulated in protoplasts. Even
though statistically speaking this number is
highly significant, from a biological standpoint
one might ask why not more genes were
confirmed in the protoplast system.The main
reason may be found in the different tissue
specificities inherent to the systems used. When
studying gene expression in mesophyll
protoplasts, mRNAs of genes specifically
expressed in other tissues (e.g. roots or flowers)
will not be present. Target genes identified in 7
day old seedlings that were not confirmed in
protoplasts were expressed in other tissues than
mesophyll cells.
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Figure 4. Differential gene expression in transfected
protoplasts

The volcanoplots show the normalized relative signal changes in
the protoplasts transfected with bZIP10 (A), bZIP11 (B) or
bZIP10 and bZIP11 (C), in relation to the corresponding change
in the protoplasts transfected with the empty vector. Logged
signal changes are plotted against the p-value of that change.
Dots with an average signal change of at least twofold are
depicted in black.

Data from the AtGenExpress project (Schmid et

, 2005) revealed that in seedlings, 85% of the
missing genes were expressed in roots (51),
cotyledons (18), hypocotyls (3), or the shoot
apex (1). Interestingly, among the newly
identified targets of bZIP11 were other bZIPs.
The S1-class bZIP transcription factor bZIP1 as
well as the C-class bZIP transcription factor
bZIP25 were down regulated more than twofold.

bZIP10+11

Figure 5. Differential effects of bZIP dimers

The Venn diagram shows the number of induced genes in
protoplasts following transfection with 35S:bZIP constructs.
bZIP11 expression led to activation of 113 genes that were not
induced after co-expression of bZIP10 and bZIP11, indicating
a response to dimers containing bZIP11 but not bZIP10.
bZIP10 expression led to activation of 5 genes that were not
induced after co-expression of bZIP10 and bZIP11, indicating
a response to dimers containing bZIP10 but not bZIP11. Co-
expression of bZIP10+11 led to activation of 374 genes that
were not induced after induction of either bZIP10 or bZIP11
alone, indicating bZIP10+11 dimer specificity for the
induction of these genes.
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Figure 6. Motif analysis of promoters of bZIP targets.

The position weight matrixes of the 5 most significantly
enriched motifs in the promoters of the 100 genes most
significantly affected by dimers of bZIP11 (A) or bZIP10+11
dimers (B).

Compared to bZIP11, bZIP10 showed
minimal effects on gene expression in
protoplasts. Only 7 genes were upregulated, and
2 were downregulated by bZIP10. One possible
reason for the smaller effect bZIP10 may be
found in the fact that it was overexpressed to
lower levels then bZIP10: 120-fold compared to
over 400-fold. However, we expect both bZIPs
to be saturated in terms of gene expression and
protein translation. Furthermore, bZIP10+11
exerted quite dramatic effects on gene
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Table 3B. Differentially enriched GO terms based on biological process among genes affected by bZIPs

The table indicates statistically enriched gene ontology (GO) terms associated with the differentially expressed genes after different protoplast
transfections. Effects of bZIP11 are compared to effects specific to the bZIP10+11 dimer. Statistical significance is indicated by shading.

bZIP11 bZIP10+11 compared to bZIP11
GO.ID Term Total in genome Changed p value Changed p value
00000038 very-long-chain fatty acid metabolic pro_ 4 - - 2 0.013
G0O:0000304 response to singlet oxygen 5 - - 2 0.021
G0:0000914  phragmoplast formation 1 1 0.022 1 0.049
G0O:0002240  response to molecule of oomycetes origin 2 1 0.044 - -
G0O:0005513  detection of calcium ion 6 - - 2 0.031
G0O:0005991 trehalose metabolic process 8 - - 3 0.005
GO:0006000  fructose metabolic process 2 1 0.044 - -
G0:0006560 proline metabolic process i - - 3 0.003
GO:0006809  nitric oxide biosynthetic process 2 1 0.044 - -
GO-0006833  water transport 4 - - 2 0.013
GO:0006869  lipid transport 19 3 0.008 5 0.002
GO:0006875  cellular metal ion homeostasis 16 2 0.049 - -
G0O:0007020 microtubule nucleation 1 1 0.022 - -
G0O:0007155  cell adhesion 1 - - 4 0.001
G0O:0009269  response to desiccation 16 - - 3 0.040
GO:0009744 response to sucrose stimulus 26 3 0.020 6 0.001
G0:0009826  unidimensional cell growth 34 5 0006 [§] 0020
G0O:0009828  cellulose and pectin-containing cell wal.. 4 2 0.003 3 0.000
GO:0009972  cytidine deamination 2 1 0.044 - -
GO:0010103  stomatal complex morphogenesis 1 1 0.022 - -
G0O:0010165 response to X-ray 1 1 0.022 - -
G0O:0010231 maintenance of seed dormancy 1 1 0.022 - -
G0O:0010256  endomembrane organization 1 1 0.022 - -
GO:0016126  sterol biosynthetic process 15 - - 3 0.033
GO-0016567 protein ubiquitination 48 - - §] 0028
G0:0030397 membrane disassembly 1 1 0.022 - -
G0O:0030497  fatty acid elongation 2 1 0.044 - -
G0:0042335 cuficle development 5 - - 2 0.021
G0:0042545 cell wall modification " - - 5 0.041
GO-0045449 regulation of transcription 445 - - 30 0.041
GO:0046351 disaccharide biosynthetic process 15 - - 3 0.033
G0:0046470 phosphatidylcholine metabolic process 1 1 0.022 - -
GO:0046785 microtubule polymerization 1 1 0.022 - -
G0O:0048765 root hair cell differentiation 7 - - 3 0.003
G0:0048767 root hair elongation 3 2 0.002 - -

gene expression, which also argues against this
explanation. So far, bZIP10 is known to be

involved in defense and cell death in
Arabidopsis  following infection with the
pathogen Hyaloperonospora parasitica

(Kaminaka et al., 2006). It is also known to be
an ortholog of maize OPAQUE2, which
participates in the regulation of seed storage
protein genes (Lara et al., 2003). Accordingly,
the expression of the 2S5 SEED STORAGE
PROTEIN 1 increased over 500-fold in
bZIP10+11 transfections. That effect dwarfs
even the 35S constitutive promoter driven
expression increase of bZIP10. This confirms
the involvement of bZIP10 in regulation of seeds
storage protein, however it also implies that
bZIP10 does not regulate the expression of this
gene by itself, as the expression of the 2S5 SEED
STORAGE PROTEIN 1 remained unchanged in
protoplasts only overexpressing bZIP10.

In order to bind DNA with their basic
region, bZIP transcription factors need to form

dimers with their ZIP domain. The eukaryotic
bZIP transcription factors Jun and Fos are well-
studied examples. Sedimentation equilibrium
studies and thermal unfolding experiments have
revealed that dimer stability decreases in the
order Jun-Fos > Jun-Jun > Fos-Fos (O'Shea et
al., 1989). This has implications for the function
of the dimers. While neither the Jun nor Fos
monomer will bind the Jun/Fos DNA binding
site (Turner and Tjian, 1989), the Jun, but not
the Fos, homodimer will bind the DNA binding
site (Neuberg et al., 1989). In analogy to this
system, it has been shown that in Arabidopsis,
C-class bZIPs predominantly dimerise with S1-
class bZIPs, but are unable to form homodimers
(Ehlert et al., 2006a). S1-class bZIPs in contrast,
can form homodimers, even though they prefer
dimerization with the C-class. Induction of
either bZIP10 (C-class) or bZIP11 (Sl-class)
levels in protoplasts resulted in 7 or 383 genes
being statistically significantly up regulated
more than 2 fold, respectively. If however both
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bZIP10 and bZIP11 levels were increased, 645
genes were statistically  significantly up
regulated more than 2 fold. This results in the
distinction of three groups of genes: a group of 5
genes specifically responding to bZIP10
dimerised with a non-bZIP11 protein, a group of
113 genes specifically responding to bZIP11
homodimers or bZIP11 dimerised with a non-
bZIP10 protein, and a group of 374 genes
specifically responding to bZIP10 dimerised
with bZIP11. The synergistic effect caused by
both transcription factors is not due to a mere
increase in the total amount of transcription
factor protein present. In an independent
experiment in which only half the amount of
bZIP plasmid DNA was used, highly similar
results to the ones presented here were obtained,
and protein levels in both cases were found to be
similar by western analysis (Figure 1). In this
situation protoplasts would have a comparable
amount of bZIP protein to that after a single
plasmid transfection.

The synergistic effects of bZIP10 and
bZIP11 provide evidence for the fact that
different bZIP dimers have different functions.
Considering the number of S1- and C-class
bZIPs and the fact that they can be differentially
regulated, a complex network of bZIP dimers
emerges. Additionally, the regulation of the
SNF1-related protein kinase KIN11 (At3g29160)
by the bZIP10+11 dimer is intriguing as S1-class
bZIPs have been claimed to be involved in stress
mediated SNFl-related protein kinase 1
(SnRK1) signaling (Baena-Gonzalez et al.,
2007). SnRK1 kinases play an important role in
the regulation of transcription, metabolism and
development in response to energy limitation,
e.g. due to carbon starvation (Hardie, 2007,
Baena-Gonzalez et al., 2007). The increased
KIN11 expression in response to bZIP11 thus
presents a  possible positive feedback
mechanism. Recently, T6P has been shown to be
a regulator in SnRK1 signaling (Zhang et al.,
2009). Interestingly, 6 genes involved in
trehalose metabolism are affected in a way that
might result in reduced T6P levels. The
expression levels of four trehalose-6-phosphate
phosphatase genes (TPP2, TPP5, TPP6 and
TPP9), as well as that of the single trehalase

gene (TRE1) were increased by the bZIP10/11
dimer. Furthermore, expression levels of a
trehalose phosphatase/synthase (TPS8), were
reduced. Likely, bZIP11 thus affects T6P levels,
but this has not been tested. This effect of
bZIP11 would be in agreement with the finding
that sucrose can lead to a large (30-fold) and fast
increase in T6P levels (Lunn et al., 2006), as
sucrose will inhibit the production of S1-class of
bZIPs. bZIP11 effects on trehalose metabolism
could, therefore, represent another possible
feedback mechanism in the sugar/SnRK1/bZIP
pathway. Moreover, the effect of bZIP11 on
trehalose metabolism was shown to be
biologically relevant (Chapter 3). Induction of
bZIP11 abolishes growth arrest of seedlings
caused by high concentrations of trehalose in the
medium. Taken together, these results suggest
an intricate signaling network involving SnRKs
and bZIPs is regulating growth and development
by directing gene transcription, and metabolism
in accordance with the nutritional status. In this
complex system sugars have an impact at
multiple levels.

Materials and Methods

Construction of plasmid DNA

For transient expression of bZIP transcription
factors in protoplasts, 35S driven 3x 5° HA
tagged bZIP constructs were made (Ehlert et al.,
2006a). The bZIP transcription factors were
made available through the REGIA project, and
were cloned into a modified version of the
pHBT vector using Gateway” technology
(Invitrogen, http://www.invitrogen.com). The
modified pHBT, designated pHBTLAGFP was
created by Ncol/Notl- digestion, Klenow fill in
and religation (Thorsten Heinekamp, pers.
com.).

Transient expression of bZIP transcription
factors in protoplasts

The protoplast preparation was adapted from
Sheen (Sheen, 2001). Arabidopsis mesophyl
protoplasts were isolated from leaves (the
second and/or third/fourth pair) of 5 weeks old
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Col-0 (CS60000) plants grown on soil under
long day (16h light / 8h dark) conditions. Leaves
were placed in enzyme solution for 8.5h (1 %
cellulase R10, 0.3% macerozyme R10 (Yakult
Honsha, Tokyo, Japan), 0.4 M mannitol, 20 mM
KCI, 10 mM CaCl,, 20 mM MES, 0.1% BSA
(Sigma A-6793), pH 5.7)). Protoplasts were
collected and kept on ice in W5 medium (154
mM NaCl, 125 mM CaCl2, 5 mM KCI, 2 mM
MES, pH 5.7) for 13h in the growth cabinet.
Protoplasts were transferred to MMG solution
(0.4 M mannitol, 15 mM MgCl,, 4 mM MES pH
5.7), and subjected to PEG transfection. To
2.12x10° protoplasts, a total of 250pg plasmid
DNA was added followed by a 30 min.
incubation in 1 volume of PEG solution (40%
PEG 3500, 3 ml H,O, 0.2M mannitol, 0.1 M
CaCly). After transfection the samples were
diluted with 2 volumes of W5 solution and
pelleted at 100g for 2 min. Protoplasts were then
resuspended in 4 ml WI medium (0.5 M
mannitol, 20 mM KCl, 4 mM MES, pH 5.7),
transferred to Scm Petri dishes pre-coated with
5% calf serum, and incubated for 6h in the
growth cabinet. After the incubation protoplasts
were collected and 100-200 mg aliquots were
flash frozen in liquid nitrogen.

Western analysis

For Western analysis, 100 mg of plant material
was ground to a fine powder in liquid nitrogen,
and denatured in 300 pl of buffer containing
4 M urea, 16.6% glycerol, 5% -mercaptoethanol
and 5% SDS. Aliquots (10 ul) were then
fractionated on a 10% polyacrylamide gel.
Blotting onto PVDF membrane (Millipore,
Braunschweig, Germany) and immunodetection
were carried out as described by Harlow and
Lane (Harlow and Lane, 1988).

