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“Somewhere, something incredible is waiting to be known.”

Carl Sagan

Even somewhere inside an eppendorf tube...


http://www.goodreads.com/author/show/10538.Carl_Sagan
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Resumo

Todos os organismos tém necessidade de monitorizar a disponibilidade de
carbono e energia para sobreviver, uma afirmagéo especialmente verdadeira para as
plantas devido a necessidade de integrar as inevitaveis condicdes ambientais com o
metabolismo para manter a homeostasia celular. Os acgUcares, centrais ao
metabolismo, sdo hoje considerados moléculas sinalizadoras cruciais que traduzem
essas condi¢cbes ambientais. Um desses sinais é a trealose 6-fosfato (T6P), um
dimero de moléculas de glucose fosforilado cuja concentracéo se correlaciona com a
de sacarose. Um integrador central que regula condicdes de stress e energia € a
proteina conservada Snfl-related kinasel (SnRK1) que responde aos baixos niveis
de energia celular regulando positivamente processos conservativos de energia e 0
catabolismo e diminuindo os processos conducentes a gasto energético. Em 2009
mostrou-se que a T6P inibe a SnRK1. A inibicdo da actividade da SnRK1 in vitro foi
confirmada in vivo através da observacdo de que os genes normalmente induzidos
pela SnRK1 eram reprimidos pela T6P e vice-versa, promovendo o crescimento.
Estas observacdes ofereceram um modelo de regulacdo do crescimento pelos

acUcares.

A presente tese comeca por aprofundar a caracterizacdo da regulacédo da
SnRK1 por metabolitos. Anteriormente foi mostrado que a glucose 6-fosfato (G6P)
também inibe a SnRK1 in vitro e nds aspiramos investigar se outros metabolitos
poderiam também inibir este regulador central. A glucose 1-fosfato (G1P) foi o Unico
outro metabolito central que consistentemente inibiu a ShRK1. Os modelos cinéticos
construidos mostram que a T6P, G6P e G1P regulam de forma independente a
SnRK1. Por outro lado a G6P em combinagdo com a T6P tém um efeito cumulativo
na inibicdo da SnRK1 e inesperadamente a G1P em combinagdo com a T6P inibiram
a SnRK1 de forma sinergistica. Em adicdo, a T6P inibe a SnRK1 a concentracbes
micromolares fora do sitio catalitico através de um factor intermediario ainda

desconhecido. Esta inibicdo é mais forte em tecidos mais jovem e em crescimento e
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ausente em folhas maturas que parecem ndo possuir o factor intermediario. A
identificacdo deste factor intermediario (Factor 1) é chave para compreender a
regulacdo da SnRK1. Noés confirmdamos a natureza transiente e fraca dessa
interaccao e identificamos varias proteinas que poderdo interagir com a SnRK1.
Contudo, experiéncias adicionais sdo necessarias para aferir acerca do seu

envolvimento na inibicdo causada pela T6P.

O nosso trabalho continuou com a avaliagdo da regulagdo da SnRK1
durante o desenvolvimento da semente de trigo. Sabe-se que tanto a SnRK1 como a
T6P afectam o crescimento e desenvolvimento das sementes. Recentemente foi
mostrado que a ribose 5-fosfato (R5P) também inibe in vitro a SnRK1 das sementes
de trigo, 0 que parecia estar de acordo com o envolvimento da SnRK1 na repressao
anabolica. Para aprofundar o envolvimento da T6P e a R5P no desenvolvimento da
semente de trigo, a actividade da SnRK1 e o seu grau de inibi¢cdo foram testados nos
diferentes tecidos separados em diferentes estadios de desenvolvimento. Mostramos
gue a inibicdo da SnRK1 pela R5P em preparacbes de sementes de trigo é na
verdade um artefacto experimental que ocorre apenas na presenca do tecido verde
do pericarpo. Pelo contrario, a acumulagcédo observada de T6P podera estar na base
da alteracdo da expressdo genética observada aos 10 dias apds antese e que

antecede o periodo de enchimento dos graos.

Finalmente, era ainda pouco clara a forma como o modelo, que afirma que
na presenca de sacarose ocorre acumulacédo de T6P que por sua vez inibe a SnRK1
para promover o crescimento, opera em condi¢cdes em que os tecidos consumidores
de acucares ndo tém capacidade de os usar, isto €, quando a disponibilidade de
acucares esta desarticulada com o capacidade de crescimento. Para esclarecer esta
guestdo, a T6P, a actividade da SnRK1, a concentragdo de agucares, a expressao
de genes e o crescimento foram medidos em plantulas de Arabidopsis apos
transferéncia para condi¢cdes de frio ou sem azoto e comparadas com plantulas
mantidas em condigbes favoraveis ao crescimento. A expressdo de genes
marcadores (induzidos e reprimidos) da SnRK1 correlacionam-se fortemente com a

concentragdo de T6P acima e abaixo de um valor limiar de 0.3 to 0.5 nmol T6P g™
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peso fresco, proximo da constante de dissociacdo (4 mM) que encontrAmos para o
complexo T6P/SnRK1. Esta correlacdo manteve-se independentemente do nivel de
crescimento em resposta a disponibilidade de sacarose. Comparativamente com o
tipo selvagem, plantulas geneticamente modificadas com menor conteddo em T6P
ou sobre-expressdo de SnRK1 apés transferéncia do frio para 22 °C apresentaram
uma menor capacidade de restabelecer o crescimento. Estes resultados mostram
gue a sinalizacdo através da via T6P/SnRK1 responde a acumulacdo de sacarose
causada por restricdes de uso dos acucares ao nivel dos tecidos consumidores (por
exemplo a baixas temperaturas) permitindo a recuperagéo do crescimento depois de

restabelecidas condi¢Ges favoraveis ao crescimento.

O trabalho aqui apresentado fornece novos dados sobre a regulacdo da
SnRK1 por metabolitos expondo interessantes interac¢cfes entre a T6P, G1P e G6P
na inibicdo da SnRK1 e permitiu aprofundar o conhecimento sobre o papel da via
sinalizadora T6P/SnRK1 nas interac¢des entre tecidos produtores e consumidores

de aclcares em plantas.






Abstract

All life forms need to monitor carbon and energy availability to survive and
this is especially true for plants which must integrate unavoidable environmental
conditions with metabolism for cellular homeostasis maintenance. Sugars, in the
heart of metabolism, are now recognized as crucial signaling molecules that translate
those conditions. One such signal is trehalose 6- phosphate (T6P), a phosphorylated
dimer of glucose molecules which levels correlate well with those of sucrose (Suc).
Central integrators of stress and energy regulation include the conserved plant Snfl-
related kinasel (SnRK1) which respond to low cellular energy levels by up-regulating
energy conserving and catabolic metabolism and down-regulating energy consuming
processes. In 2009 T6P was shown to inhibit ShRK1. The in vitro inhibition of ShnRK1
by T6P was confirmed in vivo through the observation that genes normally induced
by SnRK1 were repressed by T6P and vice-versa, promoting growth processes.

These observations provided a model for the regulation of growth by sugar.

The present thesis starts out by further characterizing the metabolic
regulation of SnRK1. Glucose 6-phosphate (G6P) has also been previously shown to
inhibit SnRK1 in vitro and we have therefore sought to investigate if other metabolites
could also inhibit this central regulator. Glucose 1l-phosphate (G1P) was the only
other central metabolite that consistently inhibited SnRK1. Kinetic models show that
T6P, G1P and G6P each provide distinct regulation of SnRK1. Strikingly, G6P in
combination with T6P produces cumulative inhibition of SnRK1 and most interestingly
G1P in combination with T6P inhibited SnRK1 synergistically. Moreover, T6P inhibits
SnRK1 at low micromolar concentrations via a still elusive intermediate factor at a
site distinct from the catalytic site. The inhibition was strongest in young growing
tissues and absent from mature leaves that lacked the intermediate factor. The
identification of this factor is key for the understanding of SnRK1 regulation. We were

able to confirm the transient and weak nature of their interaction and found several
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proteins that interact with SnRK1. Further work is needed, however, to clarify the
involvement of these proteins in T6P inhibition of SnRK1.

The work continued with the evaluation of SnRK1 regulation during wheat
seed development. Both SnRK1 and T6P are known to affect seed growth and
development and it was recently reported that ribose 5-phosphate (R5P) also inhibits
wheat grain SnRK1 in vitro fitting very well with the known involvement of SnRK1 in
anabolism repression. To investigate T6P and R5P roles in wheat grain development,
SnRK1 activity and inhibition was tested in maternal and filial tissues dissected at
different developmental stages. The inhibition of SnRK1 by R5P in wheat grain
preparations was shown to be an experimental artefact that occurs only in the
presence of green pericarp tissue. On the contrary, T6P accumulation could underlie
the shift in gene expression in maternal and filial tissues observed at about 10 days

after anthesis that proceed the grain filling period.

Lastly, it was still unclear how the model that states that in the presence of
available Suc T6P accumulates and inhibits SnRK1 to promote growth, operates
under sink-limited conditions, i.e. when tissue sugar content is uncoupled from
growth. To clarify this question, T6P, SnRK1 activities, sugars, gene expression, and
growth were measured in Arabidopsis seedlings after transfer to cold or zero nitrogen
compared with sugar feeding under optimal conditions. SnRK1-induced and -
repressed marker gene expression strongly related to T6P above and below a
threshold of 0.3 to 0.5 nmol T6P g™ fresh weight close to the dissociation constant (4
mM) of the T6P/ SnRK1 complex. This occurred irrespective of the growth response
to Suc. Compared with the wild type, plants with genetically decreased T6P content
and SnRK1 overexpression transferred from cold to warm, had impaired immediate
growth recovery. These data showed that the T6P/SnRK1 signaling pathway
responds to Suc induced by sink restriction enabling growth recovery following relief

of limitations such as low temperature.

The work here presented provides further insight into the complex regulation

of SnRK1 by metabolites exposing interactions between T6P, G6P and G1P in
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SnRK1 inhibition and additional understanding of the role of the T6P/SnRK1 signaling
pathway in source/ sink interactions in plants.
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General Introduction






General Introduction

1.1. Sugar sensing and signaling in plants

For sessile organisms integration of environmental conditions with
metabolism is vital for cellular homeostasis maintenance. An incredibly complex
example of this is plants, which need to constantly monitor their energy and carbon
status for proper growth and development and ultimately survival. Through
photosynthesis plants capture the energy from the sun, transport and use it in the
form of sucrose (Suc) and store it as starch. The existence of both sugar exporting
(source) and sugar importing (sink) tissues with very different energy requirements
unveil the need for a multitude of molecular signals and cross-talk between regulatory
networks. Available sugars are no longer viewed exclusively as energy sources but
are now recognized as crucial signaling molecules in this sophisticated regulatory
network (Rolland et al., 2006; Mayer et al., 2007). They act as global regulators of
gene expression to reflect carbohydrate availability (Koch et al., 1996; Rolland et al.,
2002; Koch, 2004) allowing the plant to modulate growth and coordinate
developmental stages with other cues such as phytohormones (Gazzarrini and
McCourt, 2001; Rolland et al., 2002; Leon and Sheen, 2003; Gibson, 2004), nitrogen
cycle (Coruzzi and Bush, 2001; Coruzzi and Zhou, 2001), light conditions (Ellis et al.,
2002; Paul and Pellny 2003) and stresses (Baena-Gonzalez and Sheen, 2008).

The understanding of these signals, regulatory networks and their effects are
of extreme societal importance. In a world of increasing population, expanding
urbanization, climate change, water shortage and depleted fossil fuels; food security
and energy security rely inevitably on science for answers (Beddington, 2010). The
ability to modulate plant metabolism and shape biomass accumulation, yield and
product quality would be a powerful means of improving crop breeding programs
(Pellny et al., 2004; McKibbin et al., 2006).

Both growth-promoting and growth-inhibiting regulatory systems are
connected to sugar signals. The first and better described include the hexokinase
(HXK) glucose sensor, the Target of Rapamycin (TOR) kinase system and more
recently the trehalose 6-phosphate (T6P) signal. The growth inhibiting regulatory

systems are the Snfl (sucrose non-fermenting-1)-related protein kinase (SnRK1) and



Chapter |

S1 bZIP transcription factor network. They may function in a cell-autonomous way
with accumulating evidence suggesting their crosstalk (Hanson and Smeekens, 2009;
Smeekens et al., 2010). The phosphorylation of glucose (Gluc) by HXK produces
glucose 6-phosphate (G6P), which can be converted into T6P by trehalose
phosphate synthase (TPS). Both G6P and T6P inhibit SnRK1 (Toroser et al., 2000;
Zhang et al., 2009), and SnRK1, can in turn, be involved in stimulating the activity of
S1 bZIP group of transcription factors (TFs) (Ma et al., 2011). In mammals, orthologs
of the SnRK1 complex are known to inhibit TOR activity (Inoki et al., 2003).

