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Summary

The control of energy homeostasis is of pivotal importance for all living organisms. In the
last years emerged the idea that many stress responses that are apparently unrelated, are
actually united by a common increase of the cellular energy demand. Therefore, the so
called energy signaling is activated by many kind of stresses and is responsible for the
activation of the general stress response. In Arabidopsis thaliana the protein family SnF1-
related protein kinases (SnRK1) is involved in the regulation of many physiological
processes but is more known for its involvement in the regulation of the energy
homeostasis in response to various stresses. To the SnRK1 protein family belong SnRK1.1
(also known as KIN10), SnRK1.2 (KIN11), and SnRK1.3 (KIN12). SnRK1 exerts its
function regulating directly the activity of metabolic enzymes or those of key transcription
factors (TFs). The only TFs regulated by SnRK1 identified so far is the basic leucine
zipper (bZIP) 63. bZIP63 belongs to the C group of bZIPs (C-bZIPs) protein family
together with bZIP9, bZIP10, and bZIP25. SnRK1.1 phosphorylates bZIP63 on three
amino acids residues, serine (S) 29, S294, and S300. The phosphorylation of thZIP63 is
strongly related to the energy status of the plant, shifting from almost absent during the
normal growth to strongly phosphorylated when the plant is exposed to extended dark.
bZIPs normally bind the DNA as dimer in order to regulate the expression of their target
genes. C-bZIPs preferentially form dimers with S1-bZIPs, constituting the so called C/S1-
bZIPs network. The SnRk1 dependent phosphorylation of bZIP63 regulates its activation
potential and its dimerization properties. In particular bZIP63 shift its dimerization
preferences according to its phosphorylation status. The non-phosphorylated form of
bZIP63 dimerize bZIP1, the phosphorylates ones, instead, forms dimer with bZIP1,
bZIP11, and bZIP63 its self. Together with bZIP63, S1-bZIPs are important mediator of
part of the huge transcriptional reprogramming induced by SnRK1 in response to extended
dark. S1-bZIPs regulate, indeed, the expression of 4'000 of the 10'000 SnRK1-regulated
genes in response to energy deprivation. In particular S1-bZIPs are very important for the
regulation of many genes encoding for enzymes involved in the amino acid metabolism
and for their use as alternative energy source. After the exposition for some hours to
extended dark, indeed, the plant make use of every energy substrate and amino acids are
considered an important energy source together with lipids and proteins. Interestingly, S1-

bZIPs regulate the expression of ETFQO. ETFQO is a unique protein that convoglia the



electrons provenienti from the branch chain amino acids catabolism into the mitochondrial
electron transport chain. The dimer formed between bZIP63 and bZIP2 recruits SnRK1.1
directly on the chromatin of ETFQO promoter. The recruitment of SnRK1 on ETFQO
promoter is associated with its acetylation on the lysine 14 of the histone protein 3
(K14H3). This chromatin modification is normally asociated with an euchromatic status of
the DNA and therefore with its transcriptional activation. Beside the particular case of the
regulation of ETFQO gene, S1-bZIPs are involved in the regulation of many other genes
activated in response of different stresses. bZIP1 is for example an important mediator of
the salt stress response. In particular bZIP1 regulates the primary C- and N-metabolism.
The expression of bZIP1, in response of both salt ans energy stress seems to be regulated
by SnRK1, as it is the expression of bZIP53 and bZIP63.

Beside its involvement in the regulation of the energy stress response and salt response,
SnRK1 is the primary activators of the lipids metabolism during see germination. SnRK1,
indeed, controls the expression of CALEOSINs and OLEOSINs. Those proteins are very
important for lipids remobilization from oil droplets. Without their expression seed
germination and subsequent establishment do not take place because of the absence of fuel
to sustain these highly energy costly processes, which entirely depend on the catabolism of

seed storages.



Zusammenfassung

Die Kontrolle der Energiehomoostase ist fiir alle lebenden Organismen von grofer
Bedeutung. In den letzten Jahren kam die Idee auf, dass viele Stressantworten, die
scheinbar unabhdngig voneinander sind, durch den Energiebedarf doch miteinander
verbunden sind. Das sogenannte Energie-Signaling wird von vielen verschiedenen Stress-
Arten aktiviert und ist verantwortlich fiir die Aktivierung der allgemeinen Stressantwort. In
Arabidopsis thaliana ist die Proteinfamilie der SnF1-verwandten Proteinkinasen (SnRK1)
an der Regulation vieler physiologischer Prozesse beteiligt. Auch bei der Regulation der
Energiehomoostase als Folge von Stress spielen SnRK1-Kinasen eine wichtige Rolle.
Proteine aus der SnRK1-Familie sind SnRK1.1, auch als KIN10 bezeichnet, SnRK1.2
(KIN11) und SnRK1.3 (KIN12). SnRK1-Proteine kénnen die Aktivitdt von metabolischen
Enzyme oder bestimmten Transkriptionsfaktoren (TF) direkt regulieren. Bislang wurde nur
fiir den basischen Leucin-Zipper (bZIP) TF bZIP63 die Regulation durch SnRK1 gezeigt.
bZIP63 gehort zur Gruppe C der bZIP Proteinfamilie (C-bZIP). Ebenfalls zu Gruppe C
werden bZIP9, bZIP10 und bZIP25 zugeordnet. SnRK1.1 phosphoryliert das bZIP63-
Protein an Serin (S) 29, S294 und S300. Der Grad der Phosphorylierung von bZIP63 steht
in direktem Zusammenhang mit dem Energiehaushalt der Pflanze. Unter normalen
Bedingungen wird bZIP63 kaum phosphoryliert, wahrend bei verldngerter Nacht bZIP63
stark phosphoryliert wird. bZIP TF bilden untereinander Dimere aus und binden so an die
DNA um die Expression ihrer Zielgene zu regulieren. C-bZIP TF bilden bevorzugt Dimere
mit bZIP TF der Gruppe S1, bekannt als das C/S1-bZIP-Netzwerk. Die SnRK1-abhdngige
Phosphorylierung von  bZIP63 steuert das Aktivierungspotential und die
Dimerisierungseigenschaften. Besonders bei bZIP63 &ndern sich die Dimerisierungspartner
in Abhdngigkeit des Phosphorylierungsgrads. Nicht-phosphoryliert dimerisiert bZIP61 mit
bZIP1, im phosphorylierten Zustand dagegen bildet bZIP63 Dimere neben bZIP1 auch mit
bZIP11 und bZIP63.

S1-bZIP TF sowie bZIP63 sind wichtige Regulatoren der transkriptionellen
Reprogrammierung, die durch SnRK1 bei verldangerter Dunkelheit induziert wird. S1-bZIP
TF regulieren die Expression von 4'000 der 10'000 durch SnRK1 regulierten Gene in der
Energieverarmungsantwort. Besonders S1-bZIP TF sind sehr wichtig fiir die Regulation
vieler Gene, die fiir Enzyme aus dem Aminosduremetabolismus codieren und als

alternative Energiequelle der Pflanze bekannt sind. Wird die Nacht fiir einige Stunden
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verlangert, greift die Pflanze auf jede mogliche Energiequelle zuriick. Als Energiequelle
werden besonders Aminoséuren, aber auch Lipiden und Proteinen herangezogen.

Interessanterweise regulieren S1-bZIP TF die Expression von ETFQO. ETFQO ist ein
besonderes Protein, das die Elektronen aus dem Metabolismus verzweigter Aminosduren in
die mitochondriale Elektronentransportkette steuert. Das Dimer aus bZIP63 und bZIP2
rekrutiert SnRK1.1 direkt an das Chromatin des ETFQO-Promotors. Dieser Rekrutierung
folgt die Acetylierung des Histonproteins 3 (K14H3) am Lysin 14. Diese Modifikation des
Chromatins fiihrt normalerweise zu einem euchromatischen Status der DNA und der
nachfolgenden transkriptionellen Aktivierung. Neben der Regulation des ETFQO-Gens
sind S1-bZIP TF auch an der Regulation von vielen anderen Genen in Folge von
verschiedenen Stressen beteiligt. bZIP1 ist beispielsweise ein wichtiger Regulator der
Antwort auf Salz-Stress. Auch der primédre Kohlenstoff- und Stickstoffmetabolismus
werden von bZIP1 reguliert. Es wird angenommen, dass die Expression von bZIP1 wie
auch von bZIP53 und bZIP63 in der Antwort auf Salzstress und Energieverarmung durch
SnRK1 gesteuert wird. Abgesehen von der Regulation der Antwort auf Energieverarmung
und Salzstress spielen SnRK1-Proteine auch bei der Aktivierung des Lipidmetabolismus
wihrend der Keimung eine Rolle. SnRK1 kontrolliert die Expression von CALEOSINs und
OLEOSINs. Diese beiden Proteine sind sehr wichtig fiir die Mobilisierung von Lipiden aus
Oltropfchen. In Abwesenheit von SnRK1 finden aufgrund von Energiemangel weder die

Keimung noch die nachfolgende Entwicklung statt.
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Stress impacts negatively on plant growth and crop productivity, causing extensive losses
to agricultural production worldwide. Throughout their life, plants are often confronted
with multiple types of stress that affect overall cellular energy status and activate energy-
saving responses. The resulting low energy syndrome (LES) includes transcriptional,
translational, and metabolic reprogramming and is essential for stress adaptation. The
conserved kinases sucrose-non-fermenting-1-related protein kinase-1 (SnRK1) and target of
rapamycin (TOR) play central roles in the regulation of LES in response to stress conditions,
affecting cellular processes and leading to growth arrest and metabolic reprogramming.
We review the current understanding of how TOR and SnRK1 are involved in regulating
the response of plants to low energy conditions. The central role in the regulation of
cellular processes, the reprogramming of metabolism, and the phenotypic consequences
of these two kinases will be discussed in light of current knowledge and potential future

developments.

Keywords: energy signaling, TOR, SnRK1, bZIP, T6P, stress, metabolism

INTRODUCTION

Suboptimal growth conditions related to temperature, light, water
supply, and soil characteristics are among the most limiting fac-
tors for crop yield worldwide. Fruit and seeds constitute about
75% of world crop production (Liu etal., 2013a). They rely on
the supply of carbohydrates from photosynthetic source tissues
to sustain growth and development (Rolland etal., 2006) and this
fine-tuned balance can be severely disturbed at different levels
under biotic and abiotic stress conditions (Lemoine et al., 2013). In
general, stress conditions cause the alteration of a set of processes
and biochemical reactions. These changes can be encompassed
by the term low energy syndrome (LES) and play a major role in
the adaptation to stress conditions (Figure 1). In this review we
summarize recent advances in the understanding of LES and the
different signaling pathway components from energy deficiency
toward adaptation, focusing on Arabidopsis thaliana as a plant
model.

THE LOW ENERGY SYNDROME IS PART OF STRESS
ADAPTATION

Controlling energy homeostasis is a challenge for all organisms,
as they must constantly sense and integrate internal and exter-
nal signals to optimize growth and development, often under
suboptimal conditions (Polge and Thomas, 2007). This is par-
ticularly critical for plants as they are sessile organisms, so it is

very interesting to understand how they have evolved to over-
come these constraints and how they respond differently to stresses
when compared to other organisms. Their adaptation and survival
depend on their capacity to efficiently manage energy resources in
all tissues, and to coordinate energy consumption and preservation
(Baena-Gonzalez et al., 2007; Baena-Gonzélez, 2010). Stress con-
ditions affect source and sink tissues differently. In plants exposed
to stress, sink organs like seeds or tubers often suffer from reduced
sugar import and are impaired in biomass production (Pinheiro
etal., 2001; Cuellar-Ortiz etal., 2008). Accordingly, stress factors
like nutrient limitation, hypoxia, excess of salt, and low or high
temperatures were discussed to impair fruit and seed develop-
ment by interfering with the source-sink balance (Gibon etal.,
2002; Geigenberger, 2003; Bailey-Serres et al., 2012; Lemoine et al.,
2013; Liu et al., 2013b). Furthermore, stress conditions often affect
photosynthesis and respiration in source leaves and this can accen-
tuate the source-sink imbalance. The resulting energy deprivation
was suggested to be common to most types of stress and to trigger
specific responses (Baena-Gonzilez and Sheen, 2008), leading to
the massive alteration of cellular processes, referred to as LES. This
includes growth arrest and metabolic reprogramming, compris-
ing the repression of biosynthetic activities and sugar storage, as
well as the induction of catabolic processes, photosynthesis, and
sugar remobilization (Paul and Pellny, 2003; Gibon et al., 2006). In
addition, the expression of thousands of genes is altered (Usadel
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FIGURE 1 | The low energy syndrome (LES) is a collection of
phenotypical consequences of stress condition and drives plant
acclimation to environmental changes. The figure aims at depicting all

U

Acclimation

causes and consequences described so far, but LES can be induced by one or
multiple stress conditions and the acclimation process can include only a
subset of the depicted outcomes.

etal., 2008). These genes were described to form a network that
regulates plant metabolism under stress conditions for the purpose
of energy preservation (Avin-Wittenberg et al., 2012). At the same
time, metabolic reprogramming favors catabolic processes of
molecules other than carbohydrates, resulting in protein, lipid
and chlorophyll breakdown (Contento etal., 2004; Thimm etal.,
2004). Accordingly, metabolomics data show an increase in amino
acids coming from protein degradation (Caldana etal., 2011),
which may contribute to sustain levels of TCA cycle intermediates
(Araujo etal., 2012). Furthermore, translation rates decrease dra-
matically (Kawaguchi etal., 2003, 2004; Branco-Price etal., 2005,
2008; Nicolai etal., 2006; Mustroph etal., 2009), although often
without alteration of specific mRNA levels, which allows a rapid
recovery after removal of the stress (Piques et al., 2009; Juntawong
and Bailey-Serres, 2012).

These massive alterations on all cellular levels that comprise
LES occur during many different stress situations and are there-
fore discussed as central processes necessary for adaptation. Even
though LES involves a collection of phenotypic outcomes, their
interconnection and regulation remain to be fully described. Gen-
erally, stress adaptation involves both universal and stress specific
reactions, indicating that plants perceive multiple stresses and
transduces the signal through pathways which may cross-talk at
various levels (Chinnusamy etal., 2004). A number of signal-
ing pathways are involved in the regulation of energy utilization
and can be linked to the adaptation to stress conditions. Key
players of energy signaling are the evolutionary conserved pro-
tein kinases sucrose-non-fermenting-1-related protein kinase-1
(SnRK1) and target of rapamycin (TOR). They are proposed
to be antagonists in the coordination of energy consumption
and preservation (Robaglia etal., 2012) and the balance of their

activities might be essential to the regulation of LES in stress
adaptation.

SnRK1 1S A METABOLIC SENSOR KINASE

Sucrose-non-fermenting-1-related protein kinase-1 is a metabolic
sensor that can decode energy deficiency signals and induce an
extensive metabolic reprogramming. This is mediated by a num-
ber of transcription factors and downstream targets that start an
energy-saving program at several levels, including transcription,
translation or direct phosphorylation of targets (Baena-Gonzalez
etal., 2007). SnRK1 is the plant homolog of the yeast sucrose
non-fermenting-1 (SNF1) and the animal AMP-activated protein
kinase (AMPK; Halford et al., 2004). SNF1-related protein kinases
show close to 50% identity, rising to 65% for the kinase domains
(Polge and Thomas, 2007). Their primary role is the integration
of nutrient availability, stress signals, and energy expenditure, to
be able to activate the required adaptations for homeostasis and
survival (Halford and Hardie, 1998; Hardie etal., 1998; Ghille-
bertetal.,2011). Plants contain two other subfamilies, SnRK2 and
SnRK3. They are less similar to SNF1 and AMPK and unique
to plants (Halford etal., 2004), and are also involved in plant
responses to several stresses (Coello et al.,2011). SnRK2 is involved
in ABA signaling, responses to cold, and was shown to improve
drought tolerance when overexpressed (Fujita etal., 2009; Hal-
ford and Hey, 2009; Yoshida etal., 2014). The SnRK3 family
includes SOS2 (salt overly sensitive 2), involved in conferring salt
tolerance (Liu etal., 2000). There is no evidence of redundancy
between the different SnRK families and SnRK2 and SnRK3 do
not complement the yeast snfIA deletion mutant growth pheno-
type (Hrabak etal.,, 2003). It is clear that they cannot fulfill the
role of SnRK1 (Halford and Hey, 2009), even though there is some
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similarity in target recognition (Zhang etal., 2008). It was sug-
gested that SnRK2 and SnRK3 arose in plants by duplication of
SnRK1 and then diverged rapidly during plant evolution to meet
new needs related to networks linking stress and ABA signaling
with metabolic signaling (Halford and Hey, 2009).

The SnRK1/SNF1/AMPK kinases typically function as het-
erotrimeric complexes and require a catalytic a-subunit, KIN10
and KIN11 in plants, and regulatory f and y subunits (Figure 2).
The non-catalytic subunits are also conserved among the
SnRK1/SNF1/AMPK complex. They are likely involved in sub-
strate recognition, subcellular localization, and regulation of the
complex activity (Polge and Thomas, 2007; Ghillebert etal., 2011).
Interestingly, the Arabidopsis AKINB1, AKINB2, and AKINB3 have
markedly different expression patterns, which suggests a level
of regulation based on interactions targeting the § subunits in
response to different signals (Bouly et al., 1999; Gissot et al., 2004).

The activity of SnRK1 depends on phosphorylation in the
highly conserved T-loop by upstream kinases (Sugden etal.,
1999). In Arabidopsis, the protein kinases SnRKI-activating
kinase 1 and 2 (AtSnAKI1 and AtSnAK2) were shown to com-
plement a yeast triple kinase mutant by restoring SNF1 upstream
kinase activity (Shen and Hanley-Bowdoin, 2006). In addition,
they phosphorylate non-truncated AtSnRK1 catalytic subunits
in vitro, making them putative candidates as SnRK1 physi-
ological upstream kinases (Crozet etal., 2010). Even though
it is known that SnRK1 activation requires phosphorylation,
it has not been clarified how it is affected by the cellular
energy level. In contrast to the mammalian AMPK, SnRK1 is
not allosterically activated by AMP, but it was shown that T-
loop dephosphorylation and the resulting inactivation of the
kinase are inhibited by low concentrations of AMP (Sugden
etal., 1999). Furthermore, SnRK1 activity is modulated by

SnRK1a
i 1 — —
Kinase UBA KA1
domain domain domain
SnRK1B
L |
starch-binding  ASC
domain domain
SnRK1y
L1 L 1 11 11 1]
CBS CBS CBS CBS
domain domain domain domain
SnRK1By
starch- CBS CBS CBS CBS
binding domain domain domain domain
domain
FATC
TOR domain
HEAT FAT FRB Kinase
repeats domain  domain domain
RAPTOR
RNC HEAT WD40
domain repeats repeats
LST8
WD40
repeats
FIGURE 2 | Domain structure and nomenclature of Arabidopsis SnRK1
and TOR subunits. SnRK1 structures include the conserved phosphorylation
sites on T-loop of the a-subunit. The a-subunit contains the kinase domain,
together with an auto-inhibitory (UBA) domain and a kinase associated (KAT)
domain where the interaction with the R-subunit takes place. The B-subunit
(except in SNRK1R3) contains a starch-binding domain (Avila-Castafeda etal.,
2014) and binds to the y-subunit at the association with the SNF1 complex
(ASC) domain. The plant-specific By-subunit might take the place described for
the y-subunit in mammals and yeast, containing multiple cystathionine

Arabidopsis Yeast Animals

SnRK1a-1/KIN10 (At3g01090) SNF1 AMPKa

SnRK1a-2/KIN11 (At3g29160)

SnRK1B-1 (At5g21170) GALB83/SIP1/SIP2  AMPKR

SnRK1B-2 (At4g16360)

SnRK1B-3 (At2g28060)

(lacking SBD)

SnRK1y-1 (At3g48530) SNF4 AMPKy

SnRK1y-2 (At1g69800)

SnRK1By (At1g09020) - -

TOR (AT1G50030) TOR1 mTOR

TOR2

RAPTOR3g (AT3G08850) KOG1 Raptor

RAPTORS5g (AT5G01770)

LST8-1 (AT3G18140) LST8 mLST8

LST8-2 (AT2G22040) GBL
B-synthase (CBS) domains. TOR contain two FAT domains (FRAP, ATM, and
TRAP) probably constituting the active center, a PI3K kinase domain, a FRB
domain (FKB12-rapamycin binding) for interaction with the inhibitor FKB12,
and a number of HEAT repeats [huntingtin, elongation factor 3 (EF3), protein
phosphatase 2A (PP2A), TOR1] for the interaction with RAPTOR. Next to
HEAT repeats, RAPTOR contains a RNC domain (raptor N-terminal
conserved/putative caspase domain) and a number of WD40 repeat domains
(Hay and Sonenberg, 2004). Nomenclature as described before (Robaglia
etal., 2012).
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specific phosphatases. Two clade A type 2C protein phos-
phatases (PP2C) were recently shown to dephosphorylate and
inactivate SnRK1 through interaction with the catalytic subunit
(Rodrigues etal., 2013).

The activity of SnRK1 is also inhibited by trehalose-6-
phosphate (T6P). The association between trehalose metabolism
and sugar-sensing in plants has recently become more evident
(Tsai and Gazzarrini, 2014). Despite its role as a carbon source
and in stress protection in resurrection plants, fungi, bacteria, and
non-vertebrate animals (Elbein etal., 2003; Paul etal., 2008), the
amount of trehalose in the majority of plants is too low to per-
form this function. It was suggested that trehalose has a major
role on metabolism, growth, and development, acting as a sig-
nal of sugar availability (Schluepmann etal., 2003; Ramon and
Rolland, 2007; Gémez etal., 2010). Trehalose is synthesized from
UDP-glucose and glucose-6P via the intermediate T6P in a two-
step pathway involving trehalose phosphate synthase (TPS) and
trehalose phosphate phosphatase (TPP), and degraded by treha-
lase (Paul etal., 2008). T6P has a distinctive role in metabolic
signaling, and class II TPSs, that include AtTPS5-11, are targets
of phosphorylation by SnRK1 (Glinski and Weckwerth, 2005).
AtTPS5 is induced by sugars and repressed by starvation (Schluep-
mann etal.,, 2004), while the opposite is true for AtTPS8-10
(Osuna etal., 2007).

Trehalose-6-phosphate inhibits the catalytic activity of SnRK1
in vitro at physiological concentrations, causing expression
changes of KIN10 marker genes consistent with an inactivation
of SnRK1 (Zhang et al., 2009), while Arabidopsis seedlings overex-
pressing SnRK1 show a glucose-hypersensitive phenotype (Cho
etal,, 2012), similar to seedlings with low T6P (Schluepmann
etal., 2003). However, even though T6P inhibits the growth of
Arabidopsis seedlings, it does not inhibit SnRK1 catalytic activity
in extracts of mature leaves (Zhang etal., 2009), suggesting that
an intermediary factor is needed for SnRK1 inhibition by T6P.
Recently, it was suggested that T6P and SnRK1 might act through
different, but interacting signaling pathways (Lunn etal., 2014)
and can play antagonistic roles during stress responses (O Hara
etal.,, 2013). This is particularly important in stress conditions
that negatively affect carbon levels, leading to an activation of
starvation responses through SnRK1. For example, T6P levels
are much lower in rosettes harvested in the dark and in carbon-
starved seedlings (Lunn et al., 2006; Carillo et al., 2013; Yadav et al.,
2014). However, stress conditions do not necessarily lead to car-
bon depletion. For example, under moderate drought or cold
stress, a wide range of carbohydrates accumulate in Arabidopsis
(Muller etal., 2011), including abundant sugars such as hexoses
and sucrose, other sugars such as trehalose or mannitol, amino
acids, organic acids, structural C-rich compounds like cellulose,
among others. In grapevine, sucrose and T6P contents increase in
response to chilling (Fernandez etal., 2012). T6P may therefore
play a role in the inhibition of SnRK1 under conditions where
carbon sources are not limited (Lunn etal., 2014). The cross-talk
between SnRK1 and T6P when growth is limited by sink capacity
was recently studied by varying temperature and nutrient supply to
induce sink limitation, and feed sucrose and glucose at physiolog-
ical levels (Nunes etal., 2013). In these conditions, T6P responds
specifically to sucrose, even at different growth rates. Moreover,

there was a strong correlation between T6P- and SnRK1-regulated
gene expression, but not between T6P and relative growth rate. It
appears that SnRK1 marker gene expression is related to T6P con-
tent regardless of the growth outcome, but further investigations
will hopefully elucidate the relationship between SnRK1 and T6P.

SnRK1 REGULATES STRESS RESPONSES UPON LOW ENERGY
The activation of SnRK1 initiates massive transcriptional changes,
possibly by affecting a number of transcription factors (Baena-
Gonzilez etal., 2007). The gene expression profile mediated
by the SnRKI1 subunit KIN10 is positively correlated with the
one induced by deprivation of sugar and carbon, and neg-
atively correlated with that controlled by sugars. This places
KIN10 as a regulator of gene expression upon starvation
and stress conditions. The most prominent KIN10-activated
genes represent a variety of major catabolic pathways, includ-
ing degradation of cell wall, starch, sucrose, amino acid,
lipid, and proteins which provide alternative sources of energy
and metabolites. Additionally, a large set of genes involved
in energy-consuming ribosome biogenesis and anabolism are
repressed.

From the possible mechanisms by which SnRK1 affects tran-
scription, the members of the S1 class of the basic leucine
zipper (bZIP) transcription factors are probably the best described
(Figure 3). They belong to a large family of several classes in
eukaryotes (Reinke etal., 2013) and function as homo-or het-
erodimers, which increases their potential for regulation (Jakoby
etal.,2002; Corréaetal., 2008; Schiitze et al., 2008). From the bZIP
family, bZIP1, bZIP11, and bZIP53 were proposed to mediate
some of the transcriptional changes induced by the SnRK1 signal-
ing pathway (Baena-Gonzalez etal., 2007) and could be linked
to the regulation of LES. In the presence of sucrose and glu-
cose, the transcript levels of bZIP1 and bZIP53 decrease, and
energy availability also seems to affect the phenotypes of their
mutants. bZIP53 overexpression results in reduced plant size,

HMGCoAR® bZIP——s ProDH
TFs DING/ASN1

SPS 0(\\
PS® miRNA TCP2
—

pathway Hsp70-15

FIGURE 3 | Simplified summary of SnRK1 effects on cellular processes
by direct phosphorylation of target proteins and by alteration of
mRNA levels of many genes via transcription factors or the miRNA
machinery. Arrows indicate a positive or negative regulatory effect; P
denotes phosphorylation. Abbreviations: HMGCoAR, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase; SPS, sucrose phosphate synthase;
NR, nitrate reductase; TPS, trehalose phosphate synthase; bZIP TF, basic
leucine zipper transcription factor; ProDH, proline dehydrogenase;
DING/ASN1, dark inducible 6/asparagine synthetase 1; TCP2, teosinte
branched 1, cycloidea and PCF transcription factor 2; Hsp70-15, heat shock
protein 70-15.
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delayed bolting and expression of seed-specific genes in leaves
(Alonso etal., 2009). bZIP1 knockout plants were shown to grow
faster than wild type on medium lacking glucose (Kang etal,
2010), while a plant overexpressing bZIP1 showed a stronger
starvation response indicated by faster leaf-yellowing in extended
night conditions (Dietrich etal., 2011). Under ambient growth
conditions, bZIP1 gene expression is limited to sink tissue like
pollen or young leaves (Weltmeier etal., 2009), but transcript
levels were shown to be increased in source leaves after sugar star-
vation induced by extended night (Dietrich etal., 2011), while
bZIP11 transcript levels increase in the presence of glucose and
sucrose (Rook etal., 1998). On the other hand, bZIP11 trans-
lation is repressed by sucrose mediated by an upstream open
reading frame (Wiese etal.,, 2004; Rahmani etal., 2009). This
decrease is observed at physiological sucrose levels in most tis-
sues, restricting bZIP11 activity to conditions of low energy
availability (Wiese etal., 2004). Transgenic plants overexpress-
ing bZIP11 show reduced plant size, seed production, viability
and a wide effect on gene regulation and metabolism as demon-
strated by microarray analysis of these plants (Hanson etal,
2008).

Several gene expression studies identified putative target genes
of these transcription factors and there is considerable overlap
between their targets and genes regulated by SnRK1. bZIP11 tar-
gets include several genes associated with LES, involved in the
regulation of trehalose and other minor regulatory carbohydrates,
such as myo-inositol and raffinose (Ma etal., 2011). bZIP11 also
induces GDHI and GDH?2, genes encoding glutamate dehydro-
genase (Hanson etal., 2008). The double mutant gdhlgdh2 was
shown to be more susceptible to extended night, likely due to the
role of these enzymes in amino acid degradation (Miyashita and
Good, 2008a,b). Other genes involved in amino acid metabolism
were shown to be regulated by bZIP transcription factors. Mem-
bers of the S1 class specifically activate the G-box containing pro-
moter of the SnRK1 regulated gene DIN6/ASNI (Baena-Gonzalez
etal., 2007). They were also shown to activate gene expression
of proline dehydrogenase (ProDH; Satoh etal., 2004) by bind-
ing to G-boxes contained in the promoter region (Weltmeier et al.,
2006; Dietrich etal., 2011). While ProDH is thought to be involved
in stress recovery (Weltmeier etal., 2006), the accumulation of
asparagine and other amino acids during dark-induced starvation
was proposed to result from protein degradation in order to pro-
vide an alternative to carbon as energy source (Caldana et al.,2011;
Dietrich etal., 2011).

Basic leucine zipper transcription factors mediate many, but
not all SnRK1 effects on transcription. It remains to be studied
which factors mediate the first, direct effect on gene expression
and which genes are regulated by secondary mechanisms. Further
studies will hopefully reveal a number of additional transcription
factors involved in SnRK1 regulation of gene expression.

Sucrose-non-fermenting-1-related protein kinase-1 also affects
enzymes by direct phosphorylation. For example, it inhibits the
activity of HMG-CoA reductase, the rate-limiting step in sterol
synthesis (Clarke and Hardie, 1990; Mackintosh etal., 1992). Two
other enzymes were shown to be substrates of SnRK1, sucrose
phosphate synthase (SPS), and nitrate reductase (NR; McMichael
etal., 1995; Douglas etal., 1997) which are key biosynthetic

enzymes involved in the control of nitrogen assimilation and
sucrose synthesis (Figure 3).

In addition to transcriptional changes and direct phosphory-
lation, SnRK1 was recently shown to activate a miRNA pathway
(Confraria etal., 2013). Some of the candidate miRNA targets
can be connected to the SnRK1 pathway and miRNAs can there-
fore be placed as components of the SnRK1 signaling pathway,
as they regulate mRNA targets and possibly tune down spe-
cific cellular processes during the stress response (Figure 3).
Most of the affected genes correspond to genes related to
ribosomal proteins (RPs) and translation, which is in accor-
dance with the role of SnRK1 as a repressor of biosynthetic
processes and as a modulator of energy metabolism (Baena-
Gonzélez etal., 2007; Baena-Gonzalez and Sheen, 2008). In
animals there seems to be a link between miRNAs and metabolism:
AMPK activation was recently reported to induce the differ-
ential accumulation of multiple miRNAs (Liu etal., 2013a),
suggesting that miRNAs could be possible common elements
in diverse organisms for restoring homeostasis following stress
(Confraria etal., 2013). A recent paper supports this view by
showing a strong connection between the regulation of miRNA
expression and glucose-mediated regulatory responses (Duarte
etal,, 2013). These recent findings make it clear that SnRK1
mode of action goes beyond direct phosphorylation or mod-
ulation of transcription and promise new discoveries to come
on the interplay between multiple pathways in the regulation of
the LES.

THE TOR KINASE IS INVOLVED IN LES

Another key component in this network is the serine/threonine
kinase TOR. TOR kinase genes are present in every eukaryote
genome analyzed so far and they share 40-60% sequence iden-
tity (De Virgilio and Loewith, 2006; Wullschleger etal., 2006).
These large proteins are well described for their central roles
in the energy signaling pathways of yeast, mammals and plants
(Wullschleger etal., 2006; Robaglia etal., 2012). TOR is activated,
in both yeast and mammals, by high amino acid levels, but inacti-
vated under amino acid starvation (Jewell etal., 2013). In plants,
TOR activity has been linked to cell and organ size, seed yield,
and stress resistance (Ren etal.,, 2012) and it was suggested to
play a role in the regulation of carbon partitioning and growth
(Zhang etal., 2013). Furthermore, it has been shown that TOR
and SnRK1 interact closely and act in opposite ways in the regu-
lation of nutrient-driven processes like autophagy (Robaglia etal.,
2012).

In yeast and mammals, TOR functions in two complexes
with distinct functions, TOR complex 1 (TORC1) and TORC2,
characterized by different interaction partners. Of these, only
subunits of TORC1 (TOR, LST8/Gbetal. and KOG1/RAPTOR)
are present in the Arabidopsis genome (Figure 2; van Dam
etal., 2011). Mutations that disrupt TOR or RAPTOR genes
were shown to be embryo lethal (Menand etal., 2002; Deprost
etal., 2005). In addition, the low sensitivity of the Arabidop-
sis TOR toward rapamycin (Xiong and Sheen, 2012; Caldana
etal., 2013) makes the study of TOR signaling in plants more
difficult than in other organisms, where the inhibitor was exten-
sively used to study TOR functions (Wullschleger etal., 2006).
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Alternative approaches were developed including the expression
of a yeast FKBP12 protein which confers rapamycin sensi-
tivity (Sormani etal,, 2007; Ren etal., 2012), modulation of
TOR expression by overexpressor or RNA interference constructs
(Deprost etal., 2007; Ren etal., 2011) and the expression of
an inducible artificial microRNA targeting TOR (Caldana etal.,
2013).

The Arabidopsis TOR promoter is active in root and apical
primary meristems, embryo and endosperm, but not in source
leaves or differentiated cells (Menand etal., 2002). TOR acts
on cell cycle control in Arabidopsis root meristems by directly
phosphorylating the transcription factor E2Fa that regulates S-
phase gene expression (Xiong etal., 2013). It was proposed as
a potential integrator of cell cycle, cell expansion and cytoplas-
mic growth (Sablowski and Carnier Dornelas, 2014) and could
thus be responsible for the activation of growth in the meristems
in response to sugars provided by the photosynthetic source tis-
sues (Xiong etal., 2013). Furthermore, TOR inhibition leads to a
reduction of the length of the root meristematic zone and the divi-
sion zone therein (Montané and Menand, 2013). Recently, TOR
was shown to be activated by the growth hormone auxin and
is involved in the regulation of translation of auxin responsive
genes (Bogre etal., 2013; Schepetilnikov etal., 2013). Accord-
ingly, reduction of TOR expression in Arabidopsis results in severe
growth arrest with plants displaying decreased cell size, whereas
TOR overexpression leads to an increase in shoot and root growth
(Deprost etal., 2007).

TOR complex 1 was described to be involved in the con-
trol of transcription, protein synthesis, and autophagy in yeast
and mammals (Martin and Hall, 2005; De Virgilio and Loewith,
2006; Wang and Proud, 2011). In Arabidopsis, massive transcrip-
tional changes induced by glucose in seedlings are dependent on
TOR signaling. The genes activated by this signaling pathway are
involved in amino acid synthesis, translation, glycolysis and the
TCA cycle, cell wall synthesis and modification, whereas genes
involved in protein and amino acid degradation and autophagy
regulation were downregulated (Xiong etal., 2013). The role of
TOR signaling in the induction of biosynthesis and the repres-
sion of catabolic pathways was underlined by RNA sequencing
and microarray analysis studying gene expression changes in
response to TOR inactivation (Ren etal., 2012; Caldana etal,,
2013). These transcriptional changes were shown to be accom-
panied by an increase in starch content (Moreau etal., 2012) and
an accumulation of organic and amino acids (Ren etal., 2012;
Caldana etal., 2013), as well as a decrease in galactinol and raffi-
nose levels (Moreau etal., 2012). This led to the conclusion that
TOR downregulation mimics starvation (Caldana etal.,2013) and
strengthens the importance of the TOR pathway in starvation
responses.

Furthermore, the TOR kinase was implicated in sugar signaling
pathways to control translation. Protein synthesis is a very energy
demanding process and therefore needs to be tightly regulated in
function of the cellular energy availability. In mammals and yeast,
TORCI affects thelevel of rRNA (Claypool et al., 2004; Mayer et al.,
2004; Li etal., 2006a; Tsang etal., 2010) and RP gene expression
(Jorgensen etal., 2004; Martin etal., 2004; Rudra and Warner,
2004), as well as cap-dependent translation (Ma and Blenis, 2009)

and scanning along structured 5'-UTRs (Meyuhas and Dreazen,
2009).

The tight regulation of translation according to energy avail-
ability also occurs in plants (Pal et al., 2013; Lastdrager et al., 2014).
For some of the well described pathway components, like the
phosphorylation of 4E-BP, evidence in plants is lacking (Van Der
Kelen etal., 2009; Ren etal., 2011). Nevertheless, plants express-
ing RNAI constructs for TOR or its positive downstream effector
TAP46 displayed a significant decrease in polysomal loading and
in protein synthesis (Ahn etal.,, 2011). The transcription of RP
genes is induced after sugar treatment and seems to be depen-
dent on the diurnal cycle (Blising etal., 2005; Usadel etal., 2008;
Baerenfaller etal., 2012) and glucose induction of RP gene expres-
sion was shown to depend on TOR activity (Xiong etal., 2013).
Furthermore, TOR overexpression was shown to induce rRNA
production and ChIP experiments showed that TOR binds directly
to the 45S promoter region (Ren etal., 2011). TOR mediated
ribosomal protein S6 kinase (S6K) activity was proposed to be
important to maintain eukaryotic translation initiation factor 3
subunit H (eIF3h) phosphorylation, which is needed for trans-
lation reinitiation and thus for translation of uORF containing
mRNAs (Schepetilnikov et al., 2013). Starvation inhibits the TOR
kinase and therefore allows energy costly ribosome biogenesis and
translation processes to be reduced in growth limiting conditions
(Ma and Blenis, 2009; Robaglia etal., 2012).

INTERACTION BETWEEN SnRK1 AND TOR SIGNALING

The TOR and SnRK1 signaling pathways have emerged as crucial
in regulating the perception and responses to nutrient and energy
levels. The TOR kinase is activated in favorable nutritional and
energy conditions, while SnRK1 is stimulated upon nutrient and
energy starvation. It is becoming increasingly clear that they act in
opposite ways in the regulation of nutrient-driven processes, such
as autophagy. For example, SnRK1 induces autophagy to promote
recycling of cytosolic components in response to situations where
C or N metabolites are in short supply. Conversely, TOR restrains
autophagy in energy-replete conditions and is involved in the reg-
ulation of N assimilation and in the synthesis of C metabolites like
starch or raffinose (Robaglia et al., 2012). They both regulate many
similar processes in the context of LES (Figure 4) and massively
affect the transcription of a number of genes. By comparing the
expression of genes targeted by SnRK1/KIN10 (Baena-Gonzilez
etal.,2007) and TOR (Xionget al.,2013) in two available transcrip-
tional datasets (data was acquired from protoplast and seedlings,
respectively), we found that there was a significant overlap in the
genes affected by both TOR and SnRK1. More than half of the
genes (294 out of 507) described as KIN10 upregulated target genes
were found to be downregulated by glucose in a TOR-dependent
manner. Interestingly, 47 genes which were oppositely affected by
TOR and SnRK1 are annotated to encode RPs or proteins related
to translation. Furthermore, a similar proportion of genes found
to be downregulated by KIN10 (260 of 515 genes) were among the
putative upregulated targets of the TOR kinase, including genes
annotated to be involved in amino acid metabolism and involved
in carbohydrate metabolism. This underlines the hypothesis that
TOR and SnRK1 act antagonistically in the regulation of cen-
tral processes such as translation and carbohydrate and amino
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trehaloseé

FIGURE 4 | The low energy syndrome involves processes regulated
by TOR and SnRK1 central to the adaptation to energy limitation.
The kinases SnRK1 and TOR are affected by energy availability and
mediate transcription, translation, enzyme activity, and the accumulation
of metabolites in order to drive adaptation to different conditions. Gray
arrows indicate processes shut down in response to energy limitation

stress ——= energy limitation

Trs—>> <—TFs—
<— elF3h —

S6K

Acclimation

and the dashed arrow denotes a probable interaction between these
two signaling pathways. Abbreviations: SnAK, SnRK1-activating kinase;
PP2C, type 2C protein phosphatase; TPS, trehalose phosphate synthase;
T6P, trehalose 6-phosphate; TPP trehalose phosphate phosphatase; elF3h,
eukaryotic translation initiation factor 3 subunit H; S6K, ribosomal
protein S6 kinase.

acid metabolism, a role that is likely to be crucial during the
establishment of stress responses.

Target of rapamycin and SnRK1 are both evolutionary con-
served and have been shown to interact in mammalian systems.
AMPK is described to regulate the mTOR complex 1 in differ-
ent ways, by phosphorylating components of the mTOR signaling
pathway (Xu etal., 2012). The phosphorylation of the TSC2/TSC1
complex by AMPK leads to the inactivation of Rheb, a GTPase
that activates mTORCI1. Furthermore, AMPK has been described
to directly regulate the Raptor subunit of the mTORCI complex
(Inoki etal., 2012). mTOR and AMPK have opposite roles in the
regulation of autophagy by targeting different phosphorylation
sites of ULK1 (Kim et al., 2011). Under nutrient limitation, AMPK
activates ULK1 and autophagy, whereas mTORCI1 inactivates
ULKI1 in nutrient-rich conditions (Inoki etal., 2012). In plants,
some of the described factors are present, including the Arabidopsis
TCTP that was proposed as a regulator of Rheb in TOR signaling
(Berkowitz etal., 2008) and the AMPK phosphorylation site in
Raptor (Robaglia etal., 2012). However, their role in the inter-
action between the TOR and SnRK1 signaling pathways remains
to be further analyzed. Additionally, many of the described genes
are missing in Arabidopsis, such as Rheb itself, TSC1, and TSC2
(van Dam etal., 2011). Their functions were taken over by other
factors, indicating that plants evolved energy signaling pathways
different from mammals or yeast that remain to be fully described
(Xiong and Sheen, 2014).

TOWARD A BETTER UNDERSTANDING OF LES

The studies discussed above underline the central role of the
energy signaling network composed of TOR, SnRK1, bZIP tran-
scription factors, and T6P in the control of growth and devel-
opment. Exposure of plants to conditions that challenge their
energy homeostasis results in significant metabolic reprogram-
ming to prevent damage to cells, tissue, and organs. LES involves

various changes in transcription, translation, enzymatic activi-
ties, and metabolite levels ultimately aiming at the adaptation
to energy deprivation (Figure 4). Amongst others, this leads
to protein, lipid, and chlorophyll breakdown (Contento etal,
2004; Thimm etal., 2004), while in parallel, carbon utiliza-
tion is inhibited, which, taken together, severely affects growth
(Gibon etal., 2004).