RNA extraction and cDNA synthesis

RNA was purified using the RNeasy kit
(Qiagen, http://www.qiagen.com) and the RNA
purity and integrity were confirmed by using a
RNA 6000 Nano Assay (Agilent,
http://www.home.agilent.com) and gel
electrophoresis. Genomic DNA was removed
using pretreatment of the total RNA with DNase
(Fermentas, http://www.fermentas. com) and

cDNA was synthesized using anchored oligo-T
primers (Biolegio, http:// www.biolegio.com),

and MLV reverse transcriptase (Promega,
http://www.promega. com) according to the
manufacturer’s instructions.

Micro-array analysis

cRNA labeling, hybridization, washing and
scanning of Affymetrix Arabidopsis ATHI
GeneChips® (Affymetrix, http:/affymetrix.com)
was performed by ServiceXS
(http://www.servicexs.com), according  to
Affymetrix OneCycle Lab protocols. Data from
the micro-array were analysed statistically using
the R language environment for statistical
computing (http://www.r-project.org) version
2.7.1 and Bioconductor release 2.1 (Gentleman
et al., 2004). Data were normalized using the
robust multi-arrayexpression measure (RMA) in
the Affy package (Gautier L., 2004).
Differentially expressed genes were identified
using the LIMMA package (Smyth et al., 2005).
The obtained P-values were corrected for
multiple testing errors using the BH procedure
(Benjamini, 1995), yielding g-values. Lists of g-
values were transferred to Microsoft Excel™
and sorted. The GST sequences were aligned to
the Tair7 gene model database of transcripts.
Genes were classified as being differentially
expressed if expression significantly (q < 0.02)
changed. Genes with lower than two-fold
expression level changes, even if statistically
significant, were not considered to be
differentially expressed. To compare the list of
differentially expressed genes with other gene
lists Microsoft Excel™ was used.

For gene ontology data genes were
organized based on both biological process and
molecular function annotations and several
publicly available tools were used, topGO
(Alexa and Rahnenfuhrer, 2006), Tair
(http://www.arabidopsis.org/tools/bulk/go/) and
MAPMAN (Thimm et al., 2004).

QPCR

Real-time PCR was performed using the
7900HT Fast Real-Time PCR System and
Cybergreen® chemistry (Applied Biosystems).
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Expression levels were calculated relative to the
phosphatase 2A (PP2A) regulatory subunit
(Atlg13320) (Czechowski et al., 2005) levels
using the Q-gene method that takes the relative
efficiencies of the different primer pairs into
account (Muller et al., 2002). Primers were
designed according to the recommendations of
the PCR master-mix manufacturer (Applied
Biosystems) or designed to be gene-specific by
the CATMA consortium
(http://www.catma.org). Full lists of primer
sequences can be obtained from the authors.
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9 General discussion

This thesis focuses on the functional impact of the Arabidopsis C/S1 bZIP-TFs, which
heterodimerise in a specific manner to activate target gene expression. Furthermore, co-

localisation and protein stability of the group C and S AtbZIP-TFs were analysed.

9.1 Specific heterodimerisation of group C and group S1 bZIP
transcription factors is mediated by the leucine zipper

Protein-protein interactions are a tightly regulated network mediating cellular responses to
environmental and developmental conditions. The complete sequencing of an increasing
number of eukaryotic genomes has provided a wealth of information about the complexity
of TFs. Compared to mammals or yeast little is known on specific protein-protein
interactions of bZIP TFs and their target genes in planta,. Protein-protein interactions were
analysed either by in vitro techniques such as co- immunoprecipitation and co-
fractionation by chromatography or in vivo using Y2H analysis (FIELDS and SONG, 1989),
Bimolecular Fluorescence Complementation assay (BiFC) (KERPPOLA, 2006) or
Fluorescence Resonance Energy Transfer (FRET) (POLLOK and HEIM, 1999). Y2H can be
used as a high-throughput approach but conditions in yeast might not be the same as in
plant cells and therefore might influence the protein-protein interaction results. To analyse
AtbZIP heterodimerisation in planta, we established a Gateway*-based two-hybrid system
in plant protoplasts (EHLERT et al., 2006). This P2H approach is an artificial, but very
efficient system and offers a number of advantages. It is an in vivo and in planta assay
system which is fast and easy to handle. By using Gateway"-compatible vectors the P2H
can be used as a high-throughput system. The P2H allows a quantitative read-out of
protein-protein interactions. However, these data might be misleading, if one of the protein
partners has an unspecific influence on the transcriptional read-out. As described for yeast
systems, BD and AD fusion might have a negative effect on the protein interaction.
Furthermore, interaction between proteins, which are normally not co-localised might be

identified as well (EHLERT et al., 2006; WELTMEIER et al., 2009).
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A comparison between the results from Y2H and P2H system shows that many but not all
interactions are identical. This finding can be partially be explained by plant-specific
factors or conditions, which have an influence on the interaction and gene expression. In
both systems, interactions between the group C and subgroup S1 AtbZIP TFs are prefer.
This interaction pattern was also found for related bZIPs in plant species, such as parsley
(Petroselium crispum) (RUGNER et al., 2001) and tobacco (Nicotiana tabacum)
(STRAHTMANN et al.,, 2001) indicating functional relevance of this observed

heterodimerisation pattern.

Selected AtbZIPs of other groups, such as AtbZIP39 (group A), AtbZIP51 (group I) or all
members of the subgroup S3 have not been found to dimerise with AtbZIP TFs of the
group C or S1 (EHLERT, unpublished). Furthermore, two bZIPs of the subgroup S2
(AtbZIP42 and AtbZIP58) form only homodimers and heterodimers which each other
(EHLERT et al., 2006). Altogether, this data shows that interaction within the C/S1 network
is very specific.

BZIP dimer formation is mediated by the leucine zipper (SIBERIL et al., 2001; VINSON et
al., 2002). Importantly, only the bZIP TFs of the group C and S1 contain an extraordinary
long leucine zipper with seven to nine heptad repeats (Figure 8.1), which might explain
heterodimerisation specificity (DEPPMANN et al., 2004). DEPPMANN et al., (2004)
predicted by bZIP dimerisation specificity based on structural properties like length of the
zipper, placement of specific aa and presence of interhelical electrostatic interactions.
However, these bioinformatics predictions could not all be confirmed in this study
(EHLERT et al., 2006). This suggests that additional regulatory mechanisms have an

influence on the dimerisation, which requires further analyses.

To analyse the importance of the zipper dimerisation domain, the a-helical structure of the
zipper has been disrupted by changing the first two leucines aa of the ZIP repeats into Pro.
E.g. the amino acids Leu;gs and Leu;os of AtbZIP63 (group C) have been changed into Pro.
This aa substitution leads to a decrease of AtbZIP63 dimerisation (WALTER et al., 2004).
Which has been confirmed in Y2H studies for related mutants in AtbZIP53 (group S1) and
AtbZIP10 (group C). In AtbZIP53, the aa Leus; and Ala;; have been exchanged
(AtbZIP53pp) to disrupt a-helical ZIP structure and consequently AtbZIP

heterodimerisation and also target gene activation (WELTMEIER et al., 2006 Figure 8B).
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(a) gabedef gabedef gabedef gabedef gabedef gabedef gabedef gabedef gabedef
0 L K & 3. 4. 5. L 8 ; 8.

bZIP9 NDLKRIREMNSNEESAKRSRERREOE YLVDLET QVDSEKS DNSTLYK CQLIDATG QERSAGT NNRVLKS DWETLRV KVEKLAED LVARGSL*

b21P10 EDVEESREMLSNRESARRSHERREQE QTSDLET QVNDLKE EHSSLLK QLSNMNH KYDEARV GNRILKA DIETHRA KVEMAEE TVERVIGH

bZIPZ5 TDVERARRMLSNRESAPRSHRRECE OMNEFDT OVGOLRA EHSTLIN RLSDMNH KYDAARV DNRILRA DIETLRT KVKMAEE TVERVTGY

bZIP63 TNVERVERMLSNRESARRSRRREOA HLSELET QVSQUERV ENSILMK GLEDNTC TENDASYV ENRVIFKA NIETHRA KVFEMAEE TVERLTG*

() gabedef gabedef gabedef gabcdef gabodef gabedef gabedef gabedef gabedef
0 1. L Z 3. 4. 5 L B T. 8.

bZIP1 IDEEKRERFLENRESARESELEKQE LMEDTIH EISSLER RIKENSE RCRAVEKQ RLDSVET ENAGLRS EKIWLSS YVSDLEN MIATTSL*

bZ2IP53 TDERKRIBHISI'REBARBSH\'!RKQK CULGDLIN EVILLEN DNAKITE ONDEASK KYIEMES KNNVLRA QASELTD RLRSLNS VLEMVEE*

b2IP2 VDERKRERMLSNRESARESEMRKOK HVDDLTA QINQLSN DNRQILN SLTVTSQ LYMKIQA ENSVLITA CMEELST RLQSLNE IVDLVOS*

bZIP11l MECRKRERMLSNRESARRS EMEKQK LLDDLTA OVNHLEK ENTEIVT E"‘I_SITTO HYLTVEA ENSVLRA CLDELNH RLQSLND IIEFLDS*

bZ2IP44 IDERKRERKOSHNERESARBRSEMREKQE HLDDLTA OVTHLRE ENAQIVA GIAVTTQ HYVTIEA ENDILRA OVLELNH RI-QSI:HE IVDFVES*

bZ2IP3 INERKQREMVSNRESARESEMRKQR HLDELLS QVAMLRS ENHOLED KLNQVSD NNDL¥IQ ENSSLKE ENLELRQ VITSMKK*LGGGIHD
b2IP42 INERKQREMISNRESARESEMRKQR HLDELWS QVMWLRI ENHQLLD KLNNLSE SHDEVLQ ENAQLKE ETFELEQ VISDMQI*QSPFSCE
bZIP43 INERKQERKISNEESARRSEMRKQR OVDELWS QVMWLRD ENHQLER KLNCVLE SQEKVWIE ENVQLEE ETTELKQ MISDMQL*QNQSPFS
bZIP4¢ LDERKQREMLENBESARESEMRKQR HLDELWS QVIRLRN ENNCLID KLNRVSE TQNCVLK ENSKLKE EASDLRQ LVCELKS*NENNNES
bZ1P58 DE-RKQREMISNRESARESRMRKQR HLDELWS QVIRLRT DNHCLMD KLNRVSE SHELALK ENAKLKE ETSDLRQ LISEIKS*HNEDDNS
bZIP8 ER--KRREKVANRESARESREMRKQR HMEELWS MEVOLIN KNESL¥D ELSQARE CYEKVWIE ENMKLRE ENSKSRK*MIGEIGL NRFLSVE
bZIP70 PEERRARRMVSNRESARES EMRKKK OIEELQQ QVEQLMM LNHHLSE KVINLLE SNHOILQ ENSQLKE KVSSFPHL LMADVLL*PMRNAES
b2IP75 DEERRLPEMASNRESARRTEMRERM MKEGLOM QVKOLMA YNQPLYN KYISLLE YNHOILO ENSQLKE TVSSPHD QYTISYG NHEGIIG

bZ2IP4 VDPEKRRETISNRESAKHESRMEKKE RFEELTE EVNRENI RNQELKN RLAN¥VS CGNFISR ENNRIKT ESVCLEI RLLELYR FLVAMQS*
bZIPS TPERKKERFLSNRESAKRSREKKQOE HLEEMSI CENOLEI ONQELKN CLRYVLY HCORTKM ENDRILM EHRILHD KLLNIRQ VEMFROT*
bZIP7 TDERKRERMESNRESAKRSEMRKQS HIDNLRE QVNRLDL ENRELGN RLRLVLH OLORVWNS DNNRLVT EQEILRL RLSEMRR*ILIIRQL
bZ2IP6 TDDRKREKEMESNRESAKHSEMRKQR HIDNLKD EANRLGL ENRELAN RLRIVLY NIALMCT DNEQLILS EQEILRR RFLEMRQ*ILIFRQL

Figure 8.1 EHLERT et al., 2006 (Figure la and b)

(a) Amino acid (aa) alignment of the bZIP domains of the group C members AtbZIP9 (At5g24800),
AtbZIP10 (At4g02640), AtbZIP25 (At3g54620) and AtbZIP63 (At5g28770).

(b) Amino acid alignment of the bZIP domains of the group S members. Conserved aa are depicted in red
The positions of the aa in the heptad repeats of the leucine zipper are labelled with gabcdef
(LANDSCHULYZ et al., 1988). Termination of the a-helical ZIP domain as predicted by DEPPMANN et al.
(2004) is indicated.

This suggests that both dimerisation partners have to be compatible to form a

transcriptional active heterodimer. The formation of bZIP homo- or heterodimers provides

a tremendous combinatorial flexibility to a regulatory system (SIBERIL et al., 2001;

VINSON et al., 2002). However, to gain specificity, some heterodimers could be preferred,

as demonstrated for the interaction of C and S1 bZIPs. Analysis of all possible

combinations of the 75 AtbZIP members is very labor-intensive. Therefore, we have

created a high throughput protoplast transfection assay in microtiter plates (unpublished

results). Combining the Gateway®-compatible P2H approach with this method will

significantly speed-up the analysis.