SnRK1 and TOR systems are evolutionary conserved but much better
described in animals and fungi than in plants, where much work is still needed. New
challenges include the understanding of the molecular mechanisms underlying gene
regulation by sugars to add to the few cis-regulatory elements and trans-acting
factors already known (Yu, 1999; Rolland et al., 2002) and also clarification of all
interactions at the biochemical level. This thesis focuses on the T6P/ SnRK1
signaling pathway presenting new biochemical, molecular and physiological
results. Therefore, this theoretical introduction focuses primarily on the
description of these two players (SnRK1 and T6P), with this first sub-chapter
making an overview of the other sugar sighaling components and a brief
description of how and where they impact plant growth and development,

metabolism and stress responses.

1.1.1. Sugar signals and responses
1.1.1.1 Sucrose metabolism

Suc is synthesised in the cytosol during photosynthesis and it is the
predominant translocated sugar in plants. Many sugar signaling effects are triggered
by its hydrolytic hexose products like Gluc and fructose (Fru), their phosphorylated
forms or downstream metabolic intermediates. An interesting example is T6P which

will be later discussed in detail. The following paragraphs and Fig. 1.1 give an
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overview of both Suc and starch synthesis and breakdown and respiration illustrating
how intricate these sugar signals can be.

During photosynthesis, triose-phosphates (triose-P) formed in the Calvin
cycle by carbon dioxide (CO,) fixation may be exported from the chloroplast to the
cytosol. The combination of two of these triose-P molecules produces fructose 1,6-
biphosphate (F1,6BP) which is converted to Suc to be used locally or exported to
growing (sink) tissues. Suc synthesis is highly regulated by steps upstream of the
pathway (for review, see Huber, 1998). Fructose 1,6-bisphosphatase (FBPase)
coordinates available carbon supply from the Calvin cycle with the rate of Suc
synthesis through interconversion of F1,6BP to fructose 6-phosphate (F6P). This
reaction is inhibited by adenosine monophosphate (AMP) and fructose 2,6-
bisphosphate (F2,6BP) (Stitt, 1990). AMP and F2,6BP indicate the amount of energy
and carbon available respectively. As photosynthesis increases, F2,6BP decreases
and together with rising of F1,6BP, FBPase is stimulated. Increase of hexose
phosphates then stimulate sucrose phosphate synthase (SPS), the key enzyme of
the Suc synthesis pathway that converts uridine diphosphate glucose (UDPG) and
F6P to sucrose 6-phosphate (S6P). Increasing G6P activates SPS allosterically and
because it inactivates an SPS-kinase, it also leads to activation of SPS by
dephosphorylation (Huber and Huber, 1996) (Fig. 1.1). Naturally, F2,6BP
concentration also needs to be controlled. This is achieved through the cytosolic ratio
of triose-P to Pi. A low ratio leads to the formation of F2,6BP, which in turn inhibits
the hydrolysis of cytosolic F1,6BP and reduces Suc synthesis (and vice versa)
(Nielsen et al., 2004).

For a detailed description of starch metabolism refer to the reviews by
Kotting et al. (2010); Zeeman et al. (2010) and Geigenberger (2011). Concisely,
besides synthesis from glucose 1-phosphate (G1P) in the amyloplasts, starch is also
synthesised in the chloroplast from F6P, a Calvin cycle product. ADP-glucose
pyrophosphorylase (AGPase) (key enzyme in starch synthesis) undergoes
posttranslational redox regulation both by light and sugars. At night, starch break

down, subjected to a fine regulation, provides the carbon necessary to prevent
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starvation in the absence of photosynthesis. Regulation is such that the amount of
accumulated starch during the day is determined by the amount of starch needed for
the following night. Secondly, the starch degradation rate during the night is linear in
a way that the “perceived” stored amount is fully used up by the beginning of the
following day. In fact, recent work by Scialdone et al. (2013) suggests that plants
actually perform an arithmetic division to achieve this linear degradation rate during
the night and present two chemical kinetic models capable of implementing this
operation. The exact signals that allow this calculation are yet to be determined,
however, T6P accumulation in ethanol-induced overexpressors of TPS lead to a
transient increase in starch content during the day (AGPase activation) and a
significant inhibition of starch degradation during the night (Martins et al., 2013). The
authors suggest that T6P is part of the feedback regulation pathway of starch
breakdown. Also, a work by Sulpice et al. (2009) showed a close inverse relationship
between starch content and growth, suggesting that plants that grow slowly hold back
carbon rather than using it for growth. This is another fact that shows how regulation
through metabolic signals may be as or more important than the actual availability of

carbon.

To be used as a source of carbon and energy, Suc needs to be broken-
down. This is catalyzed either by invertases (INV) that irreversibly hydrolyse Suc to
Gluc and Fru or sucrose synthases (SUS), present in the cytosol, which produce
UDPG, Fru and Pi (Fig. 1.1). INV have multiple locations in the plant cell (cytosol,
chloroplast, mitochondria, nuclei) and were recently considered good candidates for
the coordination of metabolic processes that take place in the different cell
compartments (Vargas and Salerno, 2010). Important new work shows that INV,
unlike SUS, are essential for normal growth in Arabidopsis (Barratt et al., 2009).
Several SUS knockout mutants, including a quadruple mutant for 4 of the 6 SUS
isoforms had normal growth and reproduction while the loss of two of the nine
cytosolic isoforms of INV resulted in severe growth inhibition. The authors concluded
that carbon supply to non-photosynthetic cells in Arabidopsis may occur primarily
through INV.
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During respiration maltose, Gluc and G1P from starch degradation together
with Gluc, Fru and UDPG from Suc breakdown are further metabolized and feed into
the cytosolic pool of interconvertible hexose-phosphates. In the subsequent glycolytic
steps F6P is partially oxidised to two pyruvate molecules, adenosine triphosphate
(ATP) and reducing power in the form of nicotinamide adenine dinucleotide (NADH).
Alternatively, G6P can be converted to ribulose 5-phosphate (Ru5P) in the oxidative
pentose phosphate pathway. Pyruvate is then transported into the mitochondria
where it is oxidised completely to CO; in the tricarboxylic acid cycle (TCA) with
production of 10 NADH equivalents per Gluc molecule. In the electron transport chain
all these pyridine nucleotides transfer electrons to oxygen releasing free energy
mostly used for the production of ATP. Control points exist at all stages of respiration.
Glycolysis is regulated from the “bottom-up” by its own products, the plant demand
for ATP regulates the electron transport chain (as well as the other stages), the
oxidative pentose phosphate pathway is regulated by ferredoxin/thioredoxin system
in close coordination with light and all respiratory stages are in close interaction
holding and releasing numerous reversible reactions (Fernie et al., 2004). Moreover,
the respiratory stages also influence photosynthetic metabolism not only as ATP
providers but also at the molecular level. An example of this was the finding that
cellular concentrations of citrate and malate have high impact on the expression of
genes related to photosynthesis as well as biotic stress, cell wall and protein

synthesis (Finkemeier et al., 2013).

Obviously, not all carbon ends up as CO, during respiration. Metabolic
intermediates of the glycolytic pathway and TCA cycle are the starting point for many
other cellular pathways. Besides initiating glycolysis, F6P is the starting point for
other catabolic and anabolic processes yielding amino acids and oils for example. It
can also be transformed to G1P for starch synthesis and storage or G1P can be
transformed into UDPG and adenosine diphosphate glucose (ADPG) which are
substrates for the synthesis of the carbohydrates that comprise cell walls such as
cellulose. (Bar-Peled and O’Neill, 2011). UDPG can also be combined with G6P to

form T6P, which is dephosphorylated to trehalose. T6P concentrations in plants are
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extremely low, agreeing with its signaling role (Paul et al., 2008). This pathway will be
described in detail later in this chapter.
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Figure 1.1. Schematic representation of sugar metabolism in source and sink tissues during the
day and night. During photosynthesis triose-P is exported to the cytoplasm. Consecutive cytoplasmic
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enzymatic steps lead to the formation of G6P. Further metabolism of G6P yields Suc. G6P metabolism
may also feed the trehalose biosynthetic pathway. During the day in the chloroplast, triose-P is used for
the formation of starch. During the dark period, starch is degraded to maltose, Gluc, and G1P. Vacuolar
and cytosolic Suc might be cleaved by cytosolic (cINV) and vacuolar (VINV) invertases to produce Gluc
and Fru. Within the vascular tissues, Suc can be cleaved by sucrose synthase (SUS) to support vascular
development or transported to other sink tissues. Alternatively, Suc might be cleaved by apoplastic (cell
wall) invertase (cwINV) to produce Gluc and Fru that would enter sink cells via specific hexose
transporters. HXK can also sense Gluc and regulate gene expression. The origin of the Gluc in
photosynthetic tissues that is sensed by HXK is not known (possibilities are indicated by dashed lines).
The presumed role of Fru and fructokinase (FRK) in vascular tissues is indicated by the grey lines. Blue
circles represent transporters. Red and green arrows illustrate an upstream regulation point in Suc
synthesis (see text for more detail).

1.1.1.2 Growth and development

Sugars affect plant growth and development directly by providing energy and
indirectly through signaling pathways that modulate all aspects of plant morphology,
from developmental timings (flowering and senescence onset for example) to organ
number and shape (leaf thickness, tuber number, etc). A few examples demonstrate
the complexity and broadness of those signaling pathways throughout a plant life

cycle.

Starting at the seed germination level, Gluc and Suc have almost opposite
effects. During legume seed germination, Suc is linked to cell expansion and starch
accumulation whereas Gluc promotes cell division (Borisjuk et al., 2003). However,
seed germination can also be inhibited by Gluc through an HXK independent
pathway (Dekkers et al., 2004). Interestingly, this sensitivity changes during
development (Price et al., 2003); and the same low Gluc levels that are inhibitory for
seed germination, are stimulatory for seedling growth and development (Yuan and
Wysocka-Diller, 2006). The effects of vacuolar sugar transport activity are still
obscure but recent work has shown that Arabidopsis mutants overexpressing the
tonoplast monosaccharide transporter TMT1 have modified subcellular sugar
distribution, altered assimilate allocation, increased seed biomass and accelerated
early plant development (Wingenter et al., 2010). The FUSCAS transcription factor is

9
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a regulator of seed maturation and was shown to be phosphorylated by AKIN10 (Tsai
and Gazzarrini, 2012a). The same authors showed that both FUS3 and AKIN10 act
as positive regulators of seed responses to abscisic acid (ABA) but whether
phosphorylation of FUS3 by AKIN10 is required for this effect is still not known (Tsai
and Gazzarrini, 2012b). Fru was also shown to modulate plant autotrophic transition
and early seedling establishment (Cho and Yoo, 2011). This regulation is not linked
to the HXK1 Gluc sensor and seems to operate through an FBPase independently of
its catalytic activity. Carbon allocation and sugar signals also control transition to
flowering. Mutants with no TPS1 expression (enzyme responsible for T6P synthesis
in Arabidopsis) have incredibly delayed flowering transition (van Dijken et al., 2004).
Sugar metabolic rates also affect leaf longevity and plant senescing onset (Zhang
and Zhou, 2012) particularly under low nitrogen availability (Wingler et al., 2006).

Every day new evidences appear showing how plant development is highly
dependent on sugar signaling and this holds true for the T6P specific signaling

branch which is only starting to be unveiled.

1.1.1.3 Stress

The ability of plants to cope with abiotic and biotic stresses highly impact
crop yield and productivity. Abiotic stresses such as heat, cold and drought all cause
osmotic stress which is conducive to accumulation of compatible solutes for
osmoprotection and osmotic adjustment. Many of these solutes are sugars such as
Suc, Gluc, sorbitol or trehalose. However, the signaling role of these carbohydrates
and their metabolic intermediates now seem much more relevant in homeostasis
maintenance than their osmotic role (Hare et al.,, 1998). Studies have shown the
numerous interactions between metabolic and stress signaling through stress-related
hormones such as ABA (Finkelstein and Gibson, 2002) and ethylene (Zhou et al.,
1998), through calcium (Guo et al., 2002) and reactive oxygen species (ROS)
networks (Bolouri-Moghaddam et al., 2010; Mittler et al., 2011) and through SnRK
sub-families SnRK2 and SnRK3 (Hey et al., 2010; Coello et al., 2011). Conditions like

10
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pathogen attack, herbivory, pollutants, shading or drought may cause another very
common stressful effect, energy deprivation. The lack of available energy leads to
growth arrest, search for alternative nutrient sources through catabolism stimulation
and a decrease in biosynthetic pathways (Yu, 1999; Contento et al., 2004; Baena-
Gonzalez et al., 2007). SnRK1 is in the centre this energy control and therefore is
inevitably linked to stress responses both by controlling the expression of over 1000
homeostasis-linked genes (Baena-Gonzalez et al.,, 2007) and by regulating key
metabolic enzymes (Sugden et al., 1999b; Harthill et al., 2006). Early sugar-
starvation responsive genes include several TPS-like proteins (Osuna et al., 2007)
and the observation that T6P inhibits SnRK1 (Zhang et al., 2009) clearly explains
previously observed effects of the trehalose pathway manipulation on stress

responses (Miranda et al., 2007; Suarez et al., 2009).