Even though much is already known about the LES network,
there are still many open questions. More experimental data is
needed to unravel unknown mechanisms behind LES, but sev-
eral experimental limitations may be restraining new discoveries.
For example, most studies were conducted in protoplasts, whole
seedlings or plant tissue without distinguishing source and sink
organs. Since the interplay of molecules is complex and coor-
dinated in both time and space, increasing spatial resolution of
metabolites with the use of better techniques, like subcellular
fractionation (Nigele and Heyer, 2013), is necessary to enable
a better understanding of regulation of stress conditions by allow-
ing tissue-, cell-, and compartment specific analyses of metabolic
changes. Furthermore, the pleiotropic nature of SnRK1 and TOR
limits the use of mutants as mutations result in undesired effects
that can hardly be precluded. The use of constitutive promot-
ers for overexpression leads to the loss of information about
the localization of the expression of a certain gene. This infor-
mation is very important as many of the discussed genes are
differentially expressed between source or sink tissues, which
likely impacts on their role and function. It would thus be use-
ful to develop additional mutants, especially including organ and
temporal specific promoters, to overcome these current issues.
The use of inducible systems is of high interest for both SnRK1
and TOR, but particularly for the latter since knock-out mutants
are not available due to lethality. Hence, the uses of inducible
artificial microRNAs are a valuable option to down-regulate its
expression.
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The study of networks like LES requires the analysis of com-
plex datasets. It is important to realize that the challenge is not
only the acquisition of more and better experimental data, but
especially to be able to integrate it to facilitate its interpretation
via methods often referred to as systems biology or omics-based
approaches. To improve upon current approaches, theoretical
methods of uni- and multivariate statistics and mathematical
modeling have been developed which now allow large scale analy-
sis of biological networks (Nigele and Weckwerth, 2012). Several
problems related to plant science are being addressed using these
approaches, including responses to stress, (Yamaguchi-Shinozaki
and Shinozaki, 2006), plant defense (Li et al., 2006b) and the iden-
tification of new players, such as transcription factors (Hirai et al.,
2007).

Low energy signaling is a complex network that integrates
multiple cellular and environmental signals and comprises sev-
eral cellular changes. To avoid limitation in the interpretation of
the biological events, it is important to study this pathway on
all possible levels, comprising the gene, transcript, protein, and
metabolite levels. Limitations can arise, for example, from the
consideration of only transcriptomic data. With this type of data,
differences in transcription and RNA stability cannot be distin-
guished. Also, changes in transcript levels often do not reflect
changes in protein or metabolic levels and little information is
obtained at this level. Substantial contributions have been made
mainly concerning the integration of transcript and metabolite
data for A. thaliana (Hirai etal., 2004, 2005; Tohge et al., 2005). By
combining data from different molecular levels, a better under-
standing of pathway regulation being affected under low energy
conditions and contributing to the acclimatory response will be
significantly promoted. One type of systems biology approach is
based on the collection of data from different platforms followed
by data driven integration using advanced statistical models to
study the dynamic interactions between components (Yuan etal.,
2008; Fukushima etal., 2009; Keurentjes, 2009). Another more
targeted approach where a specific regulatory model involving
all known molecular players is built uses mathematical model-
ing to advance understanding of biological processes (Pokhilko
etal.,2010,2012,2013; Gould et al., 2013; Seaton etal., 2014). The
interaction between predictive models and experimental confir-
mation can be very effective, as having a more directed approach
in a given experiment could enable the achievement of faster
and more targeted results. Furthermore, unknown components
of the studied system can be discovered (Dalchau etal., 2011).
Some of the components that comprise the LES network may still
be unknown, but this type of approach could provide very use-
ful information especially in the connection between TOR and
SnRK1.

The use of systems biology is limited by the availability of
data and requires generalization, simplification, and assumptions.
However, it clearly has great potential to increasingly contribute
to the understanding of biological networks, including the LES
pathway, in combination with other approaches that involve cell
biology, biochemistry, or genetics. TOR and SnRK1 are related in
the processes they regulate and are activated under opposite con-
ditions, but so far there is no indication in plants that they or their
targets interact directly to optimize the activation and repression

of certain processes. While in mammals AMPK phosphorylates the
TSC2/TSC1 complex and Raptor, TSC2 and the AMPK phospho-
rylation site in Raptor are missing in Arabidopsis and it is not yet
clear whether TOR and SnRK1 pathways interact in a similar way.
It is possible that despite their connection, TOR down-regulation
is just another way to limit energy use, independent from SnRK1.
However, given the complexity of the network and the intercon-
nections seen so far, not only in plants but also in other systems,
it seems more likely that additional links or factors are yet to be
unraveled. It is crucial to establish if there is a direct interaction
between TOR and SnRK1, or if they act independently. In this
context, a better understanding of their (sub-)cellular localiza-
tion could provide insights to their mode of action and possible
interaction. Protein interaction studies may uncover novel inter-
actions between known LES components or even unravel new
components of the network. Their role in the metabolic repro-
gramming induced by energy deprivation may then be tested
by metabolomics studies which directly give information about
changes in the concentrations of central metabolite pools. A mul-
tidisciplinary approach on variouslevels of cellular and organismal
organization is needed to be able to draw a comprehensive picture
about low energy induced metabolic reprogramming.
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Chapter 2: SnRK1 and C/S1 bZIPs are important regulators of

cellular respiration under Low Energy Stress

INTRODUCTION

Being autotrophic organisms, plants base their growth and development on the supply of
carbohydrates from photosynthetic activity. Although most of the energy required by the
plant is provided by the photosynthesis, there are several situations when plants should
exploit their catabolic potential, as alternative energy provider. At the very early stage of
their life, plants consume all the resources accumulated in the seeds to germinate and reach
the autotrophic stage. This developmental stage is probably the most hazardous span in the
plant life because the successful of establishment of a new plant life depends entirely on
the catabolism of resources present in the seeds. Another important situation when
catabolism is indispensable to ensure plant life is represented by stresses: several
environmental perturbation, indeed, require a strong effort, which has an impact on the
energy status of the plant. Many stresses, indeed, influence either on light absorption,
carbon fixation, or directly increase the cellular energy demand (Baena-Gonzélez & Sheen,
2008). Fight against the increased energy demand seems to be shared by different and
apparently unrelated kind of stresses (Baena-Gonzalez, 2010). In recent years is emerging
the idea that the response to any stress is composed by a stress-specific component and a
general response (Kiiltz, 2005), the last seems to be decoded as an energy-deficiency
signals. F. Tomé and colleagues (Tomé et al., 2014) have recently reviewed the energy-
related plant response to stresses. They named Low Energy Syndrome (LES) all the
transcriptional, translational, and metabolic reprogramming essential for plant survival
under stress situations. LES includes, among the others, the repression of biosynthetic
activities and sugar storage, as well as the induction of catabolic processes and sugar
remobilization. Therefore, catabolism could represents the unique source of energy to
support both early plant development and higher energy demand under stress situation.
Sugar metabolism is the major contributor to the cellular energy demand, however, lipids,
proteins, and amino acids metabolism could be exploited in particular situations.

Based on recent findings, it seems that all these pathways are under the control of Sucrose
non Fermenting Related Protein Kinase 1 (SnRK1). SnRK1 indeed, are one of the most

important regulators of LES and, although they have several functions in the plant, in our
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context they could be seen as moderator of the unnecessary anabolic activity of the cell and
strong promoter of the energy-producing catabolism. SnRK1 contribute to the huge
metabolic reprogramming during low energy stress regulating directly the activity of
crucial metabolic enzymes or indirectly via the transcriptional control of key genes.
SnRK1 and bZIP TFs of the S1 and C group (S1-bZIPs and C-bZIPs) constitute a central
reulatory network, responsible of the regulation of the expression of many genes involved
in the metabolism of alternative source of energy.

In this work we will briefly introduce the SnRK1 and C/S1-bZIPs and we will describe the
major pathways for the utilization “energy” substrates, focusing particularly on their
regulation.

SnRK1 (from “the low energy signaling network”(Tomé et al., 2014)
Sucrose-non-fermenting-1-related protein kinase-1 is a metabolic sensor that can decode
energy deficiency signals and induce an extensive metabolic reprogramming. This is
mediated by a num- ber of transcription factors and downstream targets that start an
energy-saving program at several levels, including transcription, translation or direct
phosphorylation of targets (Baena-Gonzalez et al., 2007). SnRK1 is the plant homolog of
the yeast sucrose non-fermenting-1 (SNF1) and the animal AMP-activated protein kinase
(AMPK;Halford et al., 2004). SNF1-related protein kinases show close to 50% identity,
rising to 65% for the kinase domains (Polge and Thomas, 2007). Their primary role is the
integration of nutrient availability, stress signals, and energy expenditure, to be able to
activate the required adaptations for homeostasis and survival (Halford and Hardie, 1998;
Hardie et al., 1998; Ghille- bert et al., 2011). Plants contain two other subfamilies, SnRK?2
and SnRK3. They are less similar to SNF1 and AMPK and unique to plants (Halford et al.,
2004), and are also involved in plant responses to several stresses (Coello et al.,2011).
SnRK2is involved in ABA signaling, responses to cold, and was shown to improve drought
tolerance when overexpressed (Fujita et al., 2009; Hal- ford and Hey, 2009; Yoshida et al.,
2014). The SnRK3 family includes SOS2 (salt overly sensitive 2), involved in conferring
salt tolerance (Liu et al., 2000). There is no evidence of redundancy between the different
SnRK families and SnRK2 and SnRK3 do not complement the yeast snf1? deletion mutant
growth pheno- type (Hrabak et al., 2003). It is clear that they cannot fulfill the role of
SnRK1 (Halford andHey, 2009), even though there is some similarity in target recognition
(Zhang et al., 2008). It was sug- gested that SnRK2 and SnRK3 arose in plants by
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duplication of SnRK1 and then diverged rapidly during plant evolution to meet new needs
related to networks linking stress and ABA signaling with metabolic signaling (Halford
andHey, 2009). The SnRK1/SNF1/AMPK kinases typically function as heterotrimeric
complexes and require a catalytic a-subunit, KIN10 and KIN11 in plants, and regulatory 3
and y subunits (Figure 2). The non-catalytic subunits are also conserved among the
SnRK1/SNF1/AMPK complex. They are likely involved in sub- strate recognition,
subcellular localization, and regulation of the complex activity (Polge and Thomas,2007;
Ghillebert et al., 2011). Interestingly, theArabidopsis AKINB1,AKINB2, andAKINf33have
markedly different expression patterns, which suggests a level of regulation based on
interactions targeting the [ subunits in response to different signals (Bouly et al., 1999;
Gissot et al., 2004).

The activity of SnRK1 depends on phosphorylation in the highly conserved T-loop by
upstream kinases (Sugden et al., 1999). In Arabidopsis, the protein kinases SnRKI1-
activating kinase 1 and 2 (AtSnAK1 and AtSnAK2) were shown to com- plement a yeast
triple kinasemutant by restoring SNF1 upstream kinase activity (Shen and Hanley-
Bowdoin, 2006). In addition, they phosphorylate non-truncated AtSnRK1 catalytic
subunits in vitro, making them putative candidates as SnRK1 physi- ological upstream
kinases (Crozet et al., 2010). Even though it is known that SnRK1 activation requires
phosphorylation, it has not been clarified how it is affected by the cellular energy level. In
contrast to the mammalian AMPK, SnRK1 is not allosterically activated by AMP, but it
was shown that T- loop dephosphorylation and the resulting inactivation of the kinase are
inhibited by low concentrations of AMP (Sugden et al., 1999). Furthermore, SnRK1
activity is modulated by specific phosphatases. Two clade A type 2C protein phos- phatases
(PP2C) were recently shown to dephosphorylate and inactivate SnRK1 through interaction
with the catalytic subunit (Rodrigues et al., 2013). The activity of SnRK1 is also inhibited
by trehalose-6-phosphate (T6P). The association between trehalose metabolism and sugar-
sensing in plants has recently become more evident (Tsai and Gazzarrini, 2014). Despite its
role as a carbon source and in stress protection in resurrection plants, fungi, bacteria, and
non-vertebrate animals (Elbein et al., 2003; Paul et al., 2008), the amount of trehalose in
the majority of plants is too low to per- form this function. It was suggested that trehalose
has a major role on metabolism, growth, and development, acting as a sig- nal of sugar

availability (Schluepmann et al., 2003; Ramon and Rolland, 2007; Gomez et al., 2010).
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Trehalose is synthesized from UDP-glucose and glucose-6P via the intermediate T6P in a
two- step pathway involving trehalose phosphate synthase (TPS) and trehalose phosphate
phosphatase (TPP), and degraded by treha- lase (Paul et al., 2008). T6P has a distinctive
role in metabolic signaling, and class II TPSs, that include AtTPS5-11, are targets of
phosphorylation by SnRK1 (Glinski and Weckwerth, 2005). AtTPS5 is induced by sugars
and repressed by starvation (Schluep- mann et al., 2004), while the opposite is true for
AtTPS8-10 (Osuna et al., 2007). Trehalose-6-phosphate inhibits the catalytic activity of
SnRK1 in vitro at physiological concentrations, causing expression changes of KIN10
marker genes consistent with an inactivation of SnRK1 (Zhang et al., 2009), while
Arabidopsis seedlings overex- pressing SnRK1 show a glucose-hypersensitive phenotype
(Cho et al., 2012), similar to seedlings with low T6P (Schluepmann et al., 2003). However,
even though T6P inhibits the growth of Arabidopsis seedlings, it does not inhibit SnRK1
catalytic activity in extracts of mature leaves (Zhang et al., 2009), suggesting that an
intermediary factor is needed for SnRK1 inhibition by T6P. Recently, it was suggested that
T6P and SnRK1 might act through different, but interacting signaling pathways (Lunn et
al., 2014) and can play antagonistic roles during stress responses (O’Hara et al., 2013).
This is particularly important in stress conditions that negatively affect carbon levels,
leading to an activation of starvation responses through SnRK1. For example, T6P levels
are much lower in rosettes harvested in the dark and in carbon- starved seedlings (Lunn et
al.,2006; Carillo et al.,2013;Yadav et al.,, 2014). However, stress conditions do not
necessarily lead to car- bon depletion. For example, under moderate drought or cold stress,
a wide range of carbohydrates accumulate in Arabidopsis (Muller et al., 2011), including
abundant sugars such as hexoses and sucrose, other sugars such as trehalose or mannitol,
amino acids, organic acids, structural C-rich compounds like cellulose, among others. In
grapevine, sucrose and T6P contents increase in response to chilling (Fernandez et al.,
2012). T6P may therefore play a role in the inhibition of SnRK1 under conditions where
carbon sources are not limited (Lunn et al., 2014). The cross-talk between SnRK1 and T6P
when growth is limited by sink capacity was recently studiedby varying
temperatureandnutrient supply to induce sink limitation, and feed sucrose and glucose at
physiolog- ical levels (Nunes et al., 2013). In these conditions, T6P responds specifically to
sucrose, even at different growth rates. Moreover, there was a strong correlation between

T6P- and SnRK1-regulated gene expression, but not between T6P and relative growth rate.
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It appears that SnRK1 marker gene expression is related to T6P con- tent regardless of the
growth outcome, but further investigations will hopefully elucidate the relationship
between SnRK1 and T6P.

The C/S1-bZIPs network

Beeing a kinase without DNA binding activity, SnRK1 cannot reprogram plant
transcriptome its self. Many target of SnRK1 are transcription factors, therefore, it is likely
to be that SnRK1 plays on transcription factors activity to regulate the transcriptional
reprogramming in response to plant stress (Mair et al., in preparation). bZIP transcription
factors have been proved to be important mediator of the SnRK1-driven plant response to
stress (Baena-Gonzalez, Rolland, Thevelein, & Sheen, 2007)Mair et al, in preparation;
Pedrotti et al., in preparation). In Arabidopsis ca. 82 genes encoding for bZIP TF have been
identified(Corréa et al., 2008). The structure of bZIPs is characterized by the presence of a
basic DNA-binding domain flanked by a nuclear localization signal and a leucine zipper
domain. The leucine zipper domain is a protein-protein interaction interface, which allow
bZIPs to form dimers. At the moment, the function of dimerization is still unclear. Indeed,
bZIPs could bind the DNA also as monomer. It is likely the case that dimerization add a
further degree of regulation. Recently, it has been speculate that different dimers regulate
the expression of different gene subsets or that different dimers are present only in specific
situations (Dietrich et al., 2011; Ehlert et al., 2006; Weltmeier et al., 2009).

Based on their homology bZIPs were classified in 10 groups, named with letters from A to
I and S (Jakoby et al., 2002). Above all, the S1 subgroup (bZIP1, bZP2, bZIP11, bZIP44,
and bZIP53) have been related to the energy metabolism and in particular with those of
alternative energy sources. Several studies pointed out the importance of S1-bZIPs in the
regulation of amino acids, starch and sugars metabolism (Dietrich et al., 2011; Hanson,
Hanssen, Wiese, Hendriks, & Smeekens, 2008; Ma et al., 2011; Weiste & Droge-Laser,
2014). Energy availability seems to affect also the phenotype of sI1-bzips mutant. bZIP53
overexpression results in reduced plant size, delayed bolting and expression of seed-
specific genes in leaves (Alonso et al., 2009). bZIP1 knockout plants were shown to grow
faster than wild type on medium lacking glucose (Kang et al., 2010), while a plant
overexpressing bZIP1 showed a stronger starvation response indicated by faster leaf-
yellowing in extended night conditions (Dietrich et al., 2011). Transgenic plants

overexpressing bZIP11 show reduced plant size, seed production, and viability (Hanson et
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al., 2008).

Interestingly S1-bZIPs are also regulated by the energy status of the cell. All S1-bZIPs
share an exceptionally long 5-UTR which harbour a 5-uORF that mediates a sucrose
dependent repression of their translation. This mechanism has been described as Sucrose
Induced Repression of Translation (SIRT) (Rahmani et al., 2009). The expression of some
S1-bZIPs have also been reported to be strongly induced by stresses that could affect the
energy status of the cell. It is the case for example of bZIP1 and bZIP53 whose expression
is strongly induced by extended dark or salt treatment (Dietrich et al., 2011). Interestingly,
we observed that the expression of bZIP1 and bZIP53 in the snrk1.1/1.2 mutant exposed to
6h of extended dark, was not as strong as in WT plants. This indicate that bZIP1 and
bZIP53 expression is controlled by a SnRK1-dependent mechanism. The details of this
regulation, however, are still unknown.

Another interesting feature of S1-bZIPs is their ability to form dimers with bZIP members
of the C-group (bZIP9, bZIP10, bZIP25, and bZIP63) (Ehlert et al., 2006). This intricated
net of interactions has been referred as the C/S1 network. Although the regulation of the
network are still unknown, several works reported the importance of the dimerization. In
the work of Dietrich and colleagues, for example, it is clear that the absence of bZIP1
and/or bZIP53 reduces only partially the expression of ASN1 and PRODH and only in the
quadruple mutant (bzip1/53/9/63 or bzip1/53/10/25) the expression of those genes is
strongly reduced (Dietrich et al., 2011). Other example can be seen in the work of
Hartmann and colleagues (Hartmann et al., in preparation).

Starch metabolism

Arabidopsis typically invests 30 to 50% of its photoassimilates into transitory stored
starch. Starch is therefore the major storage metabolite in Arabidopsis and it is considered
the major integrator of plant growth (Stitt & Zeeman, 2012; Sulpice et al., 2009). Changes
in the photosynthetic activity or in the energy demand of the plant could, indeed, be firstly
buffered by accumulation and remobilization of starch. Whereas plant growth during the
day mostly relies on sugar produced by photosynthetic activity, leaf starch remobilization
during the night continuously support respiration, sucrose export and growth. Accordingly,
starch accumulation is regulated on a daily base by the circadian clock: leaf starch reaches
its maximum accumulation at the end of the light phase and is almost but not completely

consumed at dawn (Geiger & Servaites 1994; Smith, Denyer & Martin 1997; Geiger et al.
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2000; Stitt et al. 2007). Regulation of starch metabolism is very important for the plant,
Arabidopsis mutants defective in either starch synthesis or degradation are dwarf (Caspar
et al., 1985, 1991; Lin et al., 1988a, 1988b; Yu et al., 2001; Schneider et al., 2002; Niittyld
et al., 2004; Stitt and Zeeman, 2012). The control of starch metabolism is obtained via the
regulation of both starch biosynthesis and degradation. Although the expression of many
genes encoding enzymes involved in starch metabolism show large and coordinate diurnal
changes, these changes are poorly associate with differences in protein levels or enzymes
activity (Geigenberger, 2011; Stitt & Zeeman, 2012). Thus, changes of transcription
probably serve to adjust starch turnover to mid- or long-term conditions. Redox regulation,
protein modification, and allosteric regulation seem to be responsible for the momentary
changes to adjust to sudden environment alteration (Stitt & Zeeman, 2012). A well studied
example is the control of ATPase activity, which controls the flux of carbon into transitory
starch (Geigenberger, 2011). The activity of AGPase is effectively switched off during the
night by a redox regulatory mechanism. AGPase activity is also allosterically activated by
glycerate-3-phosphate and inhibited by Pi. Reduction of AGPase leads to dramatic
alterations in the kinetic properties of the enzyme, resulting in an increase of the substrate
affinities and the sensitivity to the allosteric activator glycerate-3-phosphate, while the
sensitivity to inhibition by Pi is decreased (Tiessen et al., 2002). Similar to AGPase,
several starch synthases and starch-branching-enzames have been found to be redox
regulated, such SS1, SS3, and BE2 (Glaring et al., 2012). It has been shown that also
enzymes involved in starch degradation are redox regulated. In particular GW1 and BAM1
are activated by reduction and therefore play a role in the control of starch degradation at
night.

SnRK1 is definitely related to starch metabolism. Overexpression of SnRK1 resulted in an
increased expression of SUS4 (the sucrose synthase expressed in potato tubers) and ADP-
glucose pyrophosphorylase, leading to high starch accumulation and and low free sugars
concentration (Mc Kibbin et al., 2006). Viceversa,the expression of an antisense SnRK1
prevent starch mobilization (Baena-Gonzalez et al., 2007). The [(-subunit of SnRK1
possess a Starch Binding Domain (SBD) similar to that one of AMPK (Avila-Castafieda et
al.,, 2014). Although with debates (Emanuelle et al.,, 2015), it has been recently
demonstrated that SnRK1 localizes in close proximity with chloroplastic starch and it

could actually bind to starch granules. The authors of this work noticed that the activity of
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SnRK1 was inhibitd by the presence of starch, suggesting that the SBD could act as
inhibitory domain, similarly to what observed for AMPK and its Glycogen Binding
Domain. SnRK1 has been suggested to be a starch sensor, activated only when starch
reserves are below a certain threshold.

S1-bZIPs are also involved in the regulation of starch metabolism. In particular, it has been
shown that bZIP53 overexpressor plants accumulates more starch than WT plants. In
bZIP53 o.e. plant, starch is degraded during the night, to sustain plant growth. However, in
the light phase, starch accumulates stronger and faster than in WT plants. It seems that
bZIP53 o.e. channels sugars into starch biosynthesis at the expense of plant growth
(Dietrich K., PhD thesis). Interestingly, in bZIP53 o.e. plants, the expression of b-amilase
5 (BAM5) is strongly reduced than in WT plants (Dietrich K., PhD thesis). Accrodingly
with a defective starch metabolism, bZIP53 o.e. plants show a dwarf phenotype. bzip53
mutant or bzipl/bzip53 double ko mutants do not show any starch related phenotype.
However, in a transcriptome profiling experiment, BAM5 was found to be more expressed
in bzip1/bzip53 double ko mutant and in bZIP1 o.e. plants.

SnRK1 and S1-bZIPs control the expression of several genes involved in the
metabolism of alternative energy sources

Respiration in plants, as in every other organism, is essential to provide metabolic energy
and carbon skeleton for growth and maintenance. The respiratory metabolism includes the
reactions of three pathways: glycolysis, the tricarboxylic acid (TCA) cycle, and the
mitochondrial electron transport chain. During the glycolysis, a molecule of glucose is
broken down into two molecules of pyruvate, which are subsequently interconverted in the
reaction of the TCA-cycle, producing energy (ATP) and reducing power (NAD(P)H). The
reducing equivalents are used by the mitochondrial electron transport chain to power the
synthesis of ATP. Many reaction and enzymes involved in plant respiration present
similarities with the animal and bacteria counterparts. However, plat respiration presents
several features which make it very flexible and unique: substrates for the TCA cycle
reactions or electrons for the mitochondiral electron transport chain can be supplied by
various other substrates, such as starch, sucrose, lipids, and amino acids (Ishizaki et al.,
2005, 2006; Aratjo et al., 2010); the presence of alternative oxidases (Rasmusson et al.,
2009) and external NAD(P)H dehydrogenases (Sweetlove et al., 2006; Rasmusson et al.,

2008); operation of the TCA cycle in a non-cyclic mode under stress conditions, such as
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hypoxia (Rocha et al., 2010a; Sweetlove et al., 2010).

The respiration of substrates other than sugars: proteins, lipids, and chlorophyll
Several stresses could interfere with the light/dark cycle, photosynthesis rate, carbon
availability or energy demand. These could be buffered by accumulation and
remobilization of starch as carbon reserve, integrating changes in the balance between
carbon supply and growth (Gibon et al., 2009; Sulpice et al., 2009; Stitt et al., 2010).
However, could happened that starch is not enough to supply the stress and plant needs to
make use of alternative source of energy. Under these circumstances, the metabolism of
plant cell is modified and different enzymatic pathways are induced to break down
alternative respiratory substrates. Proteins and lipids are used as alternative substrates
under stress situations.

Protein and amino acids catabolism

The first step in protein degradation is their ubiquitination. During the process of
ubiquitination three enzyme complexes, namely E1 (ubiquitin activating enzymes), E2
(ubiquitin conjugating enzymes) and E3 (ubiquitin ligase), flag the target protein with a
polimer of ubiquitin. The flagged proteins are then recognized by the proteasome for
degradation. In this situation, proteolysis and downstream metabolism, leads to the
production of amino acids, which can be recycled for the production of energy and carbon
skeleton.

Amino acids produced by protein degradation can then follow three different fate: (i)
conversion in other amino acids; (ii) degradation into isovaleryl-CoA or hydroxyglutarate;
(iii) processed by the TCA cycle. In the last case, they might enter directly into the TCA
cycle by beeing converted in pyruvate or acetyl-CoA or indirectly, after beeing converted
in 2-oxoglutarate, an intermediate of this pathway. In this case, they can supply electrons
directly to the mitochondrial electron transport chain. Differently, electrons produced by
the degradation of branched chain, aromatic amino acids and lysine are transferred to the
mitochondrial electron transport chain through the ubiquinol pool via the ETF/ETFQO
system. Isovaleryl-CoA dehydrogenase and D-2-hydroxyglutarate dehydrogenase were
identified as the key plant enzymes capable of providing electrons to the ubiquinone pool
via the ETF complex [84]. By the mechanisms described above, the degradation of amino
acid provides a double boost to the mitochondrial electron transport chain. The expression

of IVD, MCCA and MCCB and ETFQO is strongly induced by extended dark or under
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carbohydrate starvation. This observation clearly indicates an important function for the
BCCA catabolism under those conditions. The ivd and etfgo ko mutants show an
accelerated senescence phenotype under extended dark conditions (Araujo et al., 2010;
Ishizaki et al., 2005, 2006).

When activates, SnRK1 strongly reduces protein biosynthesis (Lastdrager, Hanson, &
Smeekens, 2014; Tomé et al., 2014) and at the same time induces amino acids degradation
(Baena-Gonzalez et al., 2007). From the work of Baena-Gonzalez and colleagues, the o.e.
of SnRK1.1 induces the expression of more than 20 genes with a logFC > 2 involved in
amino acids degradation. Several genes encoding for protein involved in the metabolism of
branched chain amino acids are positively regulated by SnRK1. Among the others,
METHYLCROTONYL COA CARBOXYLASE (MCCA and MCCB), BRANCHED CHAIN
TRANSAMINASE?2 (BCAT2), GLUTAMINE DEPENDENT ASPARAGINE SYNTHETASE
(ASN1), PROLINE DEHYDROGENASE (PRODH1) have to be mentioned here because
they are also target genes of S1-bZIPs. In the bzip1/53 double mutant, bzip1/53/9/63 and
bzip1/53/10/25 quadruple mutants, indeed, the expression of PRODH, ASN1, BCAT2,
MCCA, and MCCB is not induced in response to extended dark (Dietrich et al., 2011). Vice
versa, the expression of these genes is strongly upregulated by bZIP1 and bZIP53 o.e. in
transgenic plants or protoplasts (K. Dietrich, PhD thesis). Beside bZIP1 and bZIP53, also
bZIP11 is involved in the control of amino acids metabolism. Hanson and colleagues
demonstrated that bZIP11 exerts a strong control on the expression of PRODH and ASN1
(Hanson et al., 2008). Accordingly to a role of S1-bZIPs in the control of amino acids
metabolism, the different S1-bzips mutant show an altered amino acids profile. For
example, the bZIP1 o.e. mutant used by Dietrich and colleagues showed a reduce content
of Leucine, Isoleucine, Valine, and Asparagine when exposed to extended dark for 6 days.
The o.e. of bZIP53 had similar effects on Leucine, Isoleucine, and Valine but not on
Asparagine, which was higher than in WT plants (Dietrich et al., 2011).

Lipids metabolism

Carbon storage in the form of triacylglycerol (TAG) is a ubiquitous feature of seed plants.
TAGs stored within lipid droplets serve as an essential physiological energy and carbon
reserve during postgerminative growth. TAG is an extremely compact energy store, since
complete oxidation yields more than twice the energy of protein or carbohydrate. TAG can

account for up to 60% of a seed's weight. TAGs are not important only during seed
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germination but throughout the complete plant life. Leaves, flower and fruits, indeed,
synthesize and store TAGs.

TAGs degradation begins with their remobilization from oil bodies. Oil bodies are
relatively simple organelles where TAGs are packed and enveloped by a monolayer of
phosholipids embedding several proteins. Proteins have the function to prevent
coalescence of oil droplets, in many cases the size of oil bodies is correlated with oleosin
protein level and Arabidopsis mutant with altered olesoins level show a delayed
germination or an abnormal TAGs storage. It still have to be elucidated whether caleosin
and oleosin actively participate in the removal of TAGs from oil bodies or whether they
facilitate the activity of lipases by keeping a high surface-to-volume ratio. Lipases are
interfacial enzymes that cleave mono-, di-, and triacylglycerol into free FAs and glycerol at
the oil/water interface. The glycerol produced is then predominantly converted in glycerol-
3-phosphate by glicerol kinase (GLI1). although relatively small, the contribution of
carbon skeletons from the glycerol kinase pathway is essential in the absence of a
functional glyoxylate cycle. Fatty acids released by lipolysis are subsequently transported
into the peroxisomes, where they are activated by acyl-CoA synhtase and further degraded
by b-oxidation.

Not so much is know about the regulation by SnRK1 and S1-bZIPs on the lipid
metabolism. In the work of Baena-Gonzalez and colleagues it is clearly shown that lipid
catabolism is activated by the o.e. of SnRK1 (Baena-Gonzalez et al., 2007). Preliminary
data suggest that S1-bZIPs control the expression of some oleosin and caleosin related
genes, as well as those of some lipases (K. Dietrich, PhD thesis).

Outline and objectives of the thesis

It is now clear that SnRK1 and S1-bZIPs are involved in the regulation of the plant energy
homeostasis, in particular under situations when a metabolic re-adaptation is needed for
survival. This could be the case of a stress, both of biotic or abiotic nature, or during a
developmental stage transition. SnRK1 and S1-bZIPs are involved in the regulation of the
expression of key enzymes of the primary metabolism, such those of carbohydrates, amino
acids and lipids. From the data present in the literature, we could deduce that there is a
substantial overlap between genes regulated by SnRK1 and those regulated by S1-bZIPs. It
was within the aim of this thesis to demonstrate the functional relation between SnRK1 and

S1-bZIPs.
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ABSTRACT

Metabolic adjustment to changing growth conditions, particularly balancing of growth and
defense responses, is crucial for all organisms to survive. The evolutionary conserved
AMPK/Snf1/SnRK1 kinases are well-known metabolic master regulators in the low-energy
response in animals, yeast and plants. They act at two different levels: by modulating the
activity of key metabolic enzymes, and by massive transcriptional reprogramming. While
the first part is well established, the latter function is only partially understood in animals
and not at all in plants. Here we identified the Arabidopsis transcription factor bZIP63 as
key regulator of the starvation response and direct target of the SnRK1 kinase.
Phosphorylation of bZIP63 by SnRK1 changed its dimerization preference, thereby
affecting target gene expression and ultimately primary metabolism. A bzip63 knock-out
mutant exhibited starvation-related phenotypes, which could be functionally
complemented by wild type bZIP63, but not by a version harboring point mutations in the

identified SnRK1 target sites.
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INTRODUCTION

Flexibility in the regulation of gene expression is crucial for all organisms to adjust their
metabolism to changing growth conditions. Particularly under stress, available energy
resources need to be balanced between defense and growth. The SUCROSE NON-
FERMENTING RELATED KINASE 1 (SnRK1) in plants and its orthologs, the sucrose-
non-fermenting 1 (Snf1) kinase in yeast and the AMP-dependent protein kinase (AMPK) in
mammals, are well-known and crucial master regulators of energy homeostasis. SnRK1 is
involved in the regulation of plant metabolism, development, and stress response (Baena-
Gonzalez and Sheen, 2008; Polge and Thomas, 2007), Snf1 is required for the switch from
fermentative to oxidative metabolism in the absence of glucose (Hedbacker and Carlson,
2009), and AMPK regulates glucose, lipid, and protein metabolism, mitochondrial
biogenesis, and feeding behavior in animals (Hardie et al., 2012). They are generally
activated under energy starvation conditions and trigger metabolic reprograming to slow
down energy-consuming processes and turn on pathways for alternative energy production
in order to survive the stress conditions (Hardie 2007, Tome et al., 2014). This happens, in
two ways: by direct phosphorylation and modulation of the activity of key enzymes in
nitrogen, carbon, or fatty acid metabolism, and by massive transcriptional reprogramming
(Baena-Gonzalez and Sheen, 2008; McGee and Hargreaves, 2008; Polge and Thomas,
2007). Especially in plants, the latter aspect, the regulation of transcription, is still poorly
understood. In Arabidopsis protoplasts, transient overexpression of AKIN10, a catalytic
subunit of the SnRK1 complex, resulted in a transcriptional profile reminiscent of various
starvation conditions and led to the identification of 1021 putative SnRK1 target genes
(Baena-Gonzalez et al., 2007). However, the transcription factors mediating the
transcriptional response of SnRK1 to energy starvation are still unknown. Based on
reporter gene activation assays in protoplasts (Baena-Gonzalez et al., 2007) and modelling
of microarray data (Usadel et al., 2008), some members of the C/S1 group of basic leucine
zipper (bZIP) transcription factors (TFs) — foremost bZIP11 and bZIP1 from the S1 group -
were speculated to be involved in this process. Yet, a direct regulation of these bZIPs by
SnRK1 has never been shown.

bZIP proteins form a large and highly conserved group of eukaryotic TFs, which are
characterized by a basic region for specific DNA binding and a leucine zipper for bZIP

dimerization (Deppmann et al., 2006; Reinke et al., 2013). They are involved in a
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multitude of cellular processes, including cell proliferation and differentiation, metabolism,
stress response, and apoptosis (Jakoby et al., 2002; Mayr and Montminy, 2001; Motohashi
et al., 2002; Rodrigues-Pousada et al., 2010; Tsukada et al., 2011). The diversity and
flexibility of transcriptional regulation by bZIP TFs can at least partially be attributed to
their potential to form variable dimer combinations, which bind to different consensus
target sites (Deppmann et al., 2006; Tsukada et al., 2011). While the leucine zipper
determines the possible dimer combinations (Deppmann et al., 2006; Reinke et al., 2013),
the actual in vivo dimer composition is further influenced by factors such as protein
availability, binding of regulatory proteins, or post-translational modifications (Kim et al.,
2007; Lee et al.,, 2010; Schuetze et al., 2008). Since the initial discovery that the
mammalian bZIP cAMP response element binding protein (CREB) is regulated by
reversible phosphorylation, many bZIP TFs were reported to be phosphorylated (Holmberg
et al., 2002; Schuetze et al., 2008; Tsukada et al., 2011). However, particularly in plants,
the functional consequences of these phosphorylation events often remained unclear. For
example, it has been known for several years that abscisic acid (ABA)-dependent
phosphorylation of some ABA-responsive element binding proteins (AREBs) by SnRK2
kinases increases their transcriptional activity (Furihata et al., 2006), yet the underlying
mechanism of this activation is still unknown. It is also surprising that, while many
examples for phosphorylation-dependent regulation of bZIP activity, DNA-binding,
subcellular localization, stability, and interaction with regulatory proteins are known
(Schuetze et al., 2008; Tsukada et al., 2011), reports on the regulation of dimerization are
scarce. So far, only three publications (Guo et al., 2010; Kim et al., 2007; Lee et al., 2010)
showed compelling evidence for phosphorylation-dependent changes in bZIP dimerization
in animals. Still, even in these cases it is often not entirely clear whether bZIP
phosphorylation affects dimerization directly or indirectly by enhancing DNA binding.

bZIP63 is a member of the C-group of Arabidopsis bZIPs, which was proposed to play a
role in energy metabolism, seed maturation, and germination under osmotic stress (Correa
et al., 2008; Jakoby et al., 2002; Veerabagu et al., 2014). Its transcriptional profile indicates
that bZIP63 could be involved in the (energy) starvation response, as transcription and
mRNA stability are repressed by sugars and ABA and mRNA levels increase in the night
and even more during extended night treatments (Kunz et al., 2014; Matiolli et al., 2011).
A small set of potential target genes for bZIP63 has been identified, including genes
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involved in in amino acid metabolism (ASN1/DIN6 = ASPARAGINE SYNTHETASE 1,
ProDH = PROLINE DEHYDROGENASE), energy starvation response (DIN10 =
RAFFINOSE SYNTHASE 6), and senescence (SEN1 = SENESCENCE 1) (Baena-
Gonzalez et al., 2007; Dietrich et al., 2011; Matiolli et al., 2011; Veerabagu et al., 2014).
The C-group bZIPs form a dimerization network with the S1-group in plants, in which
bZIP63 can interact with all members (Ehlert et al., 2006; Kang et al., 2010). Three of its
dimerization partners from the S1-group — bZIP1, bZIP11, and bZIP53 — were shown to be
important metabolic regulators, especially under energy starvation conditions, and to
regulate the expression of ASN1 and ProDH as well (Dietrich et al., 2011; Hanson et al.,
2008; Ma et al., 2011).

Here we show that bZIP63 is an important metabolic regulator, especially under
stress/starvation conditions, and that bZIP63 is phosphorylated at multiple sites in vivo in a
sugar and energy-dependent manner. In an unbiased approach, we identified SnRK1 as one
of the kinases responsible for bZIP63 phosphorylation and found that it targets three highly
conserved serine residues in the N- and C-terminus of bZIP63. Moreover, we demonstrate
that the phosphorylation of these sites is crucial for bZIP63’s dimerization and activity in
planta and propose a molecular model for a phosphorylation-triggered switch of bZIP63
dimerization partners, which ultimately regulates metabolic reprogramming.

RESULTS

bZIP63 controls dark-induced senescence and primary metabolism

To better understand the role of bZIP63 in the plant we first tested whether bZIP63 has a
similar phenotype as its dimerization partners. Prolonged darkness was shown to induce
increased chlorophyll loss in plants overexpressing bZIP1 (Dietrich et al., 2011).
Therefore, we incubated a bZIP63 knock-out (ko), two independent overexpressor (0x)
lines, and their respective wild types (wt) in the dark and determined the percentage of the
green leaf area as a measure for chlorophyll content. While no differences were observed
before dark treatment (Figure 1 — figure supplement 1 A-C), significant differences were
visible after 9 days in darkness. Similar to the bZIP1 ox, the bZIP63 ox lines (ox#2 and
ox#3) had a significantly higher percentage of yellow leaf area than the wt. In contrast,
bzip63 plants displayed a stay-green phenotype (Figure 1A and 1B; Figurel - figure
supplement 1D).
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The notion that several heterodimerization partners of bZIP63, including bZIP1 and
bZIP11, are important metabolic regulators under starvation conditions (Dietrich et al.,
2011; Ma et al., 2011) prompted us to do an unbiased metabolomics analysis of bzip63 and
ox#3 plants and their respective wt lines. Leaves of five week-old plants were harvested
after 6h of light and extended night and analyzed for changes in the primary carbon and
nitrogen metabolism using gas chromatography coupled to mass spectrometry (Figure 1C;
Figure 1 — figure supplement 2; Figure 1 - source data 1). Intriguingly, almost all amino
acid levels were increased in the ko and decreased in the ox plants. This effect was even
more pronounced after the extended night treatment. The biggest differences were
observed for proline, glutamate, glutamine and asparagine. Most analyzed sugars were
slightly increased in the ko in the light, but decreased in the extended night, while the ox
showed a decrease in glucose, fructose, and raffinose and an increase in sucrose content
under both conditions. TCA cycle intermediates were in general slightly increased in the
ko. Taken together, these data show that misregulation of bZIP63 expression results in
altered regulation of starvation-induced senescence and has a strong effect on primary
metabolism.

bZIP63 is phosphorylated at multiple sites in an energy-dependent manner

Kirchler et al. (2010) showed that bZIP63 can be phosphorylated in vitro by crude
Arabidopsis extracts. To test whether bZIP63 is also phosphorylated in vivo, we treated
total leaf protein extracts of ox#3 plants, expressing GFP-tagged bZIP63, with lambda
protein phosphatase (APP) and separated treated and untreated extracts on 2D gels by
isoelectric focusing (IEF) in the first, and SDS-PAGE in the second dimension (Figure
2A). APP treatment induced a clear shift of bZIP63 towards the basic region of the IEF
strip, thus indicating dephosphorylation of the protein.

As bZIP63 expression is strongly regulated by the day/night cycle and by sugars (Kunz et
al., 2014; Matiolli et al., 2011), we investigated its phosphorylation status under these
conditions, applying the Phos-tag technique to enhance phosphorylation-induced mobility
shifts in 1D SDS-PAGE (Kinoshita et al., 2006). Comparison of leaf protein extracts
harvested after 6h of light or extended night revealed a strongly reduced electrophoretic
mobility of the majority of plant-expressed bZIP63-GFP as compared to the recombinantly
expressed bZIP63-YFP (Figure 2B). In the light, two strong bands were visible, possibly

reflecting the two spots on the 2D gel (Figure 2A). Under extended night conditions, an
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additional band appeared, indicating increased phosphorylation of bZIP63. Moreover, in
seedlings, which were grown in liquid culture, the extended night-triggered
phosphorylation of bZIP63 could be abolished by the addition of 1% of sucrose (Figure
2B). In fact, phosphorylation was even lower than in the light. These data indicate that
bZIP63 has a basal level of phosphorylation in the plant and gets hyper-phosphorylated
under starvation conditions. In contrast, addition of external sugars leads to a reduced
phosphorylation status of bZIP63.