However, further studies are important to define heterodimerisation partners in functional

studies as well as improving bioinformatic tools for heterodimer prediction.
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9.2 Expression patterns control abundance of bZIP monomer
and therefore heterodimer formation

In order to form heterodimers, the group C and S1 bZIP TFs have to be co-expressed and
co-localised. Hence, co-expression was studied making use of bZIP promoter:GUS lines
(WELTMEIER et al., 2009) and array expression data (ZIMMERMANN et al., 2004). For the
members of the C/S1 heterodimerisation network clearly overlapping expression patterns
(e.g. in seedlings) as well as distinct differences (e.g. seed development) have been
observed. As an example, AtbZIP53 has been shown to be expressed in seeds and to
heterodimerise with AtbZIP10 and AtbZIP25 to regulate MAT genes expression (ALONSO
et al., 2009). The amount of bZIP dimerisation partners in individual cells has a significant
influence on heterodimerisation and target gene expression. Ectopic expressions of
AtbZIP53, AtbZIP63 or AtbZIP9 under the control of the 35S promoter (Pro35S) mediates
activation of 252 albumin transcription in seedlings, where this gene is normally not
expressed (WELTMEIER et al., 2009 Figure 3). These results demonstrate that AtbZIP63
and AtbZIP9 can also activate 2S2 albumin transcription but their tissue-specific
expression pattern limits their function in planta. To summarise several bZIP heterodimers
have the possibility to activate target gene transcription in planta, but this function is
essentially confined by co-expression and co-localisation of different bZIP partners.
Although this dataset (WELTMEIER et al. 2009) provides a framework to decide which
heterodimers might be formed in a particular plant tissue, predictions are difficult, because

additional regulatory mechanisms influence the TFs.

9.3 Heterodimerisation between members of the C/S1 network
controls target gene expression in stress response, primary
metabolism and seed development

As demonstrated by WELTMEIER et al., (2006) and ALONSO et al., (2009), strong gene
activation was obtained for AtbZIP53/10 and AtbZIP53/25 heterodimers whereas none of
these bZIPs exhibited strong activation capacity on its own. Specific heterodimerisation
may act as a key mechanism to modulate transactivation properties in planta which is
referred as the HIT-mechanism (heterodimer-induced transactivation). A complete analysis

of all group C/S1 interactions shows that the HIT mechanism is a typical feature of distinct
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heterodimers, particularly observed between AtbZIP25, AtbZIP10 and most S1 group
members, but also inside the group C (AtbZIP10/63). These data suggest that HIT is
general important for the function of the C/S1 network (WELTMEIER et al., 2006).

The functional impact of C/S1 bZIP heterodimers has been demonstrated for several
examples. Heterodimers containing AtbZIP1 or AtbZIP53 function as crucial regulators in
starvation response by regulating genes of amino acid (aa) metabolism (DIETRICH et al.,
unpublished). The expression of genes involved in the biosynthesis of asparagine (Asn)
and the catabolism of branched chain aa is controlled by C/S1 bZIPs. Furthermore, we
demonstrated the functional impact of bZIP heterodimers for the ProDH gene encoding
Proline Dehydrogenase during rehydration after recovery from osmotic stress (WELTMEIER
etal., 20006).

AtbZIP53 is the S1 member with the highest expression in mid and late maturation phases.
We were able to demonstrate that AtbZIP53 plays a pivotal role in quantitative control of
MAT gene expression, such as SSP and LEA genes. Interestingly, by heterodimerisation of
AtbZIP53 with the group C TFs AtbZIP10 or AtbZIP25, the binding activity to target
promoters is increased (ALONSO et al., 2009).

94 C/S1 heterodimer formation controls DNA binding and
interactions with other transcription factors

Dimers of TFs affect target gene expression in different ways. The abundance of bZIP
monomers is regulated by environmental and developmental conditions, which influence
the heterodimerisation possibilities. By heterodimerisation the DNA-binding specificity,
affinity and transactivation properties of the bZIPs might be altered (NAAR et al, 2001).
E.g. AtbZIP53 and AtbZIP10 are co-expressed under hypoosmotic conditions, interact
with high affinity and lead to a strong activation of the ProDH by binding to ACTCAT-
clement (WELTMEIER et al., 2006). This is in agreement with microarray results,
demonstrating that among 121 rehydration-inducible genes, 48% harbour the ACTCAT
motif in their promoters (OONO et al, 2003). This indicates that this motif is of general
importance with respect to gene regulation during recovery after osmotic stress.

Detailed titration experiments in protoplasts and ELISA assays demonstrate the effect of

heterodimerisation between AtbZIP53/10 and show that the binding activity of AtbZIP53
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is higher in the presence (than in the absence) of AtbZIP10 (ALONSO et al., 2009).
Accordingly, in the titration experiment the 1:1 ratio of AtbZIP53 and AtbZIP10 leads to
the highest target gene activity. These data clearly support that specific heterodimers binds
specific cis-elements to activate target gene transcription. In addition, we observed, that
co-expression of AtbZIP53 and AtbZIP10 leads to enhanced protein levels of the
corresponding bZIPs, suggesting that heterodimer formation might stabilise the proteins
from degradation. This provides an additional mechanism that contributes to the observed
synergistic effect on transcription (ALONSO et al., 2009).

The AtbZIP11 protein is able to form heterodimers with other bZIP proteins in Arabidopsis
protoplasts and yeast cells (EHLERT et al., 2006). In planta, over-expression of AtbZIP11
leads to strong changes in gene expression, which is probably caused by
homodimerisation. But effects of heterodimers involving endogenously present bZIPs
cannot be excluded (EHLERT et al., 2006). To analyse whether different bZIP dimers
recognise different promoter-Cis-elements, we transformed protoplasts with AtbZIP11 and
its dimerisation partner AtbZIP10 to perform microarray analysis.

A significantly altered set of target genes was induced by co-expression of AtbZIP11 and
AtbZIP10. The sequences of promoters affected by the AtbZIP11/10 heterodimer were
compared to promoters of genes affected by AtbZIP11 or AtbZIP10 alone (HANSSEN et
al., unpublished). Interestingly, expression of AtbZIP11 itself leads to enrichment of a
different set of promoter cis-elements (Figure 8.2) when compared to the AtbZIP11/10
heterodimer (HANSSEN et al., unpublished). This data suggests that particular bZIP dimers
bind specific cis-elements and therefore activate different sets of target genes. It is
important to verify these results by qPCR of stable transformed seedlings (HANSON et al.,
2008).

>
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Figure 8.2 (HANSSEN et al., unpublished (Figure 4.6))

The position weight of the 5 most significantly enriched motifs in the promoters of the 100 most
significantly affected genes by dimers of AtbZIP11 (A) or AtbZIP11/ 10 heterodimers (B).
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In vivo and in vitro analysis demonstrate that AtbZIP53/10 binds the G-box element of the
SSP promoter such as 252 albumin, where the G-box element was mutated to prevent
AtbZIP DNA binding (ALONSO et al., 2009). In additional to the G-box, another
regulatory cis-element was found by sequence analysis, the so called RY-box (ALONSO et
al., 2009). ABI3 is an important regulator of gene expression in seeds of Arabidopsis
(GIRAUDAT et al., 1992; PARCY et al., 1994) and it has been shown that ABI3 binds the
RY element (MONKE et al., 2004). A functional interplay between G-box and RY-element
in MAT gene regulation has been previously described (EZCURRA et al., 2000; LARA et al.,
2003). Furthermore, ABI3 is able to interact with AtbZIP10 or AtbZIP25 (LARA et al.,
2003), but no interaction could be detected between AtbZIP53. Protoplast-three-hybrid
(P3H) and BiFC analyses confirmed that AtbZIP53/10 or AtbZIP53/25 heterodimers
interact with ABI3. A ternary complex formation would explain transcription of the 252
albumin gene which is enhanced by combination of bZIP heterodimers and ABI3
(ALONSO et al., 2009).

To summarise, bZIP heterodimers activate target genes by interaction with other TFs.

9.5 Members of the C/S1 heterodimers differ in their properties
but show partial redundancy

Recent analysis of single bZIP ko plants show only a small effect on target gene expression
(ALONSO et al., 2009; DIETRICH et al., unpublished). We speculate that partially redundant
bZIP proteins can substitute for the missing TFs. The heterodimers AtbZIP53/10 and
AtbZIP53/25 regulate SSP genes during seed maturation. AtbZIP53 is closely homologous
to AtbZIP1. But the 2S2 albumin activation by the AtbZIP1/10 heterodimer was less
pronounced in comparison to AtbZIP53/10, but leads to a stronger activation than
AtbZIP1/25 heterodimers. Accordingly, histochemical analysis of ProAtbZIP1:GUS plants
revealed by staining the expression of AtbZIP1 in the silique valves but not the in seeds as
described for AtbZIP53 (see WELTMEIER et al., 2009 Figure 1b). Therefore, expression
data as well as activation properties suggest that AtbZIP1 and AtbZIP53 are not redundant
in respect of MAT gene regulation (WELTMEIER et al., 2009). In contrast, overlapping
functions exist for AtbZIP1 and AtbZIP53 in regulation of ProDH and ASN1 in response to
low energy stress (DIETRICH et al., unpublished). These findings demonstrate that the TFs
of the C/S1 network partly overlap with respect to their TF properties but clearly differ in
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function, due to specific expression and heterodimerisation patterns (WELTMEIER et al.,
2009). Multiple bZIP T-DNA insertion lines lead to a significant impairment in target gene
transcription during starvation response (DIETRICH et al., unpublished). However, further
research is needed to elucidate how the loss of single bZIP functions can be substituted by

other members of the network.

The work can be summarised in the following model:

Endogenous | gsmaticum herbicides dehydration | Exogenous
stimuli

| hypoxia pathogen hormones stimuli

sugar availiability

prolonged darkness
cold

- transcription
- translation (uORF rcgulation)
- protein degradation

bZIP monomer

abundance

- Modification {e.g. phosphorylation)
- nuclear transport
- heterodimeriesation

bZIP dimer

Signal transduction

- protein-pratein interaction
- protein stability
- DNA hinding

grotein complex

aametabolism Matgenes stressresponse

(e.g. ASN1) (e.g. 252 albumin, LEA76) {e.q. ProDH}

Figure 8.3 Model of the possible signal transduction pathway.

This overview shows that different endogenous or exogenous stresses result in a change of active
AtbZIP monomer abundance. This leads to new dimmer- or complex formation and activate target
gene expression.
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11 Contibutions

Paper:
“Two-hybrid protein—protein interaction analysis in Arabidopsis protoplasts: establishment
of a heterodimerization map of group C and group S bZIP transcription factors”

Ehlert and Weltmeier et al., 2006 Plant Journal

Figure:

- Figure 2. Activation properties of BD-AtbZIP proteins in yeast.

- Figure 3. Heterodimerization analysis of groups C and S1 bZIP proteins using a yeast two-hybrid assay.

- Figure 4. Heterodimerization of group S2 bZIP protein using a yeast two hybrid assay.

- Figure 5. Development of a protoplast based two-hybrid system (P2H) in Arabidopsis.

- Figure 6. Heterodimerization of groups C and S1 bZIP proteins using a P2H assay system in A. thaliana

protoplasts.

- Table 1. Interaction pattern of group C and group S AtbZIP transcription factors obtained by yeast two-
hybrid analysis

- Table 2. Interaction pattern of group C and group S1 AtbZIP transcription factors obtained by P2H analysis.

Paper:
“Combinatorial control of Arabidopsis proline dehydrogenase transcription by specific
heterodimerisation of bZIP transcription factors”

Weltmeier and Ehlert et al., 2006 Embo Journal

Figure:

- Figure 3. Yeast two-hybrid analysis studying heterodimerisation of AtbZIP53 with group-S and -C bZIP
factors.

- Figure 5. Analysis of AtbZIP53 heterodimerisation in transiently transformed Arabidopsis protoplasts.

- Figure 6. ACTCAT-specific DNA binding of group-S1 and C bZIP factors.

- Figure 7. The ACTCAT-mediated transcription is regulated by AtbZIP53 heterodimers.

- Figure 8. The ACTCAT-mediated transcription in Arabidopsis protoplasts depends on AtbZIP53/AtbZIP10
heterodimers.

- Supplementary Table S1: Heterodimer Induced Transactivation (HIT) by group-C / S1 heterodimers.
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Paper:

“Expression patterns within the Arabidopsis C/S1 bZIP transcription factor network:
availability of heterodimerisation partners controls gene expression during stress response
and development”

Weltmeier et al., 2009 Plant Mol Biol

Figure:
- Figure 2. Regulation of the 2S albumin (2S2) seed storage protein promoter by group C and group S1 bZIP

TFs in transiently transformed Arabidopsis leaf mesophyll protoplasts.

Paper:

“A Pivotal Role of the Basic Leucine Zipper Transcription Factor bZIP53 in the Regulation
of Arabidopsis Seed Maturation Gene Expression Based on Heterodimerization and
Protein Complex Formation”

Alonso et al., 2009 Plant Cell

Figure:

- Figure 4. D Interaction of bZIP53, bZIP10, and bZIP25 Homo- or Heterodimers with ABI3.

- Figure 6. Effect of ABI3 on the Transcriptional Activation Mediated by the bZIP53/bZIP10 Heterodimers.
- Suplemental Figure 2. Transient expression of bZIP53 in combination with bZIP10 or bZIP25

synergistically enhances transactivation of CRU3 and 252 promoters.

Paper:
“Heterodimers of Arabidopsis transcription factors bZIP1 and bZIP53 are reprogramming
amino acid metabolism during low energy stress”

Dietrich et al., submitted

Figure:
- Figure 9. bZIP1 binds directly to the ASN1 promoter and mediates starvation responses via a G-box Cis-
element.