Up until now the exact sensors that perceive different stress signals are
largely unknown, however, the mechanisms lying behind sugar sensing are beginning

to be unveiled.

1.1.2. Sugar Sensing

In plants, different sugar sensing pathways have been identified: the HXK1-
dependent and -independent pathways, the glycolysis-dependent pathway (Xiao et
al., 2000) and the HXK1-independent, Suc specific pathway (Vaughn et al., 2002). So

far the best characterized mechanism is that of Gluc sensing through HXK1.

1.1.2.1 Hexose sensing (HXK-dependent and -independent)

The plant metabolic enzyme hexokinasel (HXK1), that catalyzes Gluc
phosphorylation in the first step of glycolysis, was the first enzyme to also be
described as a plant sugar sensor (Jang and Sheen, 1994; Moore et al., 2003). This
sensing mechanism seems to be extensively intertwined with plant hormone signaling

but the nature of those networks are still not fully understood (Rolland et al., 2006).

11
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The studies that first contributed evidence for this dual-function of HXK followed the
expression levels of sugar sensing marker-genes in the presence of different sugars
and sugar analogues. Substrate sugars for HXK repressed those marker genes as
well as analogues phosphorylated by HXK even if not further metabolizable, whereas
non-substrate analogues did not (Jang and Sheen, 1994). Furthermore,
overexpression of Arabidopsis AtHXK1 and AtHXK2 produces sugar-hypersensitive
transgenic plants whereas plants overexpressing yeast YHXK2 have increased
catalytic activity but not Gluc sensing function (Jang et al., 1997). Moore et al. (2003)
finally confirmed this sensing function of HXK by showing that catalytically inactive
HXK1 restored Gluc sensing in the AtHXK1 loss-of-function glucose insensitive 2

mutant (gin2).

HXKs are classified in two groups that differ in their N-terminal sequences
that determine their subcellular localization. AtHXK1 (mitochondria-associated) was
observed to be transported from the mitochondria to the nucleus (Cho et al., 2006)
where it complexes with transcriptional machinery and can bind the promoters of
specific genes. This constitutes the first molecular explanation by which HXK1-
mediated Gluc sensing may occur (Cho et al., 2006). Besides HXK1, other HXKs

were shown to also have regulatory functions (Cho et al., 2009).

HXKs have a plethora of effects from actin-filament reorganization, seed
development regulation, control of pollen germination and diverse stress responses
but which of these effects are regulated through actual sugar-sensing mechanisms or

simply through its metabolic catalytic activity are still not known (Granot et al., 2013).

The hexokinase-independent pathway was established by Xiao et al. in 2000
by showing that the expression levels of Gluc-regulated marker genes (like ADP-
glucose pyrophosphorylase (AGP), chalcone synthase (CHS), phenylalanine
ammonia-lyase (PAL) and asparagine synthetase (ASN)) were the same in wild type
and transgenic Arabidopsis either overexpressing or underexpressing HXK1. Also,
inhibition of seed germination by Gluc is independent of HXK1 signaling cascade
(Dekkers et al., 2004). However, the HXK-dependent and HXK-independent

pathways can complement each other in Gluc regulation. A curious example happens
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in grape, where VVHT1 (a monosaccharide transporter) is repressed by Gluc through
HXK signaling but its post-transcriptional Gluc regulation is HXK-independent (Conde
et al., 2006).

The hexose Fru was also suspected to be a sugar signal when an analogue
was shown to induce root growth inhibition in lettuce (Kato-Noguchi et al., 2005). A
recent work by Cho and Yoo (2011) using a cell-based functional screen identified
FINS1 (Fructose Insensitivel), a putative FBPase acting downstream of ABA
synthesis as part of that Fru sensing response. Further work is needed to clarify all
the interactions among Gluc, Fru and hormone signaling pathways and their effects
on plant development.

1.1.2.2 Sucrose sensing

Even though Suc effects can be also caused by its hexose products, there is
increasing evidence for Suc-specific regulation of gene expression and plant
development processes. Despite several theories (Barker et al., 2000; Li et al., 2012),
the actual initial receptor of the Suc sensing pathway is still not known, however, the
components of the transduction pathway are better characterized and range from
calcium, as a second messenger, (Martinez-Noél et al., 2006), protein kinases (PKs)
(Raices et al., 2003) and protein phosphatases (PPs) (Takeda et al., 1994). A well
characterized Suc-regulated process is fructan synthesis where Suc has a double
role, both as substrate and initial signal for the transduction pathway. Past a Suc
concentration threshold fructans accumulate and the pathway is regulated in a

negative feedback manner (Martinez-Noél et al., 2009).

Suc also interacts with SnRK1 (a central integrator of stress and energy
signaling) but contrasting results show that in potato Suc activates SnRK1 leading to
starch synthesis (Purcell et al., 1998) whereas in maize protoplasts Suc inhibits
SnRK1 (Baena-Gonzélez et al., 2007). This discrepancy may be real and related to
differences in metabolic regulation of autotrophic and heterotrophic tissues or

experimental inaccuracies due to different growth conditions and sugar treatments
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(Baena-Gonzéalez and Sheen, 2008). In fact, feeding high sugar concentrations can
itself induce unintended stress responses. Among others, Suc regulates gene
expression through TFs such as the basic region-leucine zipper family, bZIP.
Particularly, Suc represses translation of the AtbZIP11 transcription factor (Rook et
al., 1998) which regulates numerous sugar-regulated genes in Arabidopsis (Hanson
et al., 2008). This regulation happens through a highly conserved upstream open
reading frame (Wiese et al.,, 2004) and requires the full-length of a Suc control
peptide of 28 amino acids (Rahmani et al., 2009). Interestingly, KIN10, the catalytic
subunit of SNRK1, activates the transcriptional activity of bZIP11 (Baena-Gonzalez et
al., 2007), also, bZIP11 increases the expression of the SnRK1 catalytic subunit
KIN11 (Hanson et al., 2008) and bZIP11 regulates trehalose metabolism (Ma et al.,
2011) that regulates SnRK1. These observations expose a regulatory circuit involving
SnRK1, T6P and bZIP11 that links Suc status to growth. The answers to a number of
guestions, especially concerning the cellular and sub-cellular localization of these
players, are still missing pieces of the proposed regulatory loop model (Schluepmann
etal., 2011).

1.1.2.3 Cell surface receptors

In yeast and mammals, G-protein-coupled-receptors linked to heterotrimeric
guanine nucleotide-binding proteins (G-proteins) sense extracellular Suc and Gluc.
Upon sugar binding, the B and y subunits detach and interact with a variety of
downstream effectors launching the desired pathway (reviewed in Bockaert and Pin,
1999). In Arabidopsis one canonical G-protein a-subunit (GPA1) was identified and
associated with a wide variety of developmental, light, phospholipid, and hormone
responses (Perfus-Barbeoch et al.,, 2004). GPALl interacts with two putative
receptors: a G-protein coupled receptorl (GCR1), and a negative regulator of G-
protein signalingl (RGS1) (Chen et al., 2003). Arabidopsis RGS1 overexpressors are
hypersensitive to Gluc whereas rgsl mutants exhibit insensitivity to 6% Gluc (Chen
and Jones, 2004). Accordingly, gpal mutants are hypersensitive to ABA and sugar

inhibition of germination confirming their potential role in sugar signaling (Ullah et al.,
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2002). Furthermore, using different sugars and analogues it was shown that the
AtRGS1 functions as a Gluc sensor, independently of HXK (Chen and Jones, 2004).

Again by comparison with yeasts, the Arabidopsis Suc transporter homolog
SUT2, was proposed as a putative plant Suc sensor (Barker et al., 2000). However,
concrete evidence for such a sensing function was lacking causing a debate (Barth et
al., 2003) that still lasts. Further work on this interesting family of Suc transporters is
continuing. Recently, using Arabidopsis mutants, the Suc transporter SUT4 was
shown to mediate signaling in the Suc/Gluc-induced inhibition of seed germination (Li
et al., 2012) further reinforcing the idea that Suc transporters can potentially function

as Suc sensors.

1.1.3. Sugar signal transduction

Sugar perception and signal transduction is highly compartmentalized
resulting in the establishment of sugar gradients across different subcellular
compartments, cells, and organs (Tiessen et al., 2013). Sugars signals are then
detected by cellular sensors that pass on information through signal transduction and
amplifying cascades to induce a vast array of concerted responses. These final
responses will be caused by changes at the gene and protein levels and may involve

PKs, PPs, hormones and other signal transduction mediators such as Ca?* (Fig. 1.2).
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Figure 1.2. Proposed sugar sensors in plants and signal transduction possibilities. Sugar sensors
such as regulator of G-protein signalingl (RGS1), sucrose transporters (Sut2), HXK1 at different
locations and T6P interacting protein that inhibits SnRK1 activity sense sugar availability both inside and
outside the cell and the signal is transduced/amplified both in the cytosol and nucleus to control cellular

metabolism.

1.1.3.1 Gene expression and protein activity regulation

One way in which plants respond to sugar signals is by rapidly adjusting
gene expression. Different genetic approaches are used to dissect the complexity of
these adjustments. The use of mutants has proven very useful despite the fact that
the information on signaling networks became quite limited to early (Arabidopsis)
developmental stages due to screens mainly performed in seedlings (Ramon et al.,
2008). Two strategies have been used to isolate sugar signaling mutants. A simpler
one where the effects of altered external sugar levels on growth and development is
observed, with increasing care for osmolarity effects and other vulnerable conditions
like high nitrate (Moore et al., 2003). And a more complex one where repression or

activation of gene expression in transgenic reporter lines induces altered sugar
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responses. A variety of methods allowed the identification of genes specifically
regulated by sugars (Sheen, 1990; Rook et al., 1998). And now, microarray
techniques allow for a genome-wide identification of sets of sugar-regulated genes
(Osuna et al., 2007; Usadel et al., 2008) and the identification of conserved DNA
elements in the promoters of co-regulated genes.

During the day/night cycle sugar levels fluctuate and with them transcription
levels (Blasing et al., 2005). Using the starchless pgm mutant it was shown that it is
the sugar fluctuation that causes the transcriptional responses (Blasing et al., 2005)
and that sugars can even override the expected circadian behaviour (Usadel et al.
2008). Decisively, many genes encoding TFs and signaling components are also
highly regulated by sugars (Baena-Gonzalez et al., 2007; Osuna et al., 2007). A good
example was the identification of ABA regulated TFs that are required for Gluc
signaling (Dekkers et al., 2008). Examples like this provide the molecular link
between sugar signaling and multiple regulatory pathways like hormone signaling,
unveiling the transcriptional cascades involved in the control of plant growth and
development. There is also evidence for regulation at the transcript stability and
processing level (Chan and Yu, 1998; Ho et al., 2001). The translation of mMRNA can
be selective, for instance, through micro-open reading frame control. One example is
the transcription of some genes induced by light and sugars which translation is then
repressed by high Suc levels (Wiese et al., 2004). All these mechanisms will define
the abundance of potential available enzymatic activity to perform a number of tasks,
however, proteins themselves are subjected to an array of sugar-regulatory

processes that further shape plant responses to sugars.

The most studied post-translational mechanism is perhaps the regulation of
protein activity by phosphorylation. Plants express different PKs and PPs. A specific
group is the large superfamily of calcium-dependent PKs which are induced by Suc.
The SnRK1 proteins, which belong to the calcium-independent kinases group, are
also involved in this process and will be later discussed. The binding of 14-3-3
proteins constitutes a further level of regulation. These proteins bind to

phosphorylated substrates and can control activity, subcellular localization and
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protein-protein interaction (Finnie et al., 1999). The regulated protein degradation by
14-3-3 binding is an important link between nitrate and carbon metabolism during
sugar starvation (Cotelle et al., 2000). Sugars can also promote protein degradation
via ubiquitin and 26S proteosome binding (Farras et al., 2001).

1.1.3.2 Phytohormones

Sugar signaling pathways cross-talk with various hormone networks to

modulate plant responses.