In order to identify the in vivo phosphorylated residues, bZIP63-GFP was immune
precipitated from total leaf extracts using bead-coupled anti-GFP antibodies, subjected to
proteolytic digest and analyzed by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) (Figure 2 — figure supplement 1A). To achieve maximum
sequence coverage of the protein we combined proteolytic digests from four proteolytic
enzymes (trypsin, chymotrypsin, LysC, and subtilisin). This approach resulted in a total
sequence coverage of 93.6% and the identification of several phospho-peptides, indicating
that bZIP63 is phosphorylated at up to seven serines (S29, S59, S102, S160, S261, S294,
and S300) in vivo (Figure 2C; Figure 2 — figure supplement 1 B-C). Two of these sites —
S29 and S300 — were also found in a recent phospho-proteomics study (Umezawa et al.,
2013). Notably, only three of the seven sites — S29, S294, and S300 — were found by
tryptic protein digest, underpinning the advantage of alternative proteolytic digests for
phospho-peptide identification in targeted proteomics.

SnRK1, CDPKs and CKII are potential upstream kinases of bZIP63

To identify potential upstream kinases of bZIP63, we performed in-gel kinase assays with
total plant protein extracts using recombinantly expressed bZIP63 as substrate. Three
strong bands of about 40, 50, and 55kDa, respectively, were visible on the autoradiogram
(Figure 3A), indicating that at least three kinases can phosphorylate bZIP63 in vitro. These
bands were not visible on a gel without substrate, excluding the possibility that they
originate from kinase auto-phosphorylation (Figure 3 — figure supplement 1). To reduce the
sample complexity and to enrich low abundant bZIP63-binding proteins before kinase
identification, we affinity purified plant protein extracts on immobilized bZIP63. The
eluted fractions were tested in an in-gel kinase assay for kinase activity towards bZIP63
and loaded on an SDS-PAGE gel for kinase identification. Bands corresponding in

molecular weight (MW) to the signal from the kinase assay were excised from the gel,
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digested with trypsin and analyzed by LC-MS/MS (Figure 3B and C). In total, 27 protein
kinases and kinase complex subunits were identified in three independent experiments
(Figure 3 — figure supplement 2; Figure 3 — source data 1). From those, proteins which did
not match the expected MW or for which it had been shown experimentally that they are
not localized in the nucleus were excluded. Only proteins which were identified in more
than one sample with at least one proteotypic peptide were considered to be high
confidence candidates, resulting in six protein kinases and two regulatory subunits (Figure
3C; Figure 3 — figure supplement 2; Figure 3 — source data 1). We identified the two main
catalytic subunits of SnRK1, AKIN10 and AKIN11, as well as the regulatory subunit
SNF4. Several members of the calcium dependent protein kinase (CDPK) family were
found, but only CPK3 was identified with high confidence. In addition, two catalytic
(CKA1 and CKA?2) and one regulatory subunit (CKB1) of casein kinase II (CKII) were
found, as well as Casein kinase like 2 (CKL2). The SnRK1 kinases, CDPKs, and CKL2,
correspond in MW to the two upper bands, while the lower band corresponds to the CKII
kinase subunits. As SnRK1 was previously reported to enhance the activity of several C/S1
group bZIPs (Baena-Gonzalez et al., 2007) and was suggested to be activated under energy
starvation conditions (Baena-Gonzalez and Sheen, 2008) — which could explain the
observed hyper-phosphorylation of bZIP63 in extended night — we focused our further
analysis on AKIN10 and AKIN11.

The SnRK1 kinase AKIN10 interacts with and phosphorylates bZIP63 in vivo

To confirm that AKIN10 and AKIN11 phosphorylate bZIP63, we first performed an in-gel
kinase assay with protein extracts of wt and akin10 seedlings in the presence of EGTA, to
reduce the signal from CDPKs of the same MW (Figure 4A). In both root and leaf extracts
of akin10 one band at the expected MW of AKIN10 nearly disappeared. As AKIN11 has
approximately the same MW as AKIN10, the remaining signal likely originates from
AKINT11. In vitro kinase assays, with equal amounts of both kinases, showed that AKIN10
phosphorylates bZIP63 much stronger than AKIN11 (Figure 4B). Addition of the SnRK1
upstream kinase SnAK?2 increased the activity of AKIN10 and AKIN11 about seven-fold,
but had no effect on the ratio between the signal intensities (Figure 4 — figure supplement
1). In vivo interaction assays with the identified SnRK1 complex subunits supported the
findings of the kinase assays. In both yeast 2-hybrid (Y2H) and bimolecular fluorescence
complementation (BiFC) assays AKIN10 and the regulatory subunit SNF4 interacted
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strongly with bZIP63, almost comparable to the signal from the bZIP63 homodimer, which
was used as positive control (Walter et al., 2004). In contrast, AKIN11 and the two
regulatory subunits AKIN © 1 and AKIN © 2 showed almost no interaction with bZIP63
(Figure 4C and D; Figure 4 — figure supplement 2). It appears therefore, that AKIN10 plays
the major role in bZIP63 phosphorylation.

To verify that AKIN10 plays a role in the in vivo phosphorylation of bZIP63 we compared
the phosphorylation state of bZIP63 in plants overexpressing bZIP63-GFP or -YFP in the
wt and akinl0 background, respectively. As SnRK1 has been suggested to act as a major
regulator in the energy deprivation response, we again compared leaf protein extracts after
6h light and extended night and found that the hyper-phosphorylated form of bZIP63,
observed in the wt in extended night, was almost gone in the akin10 background (Figure
4E). The same effect was observed in seedling cultures after 6h of extended night (Figure 4
— figure supplement 3), thus confirming that AKIN10 is the major kinase responsible for
bZIP63 hyper-phosphorylation under starvation conditions.

AKIN10 phosphorylates three conserved and functionally important serine residues
in bZIP63

Next, to elucidate which of the seven in vivo phosphorylation sites can be phosphorylated
by AKIN10, we performed in vitro kinase assays using the wt version of bZIP63 and
different serine to alanine (S/A) mutants as substrates (Figure 5A; Figure 5 — figure
supplement 1 and 2). Differences in phosphorylation could be observed for proteins with
mutations in S29, S294, and S300. In detail, the signal from S29A was strongly decreased
in full length bZIP63 and completely gone in the N-terminal peptides that appeared as
lower MW degradation products in these assays. The S300A mutation led to an even
stronger decrease of the signal, comparable to the S294/300A double mutant. Even though
the S294A single mutant showed a similar signal as the wt, all three serines had to be
mutated to completely abolish phosphorylation, suggesting that all of them are in vitro
targets for AKIN10, with S294 being the weakest. Interestingly, the S300D mutant
displayed a stronger signal than the S300A mutant, implying that S300 needs to be
phosphorylated first for S294 to become a target for AKIN10. Importantly, all three sites
match the SnRK1 consensus sequence (Figure 5B).

A comparison of Arabidopsis bZIP63 with orthologs from eight other plant species,
ranging from mosses to higher plants, showed that the three putative AKIN10 target sites
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are highly conserved throughout evolution (Figure 5B; Figure 5 — figure supplement 3). As
the origin of SnRK1 dates back even further, to the common ancestor of plants and animals
(Bayer et al., 2014), it is likely that phosphorylation of bZIP63 by AKIN10 poses an
ancient and important regulatory mechanism. We therefore set out to test the functional
relevance of AKIN10-mediated phosphorylation of bZIP63. To this end, we tested the
transcriptional activity of bZIP63 in protoplast-based promoter activation assays using the
ASN1 or ProDH promoter fused to the beta galactosidase (GUS) reporter (Figures 5C;
Figure 5 — figure supplement 4). In both cases, co-transformation of wt bZIP63 and
AKIN10 strongly induced reporter gene expression, while transformation of bZIP63 alone
was not sufficient for significant induction. Transformation of AKIN10 alone also led to a
weak induction of the reporters, which could be explained by the action of endogenous
bZIPs. Mutation of S29 or all three AKIN10 target sites on bZIP63 to alanine reduced the
reporter activation almost to background level. In contrast, mutation of the two C-terminal
serines, S294 and S300, had only a weak negative effect on ASN1 and no effect on ProDH
activation. Taken together, our data suggest that that AKIN10 phosphorylates bZIP63 at up
to three conserved sites, namely S29, S294, and S300 and phosphorylation by AKIN10,
especially at S29, is crucial for bZIP63 TF activity.

The AKIN10 target sites play an important role for bZIP63 function in planta

To determine the impact of bZIP63 phosphorylation in planta, we transformed the bzip63
mutant with genomic constructs of bZIP63 containing either the wt sequence (GY lines) or
S/A mutation of S29, S294, and S300, respectively (GAY lines) with a C-terminal YFP tag
(Figure 6A; Figure 6 — figure supplement 1 A-D). The phosphorylation status of the wt
construct after 6h of light and extended night and in the presence or absence of sugar was
similar to the one observed in ox#3 plants (Figure 6B; Figure 6 — figure supplement 1E).
Notably, hyper-phosphorylation of bZIP63 in the extended night was even stronger in the
GY lines than in ox#3, probably due to lower bZIP63 expression. In contrast, the S/A
construct showed only weak phosphorylation and no difference between all tested
conditions. This indicates that S29, S294 and S300 are the major in vivo phosphorylation
sites on bZIP63, which are also responsible for the observed condition-dependent shift in
bZIP63 phosphorylation.

Next, we tested whether complementation of the observed bzip63 phenotypes depends on

the bZIP63 phosphorylation status, using two independent GY and GAY lines. The dark-
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induced senescence phenotype of bzip63 was complemented in the GY lines, but not in the
GAY lines (Figure 6C and D; Figure 6 — figure supplement 2). After 9 days in darkness, the
ko and GAY lines showed visibly less chlorosis and had a higher percentage of green leaf
area as compared to the wt and GY lines. Metabolite profiling of leaves harvested after 6h
of light also revealed marked differences between the GY and GAY lines (Figures 6E and
F; Figure 6 — source data 1). The metabolite profile of the GAY lines was similar to that of
bzip63 plants. In contrast, in the GY lines the metabolic changes between mutant and wt
were mostly weaker than in bzip63 or even resembled those observed for ox#3 (Figure 6E).
In a principal component analysis the GAY lines grouped together with bzip63, while the
GY lines were closer to the two wt lines and the ox (Figure 6F).

To test the effect of the S/A mutation on the expression of bZIP63 target genes, we
performed RT-qPCR of ASN1, DIN10, and ProDH (Figure 6G) - three suggested AKIN10
target genes (Baena-Gonzalez et al., 2007). The expression of all three genes increased
steadily during a 4h extended night treatment, but the increase was delayed in the bzip63
mutant as compared to the wt. At the 4h time point we could observe a clear difference
between wt and ko. We therefore chose this time point to quantify ASN1, DIN10, and
ProDH transcripts in one GY and GAY line. As expected, the GY line had the same or even
more transcript than the wt for all three genes, while the GAY line had significantly lower
expression levels, similar to bzip63.

In summary, expression of wt bZIP63 but not of the S/A mutant - which cannot be
phosphorylated by AKIN10 - in the bzip63 background led to complementation of the
bzip63 phenotypes. Together, these experiments demonstrate that phosphorylation of
bZIP63 at the AKIN10 target sites is essential for the function of bZIP63 in the plant.
AKIN10-mediated phosphorylation affects bZIP63 dimerization

Our findings show that bZIP63 phosphorylation, at residues distant from the central bZIP
domain, strongly regulates its activity. As we suspected that this could be due to changes in
dimerization preferences, we tested the effect of AKIN10-mediated phosphorylation on
bZIP63 homo- and heterodimerization with bZIP1 and bZIP11. Both bZIP1 and bZIP11 are
metabolic regulators and mediate transcription of ASN1 and ProDH (Dietrich et al., 2011;
Hanson et al.,, 2008). In protoplast two-hybrid (P2H) assays, without the addition of
exogenous AKIN10, only bZIP1 showed a strong interaction with bZIP63 (Figure 7A;
Figure 7 — figure supplement 1A). When AKIN10 was co-transformed with the bZIPs, the
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dimerization potential increased for all three dimers, but to a strikingly different extent.
The increase was strongest for the bZIP63-11 heterodimer, which showed a 62.7-fold
induction, followed by a 5.2-fold induction for the bZIP63 homodimer, and a 1.9-fold
induction for the bZIP63-1 heterodimer (Figure 7A). From that we concluded that AKIN10
is required for bZIP63-11 and bZIP63-63, but not bZIP63-1 dimer formation. We therefore
tested the effect of S/A mutation of the AKIN10 target sites on bZIP63 homo- and
heterodimerization with bZIP11 (Figure 7B; Figure 7 — figure supplement 1B). In both
cases, the signal was reduced to about 30-40% of the signal obtained from dimerization
with wt bZIP63 when S29 or all three serines were mutated to alanine. Mutation of one or
two of the C-terminal sites decreased bZIP63 homodimerization weakly but had no visible
effect on bZIP63-11 dimerization, indicating that these sites play, at most, a minor role in
regulation of dimer formation.

To exclude the possibility that the observed effects on dimerization are due to
phosphorylation of the heterodimerization partner rather than bZIP63 itself, we tested
whether AKIN10 is able to phosphorylate any of the S1 group bZIPs. To increase the
phosphorylation efficiency of AKIN10 we included SnAK2 in the reactions. In contrast to
bZIP63, none of the S1 group bZIPs were phosphorylated by AKIN10 (Figure 7C; Figure 7
— figure supplement 2). Together, these data indicate that AKIN10-mediated
phosphorylation of bZIP63 — especially at S29 — strongly enhances its ability to dimerize
with bZIP11, and to a weaker extent with bZIP63.

DISCUSSION

bZIP63 is an important metabolic regulator in the starvation response

Here we show that bZIP63 plays an important role in the energy starvation response and
metabolic regulation. This is in accordance with the sugar/energy-dependent expression of
bZIP63 (Kunz et al., 2014; Matiolli et al., 2011), as well as with the fact that several of its
proposed target genes are involved in starvation response and metabolism (Matiolli et al.,
2011; Veerabagu et al., 2014). Furthermore, three members of the S1-group of plant bZIPs
— heterodimerization partners of bZIP63 (Ehlert et al., 2006; Kang et al., 2010) — have also
been linked to energy starvation response and metabolism. Inducible bZIP11 ox lines
exhibit a severe dwarf phenotype (Hanson et al., 2008) and a metabolic profile resembling

that of carbon starved plants (Ma et al., 2011), while overexpression of bZIP1 and bZIP53
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results in enhanced dark-induced senescence and reduced levels of proline and branched-
chain amino acids (Dietrich et al., 2011).

Similar to the bZIP1 ox, bZIP63 ox plants showed increased chlorosis after 9 days of
darkness, while the bZIP63 ko displayed a clear stay-green phenotype under these
conditions. In contrast, neither the single, nor the double ko of bZIP1 and 53 showed
reduced dark-induced senescence (Dietrich et al., 2011). This suggests that other bZIPs can
take over the function of bZIP1 - in starvation-induced leaf yellowing, while bZIP63 plays
a more unique role. In line with this observation, the expression of the senescence marker
gene SENI1, which is up-regulated in natural senescence as well as in dark-induced
senescence (Chung et al., 1997), was found to be lower in a bZIP63 ko after 24h in
darkness (Matiolli et al., 2011).

Looking at primary metabolism, we found that misregulation of bZIP63 expression has a
strong effect, especially on amino acids and sugars, which was further enhanced under
starvation conditions. In line with the finding that bZIP63 is a positive regulator of ProDH
and ASN1 (Matiolli et al., 2011; Veerabagu et al.,, 2014, Figures 5C and 6G) and the
changes in proline levels in bZIP63 mutants reported by Veerabagu et al. (2014), we
measured strong differences in proline and asparagine levels in the bZIP63 ko and ox.
Curiously, there was a general increase of all amino acids in the ko and a decrease in the
ox. This cannot be explained by misregulation of individual amino acid metabolism genes
alone, but rather points to the involvement of a more general regulatory mechanism, like
altered carbon- or nitrogen assimilation or protein turnover.

bZ1P63 function is regulated by SnRK1-dependent phosphorylation

We showed that bZIP63 is highly phosphorylated in Arabidopsis. By applying different
proteolytic digests we were able to identify seven in vivo phosphorylated serine residues,
distributed all over the protein. While exogenous sucrose decreased the global
phosphorylation level of bZIP63, extended night treatment further increased its
phosphorylation, supporting the idea that bZIP63 plays a role in energy signaling.
Moreover, we found that the SnRK1 kinase AKIN10, which was proposed to be a central
regulator of transcription in starvation response (Baena-Gonzalez and Sheen, 2008), is the
major kinase responsible for the starvation-induced hyper-phosphorylation of bZIP63.
Therefore, bZIP63 presents the first TF acting as direct target of SnRK1 in the

transcriptional energy deprivation response. AKIN10 targets three highly conserved and
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functionally important residues in the N- and C-terminus of bZIP63 - S29, S294, and S300,
respectively. Reporter activation assays in protoplasts revealed that these sites are essential
for AKIN10-dependent induction of ASN1 and ProDH by bZIP63. Moreover,
complementation of the metabolic and senescence phenotypes of the bzip63 mutant with
genomic bZIP63 constructs confirmed that the function of bZIP63 in planta depends on the
SnRK1 target sites. Also the delay in extended night-triggered induction of ASN1, DIN10,
and ProDH in bzip63 plants was complemented with wt bZIP63, but not the S/A mutant.
The relatively small difference in ProDH expression in plants, as compared to the
protoplast assay, is probably due to redundancy within the C/S1 group bZIPs, as it was
shown by Dietrich et al. (2011), that only ko of multiple members of the C/S1 group leads
to a strong reduction in ProDH and ASN1 expression.

Since the discovery that AKIN10 can activate several members of the C/S1 network
(Baena-Gonzalez et al., 2007), it has been speculated (Baena-Gonzalez and Sheen, 2008;
Usadel et al., 2008), but never shown experimentally, that they are downstream targets of
SnRK1. Our data provide compelling evidence that bZIP63, but none of the S1 group
bZIPs, is a bona fide in vivo target of SnRK1 in low-energy signaling.

Phosphorylation of bZIP63 alters its dimerization preferences

Differential dimerization is a well-known mechanism for changing the target recognition
site, and thereby the target genes of bZIP TFs (Tsukada et al., 2011). For the S1-group
bZIP1 is has been shown that dimerization with C-group bZIP10 or bZIP63 affects its in
vitro binding to ACGT-based motifs differently (Kang et al., 2010). The notion that
different C/S1 dimers have different target genes is further supported by a recent
transcriptomics study in protoplasts. Overexpression of four C/S1 group bZIPs (bZIP1,
bZIP10, bZIP11, and bZIP63), individually or in combination of two, revealed overlapping
but distinct gene expression patterns (Ma, 2012). This means, that although they regulate a
core set of common genes, such as ASNI1 and ProDH (Baena-Gonzalez et al., 2007;
Dietrich et al., 2011; Ma et al., 2011), different dimers also have distinct functions, and
switching of dimerization partners can have a considerable impact on gene expression.

Our data indicate that dimerization and activity of bZIP63 strongly depend on its
phosphorylation status. Interaction of bZIP63 with bZIP11, and to a lesser extent with
bZIP63, was boosted by AKIN10-mediated phosphorylation. In contrast, interaction with
bZIP1 was largely independent of bZIP63 phosphorylation. Based on the data presented in
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this study, we propose a simplified model for the regulation of bZIP63 dimerization by
AKIN10 (Figure 7D). When bZIP63 is not phosphorylated, its capacity to bind bZIP11 or
bZIP63 is low, favoring the formation of bZIP63-1 dimers. Activated AKIN10 - for
example due to energy starvation - phosphorylates bZIP63, thereby promoting the
formation of bZIP63-11 heterodimers and the induction of a different set of target genes,
involved in the transcriptional reprogramming of metabolism. This is supported by
transcriptomics experiments, which showed a large overlap between bZIP11 and AKIN10
target genes (Delatte et al., 2011). Moreover, enhanced dimerization with bZIP63 would
explain why AKIN10 was found to activate bZIP11 in protoplast assays (Baena-Gonzalez
et al., 2007), although it is not a direct target of AKIN10. However, it is clear that in the
plant additional factors like bZIP expression, stability and interaction with other
components add more complexity to the situation.

Surprisingly, to date only a small number of papers have reported an influence of
phosphorylation on bZIP dimerization (Guo et al., 2010; Kim et al., 2007; Lee et al., 2010).
Moreover, to our knowledge this is the first time that phosphorylation outside the bZIP
domain was shown to affect dimerization with different partners in a distinct way. While
there are numerous reports on phosphorylation-mediated changes in bZIP activity in
animals, plants, and yeast, in many cases the underlying mechanism is still unknown. We
therefore believe that this novel mechanism of phosphorylation-triggered switch of bZIP
dimerization partners could play a substantial role in the regulation of bZIP TF activity in
all higher organisms, and should be further addressed in future studies.

EXPERIMENTAL PROCEDURES

Plant lines

the akin10 line are in the Col-0 background and express bZIP63.2-GFP or YFP under
control of the 35S or UBI10 promoter, respectively. GY9, GY11, GAY4 and GAY14
express a genomic construct (wt or S29/294/300A) of bZIP63 under its endogenous
promoter in the bzip63 background in Ws-2.

The lines ox#2 and ox#3 are bZIP63 overexpressor lines in the Col-0 background,
expressing bZIP63.2 with a C-terminal GFP tag under the control of the 35S promoter.
Generation of these plant lines was previously described in Veerabgu et al.,, 2014.
Overexpression was confirmed by qPCR of bZIP63 mRNA and western blots with an
antibody against GFP (Figure 6 — figure supplement 1 B-C).
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The bZIP63 knock-out line (bzip63) in the Ws-2 ecotype is a T-DNA insertion line. Pool
number CSJ1 (NASC ID: N700001) from the Arabidopsis Knockout Facility (AKF)
(Sussman et al., 2000) was screened for a T-DNA insertion in bZIP63 and homozygous
plants were selected using Kanamycin. Sequencing of the flanking regions revealed that
the T-DNA is inserted in the first exon at position 76 (Figure 6 — figure supplement 1A).
The knock-out was confirmed by qPCR of bZIP63 mRNA (Figure 6 — figure supplement
1B). The same line was used by Veerabgu et al., 2014.

For the complementation lines (GY = wt, GAY = S29/294/300A), a genomic fragment
containing bZIP63 and 2kb of upstream sequence was obtained by PCR on Col-0 genomic
DNA and ligated into pCRBIlunt (Invitrogen, Austria). For the S/A construct, S29, S294,
and S300 were mutated to alanine by mutagenesis PCR. The genomic fragments were then
ligated into modified pBIN19, containing a BASTA resistance for plant selection and a C-
terminal YFP tag, before transformation into Agrobacterium tumefaciens (GV3101).
Homozygous bzip63 plants were transformed with the floral dip method and selected for
positive transformation events by spraying seedlings with 200mg/l BASTA solution
(Bayer, Germany). Transgene expression was tested using qPCR, western blots with an
antibody against GFP, and epifluorescence microscopy (Figure 6 — figure supplement 1 B-
D).

For the line expressing bZIP63-GFP in akinl0 in the Col-0 background, bZIP63.2 was
amplified from Col-0 cDNA and ligated into modified pBIN19 containing the UBI10
promoter, a BASTA resistance for plant selection, and a C-terminal YFP tag. Homozygous
akinl0 (GabiKat: GK 579E09) plants were transformed and selected like the GY and GAY
lines.

Plant growth

Arabidopsis seeds were surface sterilized with chlorine gas before sowing on soil or
growth medium and then vernalized at 4°C for two days. Plants were grown in a growth
chamber in a 12h light/12h dark regime with day temperatures between 20 and 22°C and
night temperatures between 18 and 20°C and a light intensity of 60 — 150 pmol/m?s unless
specified otherwise. Plants grown under short or long day conditions were cultivated with
8h or 16h of light per day, respectively. The soil mixture consisted of 4 parts
Huminsubstrat N3 (Neuhaus, Germany), 1 part perlite (Gramoflor, Germany), and the

fertilizer Osmocote (Substral/Scotts, Germany) according to manufacturer’s instructions.
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For hydroponic cultures, plants were grown with their roots in light-tight box filled with
liquid %2 Hoagland medium (2mM Ca(NOs),, 0.25mM K3PO4, 3mM KNO;, 1mM MgSO,,
45uM NaFelll EDTA, 5pM H;3;BOs;, 1pM MnCl,, 0.15puM ZnSOs, 0.1pM CuSO., 7nM
MoOs, 4.5nM Co(NOs)). Seedling cultures in liquid medium were grown in %2 Gambourg
(Duchefa, Harlem, The Netherlands) with or without 0.5% sucrose and the medium was
exchanged after 7 days. Seedlings on plates were grown on ¥ MS (Duchefa, Harlem, The
Netherlands) with 0.7g/l plant agar (Duchefa, Harlem, The Netherlands) and a pH of 5.8.
The root cell suspension culture was grown in MS medium containing 30g/l sucrose and
2.5pM 2,4D at 22°C in the dark under constant shaking. The medium was exchanged every
seven days by transferring % to % of the culture to a fresh flask and addition of fresh
medium.

Dark-induced senescence

4.5 week-old soil-grown plants were incubated in the dark - in a box with tubes allowing
for gas exchange - for 9 days. Before and after incubation the true leaves of 4-8
representative plants were harvested, stuck on white paper with double sided tape, scanned
with a flatbed scanner without color correction at a resolution of 600dpi, and saved as TIFF
files. Images were then imported in ImageJ (FIJI) (Schindelin et al., 2012) and the total and
green leaf area of each leaf were quantified using the built-in threshold and color threshold
function, respectively. The green leaf area in % was then calculated by dividing the green
area of a leaf or the whole plant by the respective total area.

See Figure 1 — source data 2 for the ImageJ macro for semi-automatic image processing. A
color gradient indicating the color threshold and a scheme depicting the main steps in
image processing can be found in Figure 1 — figure supplement 1B.

Metabolic profiling

Metabolites were extracted from leaves of 5 week-old plants, derivatized and measured as
described in Naegele et al. (2014) with minor variations. Approximately 80mg frozen and
ground plant material were extracted with 1ml -20°C cold MeOH:chloroform:H,O
(2.5:1:0.5) by mixing and incubation on ice. The supernatant after centrifugation was
mixed with 400 — 500pnl H2O and centrifuged. For the experiment shown in Figure 1 (1) the
polar phase was split into 2 aliquots, spiked with 1pg C13 labeled Sorbitol (Campro
Scientific, Berlin, Germany) and dried. For the experiment shown in Figure 6 (6) the polar

phase was not split and 2pg of Sorbitol were added. For derivatization, metabolites were
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first dissolved in 10pl (1) or 30pl (6) pyridine containing 40mg/ml methoxyamine
hydrochloride by 90min incubation at 30°C. Then, 40pl (1) or 120ul (6) of N-methyl-N-
trimethylsilyltrifluoroacetamid (MSTFA; Macherey-Nagel, Diiren, germany), spiked with
60 pl/ml of an Alkane Standard Mixture C1o-Cs (Fluka, Vienna, Austria), were added and
the samples were incubated for 30min at 37°C. GC-MS measurements were carried out on
an Agilent 6890 gas chromatograph coupled to a LECO Pegasus 4D GCxGC-TOF mass
spectrometer (LECO, USA). Injection volume was 1pl. In the GC step, the initial oven
temperature was 70°C, which was held for 1min, followed by a 9°C/min temperature
increase until the final temperature of 350°C was reached, which was held again for 8min.
Metabolites were measured in splitless mode (1 and 6) and alternatively also in split mode
with a split ratio of 5 (6). In the MS step the data acquisition rate was set to 20 spectra/sec,
the detector voltage to 1550V and the mass range to 40-600 m/z. Raw data were processed
with the LECO Chroma-TOF software (LECO, USA). Peak areas were normalized to the
area of the internal standard and to the fresh weight before statistical analysis. Outliers, as
determined by Grubb’s test, were removed from the dataset. For Hierarchical clustering,
log-2 transformed fold change values were imported into MeV (MultiExperimentViewer,
version 4.9.0, Saeed et al., 2003) and clustering was done using the standard settings with
gene tree optimization, Pearson correlation, and average linkage clustering. For the PCA
plot, normalized data were imported into R (RStudio, version 0.98.507), missing values
were replaced with the k nearest neighbor (knn) method using the “impute.knn()” function
and data were Z-transformed. PCA analysis was done using the “prcomp()” function and
scores for PC1 and PC2 were plotted against each other.

Electrophoresis and Western blotting

For 2D gels, proteins were extracted from 5-7 week-old soil-grown ox#3 plants which
were grown in short day. 4ml of 1x lambda phosphatase (APP) buffer (NEB, Frankfurt am
Main, Germany), including cOmplete protease inhibitor (Roche, Vienna, Austria), were
added to 2ml frozen and ground plant material, followed by vortexing and centrifugation.
0, 30 or 50pg of APP were added to 1.5ml of the supernatant, followed by 15min
incubation at 30°C. Proteins were extracted with phenol, precipitated with ammonium
acetate and resuspended in 1x rehydration stock solution (7M urea, 2M thiourea, 2% (w/v)
CHAPS, 2% IPG buffer (GE Healthcare, Vienna, Austria), 2.8mg/ml DTT, Bromphenol

blue). Protein extracts were then applied to 7cm Immobiline™ DryStrips (GE Healthcare,
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Vienna, Austria) over night and separated by isoelectric focusing on an IPGphor (GE
Healthcare, Vienna, Austria) according to the manufacturer’s instructions. For second
dimension separation, the strip was incubated in SDS equilibration buffer (6M urea, 75mM
TrisCl, 29.3% glycerol, 2% SDS, Bromphenol blue, pH 8.8) with 10mg/ml DTT and then
without DTT for 15min each, followed by standard SDS PAGE and western blotting.
Phos-tag gel electrophoresis was done according to the manufacturer’s instructions.
Proteins were separated on SDS PAGE gels containing 8% SDS, 25pM Phos-Tag (WAKO,
Neuss, Germany) and 50uM MnCl;, with an amperage of 15mA/gel for 1.25h. Before semi
dry blotting, the gels were incubated in transfer buffer containing 1ImM EDTA, followed
by washing with transfer buffer without EDTA. Recombinantly expressed bZIP63-YFP
was used as a size marker for the unphosphorylated fusion protein. The protein was
expressed in E. coli (ER2566), transformed with a pTWIN plasmid (NEB, Frankfurt am
Main, Germany) containing bZIP63-YFP, and purified according to the manufacturer’s
instructions. Total plant proteins were extracted with phenol. For light/extended night
comparison, rosettes of 5 week old plants were collected after 6h of light or extended
night. For +/- sucrose comparison, seedlings were first germinated and grown for one week
in liquid ¥4 Gambourg containing 0.5% sucrose, followed by 1 week in medium without
sucrose. For treatment, at the onset of light 1% suc was added to half of the cultures and all
cultures were kept in the dark for 6 additional hours. For Phos-tag gels from kinase assays,
the reactions were mixed with 2x laemmli buffer and loaded on the gel.

Western blotting was done by semi dry transfer onto a PVDF membrane, antibody
incubation, and detection with an ECL kit following standard procedures. The following
primary antibodies were used: Anti-GFP (Roche, Vienna, Austria; or ChromoTek, Munich,
Germany), Anti-AKIN10 (Agrisera, Sweden), Anti-Flag (Sigma-Aldrich, Vienna, Austria),
Anti-HA High Affinity (Roche, Vienna, Austria), Anti-HA (Santacruz, Heidelberg,
Germany), Anti-GAL4 DNA BD (Sigma-Aldrich, Vienna, Austria), peptide antibodies
against bZIP63: N-terminal peptide (EKVFSDEEISGNHHWSVNGM) or C-terminal
peptide (SLEHLQKRIRSVGDQ). The following HRP-coupled secondary antibodies were
used: Anti-mouse IgG, Anti-rabbit IgG, Anti-rat IgG (GE Healthcare, Vienna, Austria).
Immune precipitation of bZIP63-GFP

To identify in vivo phosphorylation sites on bZIP63, bZIP63-GFP was immune

precipitated from ox#3 seedlings grown on %2 MS agar plates or leaves of mature soil-
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grown ox#3 plants, harvested at different time points in the light cycle and in extended
night (see Figure S — figure supplement 1A for growth and harvesting conditions). In one
experiment, leaves were infiltrated with H>O containing 100pM of the proteasome
inhibitor MG-132 (Calbiochem/Merck Millipore, Vienna, Austria) 6h before harvesting.
Protein extracts were prepared by mixing frozen and ground plant material with an equal
volume of cold extraction buffer (25mM TrisCl, 10mM MgCl,, 15mM EDTA, 150mM
NaCl, 1mM DTT, 1mM NaF, 0.5mM Na3;VO,, 15mM (-glycerophosphate, 0.1% Tween20,
cOmplete protease inhibitor, pH 7.5), followed by centrifugation. The supernatant was then
incubated with protein A Sepharose CL-4B (GE Healthcare, Vienna, Austria), which had
been pre-incubated for 2.5h in extraction buffer with Anti-GFP antibody (Roche, Vienna,
Austria), or with GFP-Trap_A beads (ChromoTek, Munich, Germany) for 1h at 4°C. The
beads were washed 2 — 3 times with extraction buffer and alternatively twice with wash
buffer (50mM TrisCl, 250mM NaCl, 0.1% NP—40, 0.05% sodium deoxycholate, pH 7.5).
Finally, the beads were resuspended in 1x laemmli buffer, boiled for 5min at 95°C, and
centrifuged. The supernatant was separated by SDS PAGE and bands were excised for L.C-
MS/MS analysis.

Identification of proteins and in vivo phosphorylation sites by LC-MS/MS

For the identification of phosphorylation sites, bZIP63-GFP was immune precipitated from
leaves of ox#3 plants (see “Immune precipitation of bZIP63-GFP”). For the identification
of kinases, root protein extracts were affinity purified with recombinant GST-bZIP63 (see
Figure 3B for a scheme and the methods section “Kinase assays” for detailed description of
the affinity purification).

Proteins were first separated by SDS PAGE. Bands of interest were then excised from
Coomassie-stained gels and gel sections were chopped, washed with 50mM ammonium
bicarbonate (ABC, pH 8.5), and dried with acetonitrile (ACN). Disulfide bonds were
reduced by incubating in 200ul of 10mM DTT for 30min at 56°C. DTT was washed off
and cysteines were alkylated by incubation with 100 pul of 54mM iodoacetamide for 20min
at RT in the dark. Gel pieces were dried with ACN, then swollen in 10ng/pl trypsin
(recombinant, proteomics grade, Roche, Vienna, Austria) in 50mM ABC and incubated
over night at 37°C. For higher sequence coverage of bZIP63 alternative proteases were
used: LysC (MS grade, WAKO, Neuss, Germany) at 37°C over night, subtilisin (Sigma-
Aldrich, Vienna, Austria) at 37°C for 0.5 — 2h, chymotrypsin (sequencing grade, Roche,
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Vienna, Austria) at 25°C for 4 hours. Digestion was stopped by adding formic acid to a
final concentration of approximately 1% and peptides were extracted by sonication.
Peptides were separated on an UltiMate 3000 HPLC system or on a U3000 nano HPLC
(both Dionex, Thermo Fisher Scientific). Digests were loaded on a trapping column
(PepMap C18, 5pm particle size, 300pm i.d. x 5mm, Thermo Fisher Scientific),
equilibrated with 0.1% trifluoroacetic acid (TFA), and separated on an analytical column
(PepMap C18, 3pm, 75um i.d. x 150mm, Thermo Fisher Scientific) by applying a 60
minutes linear gradient from 2.5% up to 40% ACN with 0.1% formic acid, followed by a
washing step with 80% ACN and 10% trifluoroethanol (TFE) on the U3000 HPLC. The
UltiMate 3000 HPLC was directly coupled to a linear ion trap (LTQ, Thermo Fisher
Scientific), which was operated in a data-dependent MS3 method for the phosphorylation
analysis. One full scan (m/z: 450-1600) was followed by maximal 4 MS/MS scans. If in
the MS/MS scan a fragment corresponding to a neutral loss from the precursor of 98, 49, or
32 Th was observed among the top 8 peaks, a MS3 scan was triggered. Fragmentation
energy was set at 35%, Q-value at 0.25, and the activation time at 30ms. High resolution
measurements were acquired on an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific), equipped with a nanoelectrospray ionization source (Proxeon, Thermo Fisher
Scientific). The electrospray voltage was set to 1500V. The mass spectrometer was
operated in the data-dependent mode: 1 full scan (m/z: 350-1800, resolution 60000) with
lock mass enabled was followed by maximal 12 MS/MS scans. The lock mass was set at
the signal of polydimethylcyclosiloxane at m/z 445.120025. Monoisotopic precursor
selection was on, precursors with charge state 1 were excluded from fragmentation. The
collision energy was set at 35%, Q-value at 0.25, and the activation time at 10ms.
Fragmented ions were set onto an exclusion list for 60s. When ETD (electron transfer
dissociation) was applied, the top 6 peaks from the full scan where fragmented with CID
(collision-induced dissociation) and subsequently with ETD. For ETD, the energy
parameters were as for the CID except the activation time was set to 80 or 120ms.

Data interpretation: Raw spectra for the kinase identification were interpreted by Mascot
2.2.04 (Matrix Science) using Mascot Daemon 2.2.2. Spectra were searched against the
Arabidopsis thaliana entries in the nr-database with the following parameters: the peptide
tolerance was set to 2Da, MS/MS tolerance was set to 0.8Da, carbamidomethylcysteine

was set as a static modification, oxidation of Met as variable modification. Trypsin was
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selected as the protease allowing two missed cleavages. Mascot score cut-off was set to 30,
except for the low abundance sample 1, where the cut-off was set to 20. For the
phosphorylation analysis of purified bZIP63, either Mascot or Sequest (Proteome
Discoverer 1.2; Thermo Scientific) were used. The search was extended to the
phosphorylation of Ser, Thr, and Tyr. High resolution data were searched with 3ppm
precursor mass tolerance. Proteolytic specificity was defined according to the digest.
Results were manually validated including comparison of the fragmentation pattern and the
relative retention of the unphosphorylated counterpart. Site localization was checked by
manual inspection at the spectrum level in the first place and was confirmed by the site-
localization algorithm PhosphoRS (Taus et al., 2011).

Kinase assays

In vitro kinase assays were performed with GST-tagged recombinant proteins. The cDNA
of bZIP63.2, bZIP1, bZIP2, bZIP11, bZIP44.1, bZIP55, AKIN10.1/3, and AKIN11.1/2 was
cloned into pGEX-4T, and SnAK2 was cloned into pDEST15. An inactive version (K/M) of
AKIN10 and non-phosphorylatable (S/A) versions of bZIP63 were created by mutagenesis
PCR. The proteins were expressed in E. coli (ER2566 or BL.21), purified using Glutathione
Sepharose 4B (GE Healthcare, Vienna, Austria) according to the manufacturer’s
instructions, and stored at -80°C in GST elution buffer containing 10 — 25% glycerol.
Kinase assays were performed by incubating the kinase and substrate for 20 — 30min in
kinase reaction buffer (20mM Hepes, 20mM MgCl,, 100pM EGTA, 1mM DTT, 50pM
ATP, pH 7.5) at room temperature. For radioactive assays, 1pCi y-**P-labeled ATP
(NEN/PerkinElmer, Waltham, MA, USA) was added in each reaction. The reactions were
then separated by SDS PAGE and exposure on a Storage Phosphor Screen (GE Healthcare,
Vienna, Austria) or Phos-tag gel electrophoresis and Western blotting, respectively.

For in-gel kinase assays, bZIP63 with an N-terminal 6xHis tag was used as a substrate. The
protein was expressed in E. coli (ER2566) and purified over a HiTrap column (GE
Healthcare, Vienna, Austria) according to the manufacturer’s instructions. Total plant
proteins were extracted from roots of 8 week-old plants that were grown in hydroponic
culture in short day and collected in the light phase, or from roots and leaves of 2 week-old
seedlings grown in liquid culture in a 12hlight/12h dark cycle and collected after 4h of
extended night. Extraction was done by mixing the frozen and ground plant material with

an equal volume of cold protein extraction buffer (25mM TrisCl, 15mM EGTA, 10mM
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MgCl,, 75mM NaCl, 1mM NaF, 0.5mM NaVOs;, 15mM beta-glycerophosphate, 0.1%
Tween20, ImM DTT, cOmplete protease inhibitor, pH 7.5), followed by centrifugation.
Protein amounts were determined by Bradford assay. For affinity purification of bZIP63-
binding proteins, GST-tagged bZIP63 was expressed in E. coli, and the cell lysate of up to
11 culture in GST binding buffer (50mM TrisCl, 20mM MgSO,4, 2mM DTT, 5mM EDTA,
0.5% Tween20, pH 8) was loaded on an equilibrated GSTrap FF column (GE Healthcare,
Vienna, Austria). The column was then washed with 5ml cold GST binding buffer and
protein extraction buffer, respectively, and 2 — 5ml of total root protein extracts from
hydroponic culture or white root cell suspension culture in cold protein extraction buffer
were loaded. Subsequently, proteins were eluted from the column by repeated washing
with 5ml cold protein extraction buffer with increasing salt concentrations, and
concentrated with Amicon Ultra Centrifugal Filter Units (Millipore). 8 — 20pg total protein
extracts and up to 40pg affinity purified proteins were loaded on standard SDS PAGE gels
containing 1mg/ml substrate (6x His-bZIP63) in the separating gel and run at 4°C with
20mA per gel. The gel was then incubated three times for 20min, respectively, at room
temperature in each of the following buffers: wash buffer I (50mM TrisCl, 20%
isopropanol, pH 8), wash buffer II (50mM TrisCl, 1ImM DTT, pH 8), and denaturation
buffer (50mM TrisCl, ImM DTT, 6M guanidinium HCI, pH 8). Subsequently, the gel was
incubated in renaturation buffer (50mM TrisCl, 0.05% Tween 20, pH 8) at 4°C for 12 —
18h. In this period, the buffer was exchanged 10 times after at least 30min. After
renaturation, the gel was incubated two times for 30min, respectively, in kinase buffer
(20mM HEPES, 20mM MgCl,, 50pM CaCl, or 500pM EGTA, 1mM DTT, 0.05% Tween
20, pH 7.5), followed by 30min incubation in kinase reaction solution (kinase buffer
containing 50pM ATP and 100nCi y-**P-labeled ATP). Finally, the gel was washed two
times for 15min, respectively, in 5% TCA and several times in 5% TCA containing 1%
sodium pyrophosphate, until the wash solution was only weakly radioactive. The dried gels
were exposed on a Storage Phosphor Screen and the signal was recorded on a Typhoon
8600 (GE Healthcare, Vienna, Austria).