- Supplementary Figure S9. Mutation in the C-box effects ProDH promoter activity.
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Paper:
“Gene expression analysis reveals differential functions of bZIP dimmers in protoplasts”

Hanssen et al., unpublished

Figure:

- tansfection of Arabidopsis mesophyll protoplasts with DNA encoding AtbZIP11, AtbZIP10 and both, for
global gene expression analysis
- Figure 4.1. bZIPs are highly expressed in transfected protoplasts

Heterodimers of Arabidopsis transcription factors bZIP1 and bZIP53 are reprogramming
amino acid metabolism during low energy stress
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12 Supplementary
Supplemental Data: WELTMEIER et al., (2009):

“Expression patterns within the Arabidopsis C/S1 bZIP transcription
factor network: availability of heterodimerisation partners controls gene
expression during stress response and development”

2 p S T

AtbZIP11 /ATB2 AthZIP44 AtbZIP2

Supplementary Fig. 1 Histochemical staining of Proagzp:GUS lines analysing expression
of AthZIP11, AtbZIP2 and AtbZIP44 during seed development. Given are siliques with seeds
of increasing developmental age (from top to bottom).
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Supplementary Fig. 2 Regulation of group C and S1 AtbZIP genes by glucose as described
in public array data sets (ZIMMERMANN et al., 2004). Arabidopsis plantlets were grown in
liquid culture for 7 days on MS medium containing 0.5% glucose in constant light. After 7
days of growth, the medium was replaced with glucose-free medium for 24 h. Afterwards
plants were transferred for 2 h into 3% glucose or 3% mannitol, respectively. Mannitol
serves as an osmotic control.
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Supplementary Fig. 3 Induction of AtbZIP1 and AtbZIP11 in response to Pseudomonas
syringae infection. Given are relative signals of micro array results from Arabidopsis plants,
6 h or 24 h post infection (ZIMMERMANN et al., 2004). Pst: Pseudomonas syringae pv.
tomato, Pst avrRpm1: Pseudomonas syringae pv. tomato carrying an avrRpml avirulence
gene. Mock treatment was performed by infiltration of MgCl, solution.
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Supplementary Fig. 4 Transcript abundance of group S1 and group C AtbZIP genes in
response to abiotic stresses. The diagrams are based on AtGenExpress profiles (KILIAN et al.
2007). For each time point the average value of three biological replicates is shown.
Treatments are indicated (control: dark blue; cold: light blue; osmotic stress: brown; salt
stress: yellow). Compared are green tissues (left) and roots (right).
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Supplementary Tab. 1 List of primers used for PCR amplification

Gene Used for Primers

AtbZIP1 UBQ :leader: GUS F:5’-GCGAATTCAAATTCTCTTTCTTTTCCGATTCGTC-3’
R:5’-CGCCATGGCCATGTTTTTTTGTTCAAGAGATAA-3’

AthZIP2 UBQ :leader: GUS F:5’-GCGAATTCTTCCCATTCACTCATCTTCTCTCTTCC-3’
R:5’-GCCCATGGCTGCTAGATGACGCCATTGATT-3"

AthZIP11  UBQ :leader: GUS F:5’-GCGAATTCTTCATTTCTTAGAGATCTCAGCTTC-3’
R:5’-GCCCATGGCGACGATTCCATTTAGTAACACAC-3’

AtbZIP44  UBQ :leader: GUS F:5’-GCGAATTCCCTCACAAATCCTTAATTAATTCACC
TCTTC-3’
R:5’-GCCCATGGCCATTTCAGTTTTATTATTCATATTA-3’

AtbZIP53  UBQ :leader: GUS F:5’-GCCTGCAGGCTTTTTTTCGTTTATCAATCTTCTCG-3’
R:5’-CGCCATGGCCATTTCTCGTTGACTTTTTGACTTC-3’

UBQ10 UBQ :leader: GUS F:5’-GAGCGGCCGCGATCAGGATATTCTTGTTTAAGAT

GTT-3’
R:5’- GCCTGCAGTTTATAGAAGAAGAAGAAGAAA-3’
AtbZIP1  Promoter: GUS F:5-GTCGACACCACAATTTGGAACTAATA-3’
R:5’- GAATTCTCAAGAGATAACGTAAAACC-3’
AtbZIP53  Promoter: GUS F:5-CTGCAGAAGTCCAGGTCAAGTTTGTT-3’
R:5’- GTCGACCTCGTTGACTTTTTGACTTC-3’
AtbZIP9  Promoter: GUS F:5’--3° GTCGACCAAACAGGTTATGTAGTAGA
R:5’- -3> TCTAGAAGCTGTGTGATTATCCAT
AtbZIP63  Promoter: GUS F:5°- -3 GGATCCACTGCGATTCAACGACG
R:5’- -3’ GTCGACAGAGGACGTTGGTGATAG
AbZIP53  hybridisation F:5’- CATACAAAGACACGAACAAATTGAA -3°
R:5’- GTGCTTGAGATGGTTGAAGAAATTA -3’
AtZIP1  hybridisation F:5’- GGCAAACGCAGAGAAGACAA -3’
R:5’- GGACGCCATTGGTTGTAGAG -3’
AtZIP9  hybridisation F:5’- CGCAACACAACAGTTTCGTA -3’
R:5’- GCCAGATGTCTGAGACGCAG -3’
AtbZIP63  hybridisation F:5’- GCGTGTGGTGTTTCCGTCTC -3’
R:5’- CTACTGATCCCCAACGCTTC -3
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Supplemental Data: WETMEIER et al., (2006):

“Combinatorial control of Arabidopsis proline dehydrogenase

transcription by specific heterodimerisation of bZIP transcription

factors”
BD
C S1
AtbZIP | AtbZIP [ AtbZIP | AtbZIP | AthzIP AtbZIP AtbZIP AtbZIP AtbZIP
9 10 25 63 1 2 11 44 53
St St St St St St St St St
- 0|1 |o] 2 [of 2 [o] 1 0 |19 |0 |17 ] 0o 3 (o] 1 0
AtZIP9 2lo| 1 o] 1[4 2 [1]13]| 5 [11[|3]|11] 8 4 | 2] 30| 1
c |AtbZIP10 1132 (o] 2 |1[67 |9|157]| 39 | 23 |13[ 56| o [ 13 [ [133] 12
AtbzIP25| 5 | 3| 1 o 2 [1] 7 [4[12]| 3 |100]|19[ 63 | 11 | 77 |16[ 113 | 4
AtbzIP63| 3 |0 | 4 |1 1 |1]| 5 |2| 2 1 4 |2] 6| 3 4 o] 11 ] 1
AtbzIP1 [ 1 |1 [ 6 [1| 6 [4] 2 [1] 1 0 6 [0 7 1 1 [of 3 2
51 [AtbZIP2 11131 9 Ja] 2 |1] 3 1 1511|142 ] 8 2 |11 12 | o
AtbzIP11| 1 |0 | 5 |1 14 [6]| 5 [2] 7 1 23 |5 7 2 2 [1]20 ] 1
AtbzIPa4| 1 |1 [ 1 [1] 9 [3] 3 [1] 2 0 9 [1] 9 1 2 2] 9 2
AtbZIP53| 2 |1 ]| 5 |1] 8 |4 2 |2] 2 1 |40 (114 ] 2 2 |41] 2 2

Table S1 Heterodimer Induced Transactivation (HIT) by group-C / S1 heterodimers.

Activation of a GAL-UAS4:GUS reporter in Arabidopsis protoplasts after expression of BD-AtbZIP
fusion proteins without (-) and with an AtbZIP heterodimerisation partners (AtbZIP). Given are mean
values and standard deviations (St) of four independent transfections as relative GUS / NAN units. In
comparison to the gene activation mediated by the BD-bZIP proteins, the HIT mechanism leads to
strong activation.

Input ChIP a-HA

Pro,,s:HA
|_AtbZIP10 + - + - R + -

ProDH | —— R JE———

primer

cycles 25 35 38 41 44

cwiNV2 — e
primer I

Figure S1. In vivo binding of AtbZIP10 to the ProDH promoter. ChIP analysis of chromatin obtained
from Pro35S:HA-AtbZIP10 (+) and Wt (-) plants using a HA-specific antibody for
immunoprecipitation. ProDH primers were used to amplify a 191 bp fragment of the ProDH
promoter. Given are the PCR products obtained after 35, 38, 41 or 44 cycles, respectively. As input
control, PCR amplicons are shown which have been obtained after 25 cycles with material before
immunoprecipitation. The specificity was verified by using primers amplifying the promoter of a non-
target gene (cwINV2, At3g52600). Given are amplicons obtained after 35, 38, 41 or 44 cycles,
respectively. The PCR products were stained by ethidium bromide.



12. Chapter 117

A B
‘_ - +
AtbZIP10 AtbZIP
AtbZIP53 + + + + = 10 53
KDa

<

buh“s¢ <]

LA ‘ = |

Figure S2 AtbZIP10 and AtbZIP53 bind DNA as homo or heterodimers.

A Electrophoretic mobility shift assay using a labelled dsDNA probe derived from the At ProDH
promoter (5’-ATTCATCATCC ACTCAT CCTTCATATCT- 3’) and His-tag proteins AtbZIP53 and
AtbZIP10 expressed in E.coli. The black and white arrows indicate the retarded bands with different
mobility produced by AtbZIP10 and AtbZIP53 homodimers, respectively. When increasing amounts
of AtbZIP10 protein were added to the AtbZIP53 binding reaction a band of intermediate mobility
corresponding to the heterodimer was obtained (combined black and white arrow).

B Westernblot detection of proteins used in the gel retardation experiments. A poly- His antibody was
used to detect of E.coli produced proteins AtbZIP10 and AtbZIP53 with a His-tag epitope.

0051 2 h
W oo | AthZIP10

Figure S3. Gene induction by hypoosmotic stress treatment.

14 day-old Arabidopsis plants were transferred from MS medium (58 mM sucrose) to desalted water
(Satoh et al., 2004). RNA of control (0 h) and stress treated plants (time points as indicated) was
analysed by Northern hybridisation. Depicted are hybridisation experiments with ProDH and
AthZIP10 specific probes, respectively. Equal loading was verified by ethidium bromide (EtBr)
staining.
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Supplementary Data 5;
Methods S1:

ChiP

Soil grown plants (typically 5—7 g) were vacuum infiltrated in 50 mM potassium phosphate, pH
7.5, 1% formaldehyde for 30 min, then cross-linking was stopped by vacuum infiltration in 50 mM
potassium phosphate, pH 7.5, 300 mM glycine for 15 min. Plant material was washed twice with
desalted water and then powdered with a mortar and pestle under liquid nitrogen. The following
steps were performed at 4°C. Tissue powder was resuspended in 20 ml extraction buffer (1 M
hexylenglycol, 50 mM PIPES-KOH pH 7.2, 10 mM MgCl,, 5 mM B-mercapto-ethanol) and filtered
through miracloth. 25% Triton X-100 was slowly added to a final concentration of 1%, and the
suspension was incubated under gentle stirring for 15-30 min. The suspension was overlaid on 6 ml
75% Percoll buffer (75% Percoll, 0,5 M hexylenglycol, 50 mM PIPES-KOH pH 7.2, 10 mM
MgCl, 1% Triton X-100, 5 mM B-mercapto-ethanol) and centrifuged at 4°C / 2000 g for 30 min.
The pellet was resuspended in 20 ml gradient buffer (0.5 M hexylenglycol, 50 mM PIPES-KOH
pH 7.2, 10 mM MgCl,, 1% Triton X-100, 5 mM B-mercaptoethanol) and overlaying on /

centrifugation through 6 ml 75% Percoll buffer was repeated.

The crude nuclear pellet was resuspended in 500 ul of TE / 0,5% SDS, incubated for 20 min with
gentle mixing at 4°C, 500 pl TE (pH 8) were added and chromatin was solubilised with a probe
sonicator (Soniprep 150, Scientific Instruments) with 4-10 s pulses at 12 micron and extensive
cooling between pulses. Insoluble material was pelleted (12 000 g, 5 min, 4°C) and the chromatin
was aliquoted in 200 ul fractions. 100 ul of chromatin solution were decrosslinked to determine the

DNA concentration and to check its size (ideally under 1 kb).

Equal amounts of chromatin were brought to the same volume (200 pl) and pre-adsorbed with
protein A-Sepharose (Sigma-Aldrich Co., Taufkirchen, Germany) for 1 h at 4°C on a rotator. After
centrifuging in a micro-centrifuge at top speed, 2 min, 4°C, the supernatant was moved to a new
tube and 6 pl anti-HA-antibody (Santa Cruz, Santa Cruz, Ca, USA) were added. After incubation at
4°C with gentle mixing for 4 h, 30 ul protein A-Sepharose (50% slurry) were added and incubation
was continued for another hour. Protein A-Sepharose beads were pelleted in a micro-centrifuge at
top speed for 1 min. the supernatant was removed and analysed by protein gel blot as ‘post-bind’
fraction. The beads were washed 4 times for 5 min with 1ml RIPAF (50 mM HEPES pH 7.4, 140
mM NaCl, 1 mM EDTA, 1% Triton x-100, 0.1% DOC, 0.1% SDS) on a rotator. The beads and IP
buffer were moved to a new tube at the last wash. The beads were pelleted, wash removed, and

protein was eluted with 200 pl glycine elution buffer (100 mM glycine, 500 mM NaCl, 0.05%
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Tween 20) for 30 s. The beads were pelleted (room temperature, 1 min, top speed), and the
supernatant was removed to a tube with 50 ml of 1M Tris, pH 9 to neutralize the eluat. A part of

the eluat was analysed on a protein gel blot to assess recovery of precipitated HA-AtbZIP53.

The eluat was decrosslinked overnight at 65°C, RNase A / proteinase K treated, and DNA was
recovered by phenol / chloroform extraction. Recovered DNA was analysed by PCR with ProDH
promoter primers CAAGTCCAGGTCCACATGTTG (PDHpromfor) /
CAAGGCCCTGACCATAGGA (PDHpromrev) and unspecific control primers
GAAGGGTTGGGCCGGAAT (AtcwINV2for) / TTGCGAAGCTTTCGTCAAAC
(AtcwINV2rev) of the invertase gene (At3g52600).