A link between sugar signaling and hormone biosynthesis was found when
the expression of the ABA biosynthetic genes, ABA1-ABA3 was shown to increase
with exogenous Gluc causing endogenous ABA to accumulate (Cheng et al., 2002).
Also, several sugar-response mutants (like the TF ABI4) are defective in ABA
signaling (Niu et al., 2002). Genome-wide analysis will identify additional players in
the sugar—ABA signaling network. Recent work showed that in early seedling growth
the splicing factor, SR45, negatively regulates sugar signaling by repressing gluc-
induced ABA accumulation, and down-regulating ABA signaling genes (Carvalho et
al., 2010). An effect that seems to be independent of the sugar sensor HXK1 and
instead, related with SnRK1 levels (Carvalho RF, et al. unpublished results, in Duque,
2011).

Ethylene signaling pathways also interact with those of sugar and ABA
(Gazzarrini and McCourt, 2001; Le6dn and Sheen, 2003). The first evidence came
from the observation that an ethylene precursor prevented Gluc-induced responses in
wild type seedlings (Zhou et al., 1998). Also, ethylene insensitive mutants are Gluc
hypersensitive while mutants with ethylene overproduction are Gluc insensitive (Zhou
et al., 1998; Yanagisawa et al., 2003). Moreover, auxin also seems involved in these
regulatory networks. Work on hxk/gin2 mutants revealed resistance to exogenous
auxin, and auxin-resistant mutants were shown to be insensitive to high Gluc (Moore

et al.,, 2003). More recently genome-wide expression profiling in Arabidopsis
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seedlings showed an incredible overlap of Gluc and auxin responses pathways
governing root growth and development (Mishra et al., 2009).

Considering the complexity of all this cross-talk, upcoming genome-wide and
molecular analyses are likely to bring new clues on the spatio-temporal network and

on the nodes that link sugar and hormone signaling.

1.1.3.3 Nutrients and other components

The coordination of carbon and nitrogen metabolism is imperative to
maintain proper plant growth and development. It was therefore expected to find
intertwined signaling pathways between these two nutrients. There is indeed
evidence for this crosstalk that proposes the existence of a single carbon/nitrogen-
responsive regulatory cis-element for a subset of genes (Palenchar et al., 2004). In
an Arabidopsis genome-wide study the effects of a combination of both Gluc and
nitrogen confirmed that most nitrogen responses require the presence of a carbon
source (Price et al., 2004). Apparently nitrogen transport is also regulated by sugars.
Nitrate and ammonium transporter genes are induced by sugars in Arabidopsis
(Lejay et al., 2008). The same happens for the GLB1 gene that encodes an important
protein in the regulation of nitrogen assimilation in response to nitrogen, carbon and
energy availability (Hsieh et al., 1998). While bZIP11 was suggested as a positive
interaction node between Suc-mediated signaling and amino acid metabolism in
Arabidopsis (Hanson et al., 2008), a negative correlation between free amino acid
biosynthesis and Suc content exists in potato tubers indicating regulatory differences

between source and sink tissues (Roessner-Tunali et al., 2003).

Also, Pi has an important role in energy balance and carbon assimilation.
Soils are often low in Pi and plants have developed mechanisms to sense and adjust
to Pi starvation. Microarray experiments show that about 150 genes are
synergistically or antagonistically regulated by Pi and/or Suc revealing crosstalk

between the two signaling networks (Muller et al., 2007).
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Calcium is another component that interacts with sugar signaling. Calcium
channel blockers have revealed that sugar-induced expression of certain genes is

actually mediated by calcium signaling (Ohto and Nakamura, 1995).

Stresses cause the production of ROS. Usually seen as damaging agents,
ROS can also act as signaling molecules. ROS production and scavenging
processes are closely linked and are important for defence signaling, protection
against cellular damage and cell-death responses. A new hypothesis is emerging
where mitochondria-associated hexokinase is proposed to regulate ROS levels. The
synergistic interaction of sugars and phenolic compounds would create an integrated
redox system that quenches ROS leading to stress tolerance (Bolouri-Moghaddam et
al., 2010).

It seems clear, therefore, that plant sugar signaling is involved in all plant
life-cycle stages and in all responses to environmental conditions that lead to
alteration of the carbon availability through regulation of cellular activity at multiple

levels.

1.2. Trehalose significance and biosynthesis in plants

1.2.1. The trehalose molecule

Trehalose is a dimer of Gluc molecules linked at the reducing ends by a 1-1
alpha bond (Fig. 1.3A), which confers chemical stability. Suc is formed by one
molecule of Gluc and one of Fru and together they are the major non-reducing
disaccharides in the biosphere. Trehalose is the carbon source in bacteria, fungi,
yeast and arthropods while Suc is only found in photosynthetic organisms. The
incredibly low levels of trehalose found in plants (to the exception of resurrection
species) made it be regarded, until recently, as a vestigial sugar that had been
substituted by Suc during plant evolution (Paul et al., 2008).

Contrary to its reactive Gluc moieties, trehalose has a stabilizing nature. It

maintains the structure of membranes and macromolecules like enzymes and it is
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used as a food additive, cosmetics and vaccine preservative, without loss of structure
and bioactivity (Colago et al., 1992; Paiva and Panek, 1996). In nature it appears at
higher concentrations in cells adapted to dehydration, salinity, freezing and heat
stress like fungal spores, certain seeds and algae and resurrection plants (Nwaka
and Holzer, 1998; lturriaga et al., 2009). However, it was shown that in yeast, its
accumulation was neither necessary nor sufficient for survival under these conditions
(Ratnakumar and Tunnacliffe, 2006). This observation and the fact that trehalose
pathway genes proliferate in plants (Avonce et al., 2006) despite an accumulation of
trehalose metabolites at such low concentrations that are at current instrument
detection limits, supported the hypothesis of a signaling role for the trehalose
pathway.

1.2.2. Trehalose biosynthetic pathway in plants

About 50 years ago, a first trehalose biosynthetic pathway was discovered
(Cabib and Leloir, 1958). In that pathway G6P and UDPG are converted to T6P by
trehalose-6-phosphate synthase (TPS) and T6P is then cleaved to trehalose and Pi
by trehalose-6-phosphate phosphatase (TPP). It was named TPS/TPP pathway in
plants (Fig. 1.3B) or OtsA/OtsB in yeast and was later recognized as the most
widespread trehalose biosynthetic pathway in living organisms. There is however four
other known pathways found in archea, bacteria and fungi. Plants only possess the
TPS/TPP pathway, which is the only one to involve the intermediate T6P. Plants also
contain genes that encode trehalase (Muller et al., 2001), the enzyme that cleaves

the trehalose 1,1-alpha bond separating the two Gluc moieties in a unique step.

In the mid-1990s, the engineering of E. coli trehalose pathway genes into
plants, produced phenotypes consistent with altered regulation of growth and
development (Goddijn et al., 1997; Vogel et al., 1998). The fact that some of these
transformed plants did not accumulate significant amounts of trehalose, made the
authors suggest different causes for the observed phenotypes: (1) disturbance of

normal plant metabolism; (2) even small amounts of trehalose or T6P could be toxic
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to plants; (3) trehalose metabolism might be part of a signaling pathway. Later on, the
full sequence of A. thaliana genome led to the finding of an unexpected large number
of genes coding for TPS and TPP-like proteins (Leyman et al., 2001). Since then, a
broad array of effects was found as a consequence of engineering trehalose
metabolism confirming a signaling role and supporting the idea that T6P is in fact the
mediator of the observed effects (Paul et al., 2008).

A Trehalose 6-phosphate OH
OH
HO O
\ // OH
HO/P\ two glucose units linked in

a,0-1,1 configuration

B Trehalose
Phosphate Trehalose
Synthase Phosphatase Trehalase
11 genes (2 groups) 10 genes (2 groups) 1gene
UDP-glucose Glucose
+ —— TEP -~ Trehalose — - +
\
Glucose 6-P v Glucose
upP

Figure 1.3. The trehalose pathway found in plants. (A) Structure of the naturally occurring isomer of
trehalose 6-phosphate presented as Natta projection. (B) Enzymatic reactions involved in the
biosynthesis and the degradation of trehalose in plants (the TPS/TPP pathway) and indication of the
number of Arabidopsis genes that encode for the enzymes of each step. UDP, uridine diphosphate;
Glucose 6-P, glucose 6-phosphate; T6P, trehalose 6-phosphate.

1.2.3. The TPS and the TPP genes and enzymes

Interestingly, there are 21 putative genes involved in trehalose synthesis in
A. thaliana, and only one gene for its breakdown. On the other hand, for Suc

metabolism, there are only 8 genes encoding enzymes for its synthesis and as much
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as 23 for its breakdown. This suggests the different functions of both disaccharides in
plants and unveils the relevant signaling role of T6P in metabolism (Paul, 2007).

Plants contain two classes of TPS genes, two classes of TPP genes and
one class of trehalase genes, all of very ancient origins (Leyman et al., 2001). TPS
genes seem to have a eukaryotic origin, whereas TPP genes are most closely related
to those from bacteria and may have derived from the endosymbiotic bacterial
ancestor of mitochondria (Avonce et al., 2006). All of the Arabidopsis TPS homologs
contain at their C-terminal end a TPP-like domain, but in class | (AtTPS1 to AtTPS4)
the TPP-like domain is only weakly conserved whilst class Il (AtTPS5 to AtTPS11)
contains conserved TPP motifs. An auto-inhibitory N-terminal extension at the
AtTPSL1 protein that restricts its activity in vivo makes it unique among TPSs (van
Dijck et al., 2002). In Arabidopsis only TPS1 has demonstrable TPS activity
(Blazquez et al., 1998). All the other TPSs lack both TPS and TPP activities (Harthill
et al.,, 2006; Ramon et al., 2009, Vandesteen et al., 2010). AtTPS1 expresses
throughout the plant like flower buds, siliques, small rosette leaves, and embryos
(van Dijken et al., 2004; Gomez et al., 2010) and the same is true for class Il TPSs
(Paul et al., 2008; Ramon et al., 2009). AtTPS2-4, in contrast, seems to be restricted

to siligues and seeds (Paul et al., 2008).

The 10 Arabidopsis TPP homologs (AtTPPA-J) are single domain proteins.
Until very recently out of the 10 TPPs, only AtTPPA and AtTPPB proteins were
believed to have catalytic activity (Vogel et al., 1998). However, Vandesteene et al.
(2012) have just shown by heterologous expression in yeast that all TPP genes

encode active TPP enzymes.

Only one trehalase gene exists in Arabidopsis, AtTRE1 (Muller et al., 2001).
Therefore genetic radiation seems to have happened at the level of T6P rather than
trehalose (Avonce et al., 2006; Lunn, 2007). In fact, analysing the sequences of TPSs
and TPPs homologs it becomes evident that the genetic drift is not random and that
evolutionary selection retained the specificity of each of these genes keeping
synonymous codons (Avonce et al., 2006) which advocates specific functions for all

genes.

23



Chapter |

In Arabidopsis, trehalase appears to be bound to the plasma membrane with
the catalytic domain on the apoplastic side of the cell (Frison et al., 2007). AtTPS1
seems to be cytosolic (Geelen et al., 2007) whereas AtTPPA, AtTPPG and AtTPPI
were predicted to localize in the chloroplast (Emanuelsson et al., 2007). These data
seems to indicate that T6P is likely synthesised in the cytosol and possibly
transported to the chloroplasts where it then could be cleaved to trehalose. Trehalose
would be broken down only after export to the apoplast. This proposed subcellular
distribution together with the fact that T6P controls redox-regulation of chloroplastidial
AGPase (Kolbe et al., 2005) points towards central functions in organelle feedback
regulation, for example, carrying information on carbon status from the cytosol to the
chloroplast regulating starch synthesis (Schluepmann and Paul, 2009). These
considerations are in agreement with a recent work where nonaqueous fractionation
of Arabidopsis leaves together with estimation of subcellular volumes predicted that
in mesophyll cells T6P is predominantly located in the cytosol (about 70%) with
concentrations ranging from 4 and 7 yM, but also present in chloroplasts (around
20%), from 0.2 and 0.5 yM and vacuole (approximately 10%) 0.05 uM (Martins et al.,
2013).