Y2H assay

AKIN10.1/3, AKIN11.1/2, SNF4, and bZIP63.2 were cloned into pBTM117 and bZIP63.2
was cloned into pACTIIJ to generate N-terminal fusions with the LexA-BD and the GAL4-
AD, respectively. The yeast strain L40 (MATa hisA200 trp1-900 leu2-3.112 ade2 LYS2::
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(lexA op)HIS3 URA3::(lexA op)slacZ Gal4 gal80) was transformed with empty pACTILJ
or bZIP63.2-containing pACTILJ in combination with different pPBTM117 vectors. Freshly
grown L40 was mixed gently with 1ml transformation mix (800l 50% PEG 3600, 100pl
2M LiAc, 100pl 1M DTT, 10ul bacterial RNA (10pg/pl)), to get a cloudy suspension.
2.5pg of each plasmid were added to 125pl transformation mix, followed by 20min
incubation at 30°C and 44°C, respectively, addition of 1ml H20, and 1min centrifugation
at 3500g. The cells were resuspended in a small volume and plated on SD medium without
Leu and Trp to select for successful transformation. Single colonies were inoculated in SD
medium without Leu and Trp and proteins were extracted from 2ml of an over-night
culture. The yeast cells were resuspended in 200l enzyme lysis buffer (25mM TrisCl,
20mM NaCl, 8mM MgCl,, 5mM DTT, 0.1% NP-40, pH 7.5), 200pl glass beads (0.4 —
0.6mm diameter) were added, the cells were frozen in N,, thawed, and broken by vigorous
shaking on a Vibrax at 4°C for 20min. The supernatant after 10min centrifugation was
transferred to a fresh tube and kept on ice. The protein concentration of the extract was
determined by Bradford assay. The GUS activity was determined by mixing 50pl of the
extract with 650pl Z-buffer (60mM Na,HPO.,, 40mM NaH,PO,, 10mM KCIl, 10mM
MgSO,, 0.25% beta mercaptoethanol) and 100pul ONPG (4mg/ml), and incubating for up to
10min at room temperature. The reaction was stopped by adding 400pul 1M Na,COs and the
extinction at 420nm was measured on a photometer. The GUS activity in U/mg protein was
calculated as follows: (A420 x 24 x 1000)/(45 x incubation time [min] x protein
concentration [mg/ml])

Bimolecular fluorescence complementation (BiFC)

For BiFC interaction studies in Nicotiana tabacum, bZIP63.2, AKIN10.1/3, AKIN11.1/2
and SNF4 were cloned into modified pBIN19 vectors, containing either the N- or C-
terminal moieties of the split CFP system as N-terminal fusions as described in Waadt et
al., 2008 (see Figure 4D for scheme). Agrobacterium tumefaciens (AGL1) was transformed
with the resulting plasmids by electroporation and further used for transient transformation
of tobacco leaf epidermis. For transformation, 5ml agrobacterium overnight cultures were
filled to 50ml with fresh LB medium containing 50pg/ml Kanamycin and 10pg/ml
Gentamicin and grown for 4h at 30°C. The cells were pelleted by centrifugation at 3500g,
resuspended in LB containing 150pM acetosyringone, and grown for another 2h. The

cultures were then pelleted again and resuspended in 5% sucrose solution to reach a final
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ODG600 of 2. For co-infiltration, equal volumes of agrobacteria suspensions, containing the
respective constructs, were mixed and infiltrated into the leaves of 5 week-old plants. 48h
after infiltration equally sized leaf sections were analyzed for their CFP fluorescence signal
with an LSM510 confocal laser scanning microscope (Zeiss) and the corresponding ZEN
software (Zeiss). The same settings were used for each construct to allow comparison of
the signal intensities. To verify that the fusion proteins were expressed and to determine the
relative amount of each interaction partner, proteins were extracted from the leaf sections
used for microscopy and subjected to Western blot analysis with antibodies against the
Flag (N-terminal CFP moiety) and HA (C-terminal CFP moiety) epitopes.

Protoplast transformation for P2H and promeoter activation assays

Protoplast were obtained from 3 week-old soil-grown wt Arabidopsis plants and
transformed according to the guide method (Yoo et al., 2007) with small modifications.
Leaves were harvested 1h after onset of the light phase, cut into tiny stripes, and digested
for 30min under vacuum and 3h at atmospheric pressure, respectively, with enzyme
solution (1.25% (w/v) Cellulase R-10, 0.3% Macerozyme R-10, 400mM mannitol, 20mM
KCl, 10mM CaCl,, 20mM MES, pH 5.7). The protoplast suspension was filtered on a
metal net to remove leaf debris and washed twice with 10ml of W5 solution (2mM MES,
154mM NaCl, 125mM CaCl,, 5mM KCIl, pH 5.7). Protoplasts were resuspended in 10ml
of W5, incubated on ice for at least 1h and subsequently resuspended to a final
concentration of 1 x 105 cells/ml in MMg buffer (4mM MES, 400mM mannitol, 15mM
MgCl,, pH 5.7). Protoplasts were then co-transformed with 10pg each of up to three
effector plasmids, 7pg of a reporter plasmid, and 3pg of a transfection control reporter
plasmid. For P2H assays, the effector plasmids were pHBTL containing bZIP63.2, bZIP1,
or bZIP11 with an N-terminal GAL4-AD or GAL4-BD fusion (described in detail in Ehlert
et al., 2006) and alternatively pHBTL containing AKIN10.1/3. The reporter plasmid
contained either GAL-UAS,:LUC (luciferase) or GAL-UAS.:GUS (beta galactosidase)
(Ehlert et al., 2006). For normalization of the LUC or GUS signals, a transfection control
plasmid containing 35S:REN (Renilla luciferase, Wehner et al., 2011) or 355:NAN (Kirby
and Kavanagh, 2002), respectively, was used. For promoter activation assays, effector
plasmids were pHBTL containing HA-tagged bZIP63.2 or AKIN10.1/3. pBT10 containing
proASN1:GUS or proProDH:GUS (Dietrich et al., 2011) was used as a reporter plasmid,

and a plasmid containing 35S:NAN was used as a transfection control. For transformation,
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200pl of the protoplast suspension were gently mixed with the DNA and 220pul of PEG
(40% PEG 4000, 200mM mannitol, 100mM CaCl,) were added, followed by gentle
mixing, and 10min incubation at room temperature. The protoplasts were then washed by
addition of 800pl W5 and 1min centrifugation at 300g. The supernatant was removed and
the protoplasts were incubated for 16h in 200pl of WI solution (4mM MES, 500mM
mannitol, 20mM KCI, pH 5.7) in the growth chamber in order to not affect their diurnal
circle. GUS and NAN enzyme assays were performed according to Kirby and Kavanagh
(2002). LUC and REN activity was measured as described in Wehner et al. (2011). The
relative activity of GUS and LUC was calculated as GUS/NAN and LUC/REN. The
expression of the effector constructs was confirmed by Western blot analysis.

Sequence alignment of bZIP63 homologues

Homologues of bZIP63 in 8 plant species were identified by blasting the protein sequence
of bZIP63.2 on the Phytozome webpage (http://phytozome.net). The protein sequences
were aligned with ClustalQ (http://www.ebi.ac.uk/Tools/msa/clustalo/) using the default
settings and the clustal output file was imported into  GeneDoc
(http://www.psc.edu/biomed/genedoc) for visualization and minor adjustments of the
alignment. The identity matrix for the alignment was calculated using the PID3 method in
the SIAS webmask (http://imed.med.ucm.es/Tools/sias.html).

Gene identifiers of the bZIP63 homologues (numbers are the Phytozomel0 references):
Medicago truncatula (Medtr7g115120), Glycine max (Glyma.10G162100), Populus
trichocarpa (Potri.013G040700), Vitis vinifera (GSVIVG0102179000), Zea mays
(GRMZM2G007063), Oryza sativa (LOC_0s03g58250), Selaginella moellendorffii
(270282), Physcomitrella patens (Phpat.009G02690)

RT-qPCR

RNA was extracted with phenol from total rosettes of 4.5 week-old soil-grown plants at the
indicated time points. 500pl RNA extraction buffer (1% SDS, 10mM EDTA, 200mM
NaAc, pH 5.2) and 500yl acidic phenol (pH 4, Carl Roth, Karlsruhe, Germany) were added
to 100mg frozen and ground plant material, followed by 1min vortexing and 10min
centrifugation. The aqueous phase was extracted twice with an equal volume of PCI
(Phenol:Chloroform:Isoamylalcohol (25:24:21), Carl Roth, Karlsruhe, Germany) by
vortexing for 30sec and 2min centrifugation, and twice with chloroform. Then, the RNA

was precipitated by adding 5 volume 10M LiCl and incubating at 4°C for at least 2h,
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followed by 15min centrifugation at 4°C. The pellet was washed once with 2.5M LiCl and
then with 70% EtOH, dried and resuspended in 50pul RNAse free H,O. 6.51g RNA were
treated with 2u of RQ1 DNAse (Promega, Mannheim, germany), according to the
manufacturer’s instructions and precipitated again for at least 2h with %5 volume of 10M
LiCl to remove the DNAse from the solution. The solution was then centrifuged for 15min,
washed once with 70% EtOH, dried and resuspended in RNAse free H,O. 1.5pg RNA were
reverse transcribed using M-MLV RT [H-] Point Mutant (Promega, Mannheim, germany)
according to the manufacturer’s instructions and diluted 1:4 with RNAse free H20. 2pl of
cDNA (15ng/pl) or H,O (for the no template control) were added to 18l of a PCR reaction
mix containing 0.25u DreamTaq polymerase (Thermo Scientific, Vienna, Austria), 1x
Dream Taq buffer, additional 3mM MgCl,, 100pM dNTPs, 400nM of each primer, and
0.4x SYBR Green I nucleic acid gel stain (Sigma-Aldrich, Vienna, Austria). The gPCR was
performed on a Mastercycler ep realplex2 (Eppendorf) in white 96-well twin.tec real-time
PCR plates (Eppendorf, Vienna, Austria) with the following program: 1 cycle with 3min at
95°C, followed by 40 cycles with 20sec at 95°C, 20sec at 59/60°C, and 12sec at 72°C. A
20min melting curve was added in the end. For data evaluation, raw data were imported
into LinRegPCR (version 2014.02, Ramakers et al., 2003), where the PCR efficiency was
checked and the NO (staring concentration of cDNA) was calculated with a common
baseline setting for each primer pair. Samples excluded by LinReqPCR and samples for
which the dCq between the two technical replicates was bigger than 0.5 were excluded
from the calculations. The mean NO of the technical replicates was calculated for each
sample and primer pair. The resulting mean NO of the test genes was then normalized by
dividing by the mean NO of the reference genes. For gPCR of ASN1, DIN10, and ProDH,
TBP2 (Tata binding protein 2) was used as a reference gene. For pPCR of bZIP63, the
geometric mean of the values for TBP2 and MHF15 (Thioredoxin superfamily protein)
were used. The normalized NO values were then used to calculate the mean and SD.
Outliers were determined with the Grubb’s test and removed.

Statistical tests

Statistical tests were performed in excel or R. Equality of variances was tested with
Levene’s test. This was followed by unpaired t-tests or multivariate statistics. In case of
equal variance ANOVA followed by Bonferroni or TukeyHSD corrected pairwise

comparison was chosen. In case of unequal variance Welch corrected ANOVA was applied,
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followed by Games Howell test of all samples or pairwise comparison of samples with

equal variance.

Gene identifiers of Arabidopsis thaliana genes

bZIP63 (At5g28770), bZIP1 (At5g49450), bZIP11 (At4g34590), bZIP2 (At2g18160),

bZIP44

(Atlg75390),
AKIN11/SnRK1.2

bZIP53
(At3g29160),

(At3g62420),
AKINB1

AKIN10/SnRK1.1
(At5g21170),

(At3g01090),

AKINB2  (At4gl6360),

SNF4/AKINBy (At1g09020), SnAK2/GRIK1 (At3g45240), ASNI1/DING (At3g47340),

DINIO (At5g20250),

(At5g06430).

Primer table

ProDH/ERD5  (At3g30775),

TBP2 (Atlg55520), MHF15

Gene | forward primer \ reverse primer

Primers for cloning

genomic GGTACCAAAACTATAAATTTCT | TTGCGGCCGCCCTGATCCCCA

bzIP63 TGTAGGACAGTG ACGCTTCGAATACG

bZIP63.2 AACCATGGAAAAAGTTTTCTC | TTGCGGCCGCCCTGATCCCCA
CGACGAAGAAATCTCC ACGCTTCGAATACG

AKIN10.1+3 GGGCCCATGGATGGATCAGGC | GCGGCCGCAGAGGACTCGGA
ACAGGCAGTA GCTGAGCAA

AKIN11.1+2 GGGCCCATGGATCATTCATCAA | GCGGCCGCAGATCACACGAA
ATAG GCTCTGTAA

SNF4 GGGCCCATGTTTGGTTCTACAT | GCGGCCGCAAAGACCGAGCA
TGGA GGAATTGGAA

AKINpP1.1 GGGCCCATGGGAAATGCGAAC | GCGGCCGCACCGTGTGAGCG
GGCAAA GTTTGTAG

AKINB2.1+2 GGGCCCATGTCTGCTGCTTCT GCGGCCGCACCTCTGCAGGGA
GATGGT TTTGTAG

bzIP1 CGATGGGCCCCATGGCAAACG | CGATGCGGCCGCTGTCTTAAA
CAGAGAAG GGACG

bzIpP2 AAAACCATGGCGTCATCTAGC | TGCGGCCGCTATACATATTGAT
AGCAC ATCATTAG

bzIP11 TAGGGCCCATGGAATCGTCGT | TGGCGGCCGCAATACATTAAA
CGTCGGGAA GCATCAGAAG

bzIP44.1 CAGGGCCCATGAATAATAAAA | CTGCGGCCGCAACAGTTGAA
CTG AACATC

bzIP53 AAAACCATGGGGTCGTTGCAA | TGCGGCCGCTGCAATCAAACA
ATGCAAAC TATCAGCAG

Mutagenesis
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bZIP63S29A CGTCGTTGAATCGCTCGGCCG | ACGTCATTCCATTAACCGACC
CCGAATGGGCATTCAATC AGTG

bZIP63S59A GTGTGGTGTTTCCGTCTCCGCT | CACACGCCGTCGTAGATTCTC
CCTCCTAATGTTCCTG CGTCGTC

bZIP635102A GATACTTCTGGTAGAGCTGAC | GTATCCTGAGGTTTGATGAAA
AATGGTGGAGC GTTC

bZIP63S160A CTGATTCTCTATTAGCTAGCAT | ATCAGCTAGACGGTCCAGAAG
CCTTTTAACG AAG

bZIP63S261A CAGAGACATCAAATGCTCCAG | CTTGTAGTGTCTGGAGCATTT
ACACTACAAG GATGTCTCTG

bZIP63S294A GAACAGAACAGCTGCCATGCG | TGTTCATCTTGCACCCTATCAA
TAGAGTTGAG GGC

bZIP635294/30 | GAACAGAACAGCTGCCATGCG | TGTTCATCTTGCACCCTATCAA

0A TAGAGTTGAGGCCTTGGAACA | GGC
TCTGCAG

AKIN10K48M GGTTGCTATCATGATCCTCAAT | GCAACCTTATGTCCTGTCAAT
CGTCG GC

gPCR

bZIP63 GAAGAAATCTCCGGTAACCAT | GATTCTCCGTCGTCTGCAGC
CAC

ASN1 GTCGCAAGATCAAGGCTC TGAAGTCTTTGTCAAGGAAAG

G

DIN10 GCTTGTATTGCCTGATGGA ATCTTTAGCAAGCTGACACC

ProDH CGCCAGTCCACGACACAATTC | CGAATCAGCGTTATGTGTTGC
A G

TBP2 TGCAAGAAAGTATGCTCGG ACATGAGCCTACAATGTTCTG

MHF15 GTTTCCTGAGCTTCTCCAC TGGTCGCTTCATCTTGAG
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Figure 1. bZIP63 mutants have a phenotype in dark-induced senescence and primary
metabolism

(A) and (B) Dark-induced senescence phenotype of 4.5 week-old soil grown plants.
Comparison of a bzip63 line in the Wassilewskya (Ws-2) and two bZIP63 ox lines in the
Columbia (Col-0) background after 9 days in darkness. (A) Representative leaf series. (B)
Box-and-whiskers plot of the total green leaf area of 8 biological replicates as determined
with ImageJ. See Figure 1 — figure supplement 1 for controls and green area of individual
leaves.

(C) Metabolic phenotype of 5 week-old soil grown plants after 6h light (L) and extended
night (EN). Log-2 fold changes of metabolite levels in ko and ox compared to their
respective wt, displayed on a simplified map of the central primary metabolism. Values are
means of 5 biological replicates. For more details including mean values and SD see
Figure 1 — figure supplement 2 and Figure 1 — source data 1.

P-values from T-tests between mutants and wt < 0.05 and < 0.01 are indicated by * and **,

respectively.
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Figure 1 — figure supplement 1. Phenotypes of bZIP63 mutants in dark-induced
senescence

Dark-induced senescence phenotype of 4.5 week-old soil-grown plants Comparison of a
bzip63 line in the Wassilewskya (Ws-2) and two bZIP63 ox lines in the Columbia (Col-0)
background. (A) Representative leaf series of plants before dark treatment. (B) Scheme of
the image processing with ImagelJ. The color threshold and an exemplary leaf are shown.
(C) Barplot of the total green leaf area of the rosette before darkness. Values are the mean
+ SD of 4 biological replicates. (D) Dotplot of the green leaf area of individual leaves after
9 days in darkness. P-values from T-tests between mutants and wt < 0.05 and < 0.01 are

indicated by * and **, respectively.
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log2-fold changes to wt

0
bzip63 Ox#3
Metabolites 6h L 6h EN 6h L 6h EN
Serine 0,42* 0,75 -0,40% 0,02
O-Acetyl-Serine 0,25 -0,64
Cysteine 0,04 -0,50 0,16
Glycine -0,71 -0,36
Shikimate 0,60* -0,02 0,02
Tryptophane 0,55 -0,15 0,11
Tyrosine 0,50 -0,42
Phenylalanine 0,91 -0,68*
Alanine 0,88 -0,55 -0,24
« Valine 0 -0,52*
.'g Leucine
@ Glutamate
2 Glutamine
‘€ Proline
@ QOrnithine
Arginine
Aspartate
Asparagine
Lysine
Beta alanine
Homoserine
Methionine
Threonine
Isoleucine
Pyruvate 0,80™ -0,57* 0,71™
o Citric acid 0,07 628 -0,07
9 2-Oxoglutarate 0,91* 0,26 0,76™
O Succiniate 0,07 -0,23 0,13
5 Fumarate 0,48 0,74 0,13
~  Malate 0,28 0,75* -0,31™
Oxaloacetate 0,34 0,15 0,14
Sucrose 0,55 El8g 062"
«» Glucose 0,30 -0,84* -0,55*
g Fructose 0,29 -0,27
9 Trehalose 0,56 0,38 0,80
®  Myo-Inositol 0,62*
Raffinose -0,12 -0,85
Putrescine 0,60 0,33 -0,63
E Spermidine 0,15 0,65 !
5 Ascorbate 0,35 0,32
Dehydroascorbate  -0,34" 0,18 0,69 0,36

Figure 1 — figure supplement 2. Metabolic changes in bZIP63 ko and ox plants

Table of the metabolite levels of bzip63 and ox#3 compared to their respective wt shown in

Figure 1C. Values are the log-2 transformed means of 5 biological replicates. P-values

from T-tests between mutant and wt (done on untransformed data) < 0.05 and < 0.01 are

indicated by * and **, respectively. The color gradient indicates increased (red) or

decreased (blue) metabolite levels in the mutant. For relative changes between mutant and

wt including the SD and p-values from T-tests see Figure 1 — source data 1.
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Screenshot of the excel file.
Figure 1 — source data 1. Excel table of relative

and p-values from T-tests

metabolite levels in bZIP63 mutants

Table of relative metabolite levels in Ws-2, bzip63, Col-0 and ox#3 after 6h in light or

extended night, which were used to calculate the log2-fold changes shown in Figures 1C

and see Figure 1 — figure supplement 2. Mean values and SD of 5 biological replicates are

given as fold changes to the corresponding wt. P-values from T-tests between wt and

mutant are listed.
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Figure 2. bZIP63 is phosphorylated at multiple sites in an energy-dependent manner
in vivo

(A) 2D gel western blots (aGFP) of lambda phosphatase (APP)-treated protein extracts
from adult soil-grown plants expressing bZIP63-GFP. (B) Phos-tag gel western blots
showing the in vivo phosphorylation state of bZIP63 in plants expressing bZIP63-GFP.
Comparison of 5 week-old soil grown plants after 6h light (L) or extended night (EN) and
seedling cultures after 6h extended night in the presence (+) or absence (—) of 1% sucrose.
Recombinant bZIP63-YFP was used as an unphosphorylated control. Asterisks mark
hyper-phosphorylated bZIP63. (C) Identification of in vivo phosphorylation sites by
immune precipitation (IP) and tandem mass spectrometry (MS/MS). An exemplary western
blot of the IP is shown. The scheme on the bottom indicates the positions of the identified
in vivo phosphorylation sites and the total sequence coverage reached with each proteolytic
enzyme (grey bars). Asterisks mark the identification of a phospho-site. For more
information on samples and (phospho-) peptides see Figure 2 — figure supplement 1. IEF,
isoelectric focusing; CBB, coomassie brilliant blue; BD, basic domain; ZIP, leucine zipper;

LTQ, linear ion trap quadrupole
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Figure 2 — figure supplement 1. Overview over identified phospho-peptides of bZIP63
(A) Sample overview, summarizing for each of the five independent experiments: plant
material, growth conditions, the number of samples digested with each proteolytic enzyme,
and the identified phospho-sites (Y). Experiments 1 to 3 were measured with a linear ion
trap quadrupole (LTQ), experiments 4 and 5 with an LTQ-Oribtrap (OT).

(B) Phospho-peptide identification frequencies for the proteolytic enzymes. The barplot
shows, for each proteolytic enzyme, the number of samples in which an in vivo
phosphorylation-site was covered (black or red) or not covered (grey), and how often a
phospho-peptide was identified (red).

(C) Graph showing the total protein coverage from all experiments, as well as the protein
coverage that was achieved with each of the four proteolytic enzymes in % and as a
sequence. Parts of the sequence that were covered and not covered are shown in black and
light grey, respectively. Identified phospho-serines are red. Below the coverage, all
identified phospho-peptides are listed and the instrument used for identification is specified
(LTQ or OT). The numbers on top indicate the position in the protein sequence. The
scheme below indicates the position of the conserved bZIP domain (green), including the
basic domain (dark green), and the N- and C-terminal extensions (yellow).

L, light; EN, extended night; D, dark; suc, sucrose; T, trypsin; C, chymotrypsin; L, LysC;

S, subtilisin; NLS, nuclear localization signal
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Figure 3. Several different kinases can phosphorylate bZIP63

(A) In-gel kinase assay with a wild type plant protein extract and bZIP63 as substrate.
Arrows indicate the positions of potential bZIP63 kinases.

(B) Scheme of the kinase identification process.

(C) In-gel kinase assay with samples from affinity purification with bZIP63 and bZIP63 as
a substrate (left) and a list of catalytic and regulatory (*) kinase subunits identified with
high confidence (right). The list also contains the gene identifier (AGI), molecular weight
(MW), and number of samples in which the protein was found. For controls and a list of all
identified kinases and kinase peptides see Figure 3 — figure supplement 1 — 2 and Figure 3

— source data 1.
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Figure 3 — figure supplement 1. Auto-phosphorylation from the protein extracts is
negligible in in-gel kinase assays

In-gel kinase assay with samples from affinity purification with bZIP63. Comparison of a
gel with bZIP63 as a substrate (top, see also Figure 3C) and a gel without substrate
(middle). A coomassie brilliant blue (CBB) stained gel is shown at the bottom.

72



Chapter 3 Mair et. al., SnRK1-bZIP63

found in Kinase subunit
’:;::f: IP-MSIMS Protei - Mw Subcellular localization**
YesiNo #of finds roteln name all s.f.) shown by GFP fusion [Ref]
Yes 9 AKIN10/ SnRK1.1  SNF1 Kinase homolog 10, SNF1-related protein kinase 1.1 At3g01080 58/61/58 N[1,2], C[1,2,3], CP[3]
Yes 7/8* AKIN11/ SnRK1.2  SNF1 Kinase homolog 11, SNF1-related protein kinase 1.2 At3g29160 59/59/41 N[1,2], C[1,2,3], CP[3]
Yes on* AKIN12/SnRK1.3  SNF1 Kinase hol 12, SN protein kinase 1.3 At5g39440 57 ?
SnRK1 No AKIND1 PM[4], N[4
Yes 1 AKIND2 K1 kinas PMI[4]. C[4,5], N[5]
No AKIND3 At2g28060 N[5), C[5]
Yes 9 SNF4 At1g09020 N[2,5], C[2,5]
Yes 3 CPK3 | CDPK6 Atdg23650 CI6,7.8], N[6,7,8], PM[7], VM[7]
Yes 1 CPK5 Atdg35 C[9], N[9]
CDPKs Yes? o/2* CPK4 - 56 1
Yes? 0/2 CPK11 / CDPK2 56
Yes 1 CPK9 G le k 5 0 60 V
Yes 7/8* CKA1 Casein Kinase Il alpha chain 1 At5g67380 48/44 N[15]
Yes 9/10* Casein Kinase Il alpha chain 2 At3g50000 47 N[15]
No C Kinase || alpha chain 3 39/36 N[15]
CKIl Yes 7 Casein Kinase || chloroplastidic alpha chain 50 CP[1,15]
Yes 7 Casein Kinase Il beta chain 1 At5g47080  32/29/28/32  N[15,16], C[15,167]
No Casein Kinase || bet in 2 A 17640 32131 N[15,16]
No
No At2g44680 32/32 7
2 At1g72710 52 N[18], C[18]
1 56 ?
other [l 57/51 N[18,20]
071~

57 N[21]

*including samples without proteotypic peptide for this kinase subunit
**N (nucleus), C (cytoplasm), CP (chloroplast), PM (plasma membrane), VM (vacuolar membrane)

Figure 3 — figure supplement 2. Overview over all kinases identified by LC-MS/MS
after affinity purification with bZIP63

Table of all kinase complex subunits identified. For SnRK1 and CKII, the remaining, but
not identified kinase subunits, are also included. Kinase subunits which were identified
with proteotypic peptides in more than one sample, have approximately the expected size,
and don’t have a contradicting subcellular localization were considered high confidence
candidates and are shown in black. Low confidence kinases subunits and kinases subunits
not found are shown in grey and reasons for exclusion from the high confidence list are
underlined. References for the subcellular localization: [1] Bayer et al., 2012; [2] Bitrian et
al.,, 2011; [3] Fragoso et al., 2009; [4] Pierre et al., 2007; [5] Gissot et al., 2006; [6]
Dammann et al., 2003; [7] Mehlmer et al., 2010; [8] Berendzen et al., 2012; [9] Boudsocq
et al., 2010; [10] Zhu et al., 2007; [11] Rodriguez Milla et al., 2006; [12] Benetka et al.,
2008; [13] Dong et al., 2008; [14] Padmanaban et al., 2007; [15] Salinas et al., 2006; [16]
Park et al., 2008; [17] Perales et al., 2006; [18] Lee et al., 2005; [19] Koroleva et al., 2005;
[20] Kitsios et al., 2008; [21] Boruc et al., 2010
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I[P-MS/MS, immune precipitation followed by tandem mass spectrometry; # of finds,
number of samples in which the protein was found; AGI, gene identifier; s.f., splicing
forms
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Figure 3 — source data 1. Excel table containing a detailed overview over all identified
kinases and analyzed samples as well as all peptides found for the kinase subunit

The tab “kinase overview” contains a table showing in which samples each kinase subunit
was identified, including the number of peptides, proteotypic peptides, MASCOT (Matrix
Science) score, and expected molecular weight. The other tabs list all peptides found for

the kinase subunits in each sample and state whether the peptide is proteotypic (Y) or not.
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Figure 4. The SnRK1 kinase AKIN10 phosphorylates bZIP63 and interacts with
bZIP63 in vivo

(A) In-gel kinase assay with protein extracts from wt and akinl0 plants and bZIP63 as a
substrate (top), western blot against AKIN10 (aAKIN10, middle), and coomassie brilliant
blue stain (CBB, bottom). Asterisks mark the position of AKIN10.

(B) In vitro kinase assay with recombinant AKIN10/AKIN11 and bZIP63 as a substrate.
See also Figure 4 — figure supplement 1 for kinase assays including the SnRK1 upstream

kinase SnAK?2.
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(C) and (D) Interaction of SnRK1 subunits with bZIP63. Homodimerization of bZIP63
was used as a positive control. (C) Yeast 2-hybrid (Y2H) assay with auto-activation in grey
and interaction with bZIP63 in blue. Bars represent means + SD of 8 biological replicates.
For Y2H with SnK1 1 and (2 see Figure 4 — figure supplement 2. (D) Laser scanning
microscopy images of bimolecular fluorescence complementation (BiFC) in transiently
transformed N. tabacum leaves (top). Arrowheads indicate the position of the nucleus. Size
bar = 20pm. Expression of the fusion proteins was verified by western blots (aHA, aFlag,
bottom).

(E) Phos-tag gel western blots showing the in vivo phosphorylation state of bZIP63 after
6h light (L) or extended night (EN) in 5 week-old plants expressing bZIP63-GFP/YFP in
the wt and akinl0 background. Recombinant bZIP63-YFP was used as an
unphosphorylated control. Asterisks mark hyper-phosphorylated bZIP63. See Figure 4 —

figure supplement 3 for phosphorylation in seedlings.
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Figure 4 — figure supplement 1. SnAK2 increases the kinase activity of AKIN10 and
AKIN11 but does not phosphorylate bZIP63

(A) In vitro kinase assay with recombinant AKIN10 or AKIN11 and bZIP63 as a substrate
in the presence of SnAK2. (B) Phos-tag gel western blot of an in vitro kinase assay with
inactive AKIN10 (AKIN10 K/M), active AKIN10, or AKIN11 and bZIP63 as a substrate in
the presence of SnAK2. An antibody recognizing the C-terminus of bZIP63 (abZIP63) was
used (see Figure 5 - figure supplement 1). (C) In vitro kinase assay with AKIN10 and/or
SnAK?2 and bZIP63 as a substrate showing the activity of AKIN10 in the presence or
absence of SnAK2. The signal intensity from the bZIP63 phosphorylation is given in % of

the strongest signal.
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Figure 4 — figure supplement 2. AKINB1 and AKINB2 don not interact with bZIP63

Yeast 2-hybrid (Y2H) assay showing of AKINB1 and AKINB2 with bZIP63.
Homodimerization of bZIP63 was used as a positive control. Autoactivation of BD-fusion
proteins is shown in grey, interaction with bZIP63 in blue. Bars represent means + SD of 8

biological replicates.
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Figure 4 — figure supplement 3. Sugar-dependent in vivo phosphorylation of bZIP63

in seedlings

Phos-tag gel western (¢GFP) blots showing the in vivo phosphorylation state of bZIP63 in
plants expressing bZIP63-GFP/YFP in the wt or akinl0 background. Proteins were
extracted from seedling cultures after 6h extended night in the presence (+) or absence ()
of 1% sucrose. Recombinant bZIP63-YFP was used as an unphosphorylated control.
Asterisks mark the hyper-phosphorylated form of bZIP63.

CBB, Coomassie brilliant blue
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Figure 5. AKIN10 targets three highly conserved and functionally important serine
residues in bZIP63

(A) In vitro kinase assay of wt and S/A mutants of GST-tagged bZIP63 with AKIN10.
Positions of full length (FL) and N-terminal fragments of bZIP63 are marked by black
arrows. The scheme on the right shows the position of the in vivo phosphorylation sites
and the in vitro target sites of AKIN10 (red asterisk) on bZIP63. See Figure 5 — figure
supplement 1 and 2 for controls and Phos-tag gel of kinase assays, respectively.

(B) Sequence conservation of bZIP63. Sequences of bZIP63 homologues from 8 species
were aligned with ClustalQ. The scheme on top indicates the positions of the in vivo
phosphorylation and AKIN10 target sites on bZIP63. The histogram below shows the
sequence identity (red/black) and similarity (grey) to A. thaliana bZIP63. Red bars
represent the in vivo phosphorylation sites. Below, the alignment of the sequence

surrounding the AKIN10 target sites and the SnRK1 consensus motif are shown. The
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grey/black shading indicates the degree of conservation, phosphorylation sites are in red.
For alignment of non-AKIN10 target sites and full sequence alignment see Figure 5 —
figure supplement 3, for sequences in fasta format see Figure 5 — source data 1.

(C) Promoter activation assays in protoplasts with an ASN1/ProDH promoter-driven GUS
reporter. Activation by bZIP63 wt and S/A mutants without (grey) or with (blue) co-
transformation of AKIN10 is shown. Bars are means + SD of 4 biological replicates, given
in % of the activity of wt bZIP63 with AKIN10. Horizontal dashed lines indicate the signal
in the control without bZIP63. Letters indicate significant differences as determined by
ANOVA and pairwise T-testing (P < 0.05). See Figure 5 — figure supplement 4 for a

western blot control.
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Figure 5 — figure supplement 1. AKIN10 phosphorylates bZIP63 but not GST

(A) In vitro kinase assay with recombinant AKIN10 and GST-tagged bZIP63 or GST as a
substrate. Positions of full length (FL) and N-terminal fragments of bZIP63 are marked by
black arrows. The scheme on the right shows the position of the in vivo phosphorylation
sites and the in vitro target sites of AKIN10 (red asterisk) in GST-bZIP63, as well as the
approximate length of the N-terminal fragments.

(B) Western blot (abZIP63-N and -C) of GST-tagged bZIP63, used as substrate for the
kinase assays. The scheme on the right indicates the binding sites of the two antibodies on
bZIP63 and the approximate length of the detected fragments.

CBB, Coomassie brilliant blue
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Figure 5 — figure supplement 2. AKIN10 phosphorylates S29, S294, and S300 on

bZ1P63

Phos-tag gel western blot (abZIP63-C) of an in vitro kinase assay with active (wt) and

inactive (K/M) AKIN10 and wt and S/A mutants of GST-tagged
scheme on the bottom shows which of the three AKIN10 target si

bZIP63 as substrate. The
tes can be phosphorylated

(P) or are mutated (X). The scheme on the right indicates the likely phosphorylated sites

for each band.
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Figure 5 — figure supplement 3. The AKIN10 target sites and S160 in the bZIP domain
hare highly conserved

(A) and (B) Sequence conservation of bZIP63. Sequences of bZIP63 homologues from 8
species were aligned with ClustalQ. (A) Conservation of non-AKIN10 target sites. The
scheme on top indicates the positions of the in vivo phosphorylation and AKIN10 target
sites on bZIP63. The histogram below shows the sequence identity (red/black) and
similarity (grey) to A. thaliana bZIP63 in each position. Red bars represent the in vivo
phosphorylation sites. Below, an alignment of the sequences surrounding the
phosphorylation sites not targeted by AKIN10 is depicted. The grey/black shading
indicates the degree of conservation, phosphorylation sites are in red. (B) Full sequence
alignment. Species names are abbreviated. The grey/black shading indicates the degree of
conservation. Red arrows indicate the positions of the in vivo phosphorylation sites.
Numbers on top indicate the position in the alignment, numbers on the right indicate the
position in each sequence. A consensus sequence is given below the alignment. The

sequence identity matrix is at the bottom right.

86



Chapter 3 Mair et. al., SnRK1-bZIP63

bZIP63
O
o@q&@
W ¥ o>

?—

of P S P O

QI G

e | +— HA-AKIN10

= | HA-bZIPE3
aHA

kDa
70—
55—
40— -

70—
55—
40-|

Figure 5 — figure supplement 4. Expression of bZIP63 and AKIN10 in the promoter
activation assays

Exemplary western blot («aHA) of protoplasts co-transformed with AKIN10 and wt or S/A
mutants of bZIP63.

CBB, Coomassie brilliant blue
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Figure 6. The bzip63 phenotype can be complemented by wt bZIP63, but not by
bZ1P63 harboring S/A mutantions of the AKIN10 target sites
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(A) Genomic complementation constructs. Exons are green, introns black. See Figure 6 —
figure supplement 1 for characterization of the complementation lines.

(B) Phos-tag gel western blots (¢GFP) showing the in vivo phosphorylation state of
bZIP63 in the complementation lines after 6h light (L) or extended night (EN) in 5 week-
old soil-grown plants. Recombinant bZIP63-YFP was used as an unphosphorylated
control.

(C) and (D) Dark-induced senescence phenotype of 4.5 week-old soil-grown plants after 9
days in darkness. (C) Leaves 3 — 7 of one representative plant per line. (D) Box-and-
whiskers plot of the total green leaf area of 8 biological replicates. Letters indicate
significant differences as determined by ANOVA and pairwise T-testing (P < 0.05). See
Figure 6 — figure supplement 2 for untreated plants and green leaf area of individual leaves.
(E) and (F) Metabolite profile. (E) Hierarchical clustering of log-2 fold changes of
metabolite concentrations compared to wt. Values are means of 5 biological replicates. (F)
Principal component analysis (PCA). PC1 is plotted against PC2. The proportion of
variance in % is indicated. The red line surrounds bzip63 and GAY samples, the green line
wt, GY, and ox#3 samples. For relative metabolite concentrations and PCA loading see
Figure 6 — source data 1.

(G) Relative expression of potential bZIP63 target genes in 5 week-old plants during early
extended night as determined by RT-qPCR. Values are means + SD of 4 biological
replicates and are given as fold change compared to Ws-2 at Oh (left) or 4h (right). P-
values from T-tests < 0.05 and < 0.01 are indicated by * and **, respectively. Letters
indicate significant differences as determined by ANOVA and pairwise T-testing (P < 0.05).

CBB, coomassie brilliant blue
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Figure 6 — figure supplement 1. Characterization of the bzip63 complementation lines

(A) Scheme indicating the position of the T-DNA insertion in the bzip63 line. The positions
of the RT-qPCR primers used for (B) are shown.

(B) to (D) Expression of bZIP63 in different plant lines. (B) RT-qPCR of bZIP63 in 5
week-old plants after 6h of light (L) or extended night (EN). Bars represent means + SD of
5 biological replicates and are given as fold change to Ws-2 in L. The table below gives
numerical values of the fold changes and the ratio between EN and L. The 6h L samples
were also used for the metabolic profiling shown in Figures 6E and F and Figure 6 —
source data 1. (C) Western blot (aGFP) detecting GFP/YFP-tagged bZIP63 in transgenic
plant lines after 6h of L and EN. (D) Epifluorescence microscopy images of soil-grown
seedlings of the GY9 and GAY 14 lines showing expression of bZIP63-YFP. From top to
bottom: leaf epidermis, leaf veins, roots, lateral root tips. Scale bar is 20pm.

(E) Phos-tag gel western blots (GFP) showing the in vivo phosphorylation state of bZIP63
in the complementation lines. Proteins were extracted from seedling cultures after 6h
extended night in the presence (+) or absence (-) of 1% sucrose. Recombinant bZIP63-

YFP was used as an unphosphorylated control.
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Figure 6 — figure supplement 2. Complementation of the dark-induced senescence
phenotype of bzip63

(A) Representative leaf series of 4.5 week-old plants before and after 9 days in darkness.
(B) Barplot of the total green leaf area of the rosette before darkness. Values are the mean
+ SD of 4 biological replicates.

(C) Dotplot of the green leaf area of individual leaves after 9 days in darkness. Values are
the mean + SD of 8 biological replicates. The insertion at the right side shows the values
from leaves 3 — 7 as a barplot (framed by dotted line). Letters indicate significant
differences as determined by ANOVA and pairwise T-testing (P < 0.05). The p-values of

the F-test for each leaf are given.
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Figure 6 — source data 1.

Excel table containing the

complementation lines and the PCA loadings

relative metabolite levels of the

The tab “metabolites normalized to wt” contains the relative metabolite levels, which were

used to calculate the fold changes shown in Figure 6E, as well as P-values from statistical

tests. Values are the mean + SD of 5 biological replicates given as fold change to the

corresponding wt. The tab “PCA - variance and loadings” contains the SD, proportion of

variance, and loadings of all principal components from the PCA analysis shown in Figure

6F.
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Figure 7. AKIN10-mediated phosphorylation of bZIP63 affects its dimerization with
other bZIPs differentially

(A) and (B) Protoplast 2-hybrid (P2H) assays. Bars represent means + SD of 4 biological
replicates. (A) Interaction of bZIP63 with bZIP63, 1, and 11 without (grey) or with

(vellow) co-transformation of AKIN10. Values are normalized to bZIP63-bZIP63
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interaction without AKIN10. Numbers above the bars indicate fold induction. P-values
from T-tests < 0.05 and < 0.01 are indicated by * and **, respectively.
(B) Interaction of bZIP63 (top) or bZIP11 (bottom) with wt and S/A mutants of bZIP63
without (grey) or with (yellow) co-transformation of AKIN10. Values are given in % of the
signal with wt bZIP63 and AKIN10. Letters indicate significant differences as determined
by ANOVA and pairwise T-testing (P < 0.05). For controls see Figure 7 — figure
supplement 1.

(C) In vitro kinase assay of bZIP63, 1, 2, 11, 44, and 53 with AKIN10 and the SnRK1
upstream kinase SnAK2. For a kinase assay with the bZIPs and SnAK2 see Figure 7 —
figure supplement 2.

(D) Simplified model of the regulation of bZIP63 activity by AKIN10.

CBB, coomassie brilliant blue
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Figure 7 — figure supplement 1. Protoplast 2-hybrid (P2H) controls

(A) Barplot showing the lack of autoactivation of the constructs used for the P2H in Figure
7A. Homodimerization of bZIP63 was used as a positive control. (B) Exemplary western
blot (aBD) showing the expression of BD (DNA binding domain)-bZIP63 in the P2H
assays in Figure 7B.

CBB, Coomassie brilliant blue
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Figure 7 — figure supplement 2. SnAK2 does not phosphorylate bZIP63 or the S1 class
bZIPs
In vitro kinase assay of bZIP63, 1, 2, 11, 44, and 53 with SnAK2.
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ABSTRACT

Sustaining energy homeostasis is of pivotal importance for all living organisms.
Evolutionary conserved kinases related to yeast Snfl and mammalian AMPK control
metabolic adaptation to low energy stress. Transcriptome studies reveal that Arabidopsis
Snf1-RELATED KINASE1 (SnRK1) controls thousands of starvation-related genes and
that a subset is executed by downstream group-S1 basic leucine Zipper (bZIP) transcription
factors. S1-bZIPs control amino acid catabolism, functioning as an essential alternative
respiratory pathway to support mitochondrial electron transport upon starvation. Prototypic
studies on ETFQO, a central target gene in this process gained insight into the mechanistic
link between SnRK1 activity and transcription: SnRK1-mediated phosphorylation of group
C-bZIPs initiates bZIP-heterodimerisation by forming a ternary SnRK1-C/S1-bZIP
complex which directly binds the ETFQO promoter. Subsequently, complex-mediated
recruitment of the histone acetylation machinery facilitates transcription. Taken together,
this work reveals a molecular mechanism by which energy deprivation in plants is

transduced to reprogram expression and ultimately drives metabolic adaptation.
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INTRODUCTION

Mitochondrial respiration provides most of the cellular energy to eukaryotic organisms.
For this process, sugars are the predominant substrates that are therefore stored to ensure
constant energy supply. In photosynthetic organisms like plants, this storage function is
carried out by starch, providing resources during the night (for review see Stitt and
Zeeman, 2012). Under stress conditions, organisms exhibit a strong increased energy
demand to enable adaptive responses. The cell could therefore face a situation of energy
deprivation (for review see Baena-Gonzdlez 2010; Tome et al., 2014). Hence, it is of
critical importance to precisely match the cellular energy supply and demand. Recent
studies propose a relationship between energy availability and stress tolerance, survival,
cell growth and longevity. In line with these findings, energy-deficiency signaling in plants
is proposed to trigger convergent responses independently of the origin of its causes
(Baena-Gonzalez and Sheen, 2008; Tome et al., 2014; Yao et al., 2015)

The plant central regulatory kinase SnRK1 (Snf1-RELATED KINASE1), and its homologs
AMPK (AMP-ACTIVATED PROTEIN KINASE) in mammals and Snfl (SUCROSE-
NON-FERMENTING1) in yeast have emerged to link growth and development to
nutrients and energy availability ( Hardie, 2007, 2015; Polge and Thomas, 2007; Robaglia
et al., 2012; Sheen, 2008; Tome et al., 2014). Although the sensing of metabolic signals by
SnRK1 is not well-understood (Crozet et al., 2014), this kinase is proposed to support
cellular function during stress such as oxygen-limitation upon flooding, as well as aspects
of plant developing such as vegetative-to—reproductive phase transitions (Baena-Gonzalez
et al., 2007; Tsai and Gazzarrini, 2012). The principal processes activated by SnRK1-
homologs are major catabolic pathways related to carbohydrate and amino acids (aa)
metabolism, or autophagy. Opposite, a large set of energy-consuming processes are
repressed, such as ribosome biogenesis and protein translation (Baena-Gonzalez et al.,
2007; Hardie, 2015). Supporting the major function in energy homeostasis, SnRK1
regulated genes were found to be positively correlated with stress and starvation genes or
negatively correlated with genes activated by sucrose or glucose (Baena-Gonzalez and
Sheen, 2008).