Vector construction

Gateway entry vectors (pDONR201, pDONR207; Invitrogen, Karlsruhe, Germany) containing the
different Arabidopsis group-S and group-C bZIP genes were available by the REGIA project
(JAKOBY et al., 2002). Point mutations were created in the pDONR207-AtbZIP53 plasmid with
the QuikChange Multi Site-Directed mutagenesis kit (Stratagene, La Jolla, Ca, USA) as described

by the manufacturer (Invitrogen, Karlsruhe, Germany). Primers used for mutagenesis were
5’-CACTGAGCAGGTTGATGAACCATCAAAGAAATACATTGAAATGG-3’

(mutZIP53A72Psense),

5’-CCATTTCAATGTATTTCTTTGATGGTTCATCAACCTGCTCAGTG-3’

(mutZIP53A72Pantis),

5’-CGAAGTCACTCTTCCCAAGAATGATAACGC-3’ (AtbZIP53pp sense) and

5’-GCGTTATCATTCTTGGGAAGAGTGACTTCG-3’ (AtbZIP53pp antisense).
From the entry vectors the AtbZIP genes were recombined into the ProQuest® Y2H Vectors

pDEST22 and pDEST32 (INVITROGEN, Karlsruhe, Germany) and the plant

transformation vector pAlligator2 (BENSMIHEN et al., 2004), p35S-GAD-GW, p35S-BD-
GW, and p35S-HA-GW (EHLERT et al., 2006).
For construction of (ACTCAT),:GUS and (ACTttg),:GUS reporter constructs, the oligonucleotides
ProDH, (5’-CTAGAAGATATGAAGGATGAGTGGATGATGAATCACTAGTG-3")

ProDH; (5’-AATTCACTAGTGATTCATCATCCACTCATCCTTCATATCTT-3’) or
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ProDHgmut (5’-CTAGAAGATATGAAGGATGtaaGGATGATGAATCACTAGTG-3%)

ProDHgn (5’-AATTCACTAGTGATTCATCATCCttaCATCCTTCATATCTT-3") were

ligated into ECORI and Xbal restriction sites in the vector pPBT10-GUS (Sprenger-Haussels,

Weisshaar, 2000).

A 1549 bp AtbZIP53 promoter fragment was PCR amplified using the primers bZIP53pGUS{2
(5’-CTGCAGAAGTCCAGGTCAAGTTTGTT-3") and bZIP53pGUSr (5-
GTCGACCTCGTTGACTTTTTGACTTC-3) and inserted in pGEM-T-vector (Promega,
Mannheim, Germany). The promoter was isolated by Pstl/Sall restriction and ligated into

the pPCAMBIA-1391Z plant transformation vector (AF234312).
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Supplemental Data: DIETRICH et al., (unpublished):
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Supplemental S1. Expression of bZIP genes during energy starvation.

A Cluster analysis of all Arabidopsis bZIP genes according to JAKOBY et al. (2002) making use of
public expression data and the Genevestigator tool (Zimmermann et al., 2004). Transcriptome data
sets analysing energy deprivation are compared with respect to early, intermediate and late night
extension, respectively (time points as indicated). Opposed are treatments with glucose or sucrose
(for 4 h). Red and green colours indicate induction or repression of the corresponding genes.

B Cluster analysis for the nine group S1 and C bZIP TFs (Ehlert et al., 2006) analysing the treatments
described in A.

C Transcript abundance of the group S1 bZIP TF genes after 0 — 8 days of dark treatment measured by
gPCR analysis. Labelling of the bars are indicated. Given are fold change levels relative to the “0”
time point of the wt. Error bars represent mean values and standard deviation of 2 repetitions.
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Supplemental Figure S2. Molecular characterisation of transgenic plants altering the amount of
bZIP1.

(A)Schematic view showing location of the T-DNA insertion in the SALK lines bzipl-1 (SALK 059343) and
bzipl-2 (SALK _069489). Given are the primers used for the mutant characterisation provided in (B) which
amplify fragments in the 5 (al and a2) or a 3’ (b1 and b2) region of the gene. (B) Expression analysis of bZIP1
in the T-DNA mutant lines bzipl-1, bzipl-2 and the double mutant bzipl bzip53 performed by qPCR using
primer pair a (bZIP1a) or b (bZIP1b). For the double and quadruple mutants, the bzip1-1 allel has been used. The
light/dark regime is given in the schematic drawing. Depicted is the fold change relative to wt expression at Oh.
Asterisks represent significant differences of mutant plants compared to the wt at the indicated time point (two-
way ANOVA, * p <0.05; ** p <0.01; *** p <0.001). (C) Northern analysis of bZIP1 specific transcripts using
wt, T-DNA insertion lines (bzipl-1, bziplbzip53) and plants overexpressing bZIP1 under control of the 35S
promoter (Pro35S:HA-bZIP1). Ethidium Bromide staining (EtBr) has been used as a loading control. (D)
Immunoblot analysis of protein extracts derived from the Pro35S:HA-bZIP1 lines indicated using a HA-tag
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Supplemental Figure S3. Expression of senescence marker genes has been analysed in plants
which have been cultivated under extended night treatment. Day, night and extended night
phases are indicated by white, black or grey bars, respectively. RNA isolated at the time points
indicated has been studied by qPCR. Whereas transcription of photosynthetic markers such as
CAB is strongly reduced within 48h, SAG103 as a marker for dark-induced senescence related
to energy deprivation (van der GRAAFF et al., 2006) is strongly induced in wt plants. This
process is distinct from natural senescence as the expression of the correspondent marker gene
(YLS3) is not changed. Asterisks (**) indicate values that were determined by one-way
ANOVA and following Tukey’s post-test to be significantly different (p < 0.01) in comparison
to the other time points.
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Due to promoter insertion bzip53 is considered as a knock-down

Supplemental Figure S4. Expression of bZIP1 and bZIP53 after extended night treatment as
(WELTMEIER et al., 2006), whereas no significant amounts of bzipl transcript can be observed.

described in Figure 1A. Wt (black bars), overexpression plants under control of the 35S promoter
(bzip1bzip53, white bars) have been compared by qPCR with respect to bZIP1 (A) and bZIP53 (B)

Error bars represent mean values of 2 repetitions. For visualizing the differences in transcript levels,

(Pro35S:bZIP1, grey bars; Pro35S:bZIP53, hatched bars) and a double T-DNA insertion line
the y axes is broken.

transcript abundance.
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Supplemental Figure S5. Expression analysis of genes involved in amino acid metabolism
analysed in single and double T-DNA insertion mutants of bZIP1 and bZIP53
(A) Northern analysis of the indicated genes after long-term dark treatment for 0 — 6 days. Compared
are wt, bzipl-1, bzip53 and bzipl bzip53 plants. As a loading control, Ethidium bromide (EtBr)
stainings are provided for each hybridisation experiment. (B) qPCR expression analysis of ASNI,
ProDH and BCAT?2 in the two T-DNA mutant lines bzipl-1, bzipl-2 and the double mutant bzipl
bzip53. The light/dark regime is given in the schematic drawing. Depicted is the fold change
compared to wt at Oh. Asterisks represent significant differences of mutant plants compared to the wt
at the indicated time point (twoway ANOVA, * p <0.05; ** p < 0.01; *** p <0.001).
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Supplemental Figure S6. Regulation of transcription in Branched Chain Amino Acid (BCAA)
metabolism during dark-treatment

(A) Cluster analysis of the Asn biosynthesis and BCAT genes indicated making use of public
expression data and the Genevestigator tool (Hruz et al., 2008). Transcriptome data sets analysing
energy deprivation are compared at early, intermediate and late night extension (h as indicated).
Opposed are treatments with glucose or sucrose (for 4 h), respectively. Red and green colours indicate
induction or repression of the corresponding genes. (B) Schematic overview of the BCAA
metabolism. aKG, a-keto-glutarate. (C) Induction of BCAT2 after shortterm dark treatment. Wt (black
bars), Pro35S:bZIP1 (grey bars), Pro35S:bZIP53 (hatched bars) and the corresponding T-DNA
insertion line (bzipl bzip53, white bars) have been cultivated at a day/night rhythm of 16/8 h as
indicated by the scheme at the bottom. Day, night and extended night phases are indicated by white,
black or grey bars, respectively. Rosette leaves of 10 three week-old plants have been pooled and used
for RNA preparation and qPCR at the time points indicated. In comparison to the transcript level of wt
plants at “0” time point, BCAT2 transcript abundance of the time points indicated is depicted as fold
change. For visualizing the differences in transcript levels, the y axes is broken at 10 and 450 fold
induction. (D) qPCR analysis of BCAT2 transcript accumulation after extended night treatment in
several bZIP multiple mutant lines as described in Figure 6C. Asterisks represent significant
differences of mutant plants compared to the wt at the indicated time point (two-way ANOVA, * p <
0.05; ** p <0.01; *** p <0.001).
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Supplemental Figure S7. Analysis of energy deprivation induced transcription in protoplasts
Promoter:GUS reporter constructs of the bZIP target genes, namely ProDH (A) and ASN1 (B) have
been used in transiently transformed protoplast assays. Induction of the reporters has been observed
after constant dark treatment (black bars) in comparison to constant light treatment (white bars) for 16
h. Comparable induction has been observed by treatment with the photosystem II inhibitor DCMU
(dark grey bars) in comparison to untreated cells (light grey bars). GUS activity has been determined
after co-transformation with 14 pug of Pro35S:HAProDH bZIP1 or Pro35S:HA-bZIP53 effector
plasmids or an empty vector control (-). Inclusion of 1 pg of a reference plasmid encoding a
Pro35S:NAN gene has been used in all experiments to normalize GUS expression values for
differences in transfection efficiencies as described by (Ehlert et al., 2006). Y-axis values are
expressed as fold change in comparison to the control incubation under constant light. Given are mean
values of 4 independent transfections. Significance of light/dark and +/- DCMU treatment was tested
by one-way ANOVA analysis following Tukey’s post-test, p < 0.05, respectively. (C) Expression of
the HAtagged bZIP effectors has been studied by immunoblot analysis in light/dark grown or DCMU
treated/untreated protoplasts using a HA-tag specific antibody (aHA). For loading control Ponceau
staining has been used. Protein size is compared to size standard in kilo Dalton (kDa).
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Supplemental Figure S8. Mutation in the C-box effects ProDH promoter

activity. Transient transformation of protoplasts has been performed as described in Figure 5 with the
promoter mutations indicated. Depicted is the fold change compared to the unmutated promoter in the
light. Significance was tested by One-way ANOVA analysis following Tukey’s post-test, p < 0.05.
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Supplemental Figure S9. Immunoblot analysis of the EAR repressor approach and
characterisation of multiple T-DNA insertion mutants used in this study

(A) The Expression of HA-bZIP1, HA-bZIP53, EAR-HA-bZIP1 and EAR-HAbZIP53 in Figure 6 A
in constant light (upper panel) or darkness (lower panel) was monitored by immunoblot analysis using
an o-HA antibody. Since the EAR domain fusions harbour only two HA epitopes in comparison to the
constructs without EAR domain (3 epitopes), the expression levels can only be compared between the
related protein fusions. (B) Expression analysis of bZIP1 and bZIP53 performed by qPCR using the
indicated T-DNA insertion lines. (C) Expression analysis of group C bZIP10, bZIP25, bZIP9, bZIP63
using the indicated T-DNA insertion lines. Depicted is the fold change compared to wt at Oh.
Asterisks represent significant differences between mutant plants and the wt at the indicated time
point (two-way ANOVA, * p < 0.05; ** p <0.01; *** p <0.001).
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Gene AGI code ACGT-like elements Box
(-1000 bp promoter region)
ProDH At3g30775 -842 cACTCATcct 832 ACT2
714 gACTCATcct -705 ACT1
-683 ctgACGTcct 674 c
-572 ataACGTagc -563 T/A
-197 aaaACGTgta -188 TIG
171 titACGTyct -162 AIG
ASN1 At3g47340 -731 ttaACGTttt .722 T
-557 aacACGTgta -548 G2
-377 cggACGTcgt -368 c
-354 aacACGTgga -345 G1
-167 tctACGTgca -158 AIG
GDH2 At5g07440 974 ctaACGTgga -965 TIG
-737 tccACGTccc -728 G/C
-282 ctgACGTagg -273 C/A
-273 gatACGTcaa -2864 AIC
ASP3 At5g11520 -841 tcaACGTggt -832 TIG
-480 tatACGTtga 471 AIT
122 cttACGTggc 113 AIG
GLNS At5g37600 -157 ttcACGTcac -148 G/C
PepCK At5g65690 -738 aaaACGTgct -729 TIG
-524 caaACGTgaa -515 TIG
-467 tgcACGTaaa -458 G/A
-423 tcaACGTaat -414 TIA
-334 ataACGTgag -325 TIG
-76 tatACGTgta -67 AIG
ANS At3g16150 -882 attACGTaag -873 A
-776 ttgACGTata -767 C/A
-752 ataACGTaga -742 TIA
-511 ctgACGTgga -502 ciG
-361 ataACGTttc -352 T
BCAT2 At1g10070 -804 aaaACGTtgt -795 T
-770 ctgACGTggc -761 CcIG
-749 acaACGTgtt -740 TIG
-712 aagACGTtga -703 CIT
633 ccaACGTggc -624 TIG
-337 gacACGTcta -328 G/C
-164 cttACGTgtt -155 AIG