1.2.4. Tight control of the trehalose metabolism

Small changes in T6P levels have a big impact on plant metabolism and
development (Schluepmann et al., 2003) and both too much or too little can have
lethal effects. From this point of view, T6P metabolism must be tightly controlled. In
fact, recent evidence shows how all TPS and TPP homologs are differentially
regulated, some by hormones (Leonhardt et al., 2004, Brenner et al., 2005), others
by stresses such as induced darkness (Piippo et al., 2006), hypoxia (Liu et al., 2005)
or nitrogen fluctuation (Wang et al., 2003). The observation that both starvation and
high sugar can induce T6P synthesis, for example, brings to mind the importance of
differential regulation in different tissues with opposing energy requirements and
functions like source versus sink (Paul, 2007). The case of maize ramosa3 mutants,

lacking expression of a TPP in base cells of young axillary meristems that present
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radical inflorescence branching defects illustrates well how restricted and directed
can be the expression of these genes (Satoh-Nagasawa et al., 2006). To complicate
further, post-translational modifications such as phosphorylation of TPSs both by
SnRK1 or Ca**-dependent kinases and interaction with partners like 14-3-3 proteins
(Harthill et al., 2006) also contribute to the regulation of trehalose metabolism. Only
further work on the regulation of TPS and TPP genes expression, on the subcellular
localization of their enzymes and identification of trehalose/T6P transport molecules

can clarify the reasons for such a plethora of trehalose metabolic genes.

1.2.5. T6P in plant development

The importance of T6P for normal plant development was first noticed in
transformed tobacco plants over-expressing the TPS genes from yeast (Romero et
al., 1997) or E. coli (Goddijn et al., 1997). Further effects were observed by Pellny et
al. (2004) in tobacco plants overexpressing either TPS or TPP. Lower T6P produced
plants with increased leaf area and decreased photosynthesis while the contrary was
observed for plants with higher T6P. However, the larger leaf area of TPP-expressing
plants still resulted in increased plant growth. Moreover, Arabidopsis tpsl mutant,
lacking TPS1, stops the germination process at the torpedo stage when cell
expansion and storage reserve accumulation should occur (Eastmond et al., 2002;
Schluepmann et al., 2003). This phenotype is not rescued by trehalose feeding but it
is by expressing the (quite structurally different) E. coli TPS (Schluepmann et al.,
2003) indicating that T6P is the real cause for the observed effects. Rescuing
attempts of tpsl embryos both with dexamethasone-inducible system (van Dijken et
al., 2004) and use of seed-specific promoter (Gémez et al., 2010) produced plants
with phenotypic abnormalities throughout development that accumulated soluble
sugars and starch. More recently TILLING mutants with weak TPS1 alleles showed
similar phenotypic defects and also ABA hypersensitivity (Gomez et al., 2010). These
results showed that T6P has a role in cell cycle activity and cell wall biosynthesis
(Goémez et al., 2006) and that it may act through ABA signaling and sugar metabolism

to coordinate embryo maturation and vegetative growth.
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Flowering time and inflorescence architecture are also affected by T6P. Both
rescued tpsl mutants (van Dijken et al., 2004) and TILLING populations with weak
TPS1 alleles (Gomez et al., 2010) failed or had retarded flowering. In fact, T6P was
recently shown to exert its effects on flowering both in the leaves and shoot
meristems, adding TPS1 to the genetic background of flowering-time control (Wahl et
al., 2013). Flowering is known to be interconnected to starch mobilization and
momentary increase in leaf carbohydrate content followed by export to the meristem
(Corbesier et al., 1998, 2002). Suc feeding was also shown to induce flowering in
mutants and under conditions expected to cause flowering delay (Roldan et al.,
1999). The mechanisms involved in this sugar-controlled flowering transition are still
not known but seems evident that they pass through T6P as a signal of Suc status.
The discovery that ramosa3 maize mutants, which present aberrant cob morphology
due to inflorescence increased branching, was in fact a mutation in a functional TPP
gene (Satoh-Nagasawa et al., 2006) further established that trehalose metabolism
can influence specific developmental pathways. Bearing in mind that TPS6 seems
not to possess catalytic activity (Ramon et al., 2009) it was interesting to learn that
Arabidopsis TPS6 mutants have altered inflorescence branching (Chary et al., 2008).
This is further indication that TPS and TPP proteins may have signaling functions,

possibly by sensing T6P contents.

T6P also seems to have a role in senescence. Arabidopsis with high T6P
levels had increased anthocyanin concentrations, whereas plants with reduced T6P
accumulated less anthocyanin and have delayed senescence both during normal
growth and Gluc treatment to induce senescence (Wingler et al.,, 2012).

Unexpectedly, this T6P-induced senescence was signalled during early development.

During a plant’s life cycle, from seed germination to senescence, the

trehalose pathway seems to be involved in every step of the way (Fig 1.4).
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Growth and development Switch that activates biosynthetic
Meristem differentiation processes in growing tissues
Embryo maturation Enzyme regulation
Cell cycle Gene regulation
Cell wall biosynthesis Protein synthesis stimulated
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T6P crosstalk with hormones kj Coordination between cytosol
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Stomatal closure Crosstalk with the circadian clock

Photosynthesis

Figure 1.4. Overview of T6P impacts on plant development and environmental responses. Most

effects are not fully described and some may be mediated by SnRK1.

1.2.6. T6P signaling role in plant carbohydrate metabolism

T6P levels correlate well with those of Suc either after Suc feeding and re-
illumination at the end of the night (Lunn et al., 2006). The same correlation was
found during wheat grain development (Martinez-Barajas et al., 2011). These
observations indicate that T6P may signal carbon availability in the form of Suc. In
accordance, mutants with low levels of T6P stop growing and accumulate respiratory
intermediates in sugar-supplied media whereas the same sugar-rich media improves
growth in mutants with elevated levels of T6P (Schluepmann et al., 2003). T6P was

therefore proposed to be necessary for carbon utilization.
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In 2009 T6P was shown to inhibit SnRK1 (Zhang et al., 2009), a global
metabolic regulator. The inhibition was achieved at low micromolar T6P
concentrations via a still elusive intermediate factor at a site distinct from the catalytic
site. The inhibition was strongest in seedlings and young growing tissues and absent
from mature leaves that lacked the intermediate factor. The in vitro inhibition of
SnRK1 by T6P was confirmed in vivo by comparing effects on gene expression of
Arabidopsis with altered T6P (Zhang et al., 2009) with Arabidopsis with altered
AKIN10 expression (Baena-Gonzalez et al., 2007). It was found that genes normally
induced by SnRK1 were repressed by T6P and those normally repressed by SnRK1
were induced. Overall there was a strong upregulation of biosynthetic pathways by
T6P. These data finally explained how growth of seedlings on Suc was promoted by
T6P (Schluepmann et al. 2003). More recently, inhibition of SnRK1 by T6P has also
been established in a transgenic sugarcane suspension cell line (Wu and Birch,
2010), in wheat grain extracts (Martinez-Barajas et al., 2011), and in potato tubers
(Debast et al., 2011).

SnRK1 signals energy deficiency during stress/starvation conditions (Baena-
Gonzalez et al., 2007; Cho et al., 2012). Starvation can for example be induced by
extended nights, which cause total depletion of starch reserves, followed by soluble
sugars decline (Gibon et al., 2004; Stitt et al.,, 2007). Growth is not immediately
restored by re-illumination but sugars start to accumulate and with them, so does T6P
(Lunn et al., 2006), which in turn stimulates the redox activation of AGPase (Kolbe et
al., 2005) and inhibits SnRK1 to induce growth (Zhang et al., 2009). T6P is acting
here as a central signaling molecule that allows appropriate responses to starvation
conditions. However, not all stress conditions lead to starvation, in fact the contrary is
sometimes true. Carbohydrates can for example increase under moderate drought
stress and cold stress. In grapevine, T6P content was shown to increase and
correlate with Suc content in response to chilling (Fernandez et al., 2012) and the
same was observed in Arabidopsis seedlings at 10°C with stationary growth rates

(see Chapter 5 and Table 1.1). Under such sink-limited conditions, when tissue sugar
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content is uncoupled from growth, it is not clear how the T6P/SnRK1 signaling
pathway operates (Table 1.1 and Chapter 5).

The bZIP11 is a transcription factor involved in gene expression regulation in
response to sugar starvation (Hanson et al., 2008). Synergisms in gene expression
regulated by SnRK1 and bZIP11 (Baena-Gonzalez et al.,, 2007) led the authors
Baena-Gonzalez and Sheen (2008) to propose a connection between SnRK1 and
bZIP11 transcription factor. Curiously, while Suc induces transcription of the bZIP11
gene it also inhibits its translation (Rook et al., 1998; Wiese et al., 2004) resulting in
reduced T6P levels (Ma et al., 2011). More recently, it was observed that bZIP11
over-expressing plants were resistant to exogenously applied trehalose growth-
inhibition and accumulated high levels of T6P with concomitant reduction of SnRK1
activity (Delatte et al., 2011) (Table 1.1). These observations seem to indicate that
bZIP11 is overriding the growth inhibitory effect of high T6P. Moreover, KIN10
overexpression also induced resistance to trehalose (Table 1.1) and a subset of
genes induced by bZIP11 were also up-regulated by KIN10 (Delatte et al., 2011).
Because a significant number of these genes respond to trehalose feeding as if both
factors were less active, this seems to indicate bZIP11 as a likely target of SnRK1.
The behaviour of these transgenic plants (Table 1.1) plus the fact that overexpression
of either KIN10 or bZIPP11 do not alter the expression levels of one another and that
bzZIP11 did not affect ShnRK1 activity, indicate that bZIP11 and KIN10 interactions are
apparently post-transcriptional with AKIN10 affecting either bZIP11 activity or

subcellular localization (Fig. 1.5).

Putting all the pieces together, one can consider the existence of a
regulatory loop controlling growth in response to sugars as put forward by Delatte et
al. (2011): Suc availability increases T6P which inhibits SnRK1 which in turn inhibits
bZIP11-dependent gene expression. This explains why both too much and too little
T6P can cause growth arrest. Up-regulation of biosynthetic pathways due to elevated
T6P during trehalose feeding causes “an attempt to over-expend” inexistent

resources and mutants incapable of synthesising or accumulating T6P even with

29



Chapter |

available sugars do not grow simply because the biosynthetic pathways are shut
down by active SnRK1 and bZIP11 (Table 1.1 and Fig. 1.5).

Table 1.1. Impact of available metabolizable sugars and trehalose on growth aptitude, T6P accumulation
and SnRK1 and bzZIP11-dependent gene expression for growth in Arabidopsis WT, otsB (overexpressor of
the yeast TPP gene), bZIP11 (overexpressor of the transcription factor bZIP11) and AKIN10 (overexpressor
of SnRK1 catalitic subunit).

The symbols + and — denote plant aptitude or inability for growth respectively, and increased or decreased T6P
accumulation/gene expression respectively. When T6P accumulates (+) inhibits SnRK1 promoting anabolism (+) at
least in part through the activity of bZIP11 (+). The most recent references that allowed the establishment of a
regulatory loop involving T6P-SnRK1-bZIP11 mediating metabolite control over growth are also indicated.

SnRK1- bzIP11-
Plant T6P dependent gene  dependent gene References
growth expression for expression for
growth growth
Available metabolizable sugars
WT + + + + Zhang et al., 2009
otsB (TPP) - - - - Schluepmann et al., 2003
bZIP11 - + + _ Ma et al., 2011

Delatte et al., 2011
Baena-Gonzalez et al., 2007

KIN10 + ) ) Delatte et al., 2011
Trehalose feeding
WT - + + +
WT (high + Schluepmann et al., 2004
metabolizable + + + Delatte et al., 2011
sugars)
bZIP11 + + + + Delatte et al., 2011
KIN10 + + + + Delatte et al., 2011
Relief of sink-limited conditions
WT + + + ?
otsB (TPP) - - - ? Chapter 5
KIN10 - + - ?
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Conditions that induce T6P accumulation:
Available metabolizable sugars
Sink-limited conditions

Trehalose feeding
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cytosol nucleus growth oply occurs
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Figure 1.5. Model of the T6P-SnRK1-bZIP11 regulatory loop that mediates metabolite control over
growth. Under conditions that induce T6P accumulation SnRK1 is inhibited through a separable factor.
With inactivated SnRK1, bZIP11 is not “triggered” (activated and/or transported to the nucleus — dashed
lines) and so gene expression for growth can occur. That is why overexpression of bZIP11 may act as a
surrogate for inactive SnRK1. However, actual growth can only take place if carbon is available and if
simultaneously other growth constraints are relieved (like cold or nutrient deprivation). T6P also induces
starch accumulation (possibly involving AGPase redox activation) which can be an important factor
influencing the final growth response.

1.3. The SNF1 family of protein kinases

All life forms need to monitor carbon and energy availability to survive.
Conserved mechanisms have evolved in eukaryote groups to sense and respond to
fluctuating cellular energy levels. One such mechanism is a family of serine/threonine
kinases that act as central integrators of stress and energy regulation (reviewed by
Halford et al., 2004; Ghillebert et al., 2011). Activated by starvation and low energy

conditions, the sucrose non-fermentingl (SNF1) in yeasts, AMP-activated kinase
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(AMPK) in animals and Snfl-related kinasel (SnRK1) in plants enable energy
homeostasis and survival through up-regulation of energy conserving and catabolic
metabolism and down-regulation of energy consuming processes (Carling et al.,
1994).