Functional SnRK1/AMPK/Snf1 consist of three evolutionary conserved subunits (Polge
and Thomas, 2007). In Arabidopsis thaliana, the catalytic a-subunit is encoded by a small

gene family of three members, namely SnRK1.1 (AKIN10), SnRK1.2 (AKIN11), and
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SnRK1.3 (AKIN13). Whereas the latter is hardly expressed, the others possess partially
redundant function, although they differ considerably in their expression profiles (Baena-
Gonzalez et al., 2007; Williams et al., 2014). A stable double mutant in SnRK1.1 and
SnK1.2 appears to be lethal (Baena-Gonzalez et al., 2007).

SnRK1 controls energy metabolism through direct regulation of enzymes, transcription
factors (TFs) and miRNAs (Confraria et al., 2013; Hardie, 2015; Sheen, 2014). Although
several plant TF targets of SnRK1 have been proposed, detailed regulatory mechanisms
remain elusive. Basic leucine Zipper (bZIP) TFs of the group S1 (bZIP1, bZIP2, bZIP11,
bZIP44, and bZIP53; Jakoby et al., 2002) are likely targets of SnRK1s (Baena-Gonzalez et
al., 2007; Ma et al., 2011). Indeed, S1-bZIPs have been shown to play an important role in
transcriptional reprogramming of sugar and nitrogen metabolism in response to stress,
growth and hormonal control as well as development aspects such as seed maturation
(Alonso et al., 2009; Baena-Gonzalez et al., 2007; Dietrich et al., 2011; Hanson et al.,
2008; Kang et al., 2010; Ma et al., 2011; Obertello et al., 2010; Para et al., 2014; Weiste
and Droge-Laser, 2014). (bZIP1, bZIP2, bZIP11, bZIP44, and bZIP53). Moreover,
important dark-induced (DIN) genes, such as ASPARAGIN SYNTHETASE, (ASN1, DING6)
have been demonstrated to be directly regulated by S1-bZIPs via G-box cis-elements
(Baena-Gonzalez et al., 2007; Dietrich et al., 2011; Ma et al., 2011). Finally, these TFs are
controlled transcriptionally and post-transcriptionally by sugar, proposing that their
regulation is highly correlated with the energy status of the cell (Dietrich et al., 2011; Kang
et al., 2010; Weltmeier et al., 2009; Wiese et al., 2004).

S1-bZIPs preferentially form heterodimers with group C bZIPs (C-bZIPs: bZIP9, bZIP10,
bZIP25, and bZIP63) (Ehlert et al., 2006; Weltmeier et al., 2006). In particular, bZIP63 has
been implicated in controlling gene expression in response to starvation (Dietrich et al.,
2011; Kang et al., 2010; Kunz et al., 2014; Matiolli et al., 2011). Recently, bZIP63 was
identified as the first in vivo TF target of SnRK1, leading to specific phosphorylation of
three bZIP63 Ser-residues (Mair et al.Chapter 3). Strikingly, this bZIP63 phosphorylation
enhances formation of C/S1 heterodimers, disclosing an important regulatory mechanism
in gene expression. Taken together, these findings support a cooperative function of the
C/S1 bZIP network in plant low energy management.

In this study we devised a combinatorial strategy of chemical, genetics, genomics, and cell-

based analyses to dissect the SnRK1-C/S1-signaling network in response to extended
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darkness, which is mimicking low energy stress in plants. We clearly show a significant
overlap between the genome-wide transcriptional responses exerted by SnRK1 and S1-
bZIPs supporting the view, that S1-bZIPs act downstream of SnRK1. Strikingly, both
regulators control the expression of genes involved in an alternative respiratory pathways
feeding electrons into the mitochondrial electron transport chain to support respiration
under carbohydrate limiting conditions. Stress-triggered adjustment of energy homeostasis
by inducing alternative respiratory pathways was determined as a key process to assure
survival under stress. Making use of ELECTRON-TRANSFER FLAVOPROTEIN:
UBIQUINONE OXIDOREDUCTASE (ETFQO), an essential target gene in this process, we
discovered that SnRK1 and C/S1 heterodimers form a ternary complex that binds directly
to the ETFQO promoter and is responsible for subsequent histone acetylation and
transcriptional activation. Taken together, the data presented here provide a mechanistic
model linking SnRK1 mediated low energy signaling to gene regulation and cellular
adaptation.

RESULTS

SnRK1 and S1-bZIPs control shared and distinct sets of genes in response to extended
darkness

Previous work suggested S1-bZIPs as mediator of the transcriptional response driven by
SnRK1 upon energy deprivation (Baena-Gonzalez et al., 2007). To investigate the
SnRK1/S1-bZIP signaling network, we performed genome-wide expression profiling of
wild-type (WT), snrk1.1/1.2 and bzipS1 mutant. Due to their proposed function in low
energy signaling, starvation conditions were mimicked by 6 h of extended darkness
(Usadel et al., 2008).

As constitutive snrk1.1/1.2 double mutants are lethal (Baena-Gonzalez et al., 2007), we
generated a snrkl.1 mutant transformed with a -estradiol (Est) inducible artificial-micro
(ami)RNA, which specifically targets snrk1.2. S1-bZIPs have been characterized to support
partially redundant functions (Alonso et al., 2009; Dietrich et al., 2011; Weltmeier et al.,
2009). Hence, a multiple loss-of-function approach is required, which is targeting all five
members of this sub-group. Accordingly, bzipS1 was obtained by transforming a
bzip1/bzip53 T-DNA insertion mutant with an Est-inducible amibZIP2/11/44 construct
(Weiste and Droge-Laser, 2014). Molecular characterization of these plant lines is provided

in Figure S1A-E.
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In comparison to WT, RNA sequencing (RNAseq) experiments performed with snrk1.1/1.2
plants showed a strong impairment in transcriptional responses to extended darkness.
Applying a filters (p.adjust < 0.01; log (fold change) logFC > 2), overall 2717 or 747 genes
were differentially up- and down-regulated, respectively (Figure 1C, D, and Table S1).
Processes controlled by SnRK1.1 and SnRK1.2 (Figure S1F-H) were similar to those
previously identified by overexpression of SnRK1.1 in Arabidopsis protoplasts (Baena-
Gonzalez et al., 2007) . E.g. the snrk1.1/1.2 mutant was unable, neither to induce the
catabolic pathways providing alternative sources of energy, nor to repress highly energy
demanding anabolic processes, such as ribonucleoprotein complex biogenesis (Figure S1F
and Table S1).

The impact of S1-bZIPs on gene expression in response to extended darkness was of
smaller entities. In particular, 92% of the differentially expressed genes (DEG) showed
only minor changes between logFC | 2 | (Figure 1B). This finding may be explained due
to the residual presence of bZIP2, bZIP11, and bZIP44 in the bzipS1 plants, as the use of
Est inducible amiRNA leads only to a reduction in bZIP expression (Figure S1B). Hence
for the subsequent analyses, we did not apply any filter based on FC magnitude. . In
comparison to WT, overall 307 genes were up- and 195 down-regulated in the in the
bzipS1 mutant (Figure 1C and D, Table S1).

Among the DEGs, 293 were regulated by both SnRK1s and S1-bZIPs. Despite the massive
transcriptional reprogramming driven by SnRK1.1/1.2, 209 genes (67 down- and 142 up-
regulated) were specifically de-regulated only in the bzipS1 mutant, indicating that not
only SnRK1 signaling is converging on S1-bZIPs. Compared to publicly available
microarray data from WT plants exposed to extended darkness, the majority of genes de-
regulated in both snrk1.1/1.2 and bzipS1 exhibited oppositional expression characteristics
(Figure S1G-H). Precisely, 86% of genes induced by extended dark treatment in WT plants
were down-regulated in snrk1.1/1.2 and bzipS1 mutant . GO (Gene ontology) annotation of
biological processes of shared DEGs showed an enrichment in anabolic processes with
respect to up-regulated genes and an over-representation of catabolic processes for down-
regulated genes (Figure 1E-1F and S1F).

Metabolic studies on snrk1.1/1.2 and bzipS1 mutants revealed shared alterations in
primary metabolism

In line with the transcriptome studies, metabolic analyses revealed that SnRK1 and S1-
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bZIPs support adaptation processes towards energy deprivation. Primary leaf metabolites
of WT, snrk1.1/1.2 and bzipS1 mutants displayed significant changes in sugar metabolism,
Tricarboxylic Acid (TCA) cycle intermediates, aa and polyamines (Figure. 1 G-H, and
Table S1). In comparison to WT, levels of sucrose and citrate were found to be reduced
more than 2-fold in the snrk1.1/1.2 mutant. Simultaneously, levels of other TCA cycle
intermediates as well as TCA cycle related aa increased significantly. A strong overlap in
metabolic changes between both mutants was found for the pools of myo-inositol and
leucine.

Comparing metabolite levels of bzipS1 to the WT, the observed changes were found to be
similar to those of the snrkl.1/1.2 plants: disaccharide levels decreased, while
monosaccharides, myo-inositol and leucine increased. Nevertheless, there were almost no
changes observed in TCA cycle intermediates in bzipS1 plants. Taken together, both
transcriptome and metabolome data support the view, that S1-bZIPs may execute a well-
defined subset of the SnRK1 responses.

Expression of genes involved in leucine degradation are tightly regulated by SnRK1
and S1-bZIPs

As aa metabolism serves as an alternative energy resource upon starvation (for review see
Aratijo et al., 2011), the GO category “amino acid metabolic process” was of particular
interest to us. RT-gPCR (Real-Time-quantitative-PCR) analysis revealed that the
expression of several genes involved in the degradation of branched chain aa (BCAA)
depends on both SnRK1 and S1-bZIPs (Figure 2A). Within 6h of exposition to extended
dark, transcription of BRANCHED CHAIN TRANSAMINASE2 (BCAT2), ELECTRON-
TRANSFER FLAVOPROTEIN:UBIQUINONE OXIDOREDUCTASE (ETFQO),
METHYLCROTONYL COA CARBOXYLASE (MCCA and MCCB) was strongly induced in
WT plants, whereas their expression was significantly reduced in snrk1.1/1.2 and bzipS1
mutants (Figure 2B-E). Among the enzymes involved in leucine degradation, ETFQO is of
particular importance for the overall metabolic regulation as it encodes for an unique
protein, feeding electrons into the mitochondrial electron transport chain. Making use of
alternative substrates other than glucose, this essential pathway is supporting respiration
under low energy stress, both in plants as in mammals (Aratjo et al., 2010, 2011; Ishizaki
et al., 2005, 2006; Watmough and Frerman, 2010).

SnRK1 and S1-bZIPs regulate mitochondrial metabolism via the electron transfer
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protein ETFQO

To study the functional connection between SnRK1, S1-bZIPs and energy metabolism, we
focused on the ETFQO gene. Indeed, etfgo mutants have already been described to be
impaired in an adequate response to extended dark treatment and display an early
senescence phenotype as demonstrated in Figure 3 (Ishizaki et al., 2005).

To quantify plant survival under low energy stress, chlorophyll content was used as an
easy-to- measure marker (Baena-Gonzalez et al., 2007; Ishizaki et al., 2005). In our growth
condition, no visible difference could be observed between snrkl1, bzipS1 and etfqo mutants
when compared to WT plants (Figure 3A). However, exposition of snrkl, bzipS1 and etfqo
plants to 6 days of extended dark, resulted in significant reduction of chlorophyll in all
plant lines tested (Figure 3B). Nevertheless, WT plants could cope better with extended
dark treatment. Application of 2% glucose reverted the loss of chlorophyll content in all
tested genotypes exposed to extended dark, indicating that glucose was used as primary
carbon source and can be supplemented by addition to the growth medium. To connect the
mutant phenotypes with a non-functional mitochondrial electron transport chain, we
applied the inhibitor Antimycin-A (AMA) (Figure 3C). AMA treatment together with
extended darkness results in a lower chlorophyll content as in light-grown plants. External
application of glucose reverted this loss of chlorophyll content, even though mitochondrial
electron transport chain was non-functional. Presumably, the fermentation pathway
provides alternative sources of energy to support plant metabolism. Interestingly, when we
used the ALCOHOL DEHYDROGENASE (ADH) inhibitor 4-methylpyrazole (4-MP) to
block fermentation, we observed that external glucose, which prevented chlorophyll
degradation in WT plants does not result in enhanced chlorophyll levels in snrk1, bzipS1
and etfqo mutants (Figure 3D). Based on this evidence we assumed that the snrki, bzipS1
and etfgo mutants do not rely on a functional mitochondrial electron transport chain and
that the external glucose has been assimilated via the fermentation pathway. Consequently,
treatment of WT plants with AMA and 4-MP under extended dark conditions, indeed,
resulted in low chlorophyll content, similarly to snrkl, bzipS1 and etfqo mutants (Figure
3E). Taken together, these data support the view that SnRK1 and S1-bZIPs control the
essential ETFQO-dependent pathway to exploit alternative resources under energy limiting
conditions.

The ETFQO promoter is directly regulated by S1- and C-bZIPs
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Based on the transcriptome analysis the ETFQO gene is perfectly suited to study the
mechanistic connection between SnRK1, S1-bZIPs, and mitochondrial-dependent energy
metabolism. The expression of ETFQO was only slightly altered in single or double S1-
bZIPs mutants, although strongly impaired in the bzipS1 background (Figure S2A).
Presumably, this finding is attributed to functional redundancy between S1- and C-bZIPs,
as it has already been described for other target genes. Protoplasts transactivation assays
using an ETFQO promoter-driven GUS reporter (Progrroo:GUS), demonstrate that in fact
overexpression of any of the five S1-bZIPs activates the reporter expression, however with
varying intensities (Figure 4A). Interestingly also SnRKI1.1 co-expression induces the
ETFQO promoter and boosts the activation potential, in particular of bZIP1, bZIP2, and
bZIP44. These results are in line with the observation that overexpression of SnRK1.1 in
protoplasts is sufficient to mimic energy- deprived conditions (Baena-Gonzalez et al.,
2007). Similar results have been confirmed by RT-qPCR (Figure S2B). Again, bZIP1, -2
and -44 show a stronger activation of ETFQO expression than bZIP11 or -53. As S1-bZIPs
form heterodimers with C-bZIPs (Ehlert et al., 2006), we also tested their ability to
regulate ETFQO expression. Indeed, bZIP9, -10 and bZIP63 are able to induce the
activation of Progrrqo:GUS in a SnRK1.1-dependent manner (Figure 4B). Moreover,
protoplast-2-hybrid (P2H) assays confirm, that heterodimerisation between bZIP2 and
bZIP9, bZIP25, as well as bZIP63 are enhanced by co-expression of SnRK1.1 (Figure
S30).

C/S1-bZIPs preferentially bind to G-boxes (GACGTC) and ACGT-core sequences (Kang
et al., 2010; Kirchler et al., 2010). Analysis of the ETFQO promoter revealed the presence
of a G-box like motif at — 125 bp (G1), a G-box-core motif at — 450 bp (G2) and two other
G-box motives adjacent to each other around - 900 bp (G3 and G4) relative to the
translational start site (Figure 4C). Chromatin immuno-precipitation coupled to PCR
(ChIPpcr) demonstrates that bZIP1, bZIP2, and bZIP44 directly bind to the ETFQO
promoter (Figure S3D) and that their recruitment is enhanced by co-expression of
SnRK1.1. bZIP53 and bZIP11 bind the same sites, although with minor affinity. As TFs,
when overexpressed tend to bind to less specific binding sites (Walz et al., 2014), this
could explain why all five S1-bZIPs bound to the ETFQO promoter in our experiments.
Despite the ability of all S1-bZIPs to activate the expression of ETFQO, bZIP2 alone and

in co-operation with SnRK1.1 shows the strongest activation potential. Hence, promoter
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scanning ChIP experiments were performed to fine-map bZIP2 binding to the ETFQO
promoter. This analysis confirms binding of bZIP2 to the promoter, precisely at the G1 and
G3-4 sites (Figure 4D). In fact, the integrity of these binding motives was necessary for the
activation of the Progrrqo:GUS reporter (Figure 4F). Moreover, bZIP63 has also been
observed to occupy the ETFQO promoter at the same sides as bZIP2 (Figure 4E). These
findings are supported by a mutational approach targeting the G-boxes in the ETFQO
promoter. Indeed, the integrity of the G1, G3 and G4 binding motives was necessary for
the activation of the Progrrqo:GUS reporter by both, bZIP2 and SnRK1 (Figure 4F). As the
dimerization between bZIP2 and bZIP63 is induced by co-expression of SnRK1.1 (Figure
S3D) and as they occupy the same sites on the ETFQO promoter, we conclude that these
bZIPs probably bind as heterodimers at the respective sites. Nevertheless, we cannot
exclude a more complex dimer occupancy pattern on the three ETFQO promoter binding
sites.

SnRK1.1, bZIP2, and bZIP63 form a ternary complex which mediates SnRK1.1
recruitment to the ETFQO promoter

Although S1-bZIPs were found to be essential for the SnRK1 dependent expression of
ETFQO, they are no directly phosphorylated by SnRK1.1 (Mair et al., Chapter 3). Using a
P2H approach, we demonstrate that interaction of bZIP2 and bZIP63 is promoted when
SnRK1.1 is co-expressed (Figure 5A). Moreover, the interaction between bZIP63 and
SnRK1.1 is also stronger in the presence of bZIP2. Surprisingly, we observed an
interaction between bZIP2 and SnRK1.1 however, only when bZIP63 was co-expressed.
Most-likely, this protein interaction is mediated by bZIP63 forming a ternary complex. It
has recently been reported, that bZIP63 is directly phosphorylated by SnRK1.1 (Mair et al.,
Chapter 3). Indeed, dimerization between bZIP63 and bZIP2 is abolished when a mutated
version of bZIP63 (bZIP63ala) is assayed in a P2H approach (Figure 5B). This bZIP63
mutant harbors Ser to Ala exchanges in those aa (529/S294/S300) which have been
identified as SnRK1.1-specific in vivo phosphorylation sites. .

Similarly to the already described dimer between bZIP63 and bZIP11 (Mair et al., in
preparation), also the dimerization between bZIP63 and bZIP2 depended on the SnRK1.1
phosphorylation of bZIP63, as their interaction was abolished when a mutated version of
bZIP63 (bZIP63ala: Ser-Ala exchange of SnrK1.1 specific phosphorylation sites, Mair et

al.) was used (Figure 5B). Moreover, ChIPpcr experiments demonstrate, that the integrity
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of the SnRK1.1 phosphorylation sites within the bZIP63 protein is indispensable for its
recruitment to the ETFQO promoter (Figure 5C). Taken together, it is tempting to speculate
that formation of a stable ternary complex between SnRK1, bZIP63, and bZIP2 assists in
recruiting SnRK1 to the chromatin.

SnRK1 is recruited to the chromatin and required for histone acetylation of the
ETFQO promoter

Nuclear localization of SnRK1s has been demonstrated in planta (Bitrian et al., 2011).
Remarkably, ChIPpcr analyses demonstrate that SnRK1.1 is associated with the ETFQO
promoter (Figure 6A). Strikingly, SnRK1.1 recruitment increases within 6 h of extended
dark treatment, supporting the assumption that SnRK1.1 is recruited to the chromatin in
response to low energy stress. S1-bZIPs and bZIP63 are crucial for SnRK1.1 recruitment to
the ETFQO promoter as its binding was strongly impaired in the bzipS1 and bzip63 mutant
background (Figure 6A, B). Moreover, we could demonstrate that a fully functional
bZIP63 was indispensable for SnRK1.1 recruitment, as SnRK1.1 did not bind to the
ETFQO promoter when a bzip63 mutant line was applied, which has been complemented
with a genomic Propzpss:bZIP63:GFP construct harboring Ala exchange mutations in the
SnRK1 phosphorylation sites (bZIP63ala) (Figure 6B).

In yeast, the SnRK1 homolog Snfl is also bound to promoters and regulates chromatin
structure via histone acetyltransferases (HAT), which modify histones due to acetylation
(Abate et al., 2012; Lo et al., 2001). Acetylation of histone 3 lysine 14 (H3K14) is a
general mark, associated with an euchromatic state and high level of transcription (Lee and
Workman, 2007). We recently demonstrated that bZIP2 (as well as bZIP11 and bZIP44)
form a complex with the ADA2b adapter, necessary to recruit GCN5 related HATs (Weiste
and Droge-Laser, 2014). In WT plants, we found an increased level of H3K14 acetylation
of the ETFQO promoter within 6 h of extended dark treatment which was abolished both
in snrk1.1/1.2 and bzipS1 mutants (Figure 6C). These findings propose a mechanistic
model that recruitment of a ternary SnRK1/bZIP complex is required for opening up the
chromatin and to initiate transcription of the ETFQO gene.

DISCUSSION

In this work we unravel the molecular mechanisms by which energy deprivation is
transduced to reprogram gene expression and to support plant survival . The findings are

summarized in a model provided in Figure 7.
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Acting as downstream transcription factors, S1-bZIPs execute a subset of the SnRK1
responses

We could demonstrate the importance of SnRK1 as a central regulator of transcriptional
networks in stress and energy signaling. . In comparison to previous studies (Baena-
Gonzalez et al., 2007), this transcriptome approach provides several advantages as (i)
whole-plants instead of protoplast cultures, (ii) inducible loss-of-function instead of gain-
of-function approaches and (iii) energy deprived situations were studied. In general,
SnRK1s are activating catabolic processes and inactivating energy-consuming anabolic
processes. Importantly, these functions proposed for plant SnRK1, largely match those
described for orthologous kinases in other species, indicating evolutionary conservation of
these crucial metabolic regulators (Baena-Gonzalez and Sheen, 2008; Hardie, 2007).
Interestingly, downstream TF targets of Snfl in yeast or AMPK in mammals appear not to
be evolutionary conserved in plants. Although several downstream TFs have been
proposed, unambiguous proof is still missing (Kleinow et al., 2009; Lin et al., 2014;
O’Brien et al., 2015; Tsai and Gazzarrini, 2012). According to previous publications, C/S1-
bZIPs have a strong impact on the expression of genes involved in the primary metabolism
and starvation responses, such as ASN1 (Baena-Gonzalez et al., 2007; Dietrich et al.,
2011). Moreover, the substantial overlap of S1-bZIP and SnRK1-regulated genes, observed
in our transcriptome analyses strongly support a function of S1-bZIPs downstream of
SnRK1. Nevertheless, as only a subset of SnRK1-regulated genes are controlled by S1-
bZIPs further TFs have to be postulated to execute SnRK1 responses. Despite the huge
transcriptional reprogramming initiated by SnRK1 upon extended darkness, we could also
identify genes regulated by S1-bZIPs, not overlapping with those of SnRK1. The C/S1-
network could, hence serve as an important hub, where different input signals are
converging to reprogram the plant transcriptome. In line with this assumption, the C/S1-
network has been shown to be involved in a large variety of biological functions such as
biotic and abiotic stresses, nutritional response, seed development or auxin signaling
(Alonso et al., 2009; Baena-Gonzalez et al., 2007; Dietrich et al., 2011; Hanson et al.,
2008; Kang et al., 2010; Ma et al., 2011; Obertello et al., 2010; Para et al., 2014; Weiste
and Droge-Laser, 2014).

By recruiting SnRK1 to target promoters, bZIP heterodimers link starvation

signaling to transcriptional reprograming

108



Chapter 4 Pedrotti et. al.,, SnRK1-S1-bZIPs

Although none of the S1-bZIPs were found to be directly phosphorylated by the SnRK1
kinase, we recently could demonstrate that the group C bZIP63 is phosphorylated by
SnRK1 and hence, due to heterodimerisation provides an ideal partner to functionally link
S1-bZIPs and SnRK1. Indeed, our present data suggest the formation of a ternary complex
between SnRK1, bZIP2, and bZIP63, which depends on the integrity of the SnRKI1-
specific phosphorylation sites, which have been determined in bZIP63. We propose that
SnRK1 activation leads to phosphorylation-driven complex formation, which in turn is
recruited to target promoters such as ETFQO (Figure 7). Here, we define ETFQO as a
direct C/S1-bZIP target, encoding an electron transfer protein supporting alternative
mitochondrial electron transport upon energy stress. ChIP studies support that SnRK1
recruitment to the chromatin depends on both C- and S1-bZIP partners and the integrity of
bZIP63 phosphorylation sites. Indeed preferential C/S1-heterodimerisation and its
synergistic impact on gene regulation has been previously demonstrated (Alonso et al.,
2009; Ehlert et al., 2006; Weltmeier et al., 2006). Hence, it is tempting to propose that
further ternary SnRK1-C/1S1-bZIP complexes may exist. However, whether they perform
specific or redundant functions need to be elucidated. As bZIPs of the C/S1 network are
characterized by a plethora of transcriptional and post-transcriptional regulatory
mechanisms, bZIP dimerization has been proposed to function as a signaling hub to
integrate inputs on environmental and cellular energy conditions into transcriptional
patterns (Mair et al., Chapter 3; Weltmeier et al., 2006).

Recently, we have shown that the N-terminus of bZIP2 (as well as bZIP11 and bZI1P44)
interact with the adaptor protein Ada2b, which is part of a multi-protein HAT complex
related to yeast SAGA (Rodriguez-Navarro, 2009; Vlachonasios et al., 2003; Weiste and
Droge-Laser, 2014). These findings are in line with starvation induced histone acetylation
of the ETFQO promoter, which depends on the presence of SnRK1 and S1-bZIPs. Besides
controlling bZIP heterodimerisation, SnRK1 may hence have a distinct second function in
chromatin remodeling. It has to be noted that in yeast, the Snfl kinase is also recruited to
the chromatin to phosphorylate histones (H3S10) (Abate et al., 2012; Lo et al., 2001). This
modification is recognized by HAT complexes that facilitate histone acetylation as a
secondary chromatin mark. Thus, SnRK1s may contribute to modifications of the
chromatin status by non-exclusive mechanisms. Taken together, SnRK1 appear to function

as a moonlighting protein, performing both as a kinase and a scaffolding protein to link
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low-energy-signaling to gene expression (Copley, 2012).

SnRK1-C/S1-bZIP-ETFQO signaling controls mitochondrial energy metabolism upon
low energy stress

According to the proposed function in optimizing energy usage in situations of limited
energy availability, snrk1.1/1.2 and bzipS1 mutants show an altered regulation of several
energy-consuming or energy preserving processes. Comprehensive metabolic,
pharmacological and genetic analyses disclosed a previously unexpected SnRK1-C/S1-
bZIP dependent regulation of ETFQO expression. Reduced expression of ETFQO
specifically affects mitochondrial electron transport as it leads to the inability of the plant
to exploit fatty acids, choline or aa as an alternative source of energy, with the consequent
inability to survive extended dark treatment (Engqvist et al., 2011; Hortensteiner and
Krautler, 2011; Ishizaki et al., 2005, 2006). Indeed, mutants in all components of the
pathway (snrk1.1/1.2, bzipS1, etfqo) displayed highly similar responses to
pharmacologically administered blocks in central metabolic activities as well as impaired
survival under stress. As ETFQO related proteins are well-conserved from plants to
mammals and humans, the mechanism presented here is of broader interest. Several
diseases, such as obesity and certain kinds of cancer, are related to dysfunctional ETFQO
and mitochondrial metabolism (for review see Watmough and Frerman, 20). Further
studies are needed to address an evolutionary conserved regulation of mitochondrial
metabolism by SnRK1 and its homologs.

EXPERIMENTAL PROCEDURES

Plant material

Arabidopsis thaliana ecotype Col-0 was used as WT. To generate the snrk1.1/1.2 mutant,
an amiRNA targeting snrk1.2 transcripts was transformed into the snrkl.1 mutant via
Agrobacterium-mediated floral-dip transformation (Weigel and Glazebrook, 2002). Simi-
larly, bzip1/bzip53 double mutant (Salk 059343; 069883; Dietrich et al., 2011) were trans-
formed with an amiRNA construct targeting bZIP2/11/44 (Weiste and Droge-Laser, 2014).
Furthermore, etfgo (Ishizaki et al., 2005), single and multiple bzip mutants (Alonso et al.,
2009; Dietrich et al., 2011) and bzip63 complemented lines (Mair et al., Chapter 3) were
used.

Plant growth conditions

If not indicated otherwise, all plants were grown in a plant growth incubator (BINDER,
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Tuttlingen, Germany) in a 12 h light/12 h dark photoperiod, at 22°C/20°C and a humidity
of 60%. For sterile culture, plants were grown on MS-agar medium (MS: M0222, Duchefa-
Biochemie, Germany; agar: P1003, Duchefa-Biochemie, Germany) for 4 weeks.

Extended dark treatment was obtained by prolonging the dark period into the subsequent
light phase for 6 h. During these 6 h temperature was kept at 22°C.

Induction of amiRNA expression was performed by supplementing Est to MS-agar
medium after sterilization (T<40°C) to a final concentration of 10 pM. In case of the
bzipS1 and snrk1.1/1.2 mutants, Est treatment was perpetuated for 1 or 6 days,
respectively.

For pharmaceutical studies, sterile grown plants were treated with Antimycin-A (20 pM)
(A8674, Sigma-Aldrich, Germany) or 4-methylpyrazole hydrochloride (2 mM) (M1387,
Sigma-Aldrich, Germany).

Vector construction

Target specific amiRNA sequences were generated using the online amiRNA design tool
WMD3 (http://wmd3.weigelworld.org) and inserted in the GATEWAY® compatible binary
vector pMDC7 (Zuo et al., 2000). The group S1 and C bZIP effector plasmids used for
ChIP and transactivation assays were previously described by Ehlert et al. (2006).
SnRK1.1 ¢cDNA was PCR-amplified using GATEWAY® compatible primers, inserted in
the pDONR201 entry vector and subsequently transferred into expression vectors (Ehlert et
al., 2006). A 1000 bp ETFQO promoter was PCR amplified from WT genomic DNA, using
sequence specific primers attaching Xhol or Ncol restriction sites. The promoter sequence
was inserted in the pBT10:GUS reporter construct (B. Weisshaar, Bielefeld, Germany). To
generate mutations in the G-box elements, the Quick change site-directed mutagenesis kit
(Stratagene, La Jolla, USA) was used following the manufacturers manual. Mutagenic

primers were designed online at: http://www.genomics.agilent. com/primerDesign. All

primers are listed in Table S1

Statistics

Statistical tests were all performed using R.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Table 1. Report of the RNAseq analysis.

Supplemental Figure 1. Characterization of snrk1.1/1.2 and bzipS1 mutant lines
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Supplemental Figure 2. SnRK1 and S1-bZIPs reprograms the primary metabolism.
Supplemental Figure 3. Regulation of the expression of ETFQO by C- and S1-bZIPs
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Figure 1. SnRK1 and S1-bZIPs control shared and distinct sets of genes and support
overlapping changes in primary metabolism in response to extended darkness

(A, B) RNAseq of 4-week-old snrk1.1/1.2 (A) and bzipS1 (B) plants in comparison to WT.
Smear plots of DEGs, 6h after extended darkness. Grey and yellow dots represent genes
with significantly differential expression with P.adjust (“BH correction”) < 0.01. Blue lines
are at logFC = 2. Average logCPM:

(C, D) Venn-diagram displaying the number of down- and up-regulated genes in
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snrk1.1/1.2 (grey and blue) and bzipS1 (yellow and orange). The respective overlap
provides the number of DEGs shared by both mutants.

(E, F) GO enrichment of shared DEGs in snrk1.1/1.2 and bzipS1. Pie-charts represent the
fold enrichment of down- (E) and up-regulated (F) categories. All the presented categories
had a benjamini value < 0.05; number of genes in each category are given in brackets. For
detailed analyses see Table S1.

(G, H) Changes in primary metabolites observed in srrk1.1/1.2 (G) and bzipS1 (H)
compared to WT after 6h of extended night. Log2-fold changes are color-coded. Data

obtained from 5 biological replicates were *p<0.05, ** p<0.01, *** p<0.001
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Figure 2. SnRK1 and S1-bZIPs regulate the branch chain amino acid degradation

pathway

(A) Representation of the Leu degradation pathway. Enzymes involved are highlighted

according to their subcellular localization: green for gene products with a chloroplastic

localization, purple for those localized in the mitochondria (Binder, 2010).

(B-E) RT-gPCR validation of the expression of BCAT2, ETFQO, MCCA, and MCCB in 4-
weeks old WT (blue), snrk1.1/1.2 (orange) and bzipS1 (yellow) plants. Oh was defined at
the end of the dark period; 1h, 3h, 6h time points correspond to extended dark, 6h L refer

to plants cultivated for 6h in light. Given are mean expression level (£ st.d.) (n=3) relative

to WT at Oh. t-test to WT at the same time point, * P < 0.01.
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Figure 3. SnRK1 and S1-bZIPs regulate mitochondrial metabolism via the expression
of ETFQO

Phenotype (left: - sugar; middle: + 2% glucose) and chlorophyll content (right) of WT
(blue), snrk1.1/1.2 (red), bzipS1 (yellow), and etfqo (green) plants measured under the
following conditions: (A) 12h/12h light/dark photoperiod; (B) 6 days of extended
darkness; (C) 6 days of extended darkness and antimycin-A (AMA) treatment; (D) 6 days
of extended dark and 4-methylpyrazole (4MP) treatment; (E) 6 days of extended dark,
AMA, and 4MP treatment. Given are mean values (+ se) (n > 17) expressed as percentage
to WT plants growing under 12h/12h light/dark photoperiod. ANOVA, post-hoc test:

Fisher's test.
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Figure 4. bZIP2 and bZIP63 regulate the expression of ETFQO

(A, B) Activation of the Progrrqo:GUS reporter by HA-tagged fusion proteins of group S1-
and C-bZIPs in Arabidopsis protoplasts (green) and after co-expression (purple) of
SnRK1.1. (C) Schematic representation of the ETFQO promoter: positions of G-box and
G-box-like motives are highlighted relative to the start of translation (ATG). (D, E) ChIPpcr
of HA-bZIP2 (D) and HA-bZIP63 (E) in Arabidopsis protoplasts using the indicated
ETFQO-specific primers to detect binding at the G-boxes G1-G4. CR: control
corresponding to the coding sequence; cHA- and aGFP: specific antibodies; t-test, * P <
0.01. (F) Activation of mutated versions (g1 — g4) of the Progmqo:GUS reporter by
SnRK1.1 (red), HA-bZIP2 (yellow) or the combination of both (green). Given values are
mean values (£ st.d.) (n=3)., t-test, * P < 0.01. ANOVA, post-hoc: Tukey's.
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Figure 5. Complex formation between SnRK1.1, bZIP2, and bZIP63

(A) Protoplasts-3-hybrid (P3H) assay: interaction between Gal.BD- and AD-fused proteins
indicated in the presence or absence of the third partner (HA-fusion protein). (B) P3H
assay: interaction between AD-bZIP2 with BD-bZIP63 or BD-bzip63ala (S/A exchange
mutant of the SnRK1-specific phosphorylation sites: S29/294/300A). (C) ChIPpcr in 4-
week old GFP-bZIP63 or GFP-bzip63ala plants using specific primers for the G3-G4 site
on the ETFQO promoter. aGFP: specific antibody; 6h in the light (yellow) or 6h in
extended dark (green). Given are mean values (+ st.d.) (n=3). ANOVA, post-hoc: Tukey's.
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Figure 6. Recruitment of SnRK1 to the ETFQO promoter

(A) ChIPpcr of WT, snrk1.1/1.2 and bzipS1 plants using primers amplifying the G3-G4 site
of the ETFQO promoter and a SnRK1.1-specific antibody.

(B) ChIPpcr of WT, bzip63 mutant and bzip63 complemented with a genomic bZIP63
fragment fused to GFP (bZIP63) or bZIP63 fragment fused to GFP carrying S/A exchange
mutant of the SnRK1-specific phosphorylation sites (bZIP63ala). aGFP: specific antibody.
(C) Acetylation of the ETFQO promoter. ChIPpcr using an Ac-H3K14 antibody.

All analyses are performed with 4-week old plants in light (yellow) or 6 h extended dark
(green). Given are mean values (+ st.d.) (n=3). ANOVA, post-hoc: Tukey's.
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Figure 7. Model summarizing starvation-induced transcriptional control via the

SnRK1-C/S1-bZIPs pathway
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4633 67 6044 142
43 118
47
5

Up-regulated in WT
in the transition from light to extended
dark.
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Figure S1. Characterization of snrk1.1/1.2 and bzipS1 mutant lines

(A) RT-gPCR analysis of SnRK1.1 and SnRK1.2 expression in WT (blue) or snrk1.1/1.2
mutant (grey) without (dark) or with 16 h Est treatment (light color). T-test to WT — Est.
(B) RT-gPCR analysis of bZIP1, bZIP53, bZIP2, bZIP11, and bZIP44 expression in WT
without (blue) or with Est (light blue) and in bzipS1 plants without (yellow) or with 16 h
Est-treatment.

(C) Immuno-blot: expression of SnRK1.1 and SnRK1.2 in WT, snrk1.1/1.2, and bzipS1
plants grown. The time Est of treatment is indicated in days. Although a rapid decrease in
SnRK1.2 RNA has been observed in (A), the protein is relatively stable and its level
decreases 5-6 days after Est treatment (quantified relative to the “1 day” time point using
ImageLab, Biorad). Equal loading is verified by coomassie staining.

(D) RT-gPCR analysis of the expression of the SnRK1 target gene ASN1 (Dietrich et al.,
2011) in WT (blue) or snrk1.1/1.2 (grey) plants in response to 6h of extended dark. The
length of pre-treatment with Est is given in days and reflects the stability of the SnRK1.2
protein (C). Values are normalized to the relative WT values..

(E) RT-gPCR analysis of the expression of the bZIP target gene GH3.3 (Weiste and Droge-
Laser, 2014) in WT (blue) or bzipS1 (orange) plants in response to 6h of extended dark.
The length of pretreatment with Est is given in days. Values are normalized on WT at day
0.

For (A, B, D, and E) given are mean values (+ st.d.) (n=3). * P.value < 0.05.

(F) Selection of GO enrichment annotation of RNAseq results of snrk1.1/1.2 (for detailed
overview see Figure SX).

(G, H) Venn-diagram displaying the number of down- and up-regulated genes in
snrk1.1/1.2 (grey and blue) and bzipS1 (yellow and orange). The respective overlap
provides the number of DEGs shared by both mutants (see Figure 1 C,D). Numbers of
genes that have an opposite behavior in WT in transition from light to extended dark are
highlighted.

For (A, B, D, and E) given are mean values (+ st.d.) (n=3). * P.value < 0.05.
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FigureS2. SnRK1 and S1-bZIPs reprograms the primary metabolism.

A) Comparison of the metabolome between WT and snrk1.1/1.2 plants. B) Comparison of

the metabolome between WT and bzipS1 plants. GC measurements of the metabolite

indicated in the figures. Relative quantification

using WT as reference. At least 5 different

repetitions were used. pValue are indicated in the figures.
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Figure S3. Regulation of the expression of ETFQO by C- and S1-bZIPs

(A) RT-gPCR experiment to assess the expression of ETFQO in different C- and S1-bZIP

loss-of-function mutant plants. Expression was normalized on WT plants exposed to 6h of

extended darkness. t-test to WT, P < 0.05.
(B) RT-gPCR experiment to assess the transcript abundance of ETFQO in response to
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overexpression of S1-bZIPs in protoplasts (green) or after co-expression of SnRK1.1
(purple). Values are normalized to non-expressing controls.

(C) P2H: changes of the dimerization properties of BD-bZIP2 with other AD-fusions of the
bZIP TFs indicated (green), depending on co-expression of SnRK1.1 (purple). Given are
mean values (+ st.d.) (n=3). * t-test to “~-SnRK1.1” P < 0.05.

(D) ChIPpcr experiment: binding of HA-bZIPs of the S1 group in protoplasts to ETFQO
promoter. An HA-tag antibody and primers specific for the G3-4 sites have been used.

(B, D) Given are mean values (+ st.d.) (n=3). ANOVA, post-hoc test: Tukey's.
SUPPLEMENTARY METHODS

RT-qPCR

1 pg of plant total RNA isolated according to Dietrich et al. (2011) was used for cDNA
synthesis. First strand synthesis was done using DNasel (EN0521, Thermo-Scientific,
Germany) and RevertAid H Minus Reverse Transcriptase (Thermo-Scientific, Germany)
according to the manufacturer's protocol. RT-qPCR was performed with BIOTAQ DNA
Polymerase (BIO-line, Germany) using the following cycling conditions: 10 min at 95°C,
40 cycles of 20 s at 95°C, 10 s at 55°C, and 30 s at 72°C. Amplification products were
visualized by SYBR green. The Ubiquitin 5 gene (At3g62250) was used as internal
standard for relative quantification.

RNAsequencing and data analysis

Total plant RNA was cleaned-up using a RNeasy Mini Kit (Qiagen, Germany) according to
the manufacturer's protocol. 5 pg of total RNA was used for library preparation. mRNA
was isolated using Sera-Mag Magnetic Oligo (dT) Particles (Thermo-Scientific, Germany)
and cDNA library was prepared using the NEBNext mRNA Library Prep Master Mix Set
for Illumina (New England BioLabs) in combination with the NEBNext Multiplex Oligos
for Illumina (New England BioLabs). Quality of RNA and fragmentation size was checked
using Experion RNA HighSens Analysis Kit (BIORAD, Germany). Quality of the cDNA
at the end of the library preparation was checked using Experion DNA Chips (BIORAD,
Germany). During library preparation products were isolated with the QIAquick PCR
Purification Kit (Qiagen, Germany). One library was constituted by 12 samples. For
sequencing one library was distributed on 2 lanes. High-throughput sequencing was
performed on an Illumina GAIIx platform following the manufacturer’s instructions.

Quality  control of the sequencing data was done using fastQC
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(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Mapping of the reads was

performed using Bowtie 0.12.8 (Langmead et al., 2009) onto the A. thaliana genome
release TAIR9. The resulting BAM files were then sorted and indexed using samtools
0.1.18. For analysis of differentially expressed genes R was used with GenomicRanges
(Lawrence et al., 2013), rtracklayer (Lawrence, Gentleman, & Carey, 2009), samtools and
edgeR (Robinson, McCarthy, & Smyth, 2010) libraries. Only genes with a p.Adjust (BH*
correction) <0.01 were used for further analysis. DAVID was used for GO enrichment
analysis (Jiao et al., 2012), Venny (Oliveros, 2007-2015) to obtain the list of genes
commonly regulated by SnRK1 and S1-bZIPs.