Supplemental Table 2 Summary of putative bZIP binding motifs (ACGT- like elements) found in the
promoters (1 kb upstream region) of genes related to Asn, Pro and BCAT metabolism. Genes, AGI

code and the putative elements are given.
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Mutant SALK Nr. Insertion in | Knock down / Knock
out

bzip1 SALK_059343 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 bzip9 bzip63 SALK_059343 ORF Knock out
SALK_069883 5'UTR Knock down
SALK_093416 3. Exon Knock out
SALK_066531 5'UTR Knock down

bzip1 bzip53 bzip10 bzip25 | SALK_059343 | ORF Knock out
SALK_069883 5°UTR Knock down
SALK_1060231 3. Exon Knock out
SALK_119931 1. Exon Knock out

Supplemental Table 3 Summary of the T-DNA insertion lines used in this study.

gPCR Primer:

SAG103 At1g10140 5-AGCTCGAGTGCTGGGATG-3’
5-CGGATTCACAGATCCTTCCT-3'

CAB At1929920 S.TCAATCTTTTGAATTCGAGTGAGA-3’
5-TCCACCACAAACACAAACCTAC-2

YLS3 At2g44290 5-GACATCACTAAGTGCCCTGCT-3'
S -ACTGTTTCGTTCAGACCTTTAGC-3"

ASN1 At3g47340 5-TTCTTGAGCTTTCTCGCAGAT-3’
5-.CCGTTCTGATATAAGCCACTCC-¥

ProDH At3g30775 5'-CGCCAGTCCACGACACAATTCA-3
5-CGAATCAGCGTTATGTGTTGCG-3’

ANS At3g16150 5.TTCCGATCAGCATTTACGC-¥
S-CAATGTCCTTTCCCGTCAAC-3'

BCAT2 At1g10070 QuantiTect® Primer QT00854875

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 Atd4g02640 S.TTTTTCGGCCATGCTGAATCGTTC-3'
5-TTACTCCAAGCGCCAACCCGTA-3’

bZIP25 At3g54620 5'-AGGAGGATGCTCTCAAACCGAGAA-3’
5-CGGCTCTTAATTGGCCTACCTGTG-3’

bZIP63 At5g28770 5-AAAAGGGGAACTTTCATCAAACCTCAGG-
2
5-CTGAGGCATATTGTGGAACATTGGGT-3’

uBQ@s At3g62250 5-GACGCTTCATCTCGTCC-3’
5-GTAAACGTAGGTGAGTCCA-3'

ChIP Primer:

ASN1 At3g47340 5'-CACGTGTACGGCTCTAAAGCA-3'
5 -GACCAGCTGTTTCCACGTGTT-¥

ProDH At3g30775 5 -CAAGTCCAGGTCCACATGTTG-3'
5'-CAAGGCCCTGACCATAGGA-3'

ACT7 At5g09810 5-CGTTTCGCTTTCCTTAGTGTTAGCT-3’
5'-AGCGAACGGATCTAGAGACTCACCTTG-3'

Supplemental Table 4 Summary of the oligonucleotide primers used in this study.
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Primer to generate Northern probes:

Asn1 At3g47340 5-GTGGAATACTTGCCGTGTTAG-3’
5-CGAAATGCTCACAGTCATCG-3'

GDHz2 At5g07440 5-GCTGCAACAAACAGAAACTTCC-3’
5-CCCTGAATCGATTTCCCGT-3'

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

BCAT2 At1g10070 S-CACATCTCTACGCAAAACTCTG-3'
5 -TGTGATGCTCTTGACGCCTC-3'

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

bZIP53 At3g62420 5-GTGCTTGAGATGGTTGAAGAAATTA-3'
5-CATACAAAGACACGAACAAATTGAA-3

PepCK At5g65690 5-ATGGCGGGAAACGGAAACGA-3’
5-TCGTACAACTCGGCGGGAGA-3'

Asp3 At5g11520 5 -CTTCCTCTTCTTCTTCCGATCG-3'
5-GTCGCTGGATCGTAGTATCGG-3'

GInS At5g37600 5-CATCAACCTTAACCTCTCAGACTCCA-3’
5-CTCGTAACCGCCTTCTTCCCTCATTG-3'

Primer for test of T-DNA insertion:

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

bZIP53 At3g62420 5-CTGCAGCTTAGGACAGCTCATCACCA-3'
S-GTCGACCTCGTTGACTTTTTGACTTC-3'

bZIP9 At5q24800 5-ATGGATAATCACACAGCTAAAGA -3
5-GAGTTATCGCCTTTCAAAGA-3'

bZIP10 Atdg02640 5 -TTGAGATGAGTTCTGGTGGTTA-3’
5-GTCCACTTGATCTTCCGAGAA-3'

bZIP25 At3g54620 5-ATGCACATCGTCTTCTCTGTCG-3'
5-TGCCTTGTTTCTTTCTTCTCAG-3'

bZIPB3 At5g28770 S-CGTAGCTCGGTCATTGTGTCGG-3'
5-TCTCCGTCGTCTGCAGCGGC-3'

LBa1 5-TGGTTCACGTAGTGGGCCATCG -3’

Supplemental Table 4 cont.
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Primer for construction of promotor-GUS constructs :

ASNT promoter with Xbal und Neol 5 .-AAAAAAAAAATCTAGACGTCTCAAGTATTGATAAAATA

restriction sites ATAAT-3'

5 -AAAAAAAAAACCATGGGTTTTTTITTITGAAGAAAGTGA
AAAAGATCACGAAGAA-3’

ProDH promoter | with Pstl and Ncol 5'-

rastriction sites AAAAAAAAAACTGCAGACTTGCACTAAAGACTAAACAGT-Y

5-AAAAAAAAAACCATGGAAAATTCAAAGATTTTGTTTTTGA
AAACGAAAACAAA-3

ProDH promoter | ACTCAT1 mutation 5. TATATTAATTAAATAGTTATCCGATGTTACATCCTATGG

ACTCAT1 mut TCAGGGCCTTGCTGTC-3'

5-GACAGCAAGGCCCTGACCATAGGATGTAACATCGGAT
AACTATTTAATTAATATA-3'

ProDH promoter | ACTCAT2 mutation 5-ATGTTGAATCCGATTCATCATCCTTACATCCTTCATATC

ACTCAT2 mut TTCCTCCACC-3'

5-GGTGGAGGAAGATATGAAGGATGTAAGGATGATGAAT
CGGATTCAACAT-3'

ProDH promoter | C-box mutation 5.CTATGGTCAGGGCCTTGCTGTCTCTGAAATCCTTAATT

C-box mut ATCATTAT-3'
5.ATAATGATAATTAAGGATTTCAGAGACAGCAAGGCCCT

GACCATAG-Y

ASN1 promoter G1 mutation 5 .CTAGTCTAGAGCAGGCTCATTTCGCGGAAAGTTG-3'

G1-box mut 5-GTCTTCCATGGTGTTATCAACCAC-3’

Asn1 promoter G2 mutation S .CTAGTCTAGAGCAGGCTCATTTCGCGGAAAGTTG-3'

G2-box mut 5-GTCTTCCATGGTGTTATCAACCAC-3’

Supplemental Table 4 cont.

SUPPLEMENTAL METHODS

Molecular Biology and physiology Methods

Northern analysis and histochemical GUS staining has been described in Weltmeier et al. (2006, 2009).
Hybridisation probes were PCR generated using the primers summarized in Table S4. Northern analysis have
been repeated three times with comparable results. Immunoblot analysis was performed according to
Weltmeier et al. (2006) using aHA antisera (SantaCruz, Ca, USA). Aa analysis was performed as described
in Pilot et al (2004).

Reverse transcription quantitative PCR

RNA was isolated from pooled material of the rosettes of 10 3-week old plants. cDNA synthesis and qPCR
analysis was done as described in (Fode et al., 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, linked to a default dissociation stage program to detect
non-specific amplification. The ubiquitin (UBI5) gene was used for sample normalization. Other gene
specific oligonucleotides were described in Supplemental Table S4 online.

Transient expression assays and constructs

Protoplast isolation, transformation, construction of effector plasmids and Western analysis was performed
according to Ehlert et al. (2006) and Weltmeier et al. (2006). ProProDH:GUS and ProASN1:GUS reporter
constructs were obtained by inserting the PCR amplified promoters into the vector pBT10-TATA-GUS
(Sprenger-Haussels and Weisshaar, 2000) using Pstl/Ncol or Xbal/Ncol restriction sites, respectively. The
PCR primers are given in Supplemental Table 4 online. Mutation of promoter Cis elements has been
performed using the Quick Change site-directed mutagenesis kit (Stratagene, Amsterdam, NL). For reporter
gene assays, 5 ug reporter and 14 ug of effector were used if not stated otherwise. 1 pug of Pro35S:NAN
plasmid was added for normalization (Kirby and Kavanagh, 2002). Protoplasts were incubated over night for
16 h in constant light or constant darkness, respectively. For treatment with DCMU, 20 uM of DCMU were
added to the WI solution for incubation over night. Four transfection Dietrich et al., Function of bZIP factors
in starvation response experiments were used to calculate mean values and standard errors/deviations of
relative GUS/NAN activities as described in Ehlert et al. (2006).
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Chromatin immunoprecipitation (ChlP)

ChIP was performed as described in Weltmeier et al. (2006) and Alonso et al. (2009) using an HA-specific
antibody (Abcam, Cambridge, UK). Primers are given in Supplemental Table 4 online. The difference
between the resulting C(t) values of wt and Pro35S:HA-bZIP1 overexpressor was calculated and normalized
with the input controls of these samples which were analysed with the same primers. For further
normalization, PCR was performed with unspecific actin (ACT7) promoter primers (Table S4).

SUPPLEMENTAL REFERENCES

Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L., Widmayer, P., Gruissem, W.
and Zimmermann, P. (2008). Genevestigator V3: a reference expression database for the meta-
analysis of transcriptomes. Advances in Bioinformatics. 420747.

Kirby, J., and Kavanagh, T.A. (2002). NAN fusions: a synthetic sialidase reporter gene as a sensitive and
versatile partner for GUS. Plant J. 32, 391- 400.

Onate-Sanchez, L., and Singh, K.B. (2002). Identification of Arabidopsis ethylene-responsive element
binding factors with distinct induction kinetics after pathogen infection. Plant Physiol. 128, 1313-1322.

Pilot, G., Stransky, H., Bushey, D.F., Pratelli, R., Ludewig, U., Wingate, V.P., and Frommer, W.B.
(2004). Overexpression of GLUTAMINE DUMPERI1 leads to hypersecretion of glutamine from
Hydathodes of Arabidopsis leaves. Plant Cell 16, 1827-1840.