SNF1 protein kinase was identified in Saccharomyces cerevisiae in 1981 in
a screening for mutants unable to utilize Suc as energy source (Carlson et al., 1981).
This budding yeast uses Gluc as preferred carbon source and the derepression of
genes involved in metabolism for use of alternative carbon sources is crucial to
respond to environmental Gluc starvation (Gancedo, 1998; Carlson, 1999). The
absence of growth on Suc medium of the isolated snfl mutant was caused by defects
in expression of the SUC2 (invertase) gene (Carlson and Botstein, 1982). The snfl
mutant will also starve on medium containing other sugars, including galactose,
maltose or nonfermentable carbon sources such as glycerol or ethanol. SNF1 is also
required in various developmental processes like meiosis, and sporulation
(Honigberg and Lee, 1998), filamentous growth and biofilm formation (Kuchin et al.,
2002) and even in the control of ageing and longevity (Lorenz et al., 2009).
Furthermore it is involved in adjusting the biosynthesis of reserve carbohydrates and
the recycling of macromolecules and organelles by means of autophagy (Wang et al.,
2001). The list continues as SNF1 was also found to be responsive to an array of
stresses, such as sodium ion stress, oxidative stress and alkaline pH (Hong and
Carlson, 2007).

Only in 1994 was the AMPK catalytic subunit cDNA cloned and identified as
the mammalian ortholog of Snfl (Woods et al., 1994) and realised the functional
similarity of both enzymes. AMPK is activated under conditions that increase the
AMP/ATP ratio (usually stresses) like Gluc deprivation, hypoxia, ischemia, or
oxidative stress. To restore homeostasis AMPK up-regulates energy producing
catabolic metabolism, such as glycolysis and fatty acid oxidation and down-regulates
energy-consuming anabolism like protein, sterols and fatty acids synthesis (Hardie,
2007). An expressive example of these mechanisms is seen in Caenorhabditis

elegans larvae during dormancy stage. During this period they stop feeding but
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remain active extremely long-lived, non-ageing and stress-resistant. Metabolically,
they have reduced insulin-like signaling and accumulate nutrients. However, mutants
lacking the AMPK signaling enter this dormancy phase normally, but rapidly consume
their stored energy and die prematurely (Narbonne and Roy, 2009). This is consistent
with the view that AMPK also acts as a metabolic regulator at the whole body level. In
mammals it integrates nutritional and hormonal signals in the hypothalamus to control
food intake and body weight (Minokoshi et al., 2008) or by inhibiting insulin
production in response to low blood Gluc levels (da Silva Xavier et al., 2003). In
humans, this has tremendous impact on growth, development and survival causing a
variety of disorders ranging from metabolic syndrome, insulin resistance, obesity,
cardiovascular diseases, and age-related pathologies like cancer, dementia and
stroke (Steinberg and Kemp, 2009) with possible impact on longevity (Mair et al.,
2011).

SnRK1 was first identified when its cDNA was isolated from rye endosperm
and shown to complement the snfl mutation in yeast (Alderson et al., 1991). Other
SnRK1 genes have since been characterized in various plant species (reviewed by
Halford and Hardie, 1998). It is worth mentioning that in cereals the ShnRK1 gene
family subdivides into two groups, SnRK1A, expressed throughout the plant and
more similar to SnRK1 from dicotyledonous plants and ShRK1B, mainly expressed in
the seed and exclusive to monocotyledonous species (Halford and Hardie, 1998).
The SnRK family has proliferated further into large SnRK2 and SnRK3 plant sub-
families that diverged more from AMPK and SNF1 than have SnRK1s (Halford and
Hey, 2009). These sub-families have particularly relevant roles in abiotic stress
responses (Coello et al., 2010) and will not be considered further in this thesis. In
this sub-chapter the structure and regulation of the plant SnRK1 will be
overviewed and compared when pertinent with SNF1 and AMPK. SnRK1

function in plant metabolism and stress signaling will also be dissected.
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1.2.1. Structure and subunits

SNF1, AMPK and SnRK1 proteins have the same heterotrimeric structure
with about 47% identical amino acid sequence; the catalytic subunit is the most
conserved with about 60% cross-species similarity (Halford et al., 2000/2003). The
complexes require an a catalytic subunit and two regulatory subunits, f and y that
contribute to protein stability, substrate specificity and subcellular localization. Due to
the variable number of isoforms for each subunit, the number of possible
heterotrimeric combinations varies significantly between organisms. However, the
exact number of possibilities is still uncertain due to differential expression,
alternative splicing and alternative transcription initiation. In plants, the catalytic a
subunit is 58 kDa (Alderson et al., 1991) has two confirmed isoforms AKIN10 and
AKIN11 and possibly a pseudogene KIN12. The kinase domain is located in the N-
terminal half of the protein (Carling et al., 1994; reviewed in Ghillebert et al., 2011).
The enzyme is active when a conserved threonine residue located in the activation
loop of the kinase domain is phosphorylated by upstream kinases (reviewed in Polge
and Thomas, 2007; Ghillebert et al., 2011). The C-terminal half of the subunit
contains, from the kinase domain, an auto-inhibitory regulatory sequence (AIS), a -
subunit interaction domain (B-SID), and a leptomycin-sensitive nuclear export
sequence (NES) (Kazgan et al., 2010) (Fig. 1.6A). The B-subunits contain a kinase
interaction sequence (KIS) domain (Jiang and Carlson, 1997), overlapped by a
glycogen-binding domain (GBD) with still questionable regulatory activity (Steinberg
and Kemp, 2009). At the C-terminal end of this subunit there is a domain called
association with SNF1 complex (ASC) that mediates the interaction with the y-subunit
(Jiang and Carlson, 1997) (Fig. 1.6A). In the plants KIN B3-type subunit the GBDKIS
domain is lacking and is the association-with-SNF1-complex domain that guarantees
the interaction of both a- and y-subunits (Fig. 1.6B). This protein still complements a
yeast mutant lacking all B-subunits (Gissot et al., 2004). Moreover, the B-subunits
also harbor a variable domain that controls subcellular localization of the kinase
complexes (Hedbacker and Carlson, 2006) or N-myristoylation involved in membrane

targeting and binding (Steinberg and Kemp, 2009). The y-subunits have a divergent
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N-terminal domain followed by two pairs of cystathionine-beta-synthase (CBS)
sequences, called Bateman domains, that bind adenosine derivatives (Steinberg and
Kemp, 2009) (Fig. 1.6A). The KINBy-type is specific to plants and seems to result
from y-subunit fusing with a GBD domain (Fig. 1.6B) that can still complement the
yeast snf4AD mutant (Lumbreras et al., 2001; Gissot et al., 2006).
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Figure 1.6. Structural and functional features of (A) a-, B- and y-subunits of the SNF1 / SnRK1 /

AMPK protein kinase complexes and (B) plant specific KinB3 and Kinfy subunits (see text for details).
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1.2.2. Activity regulation

The better characterized activation system of SnRK1 kinases is through
phosphorylation of a conserved threonine residue located in the activation loop of the
kinase domain (Sugden et al., 1999a) by upstream kinases. Two of these kinases
were recently identified and named SnRK1-activating kinase-1 and -2 (SnAK1 and
SnAK2) (Hey et al., 2007) but are also known as geminivirus rep-interacting kinases
(GRIK1 and GRIK2) (Shen et al., 2009). Downstream phosphatases that inactivate
SnRK1 in vivo through dephosphorylation were recently identified, two clade A type
2C protein phosphatases (Rodrigues et al., 2013) known repressors of the ABA
pathway confirmed a point of cross-talk between SnRK1 regulation and ABA
responses (Coello et al.,, 2012). Very recently the PK AvrPto-dependent Pto-
interacting protein3 (Adi3), a known suppressor of cell death still without known
downstream interactors was shown to phosphorylate a B-subunit on a serine residue
inactivating the heterotrimer. The authors suggest that this may be the way by which

Adi3 exerts its cell death suppression activity (Avila et al., 2012).

In mammals, regulation processes relate to AMP/ATP ratios where AMP is
both able to protect against dephosphorylation, promote phosphorylation and
allosterically activate the catalytic subunit (Davies et al., 1995). The nucleotide
binding sites are located in two Bateman domains in the y-subunit. The two Bateman
domains form 4 cavities where ligands can bind, however, in mammalian y1 only
three of the cavities bind nucleotides, conventionally numbered 1, 3 and 4. AMP
binding in site 4 has no known function and appears to be so tight that it does not
exchange with ATP or ADP. There are therefore, only 2 remaining sites where AMP
binds reversibly in competition with ADP or ATP (high affinity site 1 and low affinity
site 3). Quite differently, in yeast, site 4 binds both AMP or ADP and site 2 can also
bind either nucleotide (Townley and Shapiro, 2007). The fact that in mammals the
allosteric regulation of AMPK by AMP is antagonized by NADH, which only binds site
1, whereas dephosphorylation is not affected, indicate that this outcome is caused by

AMP binding at site 1. It was recently described that ADP also prevents AMPK
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dephosphorylation (Xiao et al., 2011), an effect caused by ADP or AMP binding at
site 3. Because site 3 binds AMP and ADP with similar affinity, and because ADP
concentration in cells is usually much higher than that of AMP, Hardie et al., (2011)
argue that ADP and not AMP is the main signal that promotes AMPK
phosphorylation, especially under moderate stress. Under severe stress the rise in
AMP would amplify AMPK activity through allosteric activation. Yeast SNF1 and plant
SnRK1 are not allosterically regulated by AMP/ATP and in fact, little is known about
this matter, especially regulation of SnRK1. However, mutations in yeast that
contribute to AMP binding, relieve Gluc inhibition of Snfl (Momcilovic et al., 2008);
and SnRK1 dephosphorylation was shown to be inhibited by physiological
concentrations of AMP (Sugden et al., 1999a). The authors speculate that AMP may

be an important intracellular messenger not only in animals but also in plants.

Other regulatory processes have been recently uncovered, especially for
AMPK, and are under scrutiny for SnRK1. One such case is ubiquitination. The
binding of small ubiquitin peptides to receptor proteins controls proteasomal
degradation, membrane trafficking, protein translation and DNA repair (Miranda and
Sorkin, 2007). In 2008 Qi et al. showed that AMPKB subunit could undergo
ubiquitination reducing AMPK stability possibly targeting it for proteasomal
degradation. In the same year Lee et al. showed that AKIN10 could also be degraded
following ubiquitination. SUMOylation also involves the binding of ubiquitin-like
modifiers to a protein receptor but the outcomes are different and include the control
of protein-protein interactions and protein activity modulation (Wilkinson and Haenley,
2010). AMPKB2 subunit but not AMPKB1 was shown to suffer SUMOylation (Rubio et
al., 2013). The authors suggest that this differential sensitivity may allow the selective
activation of organ-specific AMPK complexes. SUMOylation of AMPKB2 increases
the catalytic subunit phosphorylation status either by promoting phosphorylation or by
preventing dephosphorylation. Interestingly, sumoylation seems to be antagonist and
to compete with ubiquitination of the AMPKB2 subunit adding yet another layer of
complexity to these regulatory processes (Rubio et al., 2013). In yeast SUMOQylation

was observed in the Snfl catalytic subunit, an effect promoted by Gluc to inhibit its
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activity (Simpson-Lavy and Johnston, 2013). In plants, the observation of high
molecular weight SnRK1 complexes suggests SUMOylation events. Baene-Gonzalez
and co-workers obtained SUMOylated SnRK1 using a reconstituted SUMOylation
pathway in E. coli and are now studying the process in planta (unpublished).
Myristoylation is another regulatory process and involves the irreversible addition of a
myristoyl group usualy to a glycine residue during translation. In AMPK,
myristoylation of the B subunit is necessary for AMP promoted phosphorylation of the
catalytic subunit but not for its allosteric activation (Oakhill et al., 2010). In yeast,
preventing myristoylation of one of the B subunits reduces resistance to nutrient
deprivation and shortens lifespan (Lin et al., 2003). The myristoylation sequence of
other B subunit is necessary for Snf1 trafficking from the plasma membrane to the
nucleus (Lin et al., 2003). This same effect is observed in plants, myristoylation of the
B1 subunit negatively regulates nuclear SnRK1 activity by sequestering the complex
at the plasma membrane (Pierre et al., 2007). The authors suggest that this effect
may be related to the developmental arrest observed in mutants with defects on the

myristoylation machinery.

Moreover, fatty acids were also shown to allosterically activate AMPK (Clark
et al., 2004; Hebbachi and Saggerson, 2013). Interestingly, sugar phosphates like
G6P (Toroser et al., 2000) (1-10 mM) and T6P (Zhang et al., 2009, Martinez-Barajas
et al., 2011) were found to inhibit SnRK1 in vitro. As previously detailed, trehalose is
synthesized from G6P and UDPG (metabolites of Suc metabolism) placing this

pathway right in the heart of primary carbon metabolism.