Chlorophyll content measurement

Around 100 mg of frozen material was pulverized using a Mixer Mill (MM400, Retsch,
Germany) and metal beads in a 2 ml reaction tube. 1 ml of methanol was used for the
extraction. Extract was incubated at 60°C for 30 min and for 10 min at RT. Clarification of
the supernatant was obtained by centrifugation in a bench-top centrifuge. Absorption of a
1:10 dilution of the clarified supernatant was measured at 650 and 665 nm in a
spectrophotometer. Total chlorophyll content was obtained applying the formula: A650 x
0.025 + A665 x 0.005 = mg total chl./ml extract (Holden, 1965). At least 17 replicates were
used.

Protoplast transformation

Protoplast transformation was performed according to Yoo et al. (2007) with small
modifications. Protoplasts were obtained from 3-week old plants grown on soil. 1 h after
dawn leaves were cut into tiny stripes and digested for 30 min under vacuum and 3 h at
atmospheric pressure with enzyme solution (1.25% (w/v) Cellulase R-10, 0.3%
Macerozyme R-10, 0.4 M Mannitol, 20 mM KCI, 10 mM CacCl,, 20 mM MES, pH 5.7).
Protoplast suspension was filtered through a metal net to remove leaf debris and washed
twice with 10 ml of W5 solution (2 mM MES, 154 mM NaCl, 125 mM CaCl,, 5 mM KClI,
pH 5.7). Afterwards, the protoplasts were resuspended in 10 ml of W5, incubated on ice for
at least 1 h and subsequently resuspended to a final concentration of 1 x 10° cell/ml in
MMg buffer (4 mM MES, 0.4 M mannitol, 15 mM MgCl,, pH 5.7). 200 pl of protoplast
suspension was then gently mixed with DNA in a 2 ml reaction tube. 220 pl of PEG (40%
PEG4000, 0.2 M mannitol, 100 mM CaCl,) were added to the reaction tube and gently
mixed, followed by 10 min of incubation at RT. 800 pl of W5 buffer were used to wash the
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protoplasts, followed by centrifugation (300 g) for 1 min. A syringe was used to remove
the supernatant. The protoplasts were incubated for 16 hours in 200 pl of WI solution (4
mM MES, 0.5 M mannitol, 20 mM KCI, pH 5.7) in the growth incubator in order keep
diurnal growth conditions. For ChIP and ColP assays the incubation time was 8 h to reduce
unspecific binding of the proteins.

In protoplast-2/3-hybrid (P2/3H) assays (Ehlert et al., 2006), 10 pg of effector plasmid, 7
ug of reporter (ProGals:GUS or ProGal,:LUC) and 3 pg of transfection control reporter
(Pro35S:NAN or Pro35S:REN) were used. For ChIP experiments and Co-IP, 10 pg of
effector plasmid were used. If not stated otherwise, 3 independent transfections were used
to one data point.

ChIP using protoplasts

A modified protocol according to (Fode et al., 2008) was used. 12 samples of transformed
protoplasts were pooled, centrifuged for 1 min at 300 g and resuspended in 200 pl of WI
solution. Formaldehyde was added to a final concentration of 1% and the suspension was
incubated for 10 min at RT. Addition of 250 pl of 2.5 M glycine was followed by 5 min in-
cubation at RT. Protoplasts were washed twice with 800 pl of ice-cold W5 and finally re-
suspended in 500 pl of extraction buffer 1 (1 M hexylenglycol, 50 mM PIPES-KOH (pH
7.2), 10 mM MgCI2, 5 mM B-mercaptoethanol, one tablet per 10 ml complete protease in-
hibitor cocktail tablets (Roche, Germany)). After 20 min of incubation on ice, extraction
buffer was removed by centrifugation for 5 min at 150g (). The pellet was resuspended in
500 pl of RIPA buffer (50 mM HEPES (pH 7.9), 140 mM NaCl, 1 mM EDTA, 1% Triton-
X100, 0.1% Na-deoxycholate, 0.1% SDS) and incubated on ice for 10 min. Lysate was
sonicated (28 times for 15 sec, 100 Hz) while kept on ice. Chromatin was cleared by cen-
trifugation for 15 min at 11,000 g at 4 °C. The DNA fragment size was checked on a 2%
agarose gel after de-crosslinking and chloroform/phenol extraction. Chromatin was incu-
bated with 2 pg of ChIP grade HA-antibody (ab9110, AbCam, UK) for 6h at 4°C and sub-
sequently over night after addition of 70 pl of protein A-coated magnetic beads dissolved
in BSA-PBS (5 mg/ml) (Invitrogen, Germany). Subsequently, the beads were washed with
1 ml of the wash buffers 1 (20 mM Tris-HCI (pH 8.1), 150 mM NaCl, 2 mM EDTA, 1%
Triton-X100, 0.1% SDS), 2 (20 mM Tris-HCI (pH 8.1), 500 mM NaCl, 2 mM EDTA, 1%
Triton-X100, 0.1% SDS), 3 (20 mM Tris-HCI (pH 8.1), 250 mM LiCl, 1 mM EDTA, 1%
NP40, 1% Na-deoxycholate) and finally 1 ml of TE buffer (5 mM Tris-HCI (pH 8.5)).
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Each washing step was performed for 5 min at 4°C. The chromatin was eluted twice using
150 pl of elution buffer (1% SDS, 100 mM NaHCOs) each time for 15 min at RT. Finally,
DNA was purified by phenol/chloroform extraction and quantified by qPCR using the in-
put DNA for normalization.

ChIP from plant material.

Plant material was incubated for 30 min under vacuum in 20 ml cross-linking buffer (50
mM KH,PO~/K,HPO, buffer, pH 5.8; 1% (v/v) formaldehyde). Cross-linking was stopped
by incubating the samples in 20 ml of 2.5 M glycin for 15 min under vacuum. Afterwards,
plant material was washed twice with ice-cold water and subsequently frozen and pulver-
ized. For nuclei isolation plant material was re-suspended in 10 ml ice-cold extraction buf-
fer (1 M hexylenglycol, 50 mM PIPES- KOH, pH 7.2; 10 mM MgCl,, 5 mM B-mercapto-
ethanol, protease inhibitor cocktail (Roche, Germany) and filtrated by gravity through two
layer of miracloth. 0.5 ml of 25% Triton X-100 was added to the extract and stirred for 15
min at 4°C. Nuclei were isolated by density-gradient centrifugation using a 35% percoll
solution. From this step on material was treated as described in the protocol for ChIP from
protoplasts. The following antibodies were used: a-HA-antibody (ab9110, AbCam, UK), o-
HA:a-SnRK1.1 (AS10 919, Agrisera, Vannds, SWEDEN), a-SnRK1.2 (AS10 920, Ag-
risera, Vannids, SWEDEN) and a-Ac-H3K14 (AB4729, Abcam, Cambridge, UK).
Immuno Blot

Western analysis was performed making use of a primary polyclonal xxx antibody from
rabbit (1:700 dilution) (cat. no.) or a monoclonal a-xxx antibody from mouse (1:1,000
dilution) (cat. no.) and a secondary anti-rabbit (1:10,000 dilution) (cat. no. NA934) or anti-
mouse (1:7,500 dilution) (cat. no. RPN4201) immunoglobulin G conjugated with a
horseradish peroxidase (GE Healthcare, Freiburg, Germany). Protein loading was
quantified by Ponceau S staining or by determining ACTIN11 (At3g12110) abundance
using an a-ACTIN11 antibody from mouse (1:1,000 dilution) (cat. no. AS10702, Agrisera,
Sweden).

GC-MS Metabolite analysis

Metabolite  extraction was performed by adding 1ml of -20°C cold
methanol/chloroform/H,0O (2.5/1/0.5) mixture to 50-80 mg of ground plant material. Sam-
ples were vortexed, incubated on ice for 8 - 10min and centrifuged for 4 minutes at 4°C.

500pl H>O were added to the supernatant, followed by brief vortexing and 2 minutes of
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centrifugation. The polar phase was split into two equal aliquots and 10pl of a 0.1 g L' so-
lution of C™-labelled sorbitol was added as an internal standard. Samples were dried for
derivatization. The dried pellets were resolved at 30°C for 90 minutes in 20pl of a 40mg
ml-1 methoxyamine hydrochloride in pyridine solution. 80ul of N-methyl-N-trimethylsi-
lyltrifluoroacetamid (MSTFA), spiked with 30pl/ml of a mix of even-numbered alkanes,
were added, and the samples were incubated for 30 minutes at 37°C under constant sha-
king, followed by 2 minutes of centrifugation. The supernatant was transferred into a glass
vial for measurement. GC-MS measurements were performed on an Agilent 6890 gas chro-
matograph coupled to a LECO Pegasus ® 4D GCxGC-TOF mass spectrometer (LECO®
Corporation, Michigan, USA). For GC analysis, the initial oven temperature was set to
70°C for 1 minute, followed by a 9°C/min ramp with 350°C end temperature which was
set constant for 8 minutes. In the MS method, the data acquisition rate was set to 20 spectra
sec-1 at a detector voltage of 1550V. The acquisition delay was set to 5.5 minutes and the
detected mass range was set from 40 to 600 m/z. Raw data were processed with the LECO
Chroma-TOF ® software (LECO® Corporation, Michigan, USA). Peak areas were norma-
lised by the peak area of the internal standard, and by the sample fresh weight.
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Table S1: Primer used in this study

RT-qPCR Primer

Primer | Forward sequence (5°-3") Reverse sequence (5™-3")

BCAT?2 | QuantiTect® Primer QT00854875 | QuantiTect® Primer QT00854875

ETFQO || AGATGTATCAGCAGTGAAGCG | AATGGCCAAGCCAGGAAGTA
G GC

MCCA [[AGAGGCAATGAAGATGGAGCA| AGGTCCTGTATGCTTCCAGAG
C G

MCCB [[GCCAAACGCCAGAATTGGCAT || TCTTCCTCTTCCTCAGTCCAC
C TTG

SnRK1. || ACTGGATTTGCAGAGAGTACA || TCAGAGGACTCGGAGCTGAG

1 AGGTCC CA

SnRK1. || GCTCGTAACTTTTTCCAGCAG | TTCAGGTCTCTATGGACAACC

2 A A

bZIP1 | TCAGCGTTAAACTCGTCGTAG |[[AACGCGGGTCTTAGATCGGA
CAA GAAG

bZIP2 | TGATCGGAAACTGATGACTCC [[GAGCAGATTTGACCGTGAGC

bZIP11 || CGATTCAAACGTCGTCAGG TCCGTTTACGTTTCCTCTGC

bZIP44 | CATCTACGTAAAGAAAACGCT [[CCGGTCTCCATACCGAATC
CAG

bZIP53 || TGGGGTCGTTGCAAATGCAAA | CCGTGGCGTACCTCGGATCAT
CAA TAT

ASN1 TTCTTGAGCTTTCTCGCAGAT ||CCGTTCTGATATAAGCCACTC

C

GH3.3 || CATCACAGAGTTCCTCACAAG |[[GTCGGTCCATGTCTTCATCA
C

ChIP Primer

Primer Forward sequence (5™-3") Reverse sequence (5™-3")

ETFQO CR | CATAGAAGAAACATTTGGAC [[GGAGGATGATCCAAGGAG

AATCT GA
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ETFQO G1 || CAAGTCGTAGCTTGCCAACA [[CATCACTCTTCTTACGTTG
CTTT
ETFQO G2 || TCCAAACCTTTTCATTCAACA [|CACTGATGTTGCTTTTCTT
A ACACA
ETFQO G3- || TTCTCTTCTTTTTCTTTTCTCT [ TGTGGGGACGGTTTATCTT
4 TAGG T

Primer for amiRNA construction

Primer sequence (5-3")

amiSnRK1.2 I miR-s| gaTTATCAGATAGTACGTCACAT ctctcttttgta

ttcc

amiSnRK1.2 IT miR- || gaATGTGACGTACTATCTGATA Atcaaagagaa

a tcaatga

amiSnRK1.2 IIT gaATATGACGTACTAACTGATATtcacaggtcgt
miR*s gatatg

amiSnRK1.2 IV gaATATCAGTTAGTACGTCATATtctacatatatat
miR*a tcct

Primer for promoter:GUS reporter construction

Primer Forward sequence (5°-3") Reverse sequence (5°-3")
AAAATCTAGATAAGCCTA [[TTTTTCCATGGCATGATCA
ProETFQO-1000bp
TCCAAACCTTTTC CTGAGTAATTAGGAGGA
GAATGAGCTTGCCAAATC || GACTCGGCGATGATTTGGC
PI‘OETFQOGmul
ATCGCCGAGTC AAGCTCATTC
CATGAATATAAAGCAAAA || CTACATCACTCTTCTTATTT
TAAGAAGAGTGATGTAG [[TGCTTTATATTCATG
GAAAACACGCACGTGTC | CATATATACACGCACACAC
ProETFQOgsmu || AAATGTGTGTGCGTGTAT || ATTTGACACGTGCGTGTTT
ATATG TC
CAAAGAAAACACGCAAA || CGCACACACACGTGACAT
Pl‘OETFQO@;mm
TGTCACGTGTGTGTGCG [[TTGCGTGTTTTCTTTG
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ABSTRACT

Soil salinity increasingly impacts crop loss world-wide. Although roots are the primary
targets of salt stress, the signaling networks facilitating metabolic reprogramming to
provoke stress tolerance are less understood than in leaves. Here, a combination of
transcriptomic and metabolic approaches was performed in salt-treated Arabidopsis roots,
which identifies the group S1 basic leucine zipper transcription factors bZIP1 and bZIP53
to reprogram primary C- and N-metabolism. In particular, gluconeogenesis and amino acid
catabolism are affected. Importantly, bZIP1 expression reflects information on the cellular
stress and energy status. In addition to the well-described abiotic stress response pathway
initiated by the hormone abscisic acid (ABA) and executed by SnRK2 (Snf1-RELATED-
PROTEIN-KINASE?2) and AREB-like bZIP factors, we identify a structurally related
ABA-independent signaling module consisting of SnRK1s and S1 bZIPs. Crosstalk
between these signaling pathways recruits particular bZIP factor combinations to establish
at least four distinct gene expression patterns. Understanding this signaling network

provides a framework to secure future crop productivity.
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INTRODUCTION

Salt (NaCl) stress is a serious threat to food production affecting around 30% of the
agricultural land world-wide (Kronzucker and Britto, 2011). However, plants have
established efficient mechanisms to avoid or adapt to salt stress conditions (for review see
Krasensky and Jonak, 2012; Huang et al., 2012; Deinlein et al., 2014; Golldack et al.,
2014). Gaining insight into resistance mechanism will be essential for developing
strategies to enhance tolerance and, consequently crop yield (Schroeder et al., 2013).

Salt stress is intrinsically complex since it implies both ion toxicity and an osmotic
component (Huang et al., 2012; Verslues et al., 2006). Although sensing of these cues is
believed to take place at the membrane (Christmann et al., 2013), the respective sensors are
not well-defined, yet (Osakabe et al., 2013; Kumar et al., 2013). After stress perception, a
burst of Reactive Oxygen Species (ROS) mediated by NADPH oxidases (Chung et al.,
2008) triggers an increase of cytosolic Ca® (Laohavisit et al., 2013) and the synthesis of the
phytohormone Abscisic Acid (ABA) (Fujita et al., 2009, 2006; Huang et al., 2012;
Umezawa et al., 2010).

Recent discoveries provide a detailed view on ABA-mediated stress signaling pathways
(Fujii et al., 2009) sensed by the PYR/PYL/RCAR (PYRABACTIN
RESISTANCE1/PYR1-like/ REGULATORY COMPONENT OF ABA RECEPTOR1) co-
receptors (Ma et al., 2009; Park et al., 2009). ABA bound to the receptor recruits members
of the redundant PP2C (PROTEIN PHOSPHATASE 2C) family (Hao et al., 2011), thereby
impeding their inhibitory action over a crucial regulatory kinases belonging to the SnRK2
(SUCROSE-NON-FERMENTING1-RELATED PROTEIN KINASE2) family (Fujita et
al.,, 2009). The active SnRK2 kinases phosphorylate different cellular targets such as
AREB1 (ABA-RESPONSE-ELEMENT BINDING1) (Furihata et al., 2006), a member of
the group A basic leucine Zipper (bZIP) transcription factor (TF) family (Jakoby et al.,
2002). Three related bZIPs, namely AREB1, AREB2 and ABF3, co-operate as master
regulators of ABA-dependent transcription through their binding to ABRE (ABA-
RESPONSIVE ELEMENT) promoter cis-elements (Yoshida et al., 2010).

Transcriptome studies provided a valuable overview on the massive transcriptional
reprogramming in response to abiotic stresses (Kilian et al., 2007). Osmotic stress imposed
by salt or drought share common signaling networks which are in part ABA-dependent and

ABA-independent (Huang et al., 2012). Whereas ABA-dependent transcriptional changes
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are controlled by AREBI1-like bZIPs, ABA-independent responses are mediated by other
TFs, e. g. DREB2 (DROUGHT-RESPONSIVE ELEMENT BINDING2) (Lata and Prasad,
2011).

Salt-induced defenses are energy-dependent. As photosynthesis is strongly impaired under
these conditions, a metabolic change is required to serve the plant’s energy demands.
Nevertheless, the impact of salt stress on respiration is not fully understood and
controversially discussed (for review see Jacoby et al., 2011). In Arabidopsis leaves,
dramatic salt-induced metabolic changes were discovered with respect to carbohydrate and
amino acid (aa) metabolism (Kempa et al., 2008). Although roots are the primary targets of
salt stress, metabolome studies in salt-treated Arabidopsis roots are currently not available
and little is known about the regulatory signaling network particularly within the root.

TFs involved in metabolic reprogramming in salt-treated roots have not been characterized,
yet. Arabidopsis bZIP1 was found to be transcriptionally induced by salt treatment
(Weltmeier et al., 2009) leading to enhanced or reduced tolerance to salt and drought stress
when over-expressed or knocked-out, respectively (Sun et al., 2012). However, the precise
mechanism of action remains elusive. bZIP1 belongs to the group S1 bZIP factors (bZIP1,
-2, -11, -44, -53) which preferentially forms heterodimers with group C (bZIP9, -10, -25,
-63) (Ehlert et al., 2006; Weltmeier et al., 2006). This so-called C/S1 network of bZIP TFs
has been shown to control metabolic reprogramming under low energy stress (Ma et al.,
2011; Hanson et al., 2008; Dietrich et al., 2011). In particular, bZIP1 and its closest
homologue bZIP53 display a partially redundant function. Under starvation induced by
extended night, bZIP1 directly targets genes in aa metabolism, such as ASPARAGINE
SYNTHETASE1 (ASN1) and PROLINE DEHYDROGENASE1 (PRODH1) (Dietrich et al.,
2011). Likewise, genome-wide binding studies in protoplasts revealed bZIP1 as a major
regulator of N-related genes (Para et al., 2014).

In Arabidopsis, the kinases SnRK1.1 (AKIN10) and SnRK1.2 (AKIN11) belonging to the
SnRK1-family of protein kinases and have been shown to function as central integrators of
plant stress and low energy signaling (Baena-Gonzalez et al., 2007). It was proposed that
SnRK1 responses were mediated by C and/or S1 bZIPs, but direct phosphorylation of any
of these TFs remains to be demonstrated. Moreover, the impact of SnRK1s in salt stress

responses has not been studied to date.

140



Chapter 5 Hartmann et al., bZIP1 salt stress

In addition to their function as energy supply, sugars are also important signaling
molecules (Hanson and Smeekens, 2009). In Arabidopsis HEXOKINASE1 (HXK1)
functions as a major glucose sensor (Moore et al., 2003). Interestingly, bZIP1 transcription
in seedlings is repressed by glucose and depends on HXK1 (Kang et al., 2010; Dietrich et
al., 2011). These findings support the view that bZIP1 transcription responds to the glucose
status of the cell. Along this line, all group S1 members are translationally repressed by
sucrose due to a conserved upstream open reading frame (UORF) (Wiese et al., 2004;
Weltmeier et al., 2009). Although plants’ energy resources are assumed to impact an
efficient stress response, the nature of relevant metabolic parameters, their sensing and a
functional connection to group S1 TFs has not been disclosed, yet.

Here, we provide several lines of evidence to elucidate the function of bZIP1 and its
interlinked C/S1 bZIP partners in salt-stressed Arabidopsis roots. (I) We demonstrate that
bZIP1 transcription integrates signals on metabolic and/or energy status of stressed cells.
(IT) Using combined transcriptome and metabolic approaches we define the function of
bZIP1 in reprogramming carbohydrate and aa metabolism. (III) Besides the well-described
SnRK2/AREB signaling module, we identify a second, structurally related SnRK1/group
S1 bZIP signaling module functioning in salt-treated roots. (VI) Crosstalk of these bZIP
factors allows to build up a regulatory circuit providing means to integrate information on
the metabolic situation of the cell into salt stress response programs.

RESULTS

bZIP1 transcription in roots is induced by ionic or osmotic stimuli

To gain insight into the function of group C and S1 TFs in plant stress responses, quantita-
tive real-time PCR (RT-qPCR) experiments were performed on salt-treated, hydroponically
grown Arabidopsis Col-0 plants. We could reproduce public transcriptome data (Weltmeier
et al., 2009) demonstrating that specifically bZIP1 and to a minor extend bZIP53 were
transcriptionally induced by NaCl treatment (Figure 1A). In comparison to well-described
markers of abiotic stress responses such as RD29B (Msanne et al., 2011), a relatively slow
transcriptional activation kinetic was observed showing the strongest increase later than 6 h
post treatment (Supplemental Fig. 1A). Transcription of all group C members showed only
minor salt-induced changes (Supplemental Figure 1B). Importantly, the response was
found only in roots, but not in leaves (Supplemental Figure 1C). We therefore focused our

study on bZIP1 and bZIP53 in the Arabidopsis root system.
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To further characterize conditions inducing bZIP1 transcription, we treated roots with sev-
eral salts (NaCl, KCl, Na,SO4, MgCl,) and the osmotically active sugar mannitol using
identical osmotic strength in all experiments. All treatments induced bZIP1 transcription
(Figure 1B). Whereas, NaCl and KClI led to similar induction patterns, stronger activation
was triggered by multivalent ions, suggesting that besides osmotic cues, ionic stimuli are
sensed in a specific manner.

bZIP1/bZIP53 mutants show reduced salt tolerance

To address a putative function of C/S1 bZIPs in salt responses, seeds of bzipl and bzip53
single and double mutants (Dietrich et al., 2011, Sun et al., 2012) were germinated on 175
mM NaCl (Figure 1C). Whereas bzipl and bzip53 showed no significantly reduced
germination rates, the correspondent double mutant was clearly impaired. Although group
C bZIPs are known hetero-dimerization partners of S1 bZIPs in abiotic stress responses
(Weltmeier et al., 2006; Alonso et al., 2009), the bzip10/bzip25 double mutant was not
affected in germination. Nevertheless, a quadruple bzip1/bzip53/bzip10/bzip25 line showed
a tendency to be less salt-tolerant than the bzip1/bzip53 double mutant. We therefore
concluded that bZIP1 and bZIP53 are important, potentially redundant players in salt stress
responses, which are functionally supported by bZIP10 and bZIP25.

Transcriptomic analyses reveal functions of bZIP1 and bZIP53 in metabolic
reprogramming under salt stress

In order to get mechanistic insights into bZIP1 and bZIP53 function in salt-stressed roots
genome-wide transcriptome analyses were performed. As bzipl single mutants showed
only minor transcriptional alterations (Obertello et al., 2010), we chose the bzip1/bzip53
double mutant for further studies to disclose significant changes in salt-induced gene
expression. It needs to be noted, that the mutants did not show any visible growth
phenotypes in comparison to WT.

In our experimental set-up, we compared transcriptome profiles of hydroponically grown,
6-week-old wild-type (WT) and mutant roots, salt-treated for O h, 1 h, 3 h and 6 h. To
minimize the input of the circadian clock, plant material was harvested simultaneously 1 h
before the end of the light period. In a parallel approach, roots were harvested for
metabolite analyses. The complete data is provided in Supplemental Data sets 1-4.

The WT plants showed substantial transcriptional up-regulation upon salt stress (1 h: 851

genes, 3 h: 1415 genes, 6 h: 2016; log >2-fold, p<0.01) which is in agreement with
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previously published data sets (Kilian et al., 2007). Hence, the used system is suitable to
perform the proposed study. In contrast to this high number of differentially expressed
genes (DEGs), only 5 or 4 genes were down- or up-regulated 1 h after salt stress when
bzip1/bzip53 and WT were compared (Fig. 2, Supplemental Data set 1). In particular,
bZIP1 and bZIP53 transcription were reduced as it is expected for the double mutant.
Nevertheless, more DEGs could be observed after 3 h and 6 h of salt treatment, as
displayed by the Venn diagram shown in Figure 2A (log2 >0.7-fold, p<0.01). This kinetic
is in concurrent with the relatively slow induction of bZIP1 and bZIP53 which increases
significantly only after 3 - 6 h of salt treatment. It has to be noted that almost no overlap
within the set of DEGs was observed at the 3 h and 6 h time points indicating a sequential
regulatory activity of the TFs involved.

In order to define the functional impact of bZIP1 and bZIP53, GENE ONTOLOGY (GO)
annotation and MAPMAN (Thimm et al., 2004) analyses were performed. As pointed out
in Figure 2B, the most significantly down-regulated genes 3 h after salt-treatment
correspond to fermentation, response to low-oxygen-stress and carbohydrate metabolism.
After 6 h of salt treatment, expression of several known stress-related marker genes such
as SENESCENCE-ASSOCIATED1 (SEN1) (Yu et al., 2005), DARK-INDUCEDZ2 (DIN2)
(Fujiki et al., 2005), EARLI1 (Zhang and Schlédppi, 2007) and RD29B (Msanne et al.,
2011) were found to be down-regulated in the bzip1/bzip53 mutant (Figure 2B,
Supplemental Data Set 1). Strikingly, a set of genes involved in catabolism of specific aa
was identified supporting a function of these bZIPs in reprogramming the root metabolism
to respond adequately to the applied stress.

The bzip1/bzip53 mutant is affected in primary carbohydrate metabolism

As highlighted in Figure 2B, most of the genes found to be down-regulated in bzip1/bzip53
roots 3 h of salt treatment are connected to fermentation and low-oxygen response. In
particular, this can be observed for the whole set of anaerobic core genes as defined by
Pucciariello et al. (2012) (e.g. NODULIN 26 INTRINSIC PROTEINZ2.1, NIP2.1;
ALCOHOL DEHYDROGENASE1, ADHI1; PYRUVATE DECARBOXYLASE, PDC;
SUCROSE-SYNTHASE4, SUS4; HYPOXIA-RESPONSIVE UNKNOWN PROTEIN 43,
HUP43; LOB-DOMAIN-CONTAINING PROTEIN, LBD43). Altogether, these data support
the view that a major shift to non-oxidative energy metabolism occurs in salt-treated roots,

which is partially impaired in the bzip1/bzip53 double mutant.
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To further support this hypothesis, transcriptome data were correlated with detailed
carbohydrate measurements. Indeed, salt treatment led to major quantitative and qualitative
alteration in carbohydrate composition. Most prominent within 3 — 6 h after stress, glucose
(glc), fructose (fru) and sucrose (suc) levels rose significantly (Figure 3A, B). Strikingly,
the pattern of mono- and disaccharides differed between bzip1/bzip53 and WT (Figure 3B).
E.g. whereas the glc levels of the WT strongly increased 3 h to 6 h after salt-stress, similar
levels were already present in the mutant under unstressed conditions. Moreover, although
the initial suc level in the mutant was significantly higher in comparison to the WT, a
further increase was observed within the first 3 h of treatment. Hence, bZIP1 and bZIP53
have a major impact on carbohydrate homeostasis during the onset of the salt stress
response program.

One of the most significantly DEGs in primary carbohydrate metabolism in the array data
set is SUS4, encoding a SUCROSE SYNTHASE participating in sucrose breakdown, in
particular under low oxygen stress (Pucciariello et al., 2012; Baroja-Fernandez et al.,
2012). Validation of these results by RT-qPCR studies revealed that SUS4 expression is
partially impaired in the bzip1/bzip53 mutant (Figure 3C).

Carbohydrate measurements showed that 6 h after onset of salt stress glc, fru and suc levels
stayed constant or slowly decreased whereas the concentrations of these sugars were more
rapidly reduced in the mutant (Figure 3B, Supplemental Data Set 3). Interestingly, this
correlated with a reduced induction of gluconeogenesis-associated genes that were partially
impaired in the bzip double mutant. In particular, PYRUVATE ORTHOPHOSPHATE
DIKINASE (PPDK) and FRUCTOSE-1,6-BISPHOSPHATASE (FBP) encode key enzymes
in this pathway, which is important under metabolic situations where lipids are remobilized
via the glyoxylate cycle to shuttle the C-backbones into carbohydrates (Hsu et al., 2011). In
agreement with this finding, MALATE ENZYME, which is associated with the glyoxylate
cycle, was also down-regulated (Supplemental Data Set 1). Finally, SWEET4 was found as
one of the strongest misregulated genes, belonging to a gene family encoding sugar
transporters (Chen et al., 2012; Xuan et al., 2013) (Figure 2B). Salt-induced expression
profiles of selected genes (PPDK, FBP) were confirmed by RT-qPCR (Figure 3 D, E). As
previous work demonstrated that hetero-dimerization with group C bZIPs is significantly
enhancing target gene activation (Weltmeier et al., 2006) we also tested the quadruple

mutant (bzip1/bzip53/bzip10/bzip25) including potential group C hetero-dimerization
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partners. Indeed, salt-induced transcription of PPDK was reduced in bzip1/bzip53 and
completely abolished in the quadruple mutant supporting the importance of group C
heterodimers at least for this target gene.

Finally, acting as compatible solutes, sugars such as raffinose are implicated in establishing
salt stress tolerance (Krasensky and Jonak, 2012). Whereas the raffinose concentration
increased steadily in the WT, this increase was impaired 6 h after salt treatment in the
bzip1/bzip53 mutant (Supplemental Figure 2). These findings corresponded with a
reduction in RAFFINOSE SYNTHASE (DIN10) expression, though the transcriptional
changes were minor. Altogether, the bZIPs under investigation have an important impact
on the salt-induced metabolic shift in carbohydrate metabolism.

A metabolic switch to fermentation should be reflected on the level of the Tricarboxylic
Acid (TCA) Cycle. Indeed, all measured intermediates accumulated immediately after salt
stress peaking within 6 and 24 h (Supplemental Figure 3, Supplemental Data Set 4).
Whereas transcription of TCA cycle genes was not significantly altered in the bzip1/bzip53
mutant (Supplemental Data Set 1), the amount of the TCA cycle intermediates citrate,
succinate, 2-ketoglutarate and fumarate accumulated in the bzip1/bzip53 mutant to higher
levels than in the corresponding WT. The amounts of these metabolites eventually returned
to WT levels within the first 24 h. In comparison to WT the malate concentrations
remained at high levels within the 48 h period of the performed measurements. Taken
together, although the TCA cycle is affected in the bzip1/bzip53 mutant, this is not due to
bZIP specific gene regulation.

The bzip1/bzip53 mutant is affected in the catabolism of a specific subset of amino
acids

As pointed out in Figure 2B, bzip1/bzip53 mainly affect genes involved in aa catabolism.
Overall eight genes coordinating degradation of Branched-Chain Amino Acids (BCAA:
Val, Leu, Ile) (Binder, 2010) as well as Met and Tyr were partially impaired in the mutant.
This indicates a major function of these bZIPs in aa breakdown (Figure 4A). The array
results of DEGs were confirmed by independent RT-qPCR experiments (Figure 4B).
Interestingly, for all analysed genes (BRANCHED-CHAIN AMINO ACID
TRANSFERASE2, BCAT2; METHYLCROTONYL-COA-CARBOXYLASE, MCCA;
HOMOGENTISATE 1,2-DIOXYGENASE, HGO; METHIONINE-y-LYASE, MGL) (Binder,
2010; Mentzen et al, 2008), the wuse of a quadruple bZIP mutant
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(bzip1/bzip53/bzip10/bzip25) did not further reduce the expression found in the
bzip1/bzip53 double mutant. We therefore assume that regulation of the genes involved in
BCAA degradation differs from that of PPDK.

Salt treatment led to a transient increase in the overall aa levels. However, the effect of
bZIP1 and bZIP53 was restricted to particular aa. Whereas in WT Val, Leu, Ile and Tyr
concentrations decreased after 6 h of salt treatment which correlated with the activation of
the metabolic genes encoding enzymes in aa degradation, this process was blocked in the
bzip double mutant under study. Down-regulation on gene expression level could clearly
be correlated with aa levels (Figure 4C).

ASN1 is the only up-regulated gene in aa biosynthesis, which is in line with the hypothesis
that Asn functions in C/N transport under stress (Lam et al., 1994). However, in the
bzip1/bzip53 mutant, ASN1 transcription was only slightly reduced. Importantly, the
quadruple mutant has a much stronger effect indicating differences in gene regulation when
compared to that of genes involved in aa degradation. Overall, based on these results
bZIP1 and bZIP53 are major regulators of stress-induced metabolic reprogramming of aa
degradation, presumably to support metabolism with an alternative energy resource
(Aragjo et al., 2010; Ishizaki et al., 2006).

The ABA-SnRK2-AREB pathway is dispensable for salt-induced bZIP1 expression
The phytohormone ABA is an important signaling molecule in abiotic stress responses.
Thus, we studied bZIP1 transcription in salt-treated roots of mutants that are affected in
stress-induced ABA biosynthesis (aba2) (Cheng et al, 2002) or ABA signaling
(snrk2.2/3/6, arebl/areb2/abf3) (Supplemental Figure 4). The latter have been
demonstrated to block the ABA response on the level of SnRK2 kinases (Fujita et al.,
2009) or group A bZIP TFs (Yoshida et al., 2010), respectively. Although at early time
points a minor impact on bZIP1 expression cannot be excluded, later around 19 h post salt-
treatment no significant difference between WT and mutants could be observed. Hence, the
ABA-SnRK2-AREB pathway has no major impact on salt-induced bZIP1 activation
(Figure 5A). Nevertheless, as demonstrated in Figure 5B, bZIP53 transcription partially
depends on the SnNRK2/AREB pathway demonstrating a unique regulatory mechanism.
Mutant analyses position bZIP1 both in ABA-dependent and -independent abiotic

stress signaling networks
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Although the ABA-SnRK2-AREB pathway is dispensable for salt-induced bZIP1
transcription, the transcriptome studies revealed that several well-described ABA
responsive genes are down-regulated in the bzip1/bzip53 mutant, such as EARLI1, RD29B
or LEA76. To assess how bZIP1 crosstalks with the ABA-SnRK2-AREB pathway, we
studied the expression of these genes in aba2, snrk2.2/3/6 and areb1/areb2/abf3 as well as
bzip1/bzip53 and bzip1/bzip53/bzip10/bzip25 mutants. These mutant-based expression
studies allowed us to group the array-derived genes into four classes.

Class 1 genes (e.g. LEA76, EARLI) are group A bZIP targets and depended on all
components of the ABA pathway (Figure 5C, Supplemental Figure 5). As these genes were
transcriptionally induced more rapidly than bZIP1 and as activation was unchanged in the
C/S1 quadruple mutants (Figure 5D), they are probably no direct C/S1 target genes. Hence,
minor differences in expression observed in the array data set are most likely due to
indirect crosstalk during the salt stress response.

Class 2 genes such as the BCAA catabolic genes BCAT2 and MCCA clearly dependent on
bZIP1 and bZIP53 as demonstrated by the respective mutant analyses. Interestingly, group
C bZIPs appear to have no impact in the respective gene regulation. In accordance with the
induction profile of bZIP1, these genes were less rapidly induced as described for class 1
genes. Moreover, class 2 genes depend on both AREB1/AREB2/ABF3 TFs and SnRK2s.
These data indicate that both group A and group S1 bZIP signaling pathways merge to
regulate class 2 transcription.

Class 3 genes such as TAT7 and HGO do not depend on the ABA-AREB-SnRK2 pathway
but on group S1 bZIPs. Again group C has no or only minor impact.

Finally, mutant analyses studying class 4-gene expression, such as PPDK, DIN2 or ASN1
clearly showed no dependency on group A bZIPs but regulation by group S1 which was
further enhanced in the C/S1 quadruple mutant (Figure 5D, Supplemental Figure 5).
Interestingly, kinases of the SnRK2 family interfered with class 4-gene expression in a not
yet well-defined manner.

ChIP analysis reveals binding of bZIP1 to the BCAT2 and TAT7 target promoter

In agreement with previous data, we could detect strong binding of HA-tagged bZIP1 to
the BCATZ2 promoter using Chromatin Immunoprecipitation coupled to PCR (ChIP-PCR).
Promoter scanning revealed a strong binding to a G-box rich region close to the TATA-box

(designated ProBCAT?2-3) (Figure 5E) whereas promoter regions more upstream were
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hardly or not at all bound by bZIP1. As salt treatment did not lead to enhanced ChIP
signals, binding is constitutive. In contrast, salt-induced ChIP signals were detected for all
tested TAT7 promoter primers, supporting a stimulus-induced bZIP1 binding mechanism.
The LEA76 and the PPDK promoters showed limited background binding, indicating that
these are no or low-affinity targets.

SnRK1 signaling is required for salt-induced bZIP1 transcription

Due to its proposed function in metabolic reprogramming, we focused on potential
upstream signaling compounds to deduce which metabolic inputs are mediated via bZIP1
activity. SnRK1.1 and SnRK1.2 kinases are known to mediate responses upon energy
deprivation (Baena-Gonzalez et al., 2007). Due to redundancy, single snrk1.1 knock-out
lines show only limited phenotypical and molecular alterations, whereas double knock-out
mutants are lethal (Baena-Gonzalez et al., 2007). We therefore established a -Estradiol
(Est)-inducible snrk1.2 artificial micro RNA (ami) approach in a snrkl.1 background,
designated snrkl. Immunoblot analyses confirmed the loss-of-function approach
(Supplemental Figure 6). In comparison to salt-treated WT roots, bZIP1 transcription was
strongly reduced in snrkl (Figure 6A). These data indicate that SnRK1 signaling is
required for salt-induced bZIP1 transcription.

Ca* signaling induces bZIP1 transcription

Ca”" signaling is important in controlling various stress responses. Indeed, salt-induced
bZIP1 transcription was strongly impaired by the Ca** blocker LaCl; (Figure 6C). In
contrast to LaCl;, the calmodulin antagonist N-(6-aminohexyl)-5-chloro-1-
naphthelenesulfonamid-hydrochloride (W7) has been shown to generate cytosolic Ca*
transients in Arabidopsis (Kaplan et al., 2006). Indeed, W7 treatment partially substituted
for the salt stress to induce bZIP1. Altogether, stress and metabolic signaling events are
integrated into bZIP1 transcription which is further relayed into salt-specific gene
regulation.

DISCUSSION

In order to cope with salt-stress, plants produce protective compounds, adjust their ion
homeostasis and remodel primary metabolism to serve the energy demand under stress
(Deinlein et al., 2014; Miiller et al., 2014). Focusing on Arabidopsis roots which are the
primary targets of salt stress, this study reports a rapid and substantial reprogramming of

the transcriptome leading to metabolic adaptation. Here, we demonstrate that the group S1
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bZIP TFs bZIP1 and bZIP53 play an important role in the root specific response to salt. As
summarized in the model in Figure 7, this study provides a mechanistic view how bZIP1
signaling is controlled by stress and metabolic cues, reprograms C- and N-metabolism to
promote the plant’s survival under stress conditions and is integrated in abiotic stress
signaling networks.

bZIP1 transcription integrates cues from stress- and energy-dependent signaling
pathways

Salt or mannitol treatment led to an activation of the bZIP1 promoter specifically in
Arabidopsis roots. As transcriptional responses to mannitol and several ionic sources of
equal osmolarity differ considerably, it is tempting to speculate that both ionic and osmotic
cues are sensed and transmitted into bZIP1 transcription. In comparison to classical salt
response marker genes, bZIP1 is induced relatively slowly showing the strongest induction
later than 6 h post salt treatment. In contrast, the other members of the C/S1 network of
bZIPs are not regulated by salt in roots, indicating a specific function of bZIP1.
Nevertheless, the closest homologue bZIP53 is also transcriptionally induced, but only to a
minor extent. Mutant analysis demonstrates that germination of bzip53 and bzip1/bzip53
are increasingly impaired by salt treatment. Although in our assay system bzipl mutants
displayed comparable germination rates as WT plants, Sun et al. (2012) demonstrated in
several phenotypical assays that two independent bzipl T-DNA insertion mutants are less
tolerant to salt and drought treatments. Taken together, these data support the view that
both TFs share partially redundant functions in salt-treated roots, as it has been previously
described in the dark-induced starvation response (Dietrich et al., 2011).

Pharmacological evidence support the view, that cytosolic Ca** bursts observed in response
to salt are sufficient to induce bZIP1. In contrast, an active ABA/SnRK2/AREB signaling
pathway is not required for bZIP1 induction. However, it has to be stressed that genetic
approaches do not eliminate indirect effects, which might explain minor changes in bZIP1
expression. Interestingly, mutations in the ABA signaling pathway partially impair salt-
induced bZIP53 transcription indicating TF specific differences. Further studies need to
unravel the mechanistic differences in regulation of these genes.

Generally, stresses such as salt treatment are believed to interfere with plant energy
homeostasis (Baena-Gonzalez and Sheen, 2008). The Arabidopsis SnRKl1s are

evolutionary conserved kinases which facilitate metabolic adaption to stress and energy
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starvation (Baena-Gonzalez et al., 2007). Applying an inducible knock-down approach,
SnRK1s were found to be crucial for full-level bZIP1 transcription. Although the C/S1
bZIP TFs have been implicated as likely targets of these kinases, experimental proof for
direct phosphorylation is still missing. The metabolic cues related to energy starvation and
the upstream components regulating SnRK1 activity are not yet well defined (Crozet et al.,
2014). As we could measure substantial sugar resources within the salt-stressed roots,
further studies are needed to unravel whether rapid changes in carbohydrate concentrations
or other metabolic cues are relayed into SnRK1 activity and ultimately bZIP1 transcription.
In summary, metabolic and stress-related signaling pathways merge on the bZIP1
promoter. Whether the promoter itself acts as a signal integration platform or whether
crosstalk occurs further upstream remains elusive.

bZIP1 and bZIP53 reprogram primary carbohydrate and amino acid metabolism to
adapt roots to salt stress conditions

Bioinformatic and systems biology approaches implicate several group S1 bZIP factors as
crucial regulators in metabolic reprogramming (Usadel et al., 2008; Gutiérrez et al., 2008).
As recently described in dark-treated leaves (Dietrich et al., 2011), bZIP1 shows strong
transcriptional responses in salt-treated roots whereas activation of bZIP53 is marginal
under both stress conditions. We therefore assume that bZIP1 serves as the main
transcriptionally regulated “driver” of these responses, although bZIP53 may partially
substitute for a loss of bZIP1 in the mutant plant. Here, we demonstrate that these TFs
control carbohydrate energy metabolism (fermentation, gluconeogenesis) and catabolism
of specific aa providing the enzymatic frame to remobilize carbon skeletons of proteins to
satisfy stress-related energy demands. Moreover, our studies propose a connection between
hypoxia and salt/osmotic responses. Indeed recent studies demonstrated that HRE2, an
important TF in hypoxia-related transcription is also required for growth on salt-containing
medium (Park et al., 2011). However, further studies are needed to evaluate the biological
impact of this crosstalk.