experiment 1

[ng / mg dry weight] Aspartic Acid Threonine Serine Asparagine Glutamic Acid Glutamine Glycine Alanine Citrulline
wt 0d 9,85 8,24 19,71 26,54 27,95 51,28 1,85 4,52 1,61
wt 1d 9,21 7,78 11,95 39,24 24,06 53,13 0,68 5,75 220
wt 4d 6,30 8,79 2407 134,10 38,78 56,93 1,07 4,28 1,34
wt 6d 17,17 13,03 55,64 368,79 104,60 54,05 0,99 5,15 1,11
Pro355:bZIP1 0d 6,32 5,88 15,63 17,13 27,93 20,11 1,43 3,13 0,79
Pro358:bZIP1 1d 514 8,28 15,74 38,80 46,39 21,87 1,13 5,33 1,82
Pro358:bZIP1 4d 3,92 3,77 20,66 105,24 87,30 14,78 2,32 3,26 0,63
Pro35S:bZIP1 6d 598 4,56 3533 163,39 86,61 20,09 1,71 3,73 0,68
Pro358:bZIP53 0d 7,53 11,06 19,05 119,08 28,89 57,77 9,88 3,18 3,46
Pro35S:bZIP53 1d 8,94 6,14 9,12 93,08 26,25 32,58 1,06 4,24 1,34
Pro35S:bZIP53 4d 10,42 16,45 35,65 504,61 72,40 80,08 1,14 1,93 237
Pro35S:bZIP53 6d 10,50 14,18 30,98 536,72 82,98 63,02 1,30 1,60 2,33
bzip1 bzip53 0d 4,38 3,53 1217 10,83 16,19 47,71 1,19 5,11 0,39
bzip1 bzip53 1d 7,40 4,52 755 13,30 14,14 37,40 1,07 6,90 0,77
bzip1 bzip53 4d 1,98 3,08 7,89 46,23 11,63 16,86 0,72 5,28 0,63
bzip1 bzip53 6d 3,49 7,54 19,96 113,07 31,83 43 41 0.78 522 0,50
[ng / mg dry weight] |Aminobutyric Acid Valine Cysteine Met/Cysta Isoleucine Leucine Tyrosine  Phenylalanine GABA
wt 0d 1,81 1,85 0,00 0,52 0,95 0,99 0,70 0,72 0,52
wt 1d 1,23 4,05 0,00 0,21 2,07 229 1,32 2,23 1,47
wt 4d 2,90 23,18 0,00 0,00 10,62 6,53 4,05 2281 0,73
wt 6d 3,34 2515 0,00 0,79 9,22 528 3,91 34,24 3,62
Pro358:bZIP1 0d 1,43 1,32 0,00 0,00 0,61 0,32 0,38 0,59 0,00
Pro355:bZIP1 1d 212 4,21 0,00 0,00 229 1,59 1,66 2,82 0,00
Pro358:bZIP1 4d 3,38 14,32 0,00 0,00 3,20 1,51 1,66 26,84 3,02
Pro355:bZIP1 6d 462 26,44 0,00 0.20 4,16 1,65 1,60 54,70 416
Pro358:bZIP52 0d 1,91 1,29 0,00 0,00 0,43 0,37 0,65 1,14 0,00
Pro358:bZIP53 1d 2,01 227 0,00 0,00 1,08 0,67 0,87 1,66 1,60
Pro35S:bZIP53 4d 3,25 10,77 0,00 0,68 3,62 1,84 1,60 40,59 1,08
Pro355:bZIP53 6d 3,63 14,01 0,00 0,80 4,81 263 2,10 59,87 202
bzip1 bzip53 0d 127 1,19 0,00 0,00 0,61 0,80 0,61 0,78 0,00
bzip1 bzip53 1d 1,19 2,80 0,00 0,00 1,69 226 1,34 1,65 0,00
bzip1 bzip53 4d 1,54 13,06 0,00 0,00 6,44 5,12 2,94 10,51 0,99
bzip1 bzip53 6d 1,98 17,98 0,00 0,53 7.79 519 2,71 18,34 2,76
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[ng / mg dry weight] Tryptophane  Hydroxy Lysi Ammonia Ornithine Lysine Histidine Arginine Proline
wt 0d 0,00 0,70 8,06 1,01 1,37 0,68 2353 2,63
wt 1d 0,00 1,60 12,90 1,49 2,84 147 20,51 1,76
wt 4d 4,43 0,00 41,19 1.41 6,15 9,36 2541 1,87
wt 6d 6,10 218 143,06 2,35 5,05 11,70 64,86 1,11
Pro35S:bZIP1 0d 0,00 0,70 7,32 047 0,85 1,05 10,74 1,14
Pro35S:bZIP1 1d 0,00 0,00 1127 0,63 242 2,19 10,83 1,13
Pro35S:bZIP1 4d 6,69 262 96,65 1,15 2,50 9,05 31,66 1,00
Pro358:bZIP1 6d 11,28 040 202,42 0,00 1,11 16,24 3504 142
Pro35S:bZIP53 0d 0,00 1,31 12,35 243 1,11 1,58 3534 0,38
Pro35S:bZIP53 1d 0,00 220 8,56 1,04 1,62 1,79 15,45 0,56
Pro35S:bZIP53 4d 4,80 0,66 70,21 327 540 0,00 110,80 0,37
Pro3558:bZIP53 6d 8,51 0,86 73,52 4,71 6,91 2573 141,27 0,97
bzip1 bzip53 0d 0,00 0,00 4,65 0,66 0,68 0,71 10,05 1,87
bzip1 bzip53 1d 0,00 0,00 3,49 0,00 2,53 1,49 7,97 1,76
bzip1 bzip53 4d 3,38 270 28,96 1,71 5,56 490 19,80 1,40
bzip1 bzip53 6d 3,04 0,00 34,00 1,23 491 754 28 62 1,20
[ng / mg dry weight] | total amino acids
wt 0d 151,56
wt1d 163,97
wt 4d 275,65
wt 6d 620,52
Pro35S:bZIP1 0d 98,37
Pro35S:bZIP1 1d 144,30
Pro35S:bZIP1 4d 241,88
Pro358:bZIP1 6d 322,08
Pro35S:bZIP53 0d 259,91
Pro35S:bZIP53 1d 182,75
Pro358:bZIP53 4d 725,06
Pro3558:bZIP53 6d 743,62
bzip1 bzip53 0d 101,50
bzip1 bzip53 1d 93,30
bzip1 bzip53 4d 94,30
bzip1 bzip53 6d 22580
experiment 2
[ng / mg dry weight] Aspartic Acid Threonine Serine Asparagine Glutamic Acid Glutamine Glycine Alanine Citrulline
wt 0d 8,74 8,98 15,30 11,90 34,48 2549 3,42 3,74 262
wt 1d 14,11 13,83 21,30 50,07 47,30 68,88 1,33 10,35 235
wt 4d 6,42 10,71 21,84 152,03 55,03 26,34 1,22 518 1,13
wt 6d 5,88 8,94 29,41 192,93 66,59 30,12 2,16 576 0,89
Pro358:bZIP1 0d 4,65 3,64 847 15,03 18,08 14,62 1,78 3,46 1,50
Pro355:bZIP1 1d 6,06 6,88 12,71 34 40 46 44 27,59 0,85 441 1,15
Pro35S:bZIP1 4d 3,96 5,32 27,23 138,29 82,15 20,69 1,89 249 037
Pro358:bZIP1 6d 3,99 2,74 17,95 109,18 69,92 13,34 1,05 2,19 042
Pro358:bZIP53 0d 11,33 14,08 23,89 118,53 4563 67,69 8,15 3,61 3,64
Pro35$:bZIP53 1d 8,28 7,81 9,69 103,75 27,81 61,72 1,06 4,81 1,81
Pro358:bZIP53 4d 1,12 13,65 30,84 495 97 79,88 57,13 1,01 222 1,56
Pro35$:bZIP53 6d 12,45 847 29,88 611,54 91,13 64,74 1,00 1,12 1,97
bzip1 bzip53 0d 5,35 517 18,01 13,37 25,31 47,78 332 5,10 0,93
bzip1 bzip53 1d 3,01 2,03 4,04 9,08 7,93 18,54 0,68 5,95 1,83
bzip1 bzip53 4d 1,79 378 7,98 45,62 12,85 20,75 0,75 6,24 075
bzip1 bzip53 6d 3,67 717 21,33 105,50 34,83 4900 0,73 6,50 027
[ng / mg dry weight] [Aminobutyric Acid  Valine Cysteine Met/Cysta Isoleucine Leucine Tyrosine  Phenylalanine GABA
wt 0d 2,33 2.14 0,00 0,63 0,78 0,68 0,00 0,68 0,00
wt 1d 1,99 6,50 0,00 0,00 3,43 3,76 2,10 2,07 1,27
wt 4d 3,15 20,15 0,00 0,15 8,29 6,06 2,76 22,98 1,78
wt 6d 3,46 28 36 0,00 1,11 10,63 6,33 4,35 40,21 471
Pro355:bZIP1 0d 2,46 1,82 0,00 0,00 0,00 0,00 0,00 1,18 0,00
Pro355:bZIP1 1d 2,04 3,81 0,00 0,00 1,62 1,10 1,74 2,22 0,00
Pro358:bZIP1 4d 3,44 16,97 0,00 0,00 423 2,16 2,28 27,84 295
Pro355:bZIP1 6d 2,37 11,14 0,00 0,52 244 1,12 1,00 33,28 1,99
Pro355:bZIP53 0d 3,71 242 0,00 0,00 1,10 0,92 0,98 2,51 1,78
Pro355:bZIP53 1d 1,86 2,09 0,00 0,00 1,11 0,80 0,86 1,94 113
Pro355:bZIP53 4d 3,22 11,97 0,00 0,79 3,92 1,94 1,38 45 50 1,48
Pro358:bZIP53 6d 321 10,92 0,00 0,72 3,90 1,87 2,09 61,25 1,79
bzip1 bzip53 0d 193 1,14 0,00 0,00 0,00 0,00 0,00 0,00 0,00
bzip1 bzip53 1d 1,33 2,74 0,00 0,00 1,41 2,15 1,12 1,18 0,00
bzip1 bzip53 4d 2,29 15,01 0,00 0,00 711 541 2,87 13,35 2,16
bzip1 bzip53 6d 1,73 18,40 0,00 0,00 8,13 527 277 18,80 253
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[ng / mg dry weight] Tryptophane  Hydroxy Lysi Ammonia Ornithine Lysine Histidine Arginine Proline
wt 0d 0,00 214 6,34 0,56 0,61 0,00 473 2,72
wt1d 0,00 0,47 11,40 1,02 3,96 1,91 13,25 1,49
wt 4d 317 1,67 57,32 1,24 5,20 8,20 36,19 1,88
wt 6d 6,49 0,00 101,88 1,62 511 13,60 36,70 144
Pro35%8:bZIP1 0d 0,00 0,00 6,79 0,87 1,23 1,59 11,89 1,91
Pro35S5:bZIP1 1d 0,00 249 2523 0,97 247 1,70 12,26 1,15
Pro358:bZIP1 4d 7,09 1,52 101,01 0,00 213 12,32 25,86 1,25
Pro358:bZIP1 6d 4,61 0,00 115,29 0,00 0,90 12,21 22 81 0,95
Pro355:bZIP53 0d 0,00 1,04 5,67 1,68 1,41 239 38,90 0,46
Pro358:bZIP53 1d 0,00 1,08 16,09 2,23 1,84 1,95 32,03 0,63
Pro358:bZIP53 4d 5,50 1,27 36,91 279 548 11,97 99,60 0,75
Pro35S:bZIP53 6d 8,61 0,48 67,73 3,23 6,18 31,37 126,99 0,86
bzip1 bzip53 0d 0,00 0,00 12,02 0,53 0,82 0,71 6,77 n.d.
bzip1 bzip53 1d 0,00 0,00 8,05 0,56 1,36 0,85 8,37 1,86
bzip1 bzip53 4d 295 0,00 26,70 1,62 5,82 582 2462 212
bzip1 bzip53 6d 4,17 0,00 4117 143 523 717 3217 1,40
[ng / mg dry weight] | total amino acids
wt 0d 114,67
wt1d 2295
wt 4d 2799
wt 6d 34269
Pro35S:bZIP1 0d 71,23
Pro35S8:bZIP1 1d 140,49
Pro35S:bZIP1 4d 282,38
Pro358:bZIP1 6d 220,78
Pro35S:bZIP53 0d 296,56
Pro358:bZIP53 1d 226,75
Pro358:bZIP53 4d 693,39
Pro35S:bZIP53 6d 8223
bzip1 bzip53 0d 124,33
bzip1 bzip53 1d 53,08
bzip1 bzip53 4d 100,51
bzip1 bzip53 6d 229
mean value and error for each amino acid
[ng / mg dry weight] |Aspartic Acid Threonine Serine Asparagine Glutamic Acid
Mean SD Mean SD Mean SD Mean SD Mean SD
wt 0d 9,30 0,79 8,61 0,52 17,50 3,12 19,22 10,36 18,04 461
wt1d 11,66 3,47 10,79 4,30 16,62 6,61 44 66 7,65 2475 16,43
wt dd 6,36 0,08 9,75 1,36 22,95 1,58 143,06 12,67 28,18 11,49
wt 6d 11,52 798 10,99 2,89 4252 18,54 280,86 124,35 33,85 26,88
Pro35S:bZIP1 0d 548 1,19 476 158 12,05 506 16,08 148 944 6,96
Pro358:bZIP1 1d 5,60 0,65 7,58 0,99 14,23 2,14 36,50 2,97 2413 0,04
Pro35S:bZIP1 4d 394 0,02 455 1,10 23,94 465 121,76 23,36 41,39 3,64
Pro358:bZIP1 6d 4,99 141 3,65 1,28 26,64 12,29 136,29 38,33 3530 11,80
Pro358:bZIP53 0d 9,43 2,69 12,58 2,14 2147 342 118,80 0,39 2455 11,84
Pro355:bZIP53 1d 8,61 0,46 6,98 1,18 9,40 0,40 98 41 7,55 14,58 1,11
Pro35S:bZIP53 4d 10,77 0,50 15,05 1,98 33,25 3,40 500,29 6,11 4113 5,29
Pro358:bZIP53 6d 11,48 1,38 11,32 4,04 30,43 0,78 574,13 52,91 46,73 577
bzip1 bzip53 0d 4,86 0,68 4,35 1,16 15,09 4,13 12,10 1,80 12,85 6,46
bzip1 bzip53 1d 520 3,10 3,28 1,76 579 248 11,19 2,98 435 4,39
bzip1 bzip53 4d 1,88 0,14 3,43 0,50 7,94 0,08 45,92 0,43 6,74 0,86
bzip1 bzip53 6d 3,68 0,13 7,35 0,26 20,65 097 109,28 535 17,67 213
Glutamine Glycine Alanine Citrulline Aminobutyric Acid
Mean SD Mean SD Mean SD Mean SD Mean SD
wt 0d 38,38 18,23 2,64 1,1 413 0,56 2,12 0,72 2,07 0,37
wt1d 61,00 11,13 1,00 0,46 8,05 325 2,27 0,1 1,61 0,54
wt dd 41,63 21,63 1,15 0,11 473 0,64 1,24 0,14 3,03 0,17
wt 6d 42,08 16,92 1,58 0.83 5486 043 1,00 0,15 3,40 0,09
Pro35S:bZIP1 0d 17,37 3,88 161 0,24 3,30 0,23 1,15 0,50 1,95 0,72
Pro358:bZIP1 1d 2473 4,05 0,99 0,20 4,87 0,65 1,48 0,48 2,08 0,05
Pro35S:bZIP1 4d 17,73 418 210 0,31 288 0,54 0,50 0,19 341 0,04
Pro358:bZIP1 6d 16,71 477 1,38 047 2,98 1,09 0,55 0,18 349 1,59
Pro358:bZIP53 0d 62,73 7,01 9,01 1,23 3,40 0,31 3,55 0,13 281 1.27
Pro358:bZIP53 1d 47,15 20,61 1,06 0,00 4,53 0,40 1,58 0,33 1,93 0,11
Pro35S:bZIP53 4d 68,60 16,23 1,08 0,09 2,08 0,21 1,96 0,57 323 0,02
Pro358:bZIP53 6d 63,88 1,22 1,15 0,22 1,36 0,34 2,15 0,25 3,37 0,23
bzip1 bzip53 0d 47,74 0,05 225 1,50 5,10 0,01 0,66 0,38 1,60 0,47
bzip1 bzip53 1d 2797 13,34 0,88 0,28 6,43 0,67 1,30 0,75 1,26 0,10
bzip1 bzip53 4d 18,80 2,75 0,73 0,02 576 0,68 0,69 0,08 1,91 0,53
bzip1 bzip53 6d 4621 3,95 0,76 0,03 5,86 0,90 0,38 017 1,86 0,18
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Valine Cysteine Met/Cysta Iscleucine Leucine
Mean SD Mean SD Mean SD Mean SD Mean SD
wt 0d 199 0,20 0,00 0,00 0,58 0,08 0,86 0,12 083 0,22
wt1d 528 173 0,00 0,00 0,10 0,15 2,75 0,96 3,03 1,04
wt 4d 2167 2,15 0,00 0,00 0,07 0,11 9,45 1,65 6,30 0,33
wt 6d 27,26 2,98 0,00 0,00 0.95 022 9.93 1,00 5,80 0.74
Pro35S:bZIP1 0d 157 0,36 0,00 0,00 0,00 0,00 0,31 0,43 0,16 0,23
Pro358:bZIP1 1d 4,01 0,28 0,00 0,00 0,00 0,00 1,95 0,47 1,34 0,35
Pro358:bZIP1 4d 15,15 1,17 0,00 0,00 0,00 0,00 3 0,73 1,83 0,46
Pro35S:bZIP1 6d 18,79 10,82 0,00 0,00 0,36 023 3,30 1,21 1,39 0,38
Pro358:bZIP53 0d 1,86 0,80 0,00 0,00 0,00 0,00 0,77 0,48 0,64 0,39
Pro35S:bZIP53 1d 218 0,13 0,00 0,00 0,00 0,00 1,09 0,02 073 0,09
Pro355:bZIP53 4d 11,37 0,85 0,00 0,00 0,73 0,08 3,77 0,21 1,89 0,07
Pro355:bZIP53 6d 12,46 2,19 0,00 0,00 0,76 0,06 436 0,64 225 0,53
bzip1 bzip53 0d 1,17 0,04 0,00 0,00 0,00 0,00 0,30 0,43 0,40 0,57
bzip1 bzip53 1d 277 0,04 0,00 0,00 0,00 0,00 1,56 0,19 221 0,08
bzip1 bzip53 4d 14,04 1,38 0,00 0,00 0,00 0,00 6,77 0,48 5,26 0,21
bzip1 bzip53 6d 18,19 0,30 0,00 0,00 0.27 0.38 7.96 0.24 523 0,05
Tyrosine Phenylalanine GABA Tryptophane Hydroxy Lysine
Mean SD Mean SD Mean SD Mean SD Mean SD
wt 0d 0,35 0,50 0,70 0,03 0,26 0,37 0,00 0,00 1,42 1,01
wt1d 1,71 0,55 2,15 0,11 1,37 0,14 0,00 0,00 1,03 0,80
wt 4d 3,41 0,91 22 89 0,12 1,25 0,74 3,80 0,89 0,84 1,18
wt 6d 4,13 0,31 37.23 422 4,18 0.76 6,30 0.28 1,10 1,55
Pro35S:bZIP1 0d 0,19 0,27 0,88 0,42 0,00 0,00 0,00 0,00 0,35 0,50
Pro35S:bZIP1 1d 1,70 0,06 2,52 0,42 0,00 0,00 0,00 0,00 1,25 1,76
Pro358:bZIP1 4d 1,97 0,44 27,34 0,71 2,98 0,05 6,89 0,28 2,07 0,78
Pro35S:bZIP1 6d 1,30 0,42 4399 15,15 3,08 1,53 7,95 472 0,20 0,28
Pro358:bZIP53 0d 0,81 0,24 1,82 0,97 0,89 1,26 0,00 0,00 1,17 0,19
Pro358:bZIP53 1d 0,87 0,01 1,80 0,20 1,36 0,34 0,00 0,00 1,62 0,81
Pro358:bZIP53 4d 1,49 0,16 43,05 347 1,28 0,28 515 0,49 0,97 0,44
Pro355:bZIP53 6d 2,10 0,01 60,56 0,98 1,90 0,16 8,56 0,07 0,67 0,27
bzip1 bzip53 0d 0,30 0,43 0,39 0,55 0,00 0,00 0,00 0,00 0,00 0,00
bzip1 bzip53 1d 123 0,16 141 0,33 0,00 0,00 0,00 0,00 0,00 0,00
bzip1 bzip53 4d 291 0,05 11,93 2,01 1,58 0,83 317 0,30 135 191
bzip1 bzip53 6d 2,74 0,04 18,57 0.32 2,65 0.18 3,60 0.79 0,00 0,00
Ammonia QOrnithine Lysine Histidine Arginine
Mean SD Mean SD Mean SD Mean SD Mean SD
wt 0d 7,20 122 0,78 0,32 0,99 0,54 0,34 0,48 14,13 13,29
wt 1d 12,15 1,07 1,25 0,33 3,40 0,79 1,69 0,31 16,88 513
wt 4d 4925 141 133 0,12 5,68 0,67 8,78 0,82 30,80 7,62
wt 6d 122,47 29,12 1,99 0,52 5,08 0,04 12,65 1,34 50,78 19.91
Pro355:bZIP1 0d 7.05 0,38 0,67 0,28 104 0,27 1,32 0,38 11,32 0,81
Pro358:bZIP1 1d 18,25 9,87 0,80 0,24 2,44 0,03 1,94 0,35 11,55 1,01
Pro355:bZIP1 4d 98,83 3,09 0,57 0,81 232 0,26 10,68 2,32 2876 4,10
Pro358:bZIP1 6d 158,86 61,61 0,00 0.00 1,00 0,15 14,23 2,85 28,93 8,65
Pro355:bZIP53 0d 9,01 473 206 0,53 126 0,21 1,99 0,57 3712 2,51
Pro356S:bZIP53 1d 12,33 532 1,64 0,84 1,73 0,16 1,87 0,12 2374 11,72
Pro355:bZIP53 4d 5356 23,55 3,03 0,34 544 0,06 5,99 8,47 105,20 7,92
Pro358:bZIP53 6d 70,63 4,10 3,97 1,05 6,54 0,52 28,55 3,99 134,13 10,10
bzip1 bzip53 0d 8,33 521 0,60 0,09 0,75 0,10 0,71 0,01 841 232
bzip1 bzip53 1d 577 322 0,28 0,40 1,94 0,83 1,17 0,45 8,17 0,28
bzip1 bzip53 4d 2783 1,60 1,66 0,06 5,69 0,19 5,36 0,66 2221 3,41
bzip1 bzip53 6d 37.59 5,06 133 0.14 507 0.23 735 0,26 30,39 2,51
Proline total amino acid content
Mean SD Mean SD
wt 0d 2,68 0,06 168,30 41,45
wt1d 1,63 0,19 247,78 51,42
wt 4d 1,88 0,01 44820 16,81
wt 6d 1,27 023 776,10 235,34
Pro35S:bZIP1 0d 1,63 0,55 113,14 17,21
Pro35S:bZIP1 1d 1,14 0,01 193,37 8,38
Pro358:bZIP1 4d 1,12 0,18 469,78 32,05
Pro35S:bZIP1 6d 1,19 0,34 559 47 181,09
Pro358:bZIP53 0d 0,42 0,05 340,85 29,23
Pro358:bZIP53 1d 0,59 0,05 258,24 48,25
Pro35S:bZIP53 4d 0,56 0,27 955,92 39,69
Pro358:bZIP53 6d 0,91 0,08 1124,67 40,75
bzip1 bzip53 0d 187 136,81 16,18
bzip1 bzip53 1d 1,81 0,07 102,63 26,27
bzip1 bzip53 4d 1,76 0,51 210,83 10,66
bzip1 bzip53 6d 1,30 0,14 371,50 11,13
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Supplemental Data: ALONSO et al., (2009):