1.3.3. SnRK1 in the centre of plant metabolic and stress regulation

The importance of SNRK1 was first noticed when the activity of three key
plant enzymes, 3-hydroxy-3-methylglutaryl-coenzime A (HMG-CoA) reductase,
sucrose phosphate synthase (SPS) and nitrate reductase (NR), were shown to be
regulated by phosphorylation through SnRK1 activity (Sugden et al., 1999b). Another

important enzyme that may be regulated by SnRK1 is the TOR kinase, as it is a
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conserved enzyme complex phosphorylated and inhibited by AMPK (Gwinn et al.,
2008). TOR activation is opposite to that of the SNF1 family of PKs being triggered by
feast nutrient-replete conditions. The conserved TOR signaling pathway is central in
the responses to nutrients (sugars and amino-acids) and energy levels (Wullschleger
et al.,, 2006). Mutation of the Arabidopsis TOR gene is linked to chlorophyll
breakdown and premature senescence (Depros et al., 2007) but it is in fact embryo
lethal (Menand et al.,, 2002). The functional conservation of SnRKs and TOR
pathways in all eukaryotes suggests a close interaction of these regulatory pathways
which constitute an important regulatory module connecting nutrient sensing to the
cell growth machinery (reviewed in Smeekens et al., 2010; Robaglia et al., 2012).

The nature of this interaction needs to be further investigated.

Recently, the studies at the transcriptional level exposed the great number of
genes whose expression is regulated by SnRK1 proteins (Baena-Gonzalez et al.,
2007; Polge and Thomas, 2007; Jossier et al., 2009). Under low energy conditions,
those related to biosynthetic processes like amino acids, cell wall, lipids, proteins,
Suc and starch were shown to be repressed to conserve ATP and carbon. Those
related to catabolism are, on the contrary, induced, to generate ATP through
hydrolysis of Suc, starch, cell walls and polysaccharides and also lipid mobilization
and B-hydrolysis. Moreover, SnRK1 was also shown to control the expression of
genes related to regulatory processes. Several genes coding for TFs and histone
deacetylases are activated or repressed by KIN10 (Contento et al., 2004; Buchanan-
Wollaston et al., 2005; Baena-Gonzalez et al., 2007). bZIP11 is one of such TF found
to be significantly induced by SnRK1 activity (Baena-Gonzalez et al.,, 2007).
Metabolic analysis has shown that increased nuclear presence of bZIP11 completely
rearranged carbohydrate metabolic profiles that to some extent mimic low-carbon
conditions. In the same study trehalose metabolism genes were also shown to be
regulated by bZIP11 (Ma et al., 2011). Bearing in mind that T6P inhibits SnRK1
(Zhang et al., 2009) a SNnRK1-bZIP11-T6P regulatory circuit is expected to exist as
previously discussed. Many genes related to signal transduction components like

hormone-responsive genes, and calcium modulators are also affected by altered

39



Chapter |

SnRK1 activity (Baena-Gonzalez et al., 2007). More recently miRNAs were also
observed to act downstream of SnRK1 in the regulation stress response (Confraria et
al., 2013).

Starvation conditions Feast conditions in growing tissues
Metabolism regulation for survival Metabolism regulation for growth
Enzyme regulation Enzyme regulation
Gene regulation (via TFs like bZIP Gene regulation
and via miRNAs) Catabolism repressed
Biosynthesis repressed Protein synthesis stimulated
Photosynthesis stimulated TeP Cell wall synthesis stimulated
Autophagy stimulated Glycolysis stimulated
Gluconeogenesis stimulated

2 Inhibiti £T0 \L ? Effectsduring sink-limited
? Inhibition of TOR /\ conditionsstill under study

SnRK1
Crosstalk between sugars and / SnRK1 also impacts
hormones through SnRK1 impacts: Biotic stress
Seed development, dormancy and Abiotic stress (interaction with WD-
germination protein PRL1)
Seedling growth Mineral deficiency
Tissue transition from Starch synthesis and storage

heterotrophic to autotrophic
Phosphorylation of ABA response
elements

Figure 1.7. Overview of SnRK1 impacts on plant development and environmental responses.

Most effects are still not fully described.

Several studies clearly show that SnRK1 impacts all aspects of plant
metabolism (Fig. 1.7). Plants overexpressing SnRK1.1, for example, showed altered
starch and sugar content, altered ADP-glucose pyrophosphorylase and nitrate
reductase activity, altered sugar-regulated gene expression and ABA hypersensitive
phenotype (Jossier et al., 2009). The authors suggested that SnRK1.1 could be one

of the elements linking ABA and sugar signals during transition from heterotrophic to
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autotrophic stages in plants. Double snfla and snflb knockouts of the moss
Physcomitrella patens showed that the total absence of Snfl-like protein kinase
activity, although not lethal, led to severe phenotypic changes including shifts of the
normal developmental programme, altered rhizoid and leaf balance formation,
premature senescence, hypersensitivity to auxin and hyposensitivity to cytokinin. The
effects found at the energy balance level led the authors concluded that the mutant
had an inability to respond to reduced energy supply (Thelander et al., 2004), now in
agreement with transcriptional studies (Baena-Gonzalez et al., 2007). Combining
transient expression in leaf mesophyll protoplasts and stable expression in transgenic
plants of both high and low SnRK1 activity constructs in tomato and Arabidopsis, Cho
et al. (2012) have shown that SnRK1 activities critically influence gene expression
related to stress responses as well as to plant growth and development throughout
the life cycle (Fig 1.7).

Other studies link SNRK1 activity to seed germination and consequently to
hormone signaling. Shoot and root measurements of “knockouts” of ShnRK1A and
SnRK1B showed that ShRK1A, but not ShnRK1B, plays a major role in controlling rice
seed germination and seedling growth (Lu et al., 2007). Rice ShnRK1A was shown to
relieve Suc repression of a-Amy3 (major a-amylase expressed under sugar-depleted
conditions). Antisense SnRK1 in pea revealed defects in seed maturation similar to
an ABA insensitive phenotype (Radchuk et al., 2006). In tomato seeds, the regulation
of SNF4 by ABA and gibberellin is another indication of the link between hormonal
and sugar-sensing controlling seed development, dormancy and germination
(Bradford et al., 2003) (Fig. 1.7).

Other more intricate networks also occur. SnRKs were indirectly connected
to sugar, hormone and stress signaling through Pleiotropic Regulatory Locus 1
(PRL1) (Németh et al.,, 1998). PRL1 encodes an a-importin-binding nuclear WD-
protein that was shown to bind SnRK1 and inhibit its kinase activity (Bhalerao et al.,
1999). Lee et al. (2008) showed that the observed activity decrease was due to PRL1
—dependent recruitment of AKIN10 for proteasomal destruction through the ubiquitin

machinery. SnRK1 association with the regulatory WD-protein PRL1 (Bhalerao et al.,
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1999) connects it with water deficit responses. Other abiotic stresses were also
related to these kinases. During phosphate starvation, AKIN11 protein levels
decrease and an increase in AKIN10 activity (not due to altered phosphorylation
state) is not enough to compensate for that loss and so overall ShnRK1 activity
significantly decreases (Fragoso et al., 2009).

Responses to biotic stresses were also shown to recruit SnRK1 activity.
SnRK1 allows tobacco plants to tolerate herbivory by allocating carbon to roots
(Schwachtje et al., 2006). It was also found that in the cytosol, the AKINBy-subunit
interacts with two leucine-rich repeats related to pathogen resistance proteins (Gissot
et al., 2006). This is further indication that the By-subunit could be related to plants

specific functions like plant-pathogen interaction as previously pointed out.

Double snfla and snflb knockout mosses showed regular ability to degrade
the accumulated starch but severely impaired capacity to accumulate it (Thelander et
al., 2004). SnRK1 was therefore also linked to starch biosynthesis which is a process
associated to high carbon conditions. If such a link actually exists, it is still poorly
understood. Transgenic potato overexpressing SnRK1 had higher starch content and
lower Gluc levels than wild-type tubers and both SUS and ADP-glucose
pyrophosphorylase, two key enzymes of the starch biosynthetic pathway, had
increased activity (McKibbin et al., 2006). The antisense expression of SnRK1 in
transgenic barley led to the arrest of pollen development. The pollen grains were
small, pear-shaped and contained little or no starch. At least SnRK1b expression was
decreased in these pollen grains. This was the first work to associate SnRK1 with
invertase activity in plants also found in yeasts. It was proposed that these pollen
grains do not accumulate starch and starve just as snfl mutants starve in Suc
medium (Zhang et al., 2001). Also, the SnRK1b gene expression pattern overlaps
with that of starch accumulation in sorghum endosperm and microspores (Jain et al.,
2008). Tiessen et al. (2003) showed that SnRK1 is necessary for Suc-dependent
redox activation of ADP-glucose pyrophosphorylase. It was suggested that SnRK1
directs carbon for storage as starch rather than for the glycolytic pathway. It is

surprising how a mechanism mainly related to starvation responses also regulates
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polysaccharide synthesis and storage. There is still no full explanation for this fact but
Halford and Hey (2009) suggest a separation of the Suc-induced and starvation-
induced pathway downstream of SnRK1, perhaps through the involvement of specific
TFs. Specialized organs and storage tissues (like tubers, seeds and pollen grains)
are unlikely to have a different regulatory mechanism than the one found in
vegetative tissues. It could also be argued that the modification of SnRK1 activity,
which has such a central function in integrating metabolism and development,
produces such strong effects when its activity is reduced or increased that the
primary and secondary effects are difficult to separate making cause and effect
difficult to establish.

Once all these uncertainties are clarified, our improved knowledge of
signaling networks and their effects will put us a step forward in the ability to develop
new crop varieties with improved stress tolerance to cope with the changing climate

and with better yield to satisfy the needs of a fast growing population.

1.4. Project aims and thesis outline

T6P was shown to inhibit ShnRK1 (Zhang et al., 2009), the central plant
metabolic regulator that respond to fluctuations in energy supply and demand
rearranging metabolism to restore plant homeostasis. The main purposes of this
project are to understand more about the metabolic regulation of ShnRK1 and to add
to our understanding of how plants adjust growth to available carbon through the
T6P/SnRK1 pathway.

In addition to this introductory Chapter I, the thesis comprises 4 more

chapters where the obtained results are described and discussed:

Chapter Il. Inhibition of SNnRK1 by metabolites: Tissue-dependent effects and cooperative

inhibition by glucose 1-phosphate in combination with trehalose 6-phosphate
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To broaden our understanding of SnRK1 metabolic regulation we screened
a number of compounds (other than T6P and G6P) for the ability to interact with
SnRK1; evaluated the nature and better characterized the enzyme kinetic properties
of those interactions; searched for effects on SnRK1 by combinations of compounds;
established other SnRK1 regulation aspects related to developmental and tissue-
specific characteristics. The experiments allowed us to:

e identify G1P as a novel SnRK1 inhibitor;

e show through kinetic models that T6P, G1P and G6P each provide
distinct regulation of SnRK1,;

e show that in combination with T6P, G6P produces cumulative
inhibition of SNRK1 and G1P inhibited SnRK1 synergistically.

Chapter lll. Molecular characterization of SnRK1 inhibition by T6P — Factor |

Simultaneously with SnRK1 metabolic regulation we tried to isolate and
identify, or at least better characterize, the intermediary factor that mediates T6P
inhibition of SnRK1, which was shown to be separable from the kinase complex.
Different approaches like Arabidopsis mutants, co-immunoprecipitation of SnRK1 and

factor and affinity chromatography were attempted:

e we were able to confirm the transient and weak nature of their interaction and
found several proteins that interact with SnRK1. However, further work is
needed, to clarify the involvement of these proteins in T6P inhibition of
SnRK1.

Chapter IV. In wheat grain, SnRK1 inhibition by T6P may be tissue-specific whereas
inhibition by R5P is only apparent

The work continued with the evaluation of SnRK1 regulation by T6P and
ribose 5-phosphate (R5P) (previously referred as a novel SnRK1 regulator) during
wheat seed development. SnRK1 activity and inhibition was tested in maternal and

filial tissues dissected at different developmental stages:
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o studies on the stability of R5P during the course of SnRK1 in vitro activity
assays showed that the observed inhibition was in fact an experimental
artefact;

e the observed T6P accumulation could however, underlie the shift in gene
expression in maternal and filial tissues observed at about 10 days after
anthesis that precede the grain filling period.