Interestingly, both transcriptome and metabolic studies propose two phase transitions in
primary C-metabolism in salt-treated roots. Within the first 3 h, WT roots show
hypoxia-/fermentation-related gene expression, which is partially impaired in the
bzip1/bzip53 mutant. A reduction in oxidative energy metabolism is in line with the

proposed function of the SnRK1-bZIP1 pathway in starvation response (Baena-Gonzalez et
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al., 2007; Dietrich et al., 2011). In particular, regulation of the hypoxia marker gene SUS4
depends on bZIP1/bZIP53 and encodes a sucrose-degrading enzymatic activity (Baroja-
Fernandez et al., 2012) which might explain the increase in monosaccharides 3-6 h upon
onset of stress. In leaves of salt-treated plants, the shift in sugar levels is fed by starch
breakdown (Kempa et al., 2008). Accordingly, the transcriptome data set shows © -
AMYLASE (BAMs) gene activation in roots. Moreover, sink-driven transport processes to
the root may occur (Ludewig and Fliigge, 2013). SWEET4 and SWEET?2 provide examples
for genes misregulated in bzip1/bzip53 which encode putative sugar transporters (Chen et
al., 2012; Xuan et al., 2013).

In a second phase, the transient increase in glc, fru and suc returns to initial levels around
24 h after onset of stress. Transcriptome data 6 h after salt stress support a metabolic shift
to gluconeogenesis. Key genes like PPDK and FBP are transcriptionally down-regulated in
the bzip1/bzip53 mutant. Again, both genes are typically expressed under anaerobic
conditions (Pucciariello et al., 2012; Hsu et al., 2011). As carbohydrate-driven
fermentation provides only limited ATP production under non-oxidative conditions, non-
carbohydrate substrates like lipids or proteins are used for energy metabolism (Mentzen et
al., 2008; Aratjo et al., 2011). Here, we demonstrate that breakdown of specific aa is
regulated by bZIPs under investigation in order to provide C-skeletons to the
gluconeogenesis pathway. Moreover, recently FBP has been proposed to function as a
fructose sensor (Cho and Yoo, 2011). Hence, via altered sugar sensing reduced FBP
expression in the bZIP mutant might lead to a perturbed carbohydrate metabolism.

Proteins can function as alternative respiratory substrates under stress (Aratjo et al., 2010;
Ishizaki et al., 2005; Aratjo et al., 2011). After salt treatment, a transient increase in the
concentration of most aa is measured which presumably is due to protein degradation.
After 6 h, aa concentration decreases again which is correlated with the degradation of a
specific set of aa. Importantly, transcriptional up-regulation of the cognate bZIP TFs
precedes the onset of the expression of aa catabolic genes. In particular, a set of genes
involved in degrading BCAA (Leu, Val, Ile), Met and Lys is activated which feeds into the
Acetyl-CoA pool (AcCoA pool) (Arayjo et al., 2011; Binder, 2010). AcCoA can provide
intermediates for the TCA cycle, which is perturbed during stress. More strikingly, recent
studies disclosed that BCAA breakdown can provide electrons both directly to the electron

transport chain via the Electron Transfer Flavoprotein (ETF) complex as well as indirectly
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feeding the TCA cycle with metabolic intermediates (Araugjo et al., 2010; Ishizaki et al.,
2005). Moreover, Tyr degradation is also regulated by the bZIPs under study and feeds
into the TCA cycle via fumarate (Dixon and Edwards, 2006). The TCA cycle often
operates in a modular fashion in plants, meaning that parts of the cycle are involved in
distinct metabolic pathways. Consequently, not all reactions in the pathway carry the same
flux (Sweetlove et al., 2010). Although TCA cycle gene expression in bzip1/bzip53 mutants
is not affected, this issue is well documented on the level of several TCA cycle
intermediates of the second half of the TCA cycle (succinate, malate, fumarate), which
significantly increase in the mutant after salt treatment. This fragmented TCA cycle has
been demonstrated to take place in Lotus japonicus roots under anoxia, where alanine
aminotransferase links glycolysis to the TCA cycle (Rocha et al., 2010).

In contrast to genes involved in aa catabolism, ASNI transcription leads to Asn
biosynthesis which is controlled by bZIP10 and bZIP25 (group C) and to a minor extent by
bZIP1 and/or bZIP53. Accordingly, Asn levels increase both in dark-treated leaves and in
salt-stressed roots. Asn has been proposed to function as transported form of C and N (Lam
et al., 2003, 1998). In darkened leaves, it has been shown to be derived from pyruvate by
PPDK activity (Lin and Wu, 2004). Consistently, PPDK is also up-regulated in roots and
partially depends on bZIP53. As bZIP1 and bZIP53 co-ordinate an alternative metabolic
program which provides means to support survival under low energy stress in leaves as
well as salt-stress in roots, it is tempting to speculate that these bZIPs may have a broad
function in general stress management.

ABA-independent SnRK1/S1-bZIP- and ABA-dependent SnRK2/AREB- signaling
pathways regulate specific and overlapping sets of target genes

Group A bZIPs have been demonstrated to control a substantial set of genes responsive to
salt stress (Yoshida et al., 2010). Importantly, only a limited number of these genes was
found to be differentially expressed in the bzipl/bzip53 transcriptome data set (e.g.
EARLI1, RD29B; depicted as class 1 genes). Indeed, almost no bZIP1 promoter binding
was observed for the ABA response gene LEA76 and mutant analysis demonstrated that
this “classical” ABA-dependent gene is not strongly dependent on C and S1 bZIPs.

In contrast, class 2 genes functioning in aa degradation (e.g. BCAT?2) are direct S1 targets
in salt-stressed roots. Promoter scanning by ChIP-PCR reveals that HA-tagged bZIP1

directly and constitutively targets the BCAT2 promoter in close vicinity to the
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transcriptional start site. Here, a number of G-box related cis-elements are located, which
are known to function as bZIP binding sites. Due to constitutive promoter occupancy of the
35S-driven bZIP1, a transcriptional and/or post-translational salt-stimulated bZIP1
activation mechanism can be anticipated. Interestingly, class 2 transcription depends on
group A and S1 bZIPs but not on group C signaling. Whether bZIP1 forms homo- or
heterodimers with group A or a yet unknown hetero-dimerization partner needs to be
studied. Nevertheless, salt-induced phosphorylation of group A might provide a possible
activation mechanism. Alternatively, both bZIP signaling pathways may integrate their
cues via independent G-box cis-elements.

Class 3 genes depend only on group S1 factors but not on group A or C bZIPs. More
strikingly, bZIP1 binding is induced after salt treatment indicating a regulatory mechanism,
which is distinct from the constitutive binding of BCATZ2 (class 2). Although formation of
bZIP1 homodimers has been described in vitro (Kang et al., 2010), it needs to be
demonstrated whether homo- or heterodimers are formed in vivo. Interestingly, similar to
class 2 genes, class 3 genes belong to the same functional context (Tyr degradation). This
indicates that functional related genes may share the same transcriptional regulation.
Finally, class 4 genes such as PPDK or ASN1 are regulated by group S1 and C bZIPs, but
not by AREB-like bZIPs. Beside these well-defined genes in primary metabolism, stress
responsive genes such as DIN2 and SEN1 belong to this class (Figure 5, Supplemental
Figure 5). Focusing on PPDK, bZIP1 did not show substantial binding to this promoter at
least at the time point analysed. However, recent ChIP., studies propose a transient
promoter occupancy of bZIP1 which complicates the interpretation of ChIP data (Para et
al., 2014). As bzip1/bzip53 show partially impaired PPDK transcription, the alternative
explanation that bZIP53 is more important for regulating PPDK transcription should be
taken into consideration. Previous results demonstrated that S1 bZIPs preferentially
heterodimerize with group C bZIPs, thus potentiating target gene expression (Ehlert et al.,
2006; Weltmeier et al., 2006). Along this line the bzip1/bzip53/bzip10/bzip25 mutant is
completely impaired in target gene expression supporting the impact of C and S1 bZIPs on
transcription of class 4 genes. Interestingly, although class 4 PPDK transcription is not
depending on AREB-like bZIPs, it is impaired in the SnRK2-triple mutant. Here, the
limitations of mutant approaches become obvious as indirect effects are difficult to

evaluate. Observations such as phosphorylation of SnRK1 by SnRK2 which has been
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found in phosphoproteomic studies (Umezawa et al., 2013) or crosstalk via PP2C
phosphatases (Rodrigues et al., 2013) might explain these findings.

Taken together, two structurally related SnRK - bZIP signaling modules orchestrate salt-
responsive gene expression in roots (Figure 7). Whereas the SnRK2-AREB pathway
responds to ABA and regulates general defense-related functions, the SnRK1-bZIP module
is involved in metabolic reprogramming by integrating information on the plant’s energy
and carbohydrate resources. Importantly, both pathways control specific sets of genes but
display substantial crosstalk on the level of bZIP-type transcriptional regulators.
Elaborated genetic, ChIP and hetero-dimerization studies are required to address this
additional layer of regulatory complexity. Importantly, unraveling the sophisticated
network of salt stress response will gain knowledge on how to precisely manipulate plants
to engineer stress tolerant crops.

METHODS

Plants lines and culture: Two Arabidopsis Columbia (Col-0) bzip1 T-DNA insertion lines,
bzip1-1 (Salk_059343) and bzip1-2 (SALK_069489) have been characterized in Dietrich et
al. (2011). The identical lines were used by Sun et al. (2011) showing highly related pheno-
types after salt-treatment. These findings indicate that the T-DNA insertion in the bZIP1
gene causes the observed alterations. The following mutant lines have been used:
bzip1/bzip53, bzip1/bzip53/bzip10/bzip25, Prosss::HA:bZIP1 (Dietrich et al., 2011), aba?2
(Cheng et al., 2002), snrk2.2/3/6 (Fujita et al., 2009), arebl/areb2/abf3 (Yoshida et al.,
2010), snrkl.1 (Baena-Gonzalez et al., 2007). snrkl lines were constructed by floral-dip
transformation (Weigel and Glazebrook, 2002) of the snrkl.1 mutant with an amiRNA tar-
geting SnRK1.2 (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) making use of the vec-
tor pMDCY7 (Curtis and Grossniklaus, 2003).

Plants were cultured hydroponically (8/16 h day/night regime) according to (Gibeaut et al.,
1997). Roots of 6-week-old plants were treated with 150 mM NaCl or equimolar
concentrations of salts (KCI, MgSO, Na,SO.) or mannitol, respectively (final osmolarity
0.25 mosM/l). To minimize the effect of circadian regulation, root material from salt-
treated WT and mutant lines utilized for RT-qPCR and transcriptome studies was harvested
simultaneously 1 h before the end of the light period.

Alternatively, roots of 3-week-old aseptically grown plants cultured on MS-media

(Murashige and Skoog, 1962) were treated with NaCl (final concentration: 250 mM (Ler),

154


http://wmd3.weigelworld.org/cgi-bin/webapp.cgi

Chapter 5 Hartmann et al., bZIP1 salt stress

450 mM (Col-0)) for the time periods indicated. In this system chemical compounds such
as Est (10 pM), LaCl; (300 pM), and W7 (N-(6-aminohexyl)-5-chloro-1-
naphthelenesulfonamid-hydrochloride) (100 pM) (Kaplan et al., 2006) can be easily
applied.

Molecular Biology Methods: Immunoblot and RT-qPCR techniques were performed as
described in Dietrich et al. (2011). The following antibodies were used: AKIN10 (Agrisera
Ab10919, Vamads, Sweden) and anti HA-tag (Abcam ab9110, Cambridge, UK). Cycling
conditions were as follows: 10 min at 95" C, 40 cycles of 20 s at 95 C, 10 s at 557 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. PCR primers
are given in Supplemental Table 1. If not stated differently calculated values are derived
from 2-3 biological and 3 — 4 technical replicates. Methods related to ChIP-PCR,
transcriptome and metabolomic studies are provided in Supplemental Methods online
Bioinformatic and statistical analyses were performed with GraphPad Prism, Origin and
Excel software using the statistic 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), ASN1 (At3g47340),
BCAT2 (At1g10070), LEA76 (At3g15670), RD29B (At5g52300), PPDK (At4g15530),
DIN2 (At3g60140), SEN1 (At4g35770), DIN10 (At5g20250), TAT7 (At5g53970), HGO
(At5g54080), MCCA (At1g03090), MGL (Atlg64660), SUS4 (At3g43190), SWEET4
(At3g28007), SWEET2 (At3gl14770), KIN10 (At3g01090), KIN11 (At3g29160), UBI5
(At3g62250), ACTIN7 (At5g09810), ACTINS (At1g49240).
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Supplemental Data

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

Supplemental Figure 1: Transcription of group C and S1 bZIPs after salt-treatment.
Supplemental Figure 2: Carbohydrate metabolism in salt-treated WT and bzip1/bzip53
roots.

Supplemental Figure 3: Metabolites of the TCA cycle but not transcription of the related
genes is altered in the bzip1/bzip53 mutant.

Supplemental Figure 4: RT-qPCR validation of salt-induced expression of SnRK2 and
AREB genes in WT and the respective snrk2.2/3/6, arebl/areb2/abf3 multiple T-DNA
insertion mutants.

Supplemental Figure 5: RT-qPCR analysis of bZIP1 regulated class 1 — 4 genes.
Supplemental Methods: ChIP-PCR, transcriptome and metabolomic studies
Supplemental Table 1: List of primers used in this study

Supplemental Data Set 1: Summary of transcriptome results comparing salt-treated WT
and bzip1/bzip53 roots.

Supplemental Data Set 2: Summary of aa concentrations comparing salt-treated WT and
bzip1/bzip53 and bzip1/bzip53/bzip10/bzip25 roots

Supplemental Data Set 3: Summary of carbohydrate concentrations comparing salt-
treated WT and bzip1/bzip53 roots.

Supplemental Data Set 4: Relative amount of selected metabolites comparing salt-treated

WT and bzip1/bzip53 roots.
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Figure 1. Stress-induced transcription of bZIP1 and bZIP53 and their functional impact on
germination. (A) Transcript abundance of the indicated group S1-bZIP genes was analyzed
by RT-gPCR in roots of hydroponically grown Col-0 plants treated with 150 mM NaCl. (B)
Induction of bZIP1 by equiosmotic concentrations of salt (NaCl, KCI, MgCl 2, Na 2 SO

4 ) or mannitol solutions. Osmolarity was adjusted to 0,25 mosM/I. Given are mean values
(£ SE). WT and respective mutants 19 h post-treatment (A) and untreated and treated WT
after 19 h (B) are compared by Students t-Test. (C) Germination rate of WT and the
indicated bZIP single and multiple T-DNA insertion mutants grown on MS-medium
supplemented with 175 mM NaCl. Germination rates of stressed mutants are calculated in
percent of the respective untreated line. Given are mean values (n=170 -350; £ SD); * p <

0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. Transcriptome analysis comparing roots of NaCl-treated (150 mM)

hydroponically grown Col-0 WT and bzip1/bzip53 plants. (A) Venn-diagram presenting

the number of down-regulated genes comparing WT and bzip1/bzip53 mutant plants 1, 3

and 6 h after salt-treatment (log2>0.7; p<0.01). (B) List of selected genes (selected by

function and time of salt-treatment) down-regulated in bzip1/bzip53 in comparison to W'l

roots. Given are differential expression levels (log2) and p-values.
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Figure 3. Changes in carbohydrate metabolism comparing NaCl-treated hydroponically-
grown roots of WT and bzip1/bzip53 mutants. (A) Simplified overview of carbohydrate
metabolism. Changes in sugar concentrations or gene expression are indicated by blue or
red arrows, respectively (see Supplemental Data Set 3,Figure 3B). Times (in h) indicate
maxima of metabolites (blue) or transcript abundance (red). (B) Changes in carbohydrate
concentrations (nmol/g fresh weight) after salt treatment in WT (black) and bzip1/bzip53
(grey). Given are mean values (+ SD) of 3 biological replicates. (C-E) RT-qPCR analysis
of SUS4 (C), FBP (D), and PPDK (E) expression in WT (black), bzip1/bzip53 (blue) and
bzip1/bzip53/bzip10/bzip25 (brown) plants. Given are mean expression values (+/- SD).
SUS4: SUCROSE SYNTHASE4; INV: INVERTASE; BAM: [B-AMYLASE, PPDK:
PYRUVATE ORTHOPHOSPHATE DIKINASE; FBP: FRUCTOSE-1,6-
BISPHOSPHATASE; Glc: glucose; Fru: fructose; Suc: sucrose; UDP-Glc: Uridine-
diphosphate-glucose. Significant differences between WT and mutants have been defined

by Students t-for each time-pont. Test: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Impact of C and S1 bZIP factors on aa metabolism of salt-treated roots. (A)

Simplified overview of the catabolism of Branched Chain Amino Acids (BCCA: Ile, Leu,

Val), Met, Lys, and Tyr and biosynthesis of Asn. Relevant enzymes are indicated in red and

array data of the correspondent genes differentially regulated in bzip1/bZIP53 are given in

TCA: Tricarboxylic Acid Cycle; ETF: ELECTRON-TRANSFER-
FLAVOPROTEIN. (B) RT-gPCR analysis of the salt-induced gene expression comparing
WT (black), bzip1/bzip53 (blue) and bzip1/bzip53/bzip10/bzip25 (brown) plants. Given

brackets.

are mean fold (= SE) induction values. Students t-Test compares WT and mutant at the

respective time-point: * p < 0.05, ** p <0.01, *** p <0.001.

(C) Quantification of selected aa concentrations (green) observed in the mutants indicated

in (B). Given are mean values (+ SE) of n=5 replicates.
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Figure 5. Mutant and ChIP analysis to study regulation of bZIP1, bZIP53 and potential
target genes in salt-treated roots. (A-C) RT-qPCR analysis of salt-treated mutant roots
impaired in defined components of the ABA-SnRK2-AREB pathway studying bZIP1 (A),
bZIP53 (B) and the potential targets PPDK, TAT7, BCAT2 and LEA76 (C). WT (black),
aba2 (blue), snrk2.2/3/6 (orange) and areb1/2/abf3 (light green) (see Figure 7 for details).
(D) RT-gPCR analysis of the same target genes in WT (black), bzip1/bzip53 (blue) and
bzip1/bzip53/bzip10/bzip25 (brown) mutant plants. Given are mean fold (+ SE) induction

values. Students t-Test compares WT and mutants at the respective time-point: * p < 0.05,

169



Chapter 5 Hartmann et. al., bZIP1 salt stress

** p <0.01, *** p <0.001. (E) ChIP-PCR analyses for the indicated promoters using an o-
HA-antibody to detect binding of HA:bZIP1. Upper panel describes the promoter
scanning experiments indicating localization of the primer derived PCR products (red) and
putative G-box related binding sites (green). Lower panel: Compared are fold input levels
calculated relative to WT (white; set to 1) and Pro 35S ::HA:bZIP1 plants untreated (grey)
and induced with salt (black). Significant differences have been determined by one-way

ANOVA followed by a Bonferroni post-hoc test and are labeled with individual letters.
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Figure 6. Transcription of bZIP1 in roots depends on various signaling pathways. (A) RT-
gPCR analysis of WT and inducible snrk1 loss-of-function plants. (B) Ca 2+ signaling was
manipulated using the inhibitor La 3+ or the Ca 2+ agonist W7, respectively. 3-week-old
plants were grown on MS medium and treated with NaCl for Oh, 3h or 6h. Duration of
treatments are indicated by a colour code. Given are mean fold (+ SE) induction values of
4-6 replicates. All experiments are repeated at least three times. Students t-Test: * p < 0.05,

** p <0.01, *** p <0.001, n. s.: not significant.
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Figure 7. Model summarizing the findings on the regulation of bZIP1 transcription in salt
stress response in Arabidopsis roots and the crosstalk of the ABA-independent SnRK1-
bZIP1 pathway and ABA-dependent SnRK2-AREB pathway. Due to the mutant and ChIP
PCR analysis, putative bZIP1 target genes can be classified as dependent on the
ABA/SnRK2/AREB pathway (class I), the SnRK1/bZIP1 pathway (class III) or both (class
IT). Class IV genes depend on group C and S1 bZIPs and are independent of AREB-like
TFs. A potential interaction between SnRK1 and SnRK2 kinases is proposed by (Umezawa
et al., 2013; Rodrigues et al., 2013).
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Supplemental Figure 1. Transcription of group C and S1 bZIPs after salt-treatment. RT-
gPCR analysis of bZIP1 and RD29B in roots (A), group C bZIPs in roots (B) or group C
and S1 bZIPs in leaves (C) at the time-points indicated. Given are mean fold (+ SD)

induction values.
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Supplemental Figure 2. Carbohydrate metabolism in salt-treated WT and bzip1/bzip53
roots. (A) Measurement of raffinose (nmol/g fresh weight). Given are mean fold (+ SD)
values. Students t-Test: * p < 0.05, ** p < 0.01, *** p < 0.001. (B) MAPMAN
representation of cell wall sugars. Downregulated genes comparing WT and bzip1/bzip53
roots 3 h after salt treatment are colour-coded in blue, upregulated in red. RAFFINOSE
SYNTHASES6 (DIN10) is marked as down-regulated in bzip1/bzip53 roots.
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Supplemental Figure 3. Metabolites of the TCA cycle but not transcription of the related
genes is altered in the bzip1/bzip53 mutant. Schematic overview summarizing changes in

TCA cycle intermediates relative to the un-induced situation. WT (black) bzip1/bzip53
(grey).
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Supplemental Figure 4. qRT-PCR validation of salt-induced expression of SnRK2 and
AREB genes in WT and the respective snrk2.2/3/6 (Fujita et al., 2009), areb1/areb2/abf3
(Yoshida et al., 2010) multiple T-DNA insertion mutants. Hydroponically-grown plants

were cultivated on MS-medium treated with NaCl for the times indicated. Given are mean

fold induction values (+ SD).
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WT (black), bzip1/bzip53 (blue) and bzip1/bzip53/bzip10/bzip25 (brown) plants (B).
Given are mean fold (£ SE) induction values. Significance is calculated relative to the
corresponding time-point of the WT; Students t-Test: * p < 0.05, ** p < 0.01, *** p <
0.001.

kDa WT snrk1
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Supplemental Figure 6. Characterisation of snrk1 mutant plants. Expression of SnRK1.1
and SnRK1.2 was analysed by immunoblotting applying root protein extracts from 2-
weeks-old WT and snrkl mutant plants, which were cultivated on MS medium
supplemented with NaCl and B-Estradiol. Arrows indicate the position of the respective

SnRK1 kinases. Equal amounts of protein was loaded as confirmed by Ponceau S staining.

SUPPLEMENTAL METHODS

ChIP-PCR Root material (~ 5 g) was harvested from 3-week-old plants grown on 1xMS
without sugars after a 6 h NaCl (400 mM) or mock treatment. Subsequently samples were
incubated with crosslinking buffer (50 mM KH 2 PO 4 /K 2 HPO 4 buffer [pH 5.8], 1 %
(v/v) formaldehyde) for 30 min under vacuum. Crosslinking was stopped by incubating the
samples in glycine buffer (50 mM KH 2 PO 4 /K 2 HPO 4 buffer [pH 5.8], 0.3 M glycine)
for 15 minutes under vacuum followed by further washing with ice-cold water. Samples
were frozen in liquid nitrogen and subsequently grinded. Nuclei extraction was performed
in a cooling chamber at 4°C. Therefore root material was re-suspended in 24 ml ice-cold
extraction buffer (1 M hexylenglycol, 50 mM PIPES-KOH [pH 7.2], 10 mM MgCl 2, 5
mM B-mercaptoethanol, 1 tablet/10ml complete protease inhibitor cocktail tablets, Roche)
and was cleared by filtration through two layers of miracloth. 1 ml 25% Triton X-100 was

added dropwise to the extract. After incubation for 15 min nuclei were isolated by density
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gradient centrifugation using a 35 % percoll cushion. The nuclei pellet was re-suspended in
sonication buffer (10 mM Tris/HCI [pH 7.4], 1 mM EDTA [pH 8.0], 0.25 % SDS and
protease inhibitor) prior to sonification for 20 x 20 sec. Chromatin was cleared by
centrifugation for 15 min at 11.000g, 4°C and frozen in aliquots. For each IP, 15 pg
chromatin and 4 pg ChIP grade a-HA (ab9110) antibody (Abcam Cambridge, UK) were
used. 70 pl of protein A coated magnetic beads (Invitrogen, Karlsruhe, Germany) dissolved
in ice-cold extraction buffer, supplemented with protease inhibitor (Roche, Mannheim,
Germany) were applied to each sample. Antibody-antigen binding was achieved during a 2
h incubation step at 4°C and slow rotation on an Intellimixer. To remove unspecifically
bound proteins, beads were washed 4 times with washing buffer supplemented with
protease inhibitor, before precipitated protein-DNA complexes were dissolved in elution
buffer.Precipitated DNA was quantified by RT-qPCR using the oligonucleotide primers
summarized in Supplemental Data Set 1. Data was normalized to DNA input, which was
quantified by ACTINS transcript abundance. Results were obtained from 2 independent
plant pools per line from which 2-4 independent ChIP experiments were performed.

Transcriptome studies: Transcriptome analysis was performed on root material from
hydroponically grown Col-0 WT and bzip1/bzip53 plants 1 h, 3 h, and 6 h after treatment
with 150 mM NaCl. RNA purity and integrity were confirmed by using a RNA 6000 Nano

Assay (Agilent, http://www.home.agilent.com) and gel electrophoresis. cRNA

labeling, hybridization, washing and scanning of Affymetrix Arabidopsis ATH1 GeneChips
® (Affymetrix, http:/affymetrix.com) was performed according to Affymetrix OneCycle
Lab protocols. Data were analysed statistically using the R language environment for

statistical computing (http://www.r-project.org) version 2.9 and Bioconductor release

2.4 (Gentleman et al., 2004). Data were normalized using the Robust Multichip Average
(RMA) expression measure in the Affy package (Gautier et al., 2004). Differentially
expressed genes were identified using the LIMMA package. The obtained p-values were
corrected for multiple testing errors using the BH procedure (Benjamini and Hochberg,
1995) and transferred to Microsoft ExcelTM. The probe set sequences were aligned to the
TAIR9 gene model database of transcripts (www.arabidopsis.org). Data analyses
(triplicate) were performed using MAPMAN (Thimm et al., 2004).

Metabolic studies The metabolic profile from treated and untreated root material was

determined 1, 3, 6, 24 and 48 h post-treatment using GC-MS (Kempa et al., 2008). Amino
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acid levels were determined by UPLC-ESI-qTOF-MS (Acquity UPLC, Synapt HDMS G2,
Waters,Milford, MA, USA) prior derivatization with the AccQ Ultra Kit (Waters,
Eschborn, Germany) as described (Salazar et al.,, 2012). Sugars were analyzed using a
Waters Acquity ultra-high-performance liquid chromatograph coupled to a Waters
Micromass Quattro Premier triple quadrupole mass spectrometer (Milford, MA, USA) with
a electrospray interface (ESI). Chromatographic separation was carried out according to
application note WA60126 with a modified flow rate of 0.2 mL/min. Sugars were detected
in the negative electrospray mode (ESI - ) at a source temperature of 120°C and a capillary
voltage of 3.25 kV. Nitrogen was used as desolvation and cone gas with flow rates of 800 L
h —1 at 350°C and 25 L h —1 . The mass spectrometer was operated in the multiple reaction
monitoring (MRM) mode using Argon as collision gas at a pressure of approximately 3 x
10 -3 bar.
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This chapter is to consider as a first incomplete version of a manuscript. More effort has to
be done to implement this draft before having it ready for a publication. It was included in
this thesis to emphasize the importance of this argument and to stimulate future

investments to carry forward the project.
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INTRODUCTION

The onset of plant life is characterized by a major metabolic phase transition. Seed
germination and subsequent seedling establishment are, indeed, entirely heterotrophic
(Theodoulou & Eastmond, 2012). Seed reserves need to be rapidly converted to soluble
metabolites that can be transported throughout the seedling to be used to sustain growth
and to establish the photosynthetic apparatus (ref). Subsequently, the plant’s life style
changes based on an autotrophic metabolism.

Proteins, lipids, and sugars are the three major compounds stored in seeds. In particular,
lipids are stored in the form of triacylglycerols (TAGs) and TAGs represent about the 45%
of the seed weight of the oil-seed plant Arabidopsis thaliana (Graham, 2008). After
germination, specialized programs have evolved to ensure the rapid and efficient
conversion of TAGs to sugars. The first step in the TAGs usage is their remobilization from
the oil bodies. Oil bodies are spherical cytoplasmatic organelles of 0.5-2 pm in diameter,
consisting of a TAGs matrix covered by a phospholipids monolayer in which proteins are
embedded that prevent oil body coalescence (Chapman, Dyer, & Mullen, 2012). Oleosins
and caleosins are the predominant proteins sharing a crucial role in lipid remobilization
from oil bodies during seed germination (Ref 3 seed storage give and take). After
remobilization TAGs are hydrolized to produce free fatty acids (FAs) and glycerol. FAs are
degraded by [-oxidation to yield acetyl-CoA which subsequently is condensed into 4-
carbon compounds via the glyoxylate cycle localized in the peroxisomes(T. G. Cooper,
1969). Products of the glyoxylate cycle can either be used by the mitochondrial respiration
or transported to the cytoplasm and enter the gluconeogenesis which is of crucial
importance for seedling establishment. In contrast to non-plant eucaryotes, which rely on
PHOSPHOENOLPYRUVATE CARBOXYKINASE (PCK) to fuel gluconeogenesis,
recent findings disclosed a second enzymatic route to exist in plants, making use of
PYRUVATE ORTHOPHOSPHATE DIKINASE (PPDK) (Eastmond et al., 2015). Whereas
PCK mainly uses coumpounds derived by lipid breakdown, PPDK uses pyruvate, which is
derived from amino acid (aa) breakdown. SnRK1 kinases are master regulator of plant
metabolism, activated in multiple and different situations when catabolic activity is needed
to sustain plant life. SnRK1 kinases reprograms plant metabolism regulating enzymes,
transcription factors or miRNAs (Confraria, Martinho, Elias, Rubio-Somoza, & Baena-

Gonzalez, 2013). Recently, we have demonstrated that SnRK1 controls alternative
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mitochondrial respiration during starvation via transcription of ELECTRON-TRANSFER
FLAVOPROTEIN: UBIQUINONE OXIDO-REDUCTASE (ETFQO) part of the
ETF/ETFQO electron transfer complex (Pedrotti et al., Chapter 4). As germination and
subsequent seedling establishment rely only on mitochondrial respiration, we investigated
the involvement of SnRK1 in the regulation of seed establishment. We applied a
combination of chemical, genetics, genomics and cell-based analyses to dissect the SnRK1
signaling network in TAGs remobilization. We discovered that SnRK1 controls the
expression of oleosin and caleosin genes, interfering with the complete lipid remobilization
from the oil bodies. This SnRK1 regulated molecular framework provides energy,
metabolites and biomass necessary to fuel seedling establishment until the complete
development of the photosynthesis apparatus and the beginning of the “eternal”
autotrophic plant life.

RESULTS

SnRK1 has a central role in the regulation of the early stage of seed establishment.
Baena-Gonzalez and colleagues showed that SnRK1 is an important activator of catabolic
processes (Baena-Gonzalez, Rolland, Thevelein, & Sheen, 2007). Therefore, we speculated
about its involvement in the activation of seed storage degradation necessary to sustain
plant life in the early stage of seedling establishment. To test this hypothesis, we applied
the phenotypical growth assays recently described by Xiong and colleagues (Xiong &
Sheen, 2013) to study phase transition from heterotrophic to autotrophic seedling growth.
Accordingly, 3-day-old Arabidopsis seedlings developed green cotyledons but soon
entered a mitotic quiescent state, characterized by arrested root growth (Figure 1).
Exogenous glucose taken up by the root (Xiong & Sheen, 2012) was sufficient to fully
substitute for photosynthetic support of root meristem activation and growth (Figure 1).
This assumption was further supported, as WT plants plant treated with the photosynthesis
inhibitor DCMU show glucose dependent activation of the root meristem (Xiong & Sheen,
2013). To study the impact of SnRK1 in this model system, we made use of the snrkl loss-
of-function approach (Pedrotti et. al., Chapter 4). Recent work established, that a double
knock-out in the redundantly active Arabidopsis SnRK1 genes (SnRK1.1/AKIN10 and
SnRK1.2/AKIN11) is lethal. We therefore expressed an estradiol (Est) inducible artificial
microRNA (ami) construct targeting SnRK1.2 in a snrkl.1 T-DNA knock-out line. As

demonstrated in our growth system, we can significantly reduce the amount of SnRK1
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protein after Est-treatment.

Focusing on phenotypical changes, we observed that snrk1.1/1.2 plants were unable to
establish functional, green-colored cotyledons (Figure 1A). 6 days after germination the
majority of the seedlings appeared with white cotyledons and root primordia shorter than 2
mm as quantified in Figure 1B, C. This phenotype resembles plants impaired in lipids
remobilization or degradation (Ref). Surprisingly, glucose treatment induced cotyledon
establishment had no effects on root growth of the snrki.1/1.2 mutant (Figure 1 A, B). On
the contrary, SnK1.1 over expressing seedlings (SnRK1.1 o.e) showed green cotyledons
and well developed root (Figure 1A, B), even when plant were treated with DCMU in
absence of glucose. Apparently, SnRK1.1 o.e. plants avoide the quiescent meristem state,
but continuously grew careless of the presence of glucose or DCMU in the medium. These
results revealed that SnRK1 signaling actively contributes to seedling establishment.
ImportantlyMoreover, SnRK1 kinases appears to have a double and distinct functionality:
firstlywith respect to cotyledon development, glucose supplementation can compensate for
absence of SnRK1 in the mutant, whereas this is not the case for secondlyroot
development.

SnRK1 is an important activator of catabolic processes at the onset of plant life.

To better understand the molecular landscape of the SnRK1 signalling network during seed
establishment, we performed genome-wide expression profiling in WT and snrk1.1/1.2 3
days old seedlings. Based on stringent statistic (P adjust (“BH” correction) < 0.01) we
defined 1470 activated and 2215 repressed genes differentially regulated by SnRK1
(Supplemental material 1). In line with the expected function of SnRK1 on the activation
of catabolic processes, GO enrichment analysis showed that snrk1.1/1.2 had severe
problems in gaining energy from seed storage compounds. In particular we observed that
generation of precursor metabolites and energy was depleted due to the down-regulation of
the major energy providing pathways such as fatty acid degradation, carbohydrate and
amino acid catabolism. The inability of degrading lipids and carbohydrates resulted in the
down-regulation of several anabolic processes, such as cell gowth, root and leaves
development. Viceversa, the expression of genes involved in protein catabolism,
proteolysis, and cellular respiration was up-regulated. They probably were exploited as the
last attempt to provide energy and precursors indispensable for the development of a

functional photosynthetic apparatus. Notably, also the expression of genes involved in
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regulation of cell death were up-regulated in snrk1.1/1.2 in comparison to WT plants.
These findings further demonstrate a primary function of SnRK1 in the orchestration of
seed storage compounds catabolism (Figure 2).

SnRK1 contributes to the catabolism of seed storage lipids.

In order to investigate further how SnRK1 contributes to the catabolism of seed storage
lipids during germination, lipid analysis in three days old WT and snrk1.1/1.2 seedlings
grown on mineral medium were performed using liquid chromatography coupled to mass
spectrometry (Supplementary Figure 1A). Orthogonal partial least square discriminant
analysis (OPLS-DA) revealed significant higher level of 25 from 2061 lipid features in
snrk1.1/1.2 seedlings compared to the WT (Supplementary Figure 1B).

Structure elucidation of the differentiating lipids were performed by comparing their
accurate masses with the Database of Lipid Metabolites and Pathways Strategy (LIPID
MAPS). In accordance of the expectation, 19 from 25 differentiating lipid features were
annotated as ammonium adducts of TAGs. In addition, their collision induced
fragmentation revealed a loss of fatty acyls resulting in abundant formation of
diacylglycerol ions and protonated fatty acid fragments that are characteristic for TAGs (lit:
Murphy et al (2002) Analytical and Bioanalytical Chemistry 366:59-70). The identified
TAG species consisted of fatty acyls with 52-58 carbon and 2-9 double bonds
(Supplementary Table 1).

To investigate if the altered TAG content in snrkl.1/1.2 seedlings was specific to the
identified differentiating lipids, endogenous TAGs were determined using an in-house
developed database (unpublished). Retention-time aligned molecule ion and fragment ions
led to identification of 49 TAGs specified by the number of carbons and double bonds of
the three fatty acids esterified to glycerol. The most abundant TAG species were identified
as differentiating lipids in snrk1.1/1.2 seedlings using OPLS-DA analysis (Supplementary
Figure 2 and Figure 3A). In addition, all identified TAGs were determined to be at least 2-
fold higher in snrk1.1/1.2 comparing to WT. Our result suggest that TAG accumulation in
the mutant seedlings was not species specific and thus total TAG content was used to
characterize the contribution of SnRK1 in changes of energy storage lipid content during
germination. The determined contents of TAGs were 5.7 pg/mg and 14.1 pg/mg in three
days old WT and snrk1.1/1.2 seedlings, respectively (Figure 3 B).

SnRK1 controls the lipid remobilization process.
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Because of the strong accumulation of TAGs in snrk1.1/1.2 plants, we investigated the
possibility of an aberrant lipid usage. Oleosin and caleosin are known important proteins
for the regulation of lipids remobilization from oil bodies. RT-qPCR experiments showed a
reduced expression of OLEOSIN 1, 2, 3, and 4 and partially of CALEOSIN 1 in snrk1.1/1.2
(Figure 4 A-E).

By feeding glucose or a short chain fatty acid, sodium-octanoate, the cotyledons phenotype
of snrk1.1/1.2 plants could be rescued (Figure 1 and 5). As expected an high concentration
of Na-octanoate resulted toxic for WT, snrk1.1/1.2, and SnRK1.1 o.e. plants, although the
last one could develop a longer root than the other tested genotypes. Lower concentration
of Na-octanoate promote root growth of WT seedlings, probably by providing enough
energy to overcame the meristematic quiescent phase. These results strictly indicated that
SnRK1 controls an upstream process of the lipids degradation pathway.

SnRK1 has a primary role in the regulation of plant transcriptome in response to
sugar treatment and energy conditions.

In WT seedlings glucose application was able to induce the reactivation of the root
meristem and the subsequent root growth. Similarly to what already described by Sheen
and colleagues, glucose treatment induced the expression of 1014 genes and
simultaneously repressed that of 741 genes (Supplementary table 2). Remarkably, the
glucose induced genes belonged to a myriad of different GO categories (Figure 6A).
Beside metabolism-related GO classes, several development-related category were induced
by glucose treatment, such as cell growth, shoot and root development, post-embryonic
development, and transcription. Despite the ability of external applied glucose to induce
cotyledons establishment in snrk1.1/1.2 plantlets (Figure 1), glucose treatment affected the
expression of only 128 genes in the snrk1.1/1.2. Interestingly, glucose treatment activated,
the carbohydrate metabolism, lipids mobilization and metabolism. The expression of
oleosin 1, 2, 3, and 4 and caleosin 1 was also induced by glucose treatment (Figure 4) as
well as the expression of several seed storage albumin protein (Supplementary table 3)
involved in the remobilization of lipids. Compatible with a primary role of SnRK1 in the
regulation of seed establishment, none of the development-related GO category activated
by glucose in WT seedlings were induced in snrk1.1/1.2 plantlets (Figure 6.B-F). Taken
together, these results revealed the centrality of SnRK1 in the regulation of plant

transcriptome in response to sugar, or more in general energy, conditions.
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DISCUSSION

The results presented in this paper clearly demonstrate the primary role of SnRK1 during
the onset of plant life. Depending on the tissue or the developmental state, SnRK1
signaling respond to specific stimuli by triggering transcriptional changes which are
generally accompanied by a down-regulation of energy consuming processes and an
induction of ATP-producing pathways (Baena, Zhang 2009). We showed that SnRK1
orchestrates oil seed degradation in order to fuel the early postgerminative growth prior to
photosynthetic establishment.

From results here presented it is clear that SnRK1 has a primary role in the activation of
seed storage catabolism. Genome wide expression profiling shows that SnRK1 regulates
the expression of several genes which encodes for protein involved in the metabolism of
fatty acids, carbohydrates, and amino acids. Thus, SnRK1 controls the metabolism of the
major source of energy, carbon, and nitrogen that can be used by the seedlings to sustain
their growth. We suggest that the mechanism by which SnRK1 controls lipids metabolism
is by regulating their remobilization from oil-bodies. TAGs represent the 45% of the
weight of Arabidopsis seed, beeing the most abundant energy source presents in seeds.
Therefore, controlling their metabolism means regulating the complete seedling
metabolism. We observed that SnRK1 regulates the expression of oleosin 1, 2, 3, and
partially of oleosin 4 and caleosin 1. This resulted in the inability of snrk1.1/1.2 seedlings
to degrade the majority of the TAGs and therefore the incapacity of establishing
themselves due to energy deficiency. Controlling such an up-stream process in lipid
metabolism represents an “elite” regulation to control the complete seed establishment
process. Beside the remobilization of TAGs, SnRK1 positively regulates the expression of
other 65 genes involved in lipid metabolism. Several studies have reported the importance
of lipid metabolism for seed establishment (Some reference about it), indeed, many
mutation in genes involved in the lipid metabolism are lethal already at early stages of
plant development. Lipid profiling revealed altered levels of all identified TAG species in
snrk1.1/1.2 comparing to WT seedlings three days after seed germination.

Addition of glucose or Na-ocatanoate to snrkl.1/1.2 seedlings allow their normal
development of cotyledons. This indicate that carbohydrates and lipids metabolism could
be reactivated when they are present at cellular level, even in the absence of SnRK1. Sheen

and colleagues indicated that glucose or sucrose act as pivotal nutrient signals able to
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reactivate the root meristem growth. They based this conclusion on the observation that
neither amino acids or hormones could reactivate the meristem quiescence and root
growth. Here, we show that also a short chain fatty acid (Na-octanoate) is able to re-
activate the root meristem and induce root development (Figure 5). It is tempt to speculate
that is not the signal molecule nature of glucose or sucrose that induces root growth but
either their ability to provide energy.

When looking at gene expression, glucose induces the expression of about thousand genes
in WT seedlings. In particular glucose activate the expression of 54 transcription factors,
indicating a strong correlation between energy availability and transcription ability (Ref
Magda paper 2014). The re-activation of plant transcriptome is accompanied by the co-
activation of shoot and root developmental program and cell growth (Figure 6.B-F). From
the box-plot in Figure 6B is clear that without SnRK1 the global transcription program
activated by glucose does not take place. Our study also reveals that SnRK1 activity is
important for root development. It is known that sugar metabolism could interfere with
cell-cycle regualation (Ref:Sugar Control of the Plant Cell Cycle), it is likely that SnRK1
plays a crucial role in the regulation of cell-division, necessary for the complete
development of a plant. Further work has to be done to confirm this hypothesis and to
elucidate the possible cross-talk with TOR kinase signalling.