“A pivotal role of the basic leucine zipper transcription factor bZIP53 in
the regulation of Arabidopsis seed maturation gene expression based on

heterodimerisation and protein complex formation.”
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Supplemental Figure 1. Analysis of putative bZIP53 target genes in plants constitutively expressing
HA-bZIP53 (A, B) or bZIP53 (C).

(A) Immunoblot analysis of Pro35S:HA-bZIP53 plants using a HA-tag-specific antiserum (_-HA)
(arrow). Mass of marker proteins is provided in kilo Dalton (kD).

(B) Transcription of 2S2 and CRU3 in leaves of wild-type (wt) and Pro35S:HA-bZIP53 plants has
been studied by RNA gel blot analysis. Equal loading was confirmed by Ethidium bromide (EtBr)
staining.

(C) RTgPCR analysis of two week-old wild-type (wt) and Pro35S:bZIP53 plants (line #1) for
expression of bZIP53, CRA1 (WANG et al., 2007), HSD1 (LI et al., 2007) and ASN1 (LAM et al.,
2003). Expression levels are given as relative to a UBIQUITIN (UBI10) gene for normalization.
Average values and standard errors from four replicates and two different experiments are shown.
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Suplemental Figure 2. Transient expression of bZIP53 in combination with bZIP10 or bZIP25
synergistically enhances transactivation of CRU3 and 252 promoters.

Arabidopsis protoplasts were transfected with constructs containing ProCRU3:GUS (A) or
Pro2S2:GUS (B) reporters. Effector constructs containing specific bZIP genes under the control of a
Pro35S were used in cotransfection experiments. 3 pg of a control plasmid containing a Pro35S:NAN
cassette was included in all experiments to normalize GUS expression values for differences in
transfection efficiencies as described by EHLERT et al. (2006). X-axis values are expressed as GUS
activity relative to NAN activity. Numbers along the Y-axis represent fold-induction values relative to
non-transfected control cells. Given are mean values of 4 independent transfections. All experiments
were repeated at least 3 times with similar results.
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Supplemental Figure 3. Analysis of effector proteins transiently expressed in Arabidopsis
protoplasts. Expression of the HA- and Gal4 DNA binding domain-(BD)- tagged bZIP effectors used
in the experiments in Supplemental Figure 2 and Figure 6 (A) or Figure 4D (B), respectively. Proteins
are detected in immunoblot experiments making use of -HA or -BD antisera. Protoplasts have been
transiently transformed with the constructs indicated. Degradation products and tagged bZIP proteins
are marked by a black line or arrows, respectively. Unspecific background staining is indicated by *.
Marker proteins are labelled according to their size in kilo Dalton (kD). Equal loading was confirmed
by Ponceau staining.
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Supplemental Figure 4. Ternary protein interaction studied in a yeast three-hybrid system. Yeast
strains (SFY526) expressing different combinations of BD-bZIP53, ADABI3 and bZIP10 or bZIP25
were assayed for -galactosidase activity. The latter were provided in the three-hybrid vector pTFT
(EGEA-CORTINES et al., 1999). Average values (Miller units, M.U.) and standard errors from six

replicates and two independent experiments are shown.
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Supplemental Figure 5. Transient expression by microparticle bombardment of Arabidopsis leaves
from Columbia wild type (Col wt; white bars) and plants with increased (Pro35S:bZIP53; grey bars)
or decreased (bzip53; black bars) expression of bZIP53. Effector constructs containing bZIP25 or
ABI3 under the control of a 35S promoter (Pro35S) and a GUS reporter gene under the control of an
252 promoter were used. X-axis values are expressed as GUS activity relative to NAN activity
(KIRBY and KAVANAGH, 2002). Average values and standard errors from four replicates are shown.
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Supplemental Table 1: Oligonucleotide primers used in this study.

UBI:
5- GCTCTTATCAAAGGACCTTCGG-3
5- CGAACTTGAGGAGGTTGCAAAG-3’

bZ1P53
5 -TAATGATCCGAGGTACGCCAC-3’
5-TGCTTCTGTTTCCTCATCCTTG-3

CRUS:
5 -TAGATGTTCTCCAAGCCACCG-3
5"-AACGGAAACACCAACACATCG-3

2S2:
5-ATTTGCAAGATCCAGCAAGTTG-3’
5-AATACATTTAGCCTCAAACATC-3'

LEA76:
5-ACAAAGAGCATTATCCAGGAAGT-3’
5-ACACAAAGATACTTTCATATCGT-3

ProDH:
5 -GCATCAAACGGTTCTGGTTTC-3’
5-TGTTTATCGATCCCGAGGTCA-3’

ASN1:
5-TTCAACGCCTTATGAGCCTCTT-3
5-CACCAGAGAGCAAAACTCCAAA-3

CRAL:
5-AGCCCAAATCCAGATCGTAAAC-3
5-TCACCACCGAGAAACCTTGTG-3

HSD1:
5-TGCCGGAAACAAAGATACGTG-3
5-AGTAACCGACAACCCCACTCA-3



13 List of abbreviations

aa amino acid

ABA abscisic acid

AD activation domain

AMPK AMP- activated protein kinase
AKIN10/ 11 Arabidopsis thaliana kinase 10/ 11
Asn amino acid asparagine

ASN1 asparagine synthetase gene

At Arabidopsis thaliana

BD DNA binding domain

BiFC bimolecular fluorescence completition
bZIP basic leucin Zipper

ChIP Chromatin Immuno Precipitation
CPRF Common Plant Regulatory Factor
DNA desoxy ribonuclein acid

GCN4 General Control Nondepressible

LEA late embryogenesis abundant

LSD1 Lesions Simulating Disease Resistance 1
MAT maturation genes

mRNA messenger ribunuclein acid

NLS Nuclear Localisation Sequence

Nt Nicotiana tabacum

02 Opaque 2

OHPI1 02 heterodimerising protein 1

P2H Protoplast two- hybrid

P3H Protoplast three- hybrid

PBF prolaminbox binding factor

Pro proline

ProDH proline dehydrogenation

gPCR qualitative polymerase chain reaction
RNA ribonuclein acid

SIRT sucrose induced repression of translation
SNF1 sucrose non- fermenting 1

SnRK1 SNF1- related protein kinase 1

SSP Seed storage protein

TF transcription factor

uORFs upstream open reading frames uORFs

Y2H Yeast two- hybrid
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