In conclusion with our results we demonstrate that SnRK1 kinases are important regulator
of all the most energy costly developmental phase transitions, from juvenile to adult and
vegetative to reproductive (Tsai & Gazzarrini, 2014) but also from the eterotrophic to
autotrophic transition that occurs at the onset of plant life.

MATERIALS AND METHODS
Plant growth conditions

All seeds were sown in a 24 well plate with 1 ml of MS medium (MS: M0222, Duchefa-
Biochemie, Germany) per well. Col-0 WT, WS WT, snrk1.1/1.2, and SnRK1.1 o.e. seeds
were grown for 3 days in the dark at 20°C and 60% of relative humidity in a plant growth
incubator (BINDER, Tuttlingen, Germany). After 3 days the different treatments were
applied. Samples were harvested at different time points accordingly to their purpose: i)
phenotyping, 3 days after treatment (6 days after germination); ii) metabolites
measurments, 1 day after treatment (4 days after germination); iii) RNAseq experiments, 1
days after treatment (4 days after germination); RT-qPCR experiments 1 days after

treatment (4 days after germination).
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Induction of amiRNA expression was performed by supplementing b-Est to MS medium
after sterilization (T<40°C) to a final concentration of 10 pM. b-Est was applied from day
0 on. DCMU was applied to a final concentration of 10 pM.

Plant lines

Col-0 and WS were used as WT Arabidopsis lines. snrki.1/1.2 mutant is described in
Chapter 4 (Pedrotti et. al.). SnRK1.1 o.e. plants were kindly provided by Elena Baena-
Gonzales and previously described by Baena-Gonzales and colleagues (Baena-Gonzalez et
al., 2007).

RT-qPCR.

RNA was isolated using Trizol. cDNA synthesis was performed using 1 pg of total RNA as
starting material. DNase treatment and first strand cDNA synthesis were done using DNase
I (EN0521, Thermo-Scientific, Germany) and RevertAid H Minus Reverse Transcriptase
(EP0451, Thermo-Scientific, Germany) according to manufacturer's protocol. gPCR was
performed using BIOTAQ DNA Polymerase (BIO-line, Germany) and the relative
protocol. Cycling conditions were as follows: 10 min at 958C, 40 cycles of 20 s at 95°C,
10 s at 55°C, and 30 s at 72°C, followed by a default dissociation stage program to detect
nonspecific amplification. Amplification products were visualized by SYBR green. The
Ubiquitin 5 gene (AT3G62250) was used as internal standard for relative quantification.
All the primers used for RT-qPCR determination of gene expression are saftely stored by
our internal database.

RNAseq.

For RNAseq experiment RNA has been isolated using Trizol and subsequently cleaned-up
on RNeasy Mini Kit (Qiagen, Germany) according to manufacturer's protocol. RNA was
treated with DNase I within the RNeasy Mini Kit. 5 pg of total RNA was used for library
preparation. mRNA was isolated using the Sera-Mag Magnetic Oligo (dT) Particles (2815-
2103, ThermoScientific, Germany). cDNA library was prepared using the NEBNExt
mRNA Library Prep Master Mix Set for Illumina (#£6110, New England BioLabs) in
combination with the NEBNext Multiplex Oligos for Illumina (#E7335, New England
BioLabs). Quality of RNA and fragmentation size was checked using Experion RNA
HighSens Analysis Kit (700-7105, BIORAD, Germany). Quality of the cDNA at the end
of the library preparation was checked using Experion DNA Chips (700-7163, BIORAD,
Germany). During library preparation products were isolated with the QIAquick PCR
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Purification Kit (28106, Qiagen, Germany). One library was constituted by 12 samples.
For the sequencing one library was distributed on 2 lanes.

High-throughput sequencing was performed on an Illumina GAIIx platform following the
manufacturer’s instructions. Quality control of the seqeuencing data was done using

fastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Mapping of the reads was

performed using Bowtie 0.12.8 (Langmead, Trapnell, Pop, & Salzberg, 2009) onto the A.
thaliana genome release TAIR9. The resulting BAM files were then sorted and indexed
using samtools 0.1.18. For analysis of differentially expressed genes R was used with
GenomicRanges (Lawrence et al.,, 2013), rtacklayer (Lawrence, Gentleman, & Carey,
2009) , samtools and edgeR (Robinson, McCarthy, & Smyth, 2010) libraries. Only genes
with a pAdjust ( ,,BH® correction) <0.01 were used for further analysis. DAVID was used
for GO enrichment analysis (Jiao et al., 2012).

BIBLIOGRAPHY

Baena-Gonzalez, E., Rolland, F., Thevelein, J. M., & Sheen, J. (2007). A central integrator
of transcription networks in plant stress and energy signalling. Nature, 448(7156),
938-42. doi:10.1038/nature06069

Chapman, K. D., Dyer, J. M., & Mullen, R. T. (2012). Biogenesis and functions of lipid
droplets in plants: Thematic Review Series: Lipid Droplet Synthesis and Metabolism:
from Yeast to Man. Journal of Lipid Research, 53(2), 215-26.
doi:10.1194/j1r.R021436

Confraria, A., Martinho, C., Elias, A., Rubio-Somoza, 1., & Baena-Gonzalez, E. (2013).
miRNAs mediate SnRK1-dependent energy signaling in Arabidopsis. Frontiers in
Plant Science, 4(June), 197. doi:10.3389/fpls.2013.00197

Graham, I. a. (2008). Seed storage oil mobilization. Annual Review of Plant Biology, 59,
115-42. doi:10.1146/annurev.arplant.59.032607.092938

Jiao, X., Sherman, B. T., Huang, D. W., Stephens, R., Baseler, M. W., Lane, H. C., &
Lempicki, R. a. (2012). DAVID-WS: a stateful web service to facilitate gene/protein
list analysis. Bioinformatics (Oxford, England), 28(13), 1805—6.
doi:10.1093/bioinformatics/bts251

Langmead, B., Trapnell, C., Pop, M., & Salzberg, S. L. (2009). Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome Biology,
10(3), R25. doi:10.1186/gb-2009-10-3-r25

Lawrence, M., Gentleman, R., & Carey, V. (2009). rtracklayer: an R package for
interfacing with genome browsers. Bioinformatics (Oxford, England), 25(14), 1841-2.
doi:10.1093/bioinformatics/btp328

191


http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/

Chapter 6 Pedrotti et al., SnRK1-seed establishment

Lawrence, M., Huber, W., Pages, H., Aboyoun, P., Carlson, M., Gentleman, R., ... Carey,
V. J. (2013). Software for computing and annotating genomic ranges. PLoS
Computational Biology, 9(8), e1003118. doi:10.1371/journal.pcbi.1003118

Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2010). edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioinformatics
(Oxford, England), 26(1), 139-40. doi:10.1093/bioinformatics/btp616

T. G. Cooper, H. B. (1969). and Glyoxysomes. The Journal of Biological Chemistry, (13),
3507-3513.

Theodoulou, F. L., & Eastmond, P. J. (2012). Seed storage oil catabolism: a story of give
and take. Current Opinion in Plant Biology, 15(3), 322-8.
doi:10.1016/j.pbi.2012.03.017

Tsai, A. Y.-L., & Gazzarrini, S. (2014). Trehalose-6-phosphate and SnRK1 kinases in plant
development and signaling: the emerging picture. Frontiers in Plant Science, 5(April),
119. doi:10.3389/fpls.2014.00119

Xiong, Y., & Sheen, J. (2012). Rapamycin and glucose-target of rapamycin (TOR) protein
signaling in plants. The Journal of Biological Chemistry, 287(4), 2836—42.
doi:10.1074/jbc.M111.300749

Xiong, Y., & Sheen, J. (2013). Glucose-TOR signaling in the transcriptional control of cell
cycle, 1989-1990.

192



Chapter 6 Pedrotti et al., SnRK1-seed establishment

FIGURES AND SUPPLEMENTAL FIGURES
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Figure 1: SnRK1 controls cotyledons development and root growth during the early
stage of seed establishment.

A. Seed germinated and grown for 3 days in a photosynthesis-constrained and sugar-free
medium and 3 more days under the indicated conditions. N: normal light; G: normal light,

glucose supplied to the medium (final concentration 3 %); D: normal light, DCMU (10
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pM);DG: normal light, DCMU (10 pM), glucose (3 %). B. Percentage of Col-0,
snrk1.1/1.2, Ler, SnRK1.1 seedling with green, yellow, or white cotyledons in the different
growing conditions. At least 17 seedling were considered for each genotype and condition.
C. Percentage of Col-0, snrk1.1/1.2, Ler, SnRK1.1 seedling with root length > 5 mm,
comprised between 2 and 5 mm, smaller than 2 mm. At least 17 seedling were considered

for each genotype and condition.
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Figure 2: SnRK1s control a large set of catabolic genes.

GO enrichment of DEG in snrk1.1/1.2 compared to WT. A. up-regulated genes. B. down-

regulated genes. Pie-charts represent the fold enrichment, all included categories had a

benjamini value < 0.05, in bracket: number of genes in each category.
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Figure 3: TAG content in snrk1.1/1.2 and WT seedlings. A: Numbers indicate the fold
change of TAG species according to the number of carbons and double bonds of the fatty
acyls in snrk1.1/1.2 compared to the WT. The color indicates the relative contribution of
the identified lipid species in WT (dark red: >5%, light red: 5-0.5%, white: <0.5%). TAG
species identified as differentiation lipids using OPLS-DA were highlighted in blue bold

letters. B, TAG content in total lipid extracts of three days old seedlings determined by LC-
MS.

196



Chapter 6 Pedrotti et al., SnRK1-seed establishment

A Oleosin 1 B Oleosin 2
18 6
912 g 4
=4 =
< IS
=y =
o o
o h=)
[=} O
- - ﬂ
0 0
Col-0 snrk1.1/1.2 Col-0 snrk1.1/1.2
C Oleosin 3 D Oleosin 4
12 15
i il
o 038 g 10
=4 =
£ £
o o
o o
€ 04 € s
0 o |
Col-0 snrk1.1/1.2 Col-0 snrk1.1/1.2
E Caleosin 1
6
o 4 HN
2 Oe
<
=
o
k=]
O
w2
0
Col-0 snrk1.1/1.2

Figure 4: SnRK1s affect the expression of genes involved in lipid remobilization from
oil droplets.

RT-qPCR. Expression of OLEOSIN 1 (A), OLEOSIN 2 (B),OLEOSIN 3 (C), OLEOSIN 4
(D), CALEOSIN 1 (E) in WT (blue) or snrkl1.1/1.2 (yellow) seedlings. N: normal light; G:

normal light, glucose supplied to the medium (final concentration 3 %).
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Figure 5: Short chain fatty acid could rescue the phenotype observed for snrk1.1/1.2

seedlings in a dose dependent manner.

A. Seed germinated and grown for 3 days in a photosynthesis-constrained and sugar-free

medium and 3 more days under normal light conditions. Sodium-octanoate added to the

198



Chapter 6 Pedrotti et al., SnRK1-seed establishment

medium a different concentrations, as indicated on the left side. B. Percentage of Col-0,
snrk1.1/1.2, Ler, SnRK1.1 seedling with green, yellow, or white cotyledons. At least 15
seedling were considered for each genotype and condition. C. Percentage of Col-0,
snrk1.1/1.2, Ler, SnRK1.1 seedling with root length > 5 mm, comprised between 2 and 5
mm, smaller than 2 mm. At least 17 seedling were considered for each genotype and

condition.

199



Chapter 6 Pedrotti et al., SnRK1-seed establishment

A

B secondary metabolic process (65)
® lipid biosynthetic process (32)
wax biosynthetic process (8)
® carbohydrate biosynthetic process (25)
M glycoside biosynthetic process (11)
response to carbohydrate stimulus (20)
B Transcription (54)
post-embryonic development (44)
B positive regulation of gene expression (6)
regulation of cell size (10)
H cell growth (9)
= Growth (10)

MW root development (6)

B shoot system development (9)

Transcription Cell growth

LogFC
N
LogFC
o

0
-2
-2 .
-4 ’ -4
WT snrk1.1/1.2 WT snrk1.1/1.2
D E
Shoot development Root development
6 4
2
4 o
o 0
(@]
%5 2 5
S S
I 2
0
-4
-2 : -6 —
WT snrk1.1/1.2 WT snrk1.1/1.2
F
Post embrionic development
6

IN

LogFC

WT snrk1.1/1.2

200



Chapter 6 Pedrotti et al., SnRK1-seed establishment

Figure 6: Glucose reactivate the expression of many catabolic genes in WT but not in
snrk1.1/1.2 seedlings.

RNA-seq experiment. A. GO enrichment of DEG in WT seedlings grown on medium
supplied with glucose 3 % compared with WT seedling grown under normal light
conditions. Pie-charts represent the fold enrichment, all included categories had a
benjamini value < 0.05, in bracket: number of genes in each category. B, C, D, E, boxplots
describing the expression of genes belonging to the different GO categories in WT or

snrk1.1/1.2 seedlings.
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Supplementary Figure 1: Lipid profiling of three days old snrk1.1/1.2 seedlings. A. Base

peak ion chromatogram of total lipid extracts of WT (top) and snrk1.1/1.2 (bottom). B.

Identification of differentiating lipids in snrk1.1/1.2 seedlings compared to the WT using

OPLS-DA statistical analysis. Lipid features that were significantly elevated in the mutant

is marked in red box.
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Supplementary Figure 2: Endogenous TAG level in the total lipid extracts of three days
old snrk1.1/1.2 (black column) and WT (white column) seedlings.

Supplementary Table 1: RNAseq experiment. DEG between snrkl.1/1.2 and WT
seedlings. GO analysis of down and up-regulated genes.

Supplementary Table 2: Identification of the differentiating lipids in snrk1.1/1.2
compared to WT.

Supplementary Table 3: RNAseq experiment. DEG between WT seedling grown on
medium supplied with glucose 3 % and under normal light conditions. GO analysis of up

down and up-regulated genes.
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Chapter 7: General discussion and conclusion.

Stress could severely affect plant growth and development, reducing crop yield and
productivity (Tomé et al., 2014). Understanding the molecular mechanisms underling plant
stress response will be important to sustain the increasing worldwide food demand. In
recent years it has been postulated that the response to a specific stress could be separated
in two components: a generic one, that confers basal tolerance, and a stress specific one.
Plants subjected to stress grow less than plant growing under optimal conditions, since
mounting an adequate response to environmental cues is an energy costly process.
Although the work of Bolton is centered on plant-pathogen defense, the concept emerging
from this work could be valid for any other stress: plant growth and yield are negatively
correlated with plant stress, more a plant is stressed, less energy could be invested to
increase its biomass (Bolton, 2009). In the past years many progresses have been made to
unravel the components and mechanisms that enable and control the energy metabolism in

[3

response to plant stress. However, “...an intriguing and comparatively understudied
phenomenon is how plants are able to recruit energy for the defense response.” (Cit.
Bolton, 2009).

Driven by this aim we investigated the role of SnRK1s and bZIP transcription factors of
the C/S1 network in Arabidopsis response to stress.

Extended dark is one of the most efficient stress to induce energy deprivation in
plants

Energy deprivation seems to be a shared consequence of different kind of stresses,
independently of their origins (Baena-Gonzdlez, 2010; Tomé et al., 2014). The more drastic
stress that we could though about to induce energy depletion was to expose growing plants
to extended dark (Baena-Gonzéalez & Sheen, 2008; Lastdrager, Hanson, & Smeekens,
2014; Rolland, Baena-Gonzalez, & Sheen, 2006). Despite eclipses, extended dark rarely
happen in nature. However many situations could decrease the phothosynthesis potential.
Extended dark could then been seen as the outermost stress able to rapidly induce energy
deprivation. Indeed, by the end of the night starch is almost completely degraded (Sulpice
et al., 2009) and is easy for the plant to run out of carbohydrate. Previous studies reported
that a short extension of the night period is able to consume completely the starch residues
and, therefore, to induce a strong adaptive response.

To identify SnRK1 and S1-bZIPs target genes we decided to perform genome-wide
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expression profiling experiments. To identified the best time point to use for these
experiments we combined literature knowledge with trial experiments. Of particular help
was the work of Usadel and colleagues (Usadel et al., 2008) where they traced a detailed
gene expression kinetic of many SnRK1.1 target genes in response to extended dark.
Moreover, by RT-qPCR we measured the expression of SnRK1.1 target genes presented in
the supplementary table 2 of the work of Baena-Gonzales and colleagues (Baena-
Gonzalez, Rolland, Thevelein, & Sheen, 2007). The model genes taken into consideration
in these trial experiments presented different kinetics of regulation upon extended dark
treatment (see also the work of Dietrich and colleagues(Dietrich et al., 2011). However,
most of them had a significantly different expression at 6h of extended dark compare to
their expression level at the end of the night. Usadel and colleagues reported that the
expression of transient induced or repressed genes occurred already within 1 h of extended
dark. Although many of these genes could be important SnRK1 and S1-bZIP target genes,
we though that the high variability registered during the very early response could
invalidate all our attempt to identify SnRK1 and S1-bZIP target genes. 6h of extended dark
represented the best compromise between the high variability of the early response and the
unwanted secondary effects.

The use of amiRNA and b-estradiol inducible approach provide a good tool to study
snrk1 and s1-bzips mutants

A strong functional redundancy between SnRK1.1 and 1.2 have already been reported
(Baena-Gonzalez et al., 2007), therefore, we decided that the best way to identify SnRK1s
target genes was to generate a snrkl.1 and snrkl.2 double mutant. Similarly, S1-bZIPs
have been reported to have a certain functional overlap and/or redundancy (Alonso et al.,
2009; Dietrich et al., 2011; Weiste & Droge-Laser, 2014), forcing us to use a multiple
mutant to study their influence on gene expression. Because of the lethality of a double
snrk1.1/1.2 mutant and of a bzipll mutant (Hanson, Hanssen, Wiese, Hendriks, &
Smeekens, 2008), we decided to make use of the combination of b-estradiol inducible
system (Ref) and artificial micro RNA technology (amiRNA).

The definition of the right b-est induction timing was a “thorn in the side” for the first year
of my work. As reported in Supplementary.Figure.1 of the Chapter 4, we could measured a
drastic reduction of SnRK1.2, bZIP2, bZIP11, and bZIP44 expression already 12 hours

after b-est application. In line with this, S1-bZIPs known target genes also undergo a
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similar reduced induction. This indicated that not only the expression of SI1-bZIPs was
reduced within 12 hours from b-est induction, but also that S1-bZIPs proteins were not
present after that time. Strangely, we could not observe the same for SnRK1. SnRK1-target
genes expression, indeed, was clearly unaffected by 12 hours of b-est treatment. Only an
exposition to b-est for 5 to 6 days gave appreciable results in terms of reduced expression.
From those experiments we deduced that SnRK1.2 protein has a long stability: around 6
days in our experimental conditions.

Of course, by using our experimental setup we could not control the effects of long term b-
est exposition on snrk1.1/1.2. Although is true that SnRK1.2 was not anymore detectable
only after 6 days of b-est induction and the material for our experiments was harvested on
the 7 th day, small interferences with the normal plant physiology could be present, and not
estimable for us. In our experimental design we decided to compare gene expression at 6 h
of extended dark between the different genotypes. Including further experimental
conditions such as Oh (end of the night) or 6 h in light, could have provide more valuable
data on genes whose expression change only in response to extended dark and is directly
regulated by SnRK1 and S1-bZIPs. To compensate the lack of these data, we compare the
data of our RNAseq experiment with those present in Genevestigator database
(Suplemetary figure 1, Chapter 4).

The combinatorial usage of b-est inducible system and amiRNA technology allowed us to
obtain 2 important tools. These 2 plant lines, indeed, could be of fundamental help for
many other laboratories interested, as we are, to unravel the complicated role of SnRK1
and bZIP C/S1 network.

The expression of bZIP1, bZIP53, and bZIP63 is regulated in a SnRK1-dependent
manner

Several bZIPs of the C/S1 network appear to be regulated at transcriptional level by
different kind of stresses. It is the case for example of bZIP1 and bZIP53. These two bZIPs
seems to be regulated in a coordinated way since in many stresses they present a similar
kinetic of induction (despite the different magnitude). Their expression is strongly induced
by extended dark and salt stress (Dietrich et al., 2011) Hartmann et al., Chapter 5). The
expression of bZIP63 reflects those of bZIP1 and bZIP53 in response to extended dark
(Mair et al., Chapter 3). Accordingly, the expression of bZIP1, bZIP53, and bZIP63
measured in our RNAseq in Chapter 4, is affected by SnRK1. In the snrki.1/1.2 mutant,
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indeed, we did not observed anymore the induction of the expression of these three bZIPs.
In the experiment presented in Chapter 5, we saw that upon salt stress, the induction of the
expression of bZIP1 is reduced in the snrk1.1/1.2 mutant. Furthermore, we saw that not
only SnRK1 has an impact on the expression of bZIP1 but also the ABA-SnRK2 pathway
is involved. Therefore it seems that many pathways are converging on the regulation of
bZIPs expression.

It would be Interesting to investigate deeper what are the pathways directly influencing
bZIPs expression. In this direction we have already started to test the activation of the
construct Prom(bZIP1):LUC against the TFs collection present in our lab making use of
the high-throughput protoplast transactivation system (Wehner et al.,, 2011) A good
candidate seems to be bZIP25. The confirmation of this data will lead to the design of an
innovative model, where a bZIP is responsible of the regulation of the expression of other
bZIPs, depicting an intra C/S1 network regulatory loop.

Other bZIPs of the C/S1 network, however, do not appear to be regulated on transcriptional
level. It is the case of bZIP2, bZIP11, and bZIP44. All the members of the S1 group are
post-transcriptionally regulated by the so called sucrose induced repression of translation
(SIRT) (Rahmani et al., 2009). Therefore, transcription is not the only mechanism that
regulates bZIP proteins. At the moment most of the data that we have are based on
expression profiling experiment, and often we do not distinguish between bZIPs expression
and the effective presence of the protein.

Because of the absence of more detailed data regarding bZIP proteins it is very difficult to
draft an accurate model and to discriminate which bZIPs are involved in the response to a
particular stress.

bZIP63 is the only TF directly phosphorylated in vivo by SnRK1 identified so far
Evidence collected in the past years revealed that several bZIP TFs are under the control of
various post-translational mechanisms, that are crucial for the control of their function.
Among these, phosphorylation plays an important role with respect to the regulation of
bZIPs transactivation potential, cellular localization, stability and DNA binding (Schiitze,
Harter, & Chaban, 2008). Concerning bZIPs of the C/S1 network, only bZIP63 and bZIP9
were found to be phosphorylated by crude plant extract in vitro (Kirchler et al., 2010) and
only for bZIP63 phosphorylation was confirmed in vivo (Chapter 3, Mair et al.). The

analysis of the sequence of bZIP63 revealed the presence of several serines, potential target
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of phosphorylation, distributed all over the protein. Interestingly, we showed that bZIP63
phosphorylation is related to energy availability, varying from almost negligible in the light
to a multiple phosphorylation in extended dark. Mair et al. could show that different
kinases are responsible for the post-translational modification of specific serines (data
unpublished) and only S29, S294, and S300 were identified as targets of SnRK1.1.
Accordingly, all three sites match the SnRK1.1 consensus sequence. Several other bZIPs of
the C/S1 network have an high sequence similarity to bZIP63 and a strong conservation of
the SnRK1 target site. None of them, however, has been found to be phosphorylated so far.
Confirming bZIP63 role in the regulation of the response to energy deprivation, bzip63
and bZIP63 o.e. plants exhibited opposite phenotype when exposed to several days of
extended dark. bzip63 showed a retarded dark-induced senescence whereas bZIP63 o.e.
plants an earlier one. When the phenotype of bzip63 is compared with that of snrk1.1/1.2,
and sI-bzips mutants, it seems that these proteins have an opposite influence on dark-
induced senescence. As shown in Chapter 4, indeed, both snrk1.1/1.2 and s1-bzips show an
earlier yellowing of the leaves in comparison to WT when exposed to extended dark.
Accordingly, SnRK1 o.e. plants showed an enhanced resistance to energy deprivation
(Baena-Gonzalez et al., 2007). The phenotype of these mutants after extended dark argue
that SnRK1 and S1-bZIPs have an opposite function to that of bZIP63 in the
reprogramming of the plant metabolism in response to energy deprivation. In the absence
of more detailed data on the genes regulated by bZIP63 in response to extended dark, it
seems that bZIP63 has a double function depending on its phosphorylation status, and (as
discussed later) by its dimerization properties. An interesting possibility is that
phosphorylated bZIP63 is involved in the activation of the SnRK1-driven energy saving
program, whereas the non-phosphorylated bZIP63 could have an important role in the
restoring of the normality once the stress is gone. bZIP63 could therefore be an important
post-stress protein.

The SnRK1-dependent phosphorylation of bZIP63 regulates its dimerization
properties and its activation potential

As mentioned before, protein phosphorylation could exert several regulatory function.
Kirchler and colleagues (Kirchler et al., 2010) showed that the phosphorylation of S in the
DNA-binding domain of bZIP63 (named S11, S15, and S19) alters its binding potential. In
their model, S15 and S19 were in close proximity to a phosphodiester oxygen of the DNA
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helix and could likely form an hydrogen bond. The usage of a phosphomimicking aspartate
(D) in substitution of S15 and S19 induced a conformational change in the structure of the
DNA-binding domain of bZIP63, increasing the distance between S15 and S19 and the
DNA, inhibiting the formation of a hydrogen bond. Moreover, the negative charge of
aspartate or phosphorylated serines is likely to prevent bZIP63 binding to DNA (Kirchler
et al., 2010). The amino acid residues identified by Mair et al. (Chapter 3) are localized
outside of the DNA binding domain of bZIP63. We therefore investigated the possible
function of these post-translational modifications. Dietrich K. showed that the
phosphorylation of S29, S294, or S300 did not affect the stability of bZIP63 (unpublished
data). By generating single point mutation of bZIP63 we showed in protoplasts that the
substitution of S29 with an alanine resulted in a weaker activation of the ASN1:GUS and
PRODH:GUS reporter. Given that this could be due to changes in dimerization
preferences, we tested the effect of SnRK1-mediated phosphorylation on bZIP63 dimers
formation with bZIP1 and bZIP11. Using the protoplast 2 hybrid assay (P2H) we could
demonstrated that the phosphorylation of the above mentioned serines (and in particular of
S29) affects the dimerizations properties of bZIP63. In particular we showed that
depending on its phosphorylation, bZIP63 prefers the formation of specific dimers. For
example, we observed that the dimerization between bZIP63 and bZIP11 is enhanced by
the co-expression of SnRK1. Based on the experimental evidences collected so far, we
suggest that the reduced activation potential of bZIP63 observed on ANS1:GUS and
PRODH:GUS reporter is due to its inability to form the right dimer to activate those
promoters.

bZIP dimer formation is an highly dynamic process

Ehlert and colleagues (Ehlert et al., 2006) investigated the interactions between bZIPs of
the C/S1 network. What has been shown is a statical overview of the interaction among
these bZIPs without considering the effect of post-translational modification, and neither
the presence of the proteins in a particular situation, such as the response to a specific
stress. We start to widen our knowledges on the dynamism of the C/S1 network
introducing a stimulus on top of the dimerization assay (typically P2H). We tested the
influence of the o.e. of SnRK1.1 on the interaction among bZIP63 and bZIP1, bZIP11, or
bZIP63 it self. We could show that the dimerization was strongly influenced by the

presence of SnRK1 and preliminary data (not showed in this thesis) showed us that the o.e.
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of SnRK1.1 not only affect the interaction which includes bZIP63 but also others. In line
with these results, I arguethat specific dimers are involved in the response to particular
stresses.

Each bZIPs of the S1 group has its own subset of target genes (or different bZIPs
respond to different stresses?)

Many evidences have been collected in the last years aiming to identify bZIPs target genes
but the data that we have so far are not sufficient to solve this question. The study of bZIP
target genes is particularly difficult because of the redundancy and/or functional overlap
seen in many experiments. It has been observed in many cases that the mutation of a single
bZIP TF does not have any (or negligible) impact on the expression of supposed target
genes. Vice versa, when bZIP dimers are removed simultaneously from the cellular
environment, there is a stronger impact on gene expression. As observed by Dietrich and
colleagues (Dietrich et al., 2011)) for example, the expression of ASN1 in single bzip1 or
bzip53 mutant is similar to that in WT plants, whereas in quadruple bzip1/53/9/63 or
bzip1/53/10/25 mutants there is a more pronounced difference. To be able to identify as
many genes regulated by S1-bZIPs in response to energy deprivation as possible we
decided to ko all the five members of the S1-group (to be precises, bZIP1 and bZIP53 were
ko, for bZIP2, bZIP11, and bZIP44 we made use of a b-est inducible amiRNA). With
hindsight, this approach was probably not the best. In particular because we are still not
able to assign a certain “bZIP specificity” to genes regulation. As already observed
previously, for example, bZIP2, bZIP11, and bZIP44 do not play any role in the regulation
of ASN1 expression in response to extended dark. However, the expression of ASN1 seems
to be under the control of one of the dimer between bZIP1 (or bZIP53) and bZIP63 (or
bZIP9).

It would be of crucial importance to investigate which bZIPs are physically present in the
response to a certain stress, or in a developmental program etc. So far, we based all our
models and conclusions on transcriptomic data but other kind of regulatory mechanism
(e.g. post.translational modifications) should be taken into account to have a complete
picture. Because of the high homology between bZIPs it is impossible to produce an
antibody against a specific bZIP. Therefore alternative solutions have to be taken in
consideration. Ella Nukarinen (group of Wolfram Weckwerth, Uni-Vienna) started to use

mass-spec proteome analysis to investigate the presence of specific bZIPs during the plant
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response to energy deprivation. However, proteome analysis could only provide
information about the presence of a certain bZIP but could not help to investigate which
are its target genes. An efficient way to examine this would be to introduce in Arabidopsis
genome a tagged version of the studied bZIP under its endogenous promoter. We already
started to build the different constructs. Our idea is to produce plants having two bZIPs
differentially tagged: ideally the two components of a dimer (a S1-bZIP with one tag and a
C-bZIP with another tag). Following this strategy we will be able to check the presence of
the bZIPs, the localization, the timing of induction, the stability of the protein etc.
Furthermore, we will be able to perform single and sequential ChIP-seq analysis. In this
way we will have a more detailed overview of the genes specifically regulated by single
bZIPs and dimers.

SnRK1 are central regulators of the plant response to energy deprivation

To confirm that S1-bZIPs are mediator of the transcriptional reprogramming driven by
SnRK1 upon energy limiting conditions, we decided to compare the transcriptome of WT,
snrk1.1/1.2 and bzipS1 exposed to extended dark. This approach allowed us to identify a
gene set commonly regulated by SnRK1s and S1-bZIPs. In our approach we observed that
SnRK1 affect the expression of 10677 genes, of which 4°633 were down regulated in the
snrk1.1/1.2 mutant in response to extended dark and 6°044 up-regulated. Probably, many
of these genes are not direct targets of SnRK1 but their expression is indirectly affected by
the absence of SnRK1 from the cellular environment. It has been often reported that
SnRK1 has strong connection with the ABA-SnRK?2 pathway, with the TOR pathway, etc.
and therefore is likely that the absence of SnRK1 affects many other processes.
Nevertheless, we observed that our data are in line with the data presented by Baena-
Gonzalez and colleagues (Baena-Gonzalez et al., 2007) The different amount of identified
differentially expressed genes (DEG) between our approach and the approach of Baena-
Gonzalez and colleagues are due to different factors. First of all the two approaches used
different systems. In our experiments we used an in-vivo study, collecting data from the
total rosette of the plant, without discrimination between the different tissues. The study
presented by Baena-Gonzalez and colleagues was done in protoplast o.e. SnRK1.1.
Therefore in our investigation we took into consideration the complete aerial part of the
plant and so all the developmental and physiological processes regulated by SnRK1. This

approach, however, could suffer of many secondary effects that are hard to determine. It
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has to be mentioned that to obtain a sufficient degree of suppression of SnRK1.2, we had
to induce the plants with b-est for 5 days and it is impossible for us to determine what are
the consequence of this prolonged exposition. However, the effects of b-est exposition
have been quantified by RNAseq: only 12 DEG were found between un-treated WT and b-
est exposed plants. Protoplast experiments provide data from single cell, without any
information on the complete system. The overexpression of a protein could also enhanced
the discovery of false positive. On the other side, the approach used by Baena-Gonzalez
and colleagues suffer less of the secondary effects mentioned before. To skim the indirect
target of SnRK1other conditions could have been included in the design of the experiment.
For example, since we were interested in the study of genes which are important in the
response to extended dark (energy deprivation), the non-stressed situation could have been
compared with the 6h time point that we decided to use. In this way, all the genes that were
not changing their expression in response to the stress would have been left out of our
analysis. Because genome-wide expression profiling experiments are still expensive, we
made use of public available data to compensate the lack of non-stress situation data.
Despite the different approach, we come to a similar conclusion as Baena-Gonzalez and
colleagues (Baena-Gonzalez et al., 2007). We observed that SnRK1 is very important for
the activation of all the energy saving programs needed for survival under energy
deprivation conditions, such as the catabolism of protein, of sugars and amino acids. We
observed as well that SnRK1 is an important repressor of protein synthesis, amino acids
synthesis, glycolisis and more in general of all the anabolic processes (a more detailed
overview is presented in Chapter4.Figl.Supplemetary).

S1-bZIPs are mediator of part of the SnRK1-driven response to extended dark
Analzing the genome-wide expression profile of the bzipS1 plant line generated by us, we
saw that there is a substantial overlap between genes regulated by SnRK1 and those who
had a miss regulated expression in the quintuple S1-bZIPs mutant. This evidence supported
our hypothesis that S1-bZIPs are mediator of part of the SnRK1-driven response to energy
deprivation. We observed that the number of DEGs in bzipS1 mutant was much more
limited than those found in the snrk1.1/1.2 mutant. Therefore we guess that S1-bZIPs are
mediator of a part of the SnRK1 driven response and more effort should be taken to
identify other TFs involved in the SnRK1 signaling cascade.

As mentioned before, bZIPs normally act as dimers in the regulation of the expression of a
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particular gene. Although is true that they can bind to the DNA as monomers, the activity
of a dimer is stronger than the one of a monomer. Taken into consideration that S1-bZIPs
preferentially form dimers with C-bZIPs, and that we remove from the cellular
environment only S1-bZIPs and therefore only a part of the dimer, my opinion is that we
underestimate the genes that are controlled by the C/S1 network. Moreover, we did not
consider the presence of conflicts between the different bZIPs. It could be possible that a
bZIP regulates the expression of another bZIP (as it seems the case of bZIP25 regulating
the expression of bZIP1) or that different bZIPs have different effects on the expression of
a specific target genes. It seems the case for example of the regulation of GH3.5. Weiste C.
identified this gene as activated by bZIP2, bZIP11, or bZIP44 in response to energy
deprivation. However, in our RNAseq experiment we did not observed any alteration of its
expression in our quintuple mutant. Many other explanation could be found to explain this
discrepancy. Again, I guess that in future it will have more sense to focus the attention on
single dimers and create mutants dedicate to the identification of dimer targets. As well it is
valid also in this case what mentioned before, it is of crucial importance to define the
presence of a bZIP on a protein level to uderstand its involvement in the response to a
particular stress or physiological process.

bZ1Ps dimer recruit SnRK1.1 on the double helix of the DNA

Recently it has been demonstrated that also the SNF1 plant homolog (SnRK1) has both a
cytoplasmic and nuclear localization (Bitrian, Roodbarkelari, Horvath, & Koncz, 2011).
The double localization of SnRK1 is compatible with its associated function. Indeed,
SnRK1 has been observed to be able to directly phosphorylate cytoplasmic enzymes but
also to be involved in the regulation of the activity of TFs with a nuclear localization. In
yeast the nuclear localization of SNF1 was already know and it has been observed that
SnRK1 is often associated to the chromatin (Lo et al., 2001). SNF1 was purified as part of
a hystone 3- serine 10 kinase complex and was identified as the catalitic subunit of the
complex (Lo et al., 2001). It has been shown that SNF1-introduced modification serves as
recognition sites for the hystone acetyltransferase complex Gcn5. Thus SNF1 and Genb
function in an obligate sequence to enhance specific gene transcription. The recruitment of
the SNF1 and Gen5 complexes is particularly important for the derepression of the glucose
repressed genes (Tachibana, Biddick, Law, & Young, 2007). On the well studied ADH?2

gene in yeast, indeed, glucose repression is associated with chromatin remodeling on the
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promoter that could be reverted by the recruitment and activation of SNF1. Although an
RNA pol II complex is already associated with the gene, it shown that the activation of its
expression occurs only after SNF1 activation and SNF1-induced chromatin modification.
Similarly to what observed in yeast we found SnRK1.1 associated with the chromatin
around the ETFQO gene promoter. Importantly we observed that SnRK1.1 recruitment on
ETFQO promoter was dependent on S1-bZIPs and bZIP63. Crucial for the recruitment was
also the phosphorylation of bZIP63. In the alanine mutant of bZIP63, indeed, we observed
a reduced recruitment of SnRK1. Accordingly to SNF1 function in yeast, we observed that
a reduced recruitment of SnRK1 corresponded to a lower acetylation of the ETFQO
promoter. Weiste and Droge-Laser (Weiste & Droge-Laser, 2014) recently found Gcn5
associated with bZIP2, bZIP11, and bZIP44. Therefore we speculated that the observed
acetylation of the ETFQO promoter was dependent on the same acetyl transferase
complex.

Because of the high similarity of the proteins and complex involved in the derepression of
glucose repressed genes between yeast and Arabidopsis, we think that the observation
made on the ETFQO promoter could be extended to other genes. Probably other bZIPs are
involved in the recruitment of SnRK1 on those promoters, accordingly to our expectations
that different dimers have differente target genes.

A model for SnRK1-activated transcriptional response mediated by bZIP63 and S1-
bZ1Ps

1. Different kind of stresses sharing a low energy perception induce SnRK1 activation.

2. The activation of SnRK1 induce the expression of bZIP1,bZIP53, and bZIP63 but does
not affect the expression of other S1-bZIPs.

3. Among other mechanisms, SIRT regulates the translation of S1-bZIPs.

4. SnRK1 directly phosphorylates bZIP63, regulating its dimerization properties (5).

5. Accordingly to their compatibility, S1-bZIPs and bZIP63 dimerize. The different dimers
have a different subset of target genes.

6. bZIP2 and bZIP63 dimer recruits SnRK1 on the ETFQO promoter. The introduced
phosphorylation on H3S10 could be the recognition motif for the HAT complex, that

subsequently introduces acetylation on the H3 and promotes ETFQO transcription.
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SnRK1 is an important regulator of the metabolic reprogramming occurring during
seedling establishment

During seed germination and establishment there is a extraordinary usage of seed storage
compounds in order to support seedling growth until reaching the autotrophic stage,
characterized by photosnthetic independence. In our attempt to obtain a comprehensive
pictures of catabolic processes regulated by SnRK1, we extended the analysis of the role of
SnRK1 out of stress-related field considered before. Because of the inability of snrk1.1/1.2
seedling to grow and establish we speculated on the importance of SnRK1 as regulator of
the metabolic reprogramming associated with seed germination and establishment. In
particular, we observed that in the absence of SnRK1s Arabidopsis seeds were able to
germinate but seedling quickly wilt before establishment. snrk1.1/1.2 seedling germinated
in liquid MS medium appeared without roots and with white cotyledons 6 days after
germination. When grown in MS medium with glucose they still did not present any roots
but cotyledons appeared similar to WT seedlings. Because of the ability of glucose to
recover the cotyledons phenotype but not the root development we decided to treat the two
part of the plants separately. Recently it has been shown that TOR is a master regulator that
link phothosynthesis and root meristem activation (Sheen 2014). The root phenotype of
snrk1.1/1.2 mutant was pretty similar to that of tor mutant described by Xiong and
colleagues (Xiong et al., 2013). We therefore suspected that because of the high cross
regulation between the SnRK1 and TOR pathways, what we observed at root level was due
to a miss regulation of TOR. However, cotyledons of the tor mutant were not wilting
during establishment. We therefore investigated deeper the apparently TOR-independent
phenotype of the snrk1.1/1.2 mutant.

It was possible to rescue leaf development of snrki.1/1.2 by adding sucrose or a short fatty
acid to the medium, indicating that this aberration was mainly related to energy
availability. In line with the expected function of SnRK1 in the activation of catabolic
processes, GO enrichment analysis executed on RNAseg-derived data showed that
snrk1.1/1.2 had severe problems in gaining energy from seed storage compounds. In
particular we observed that generation of precursor metabolites and energy was depleted
due to the down-regulation of the major energy providing pathways such as fatty acid
degradation, carbohydrate and amino acid catabolism. According to that, an higher amount

of TAGs was measured in snrki.1/1.2 than in WT seedlings. Surprising, addition of
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glucose could partially bypass the SnRK1 pathway. Glucose treatment, indeed, induced the
normal cotyledons development also in snrk1.1/1.2 seedlings but had no effect on root
growth. Glucose could reactivate the TAGs remobilization, as showed by the induction of
the expression of genes such as oleosin, caleosin, and albumin, involved in seed lipid
mobilization.

The idea emerging from our work is that SnRK1 has a predominant role in the regulation
of seed storage catabolism and the crosstalk between SnRK1 and TOR could have an
important function in the regulation of root development. In other eukaryotic systems it has
been shown that one point of cross communication between the TOR and SnRK1 pathways
is represented by the RAPTOR protein. We therefore think that the possibility of the
presence of this regulation in plants should be explored.

In our conditions S1-bZIPs had no visible effect on seedling establishment. The phenotype
of bzipS1 line was wholly similar to that of WT seedlings. Because RNAseq data showed
that SnRK1s are regulating the expression of several hundred genes, we think that further
effort has to be made to identify the TFs responsible for such regulation. A way to study
this would be to use the promoter of one of the SnRK1 genes involve in lipids catabolism
fused to a reporter genes (GUS or LUC) and screen its activation against our TFs library.
Bullet-points conclusion

1. bZIP63 is directly phosphorylated by SnRK1;

2. SnRK1-mediated phosphorylation of bZIP63 alters its dimerization properties, inducing
the formation of specific dimers only under stress situations;

3. S1-bZIPs are mediator of the transcriptional response induced by SnRK1 upon LES;

4. C and S1 bZIPs form a complex together with SnRK1 on the chromatin of specific
genes, able to recruit acetylases that open the chromatin to allow gene transcription;

5. bZIP-SnRK1 complex regulates the expression of several genes involved in the
metabolism of amino acids and in the respiration of substrates other than glucose;

6. SnRK1 regulates the expression of several bZIP TFs of the C/S1 network, among which
bZIP1, bZIP53and bZIP63;

6. bZIP1 (and bZIP53) merge energy stress and salt stress by reprogramming the
expression of many genes involved in the plant primary metabolism;

7. SnRK1s have an important role in the regulation of the degradation of seed storage

compounds, necessary to sustain seedling life before the acquisition of photosynthetic
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capacity.
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