Chapter V. The trehalose 6-phosphate/SnRK1 signaling pathway primes growth

recovery following relief of sink limitation

SnRK1 is active under sugar starvation conditions limiting growth to allow
survival during periods of scarce resources. However, under certain stresses like low
temperature or limited nutrient supply, sugars are readily available but growth is still
limited (Paul and Stitt, 1993; Usadel et al., 2008). This is termed sink-limited growth,
when growth is limited by capacity of sinks, i.e. growing regions to use assimilate.
These cases depart from the famine model of growth regulation by SnRK1. To
understand how the model behaves under such conditions, Arabidopsis seedlings
were grown under different conditions, of temperature, nutrient supply and sugar

availability. The induced sink-limited growth allowed to:

e establish the interrelationship between T6P and Suc; T6P and SnRK1 activity;
T6P and gene expression and between all these and growth;

o determine how plants with genetically decreased T6P content and SnRK1
overexpression respond to such conditions;

e conclude that under such sink-limited conditions, T6P is not directly related to
growth rate but changes in gene expression caused by SnRK1 inhibition

enables growth recovery following relief of limitations.
Finally, in Chapter VI it is discussed how the obtained results allowed the

integration of data and added cues to the descriptive model of the regulation of

growth by the T6P/SnRK1 signaling pathway; contributing with knowledge for future
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crop improvement with added resilience under conditions of contrasting resources

availability.

Each Chapter had different collaborators who are recognised in the corresponding
acknowledgments sections and resulted in the indicated publications.
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Inhibition of SnRK1 by Metabolites

2.1. Abstract

SnRK1 of the SNF1/ AMPK group of PKs is an important regulatory kinase
in plants. SnRK1 was recently shown as a target of the sugar signal, T6P. T6P
responds to sugar availability and through a separable factor inhibits SnRK1 which
alters gene expression and promotes growth processes. This suggests the
importance of in vivo metabolic regulation of SnRK1. G6P has also been shown to
inhibit SNRK1 in vitro and more recently, R5P was reported to inhibit SnRK1 in wheat
grain tissue. We have therefore sought to investigate if other metabolites could also
inhibit this central regulator and establish if each could impart distinct inhibition of
SnRK1. In Arabidopsis seedlings crude extract several nucleotides were shown to
inhibit SNRK1 by direct competition with ATP. Analysis of protein extracts from
different tissues revealed that some other candidates were in fact false positives.
Apparent inhibition of SnRK1 from green tissue by R5P is suggested to be due to
parallel consumption of ATP whereas UDPG inhibited SnRK1 only in extracts where
it could be converted to G1P. G1P was the only other central metabolite shown to
consistently inhibit SnRK1. The kinase activity profiles of partially purified extracts
from Arabidopsis seedlings, mature leaves and cauliflower florets (Brassica oleracea)
are quite similar and suggest a common intermediary factor for T6P, G6P and G1P
inhibition. Kinetic models show that T6P, G1P and G6P each provide distinct
regulation of SnRK1 (50% inhibition of SnRK1 at 5.4 uM, 480 uM, >1 mM,
respectively). Strikingly, G6P in combination with T6P produces cumulative inhibition
of SnRK1 and most interestingly G1P in combination with T6P inhibited SnRK1
synergistically. Data provide further insight into the sophisticated regulation of the
important regulatory PK, SnRK1. We suggest that these interactions can be of critical

importance for SnRK1 regulation in vivo.

2.2. Introduction

Active AMPK/ SnRK1/ SNF1, calcium-independent serine-threonine PKs,

function to conserve energy and carbon supplies in response to energy or carbon
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limitation (Baena-Gonzélez et al., 2007; Hardie, 2007; Polge and Thomas, 2007).
They are typically heterotrimeric complexes, composed of an alpha catalytic subunit
and two regulatory subunits, beta and gamma; plus a number of additional interacting
and regulatory factors (Bhalerao et al., 1999; Ananieva et al., 2008). Sizes of SnRK1
complexes are thought to range from around 118 kDa to 165 kDa, but could be far
more than this following multimerisation or complexing with other proteins. AMPK/
SNF1/ SnRK1 kinase activity regulation is far from being fully understood. They are
active when a conserved threonine of the alpha subunit T-loop is phosphorylated
(Shen et al., 2009; Crozet et al.,, 2010). Among other possibilities these PKs are
subject to allosteric regulation. AMPK (but not SNF1 or SnRK1) is regulated directly
by AMP/ ATP ratio (Hardie et al, 1999), ADP (Hardie et al., 2011; Xiao et al., 2011),
glycogen (McBride et al., 2009) and fatty acids (Clark et al., 2004). Yeast SNF1 and
plant SnRK1 are also, to some extent, affected by AMP (Momcilovic et al., 2008;
Sugden et al., 1999 respectively). More interestingly, sugar phosphates like G6P
(Toroser et al., 2000) (1-10 mM) and T6P (Zhang et al., 2009; Martinez-Barajas et al.,
2011) were found to inhibit SnRK1 in vitro constituting another form of regulating
kinase activity. Significantly, T6P as a signal of sucrose availability inhibits SnRK1
through a separable interacting protein (Factor 1), promoting the activation of ShnRK1
target genes that promote biosynthetic and growth processes whilst at the same time
repressing those involved in starvation responses (Zhang et al., 2009; Paul et al.,
2010).

Given the available clues about AMPK/ SnRK1/ SNF1 regulation and
evidence from Toroser et al. (2000) that other metabolites could interact with SnRK1,
we screened a number of possible metabolic inhibitors. Analysis of protein extracts
from different tissues exposed several false positives but also contributed with
several other cues about SnRK1 regulation. ADP, as well as other nucleotides, were
shown to compete with ATP for the catalytic site. T6P and its precursors (G6P and
UDPG) together with G1P and F6P are interconvertible hexose-based central
metabolic intermediates from which many plant products are synthesised, such as

starch and cell walls (Granot et al., 2013). Given the function of T6P in promoting
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biosynthetic processes we compared these metabolites with T6P and G6P. A partial
purification procedure was carried out in Arabidopsis seedlings, mature leaves and
cauliflower florets (Brassica oleracea) in order to obtain cleaner extracts that still
retained interacting proteins like Factor I. As G6P and T6P have similar structures we
wished to establish if inhibition of SnRK1 by G6P could be explained through
interaction at the same site on SnRK1, or whether each was capable of discrete
inhibition of SNRK1. G1P was also found to inhibit ShnRK1 in preparations inhibited by
T6P and G6P. All three were found to interact at distinct sites on SnRK1. Inhibition by
T6P and G6P together was cumulative, but, strikingly, inhibition of SnRK1 by T6P
and G1P together was synergistic. Data provide further insight into the regulation of
this important PK by metabolites and also expose an important caveat in the

assessment of potential PK inhibitors.

2.3. Results
2.3.1. Screening for potential inhibitors of SnRK1

SnRK1 activity was shown to be inhibited in vitro by G6P (Toroser et al.,
2000) and by T6P (Zhang et al., 2009). Given the strong effect of SnRK1 on
biosynthetic pathways (Baena-Gonzalez et al., 2007, Zhang et al., 2009) we sought
to examine a comprehensive range of compounds involved in these pathways that
could potentially also regulate SnRK1 (Table 2.1). Because T6P inhibition of ShRK1
was shown to be mediated by a separable factor (Zhang et al., 2009), the assays
were performed in crude extracts to prevent false negatives due to loss of interacting
proteins. SnRK1 activity from A. thaliana seedlings was assayed with 1 mM of each
metabolite. The extracts were prepared with phosphatase inhibitors and therefore,
regulation through dephosphorylation could not be detected, directing this survey to
competitive or allosteric interactions only. From the 52 compounds tested, excluding
T6P and G6P, 12 inhibited SnRK1 by more than 20%. From these, 8 were
nucleotides: uridine triphosphate (UTP), uridine diphosphate (UDP), uridine

diphosphate galactose (UDP galactose), guanosine triphosphate (GTP), adenosine
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diphosphate (ADP) and adenosine monophosphate (AMP), adenosine diphosphate
glucose (ADP glucose) and adenosine diphosphate ribose (ADP ribose); two were
central metabolites: UDPG and G1P; and two were compounds from the pentose
phosphate pathway: R5P and Ru5P. Two fatty acids abolished the assay giving
readings below the control assay without peptide, whereas two others made the
assay mixture cloudy and increased SnRK1 activity by more than 20%. These effects
were not considered for further investigation because the compounds clearly

interfered with the normal behavior of the assay.
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Table 2.1. Impact of different metabolites
on SnRK1 activity from A. thaliana
seedlings crude extract.

Data expressed as % activity compared to
control with no metabolite (100%). The assays
were performed with 1 mM compound.
Representative values of at least two
independent assays are presented.

Compound Activity %
T6P 30
Central Metabolites

UDPG 45
G1P 55
G6P 75
F6P 90
Uridine Nucleotides

UTP 35
UDP 24
UMP 85
UDP galactose 60
UDPG glucuronic acid 85
UDP-acetyl glucosamine 90
Guanosine Nucleotides

GTP 61
GDP 80
GMP 100
GDPG 102
GDP mannose 98
GDP fucose 83
Cyclic GMP 92
Adenosine Nucleotides

ADP 28
AMP 65
ADP glucose 73
ADP ribose 46
Cofactors

NAD 81
NADH 81
NADP 96
NADPH 108

Table 2.1. (Continued)

Compound Activity %
Pentose Phosphate Pathway

Ribose 5-P 52
Ribulose 5-P 58
Ribulose 1,5-bisP 80
Xylulose 5-P 101
6-phosphogluconate ns
Amino Acid Precursors

Glutamate 102
Aspartate 98
Alpha-ketoglutarate 107
Fatty Acids Precursors

Glycerol 3-P 104
Acetyl coenzyme A 103
Fatty Acids

Tergitol 112
Myristic acid (14:0) 94
Palmitic acid (16:0) 124
Stearic acid (18:0) 126
Linoleic acid (18:1) 94
Oleic acid (18:1) -
Palmitoleic acid (16:1) -
Sugars

Sucrose 95
Glucose 95
Maltose 95
Trehalose 95
Other

Fructose 1,6-bisP 90
Fructose 2,6-bisP 95
Sucrose 6-P 103
Soluble Starch 102
D(+)Maltose monohydrate 95
Xylulose 5-P 101

ns: not soluble

-: readings below blank (control assay without
peptide
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2.3.2. Nucleotides inhibition of SnRK1 are pure competitive with respect
to ATP

From the inhibiting nucleotides, ADP glucose and ADP ribose were tested in
Arabidopsis mature leaves crude extract showing the same level of SnRK1 inhibition
as in seedlings extracts, an effect not observed with T6P or G6P which only inhibit
SnRK1 in growing tissues (Zhang et al., 2009). This reinforced the hypothesis that
nucleotides would inhibit SnRK1 through direct competition with ATP. This was
shown to be the case for the tested nucleotides: ADP, UTP, ADP glucose and ADP
ribose. The levels of SnRK1 activity for concentration series of both substrate (ATP)
and the different inhibitors were determined and data analysed by linearization
methods (Segel, 1993) (Fig. 2.1 and 2.2). Characterization of the linearized plots
enables the identification of the type of inhibition involved. The direct representation
of the effect of substrate (ATP) and inhibitor (ADP) variation on SnRK1 activity clearly
shows that ATP concentration had an impact on inhibition, indicating competitive
inhibition (Fig. 2.1A). After data linearization, lines crossing at y-axis in the reciprocal
plots (Fig. 2.1C) confirm the competition model. The same properties were observed
for UTP, ADP glucose and ADP ribose (Fig. 2.1B and D, Fig. 2.2A and C, Fig. 2.2B
and D, respectively). The linear replot of slopes indicates that all tested nucleotides
are in fact pure competitive with respect to ATP (Fig. 2.1E and F, Fig. 2.2E and F).
The Dixon plots give Ki as 103, 133, 674 and 316 uM for ADP (Fig. 2.1G), UTP (Fig.
2.1H), ADP glucose (Fig. 2.2G), and ADP ribose (Fig. 2.2H) respectively. The linear
replot of slopes of the Dixon plots passing through the origin confirm that the
inhibitions are neither noncompetitive nor uncompetitive (Fig. 2.1l and J, Fig. 2.2l and
J). The nucleotides UDP, GTP, GDP and AMP were not tested but due to structural
similarity are suggested to inhibit ShRK1 in the same way, through direct competition
with ATP.
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Figure 2.1. Inhibition kinetics of SnRK1 by ADP and UTP with respect to ATP in assays with
AMARA peptide. Impact of different concentrations of (A) ADP, (B) UTP on SnRK1 activity with varying
ATP concentrations; Lineweaver-Burk reciprocal plots (1/velocity versus 1/substrate concentration) of
(C) ADP, (D) UTP; replot of slopes of the reciprocal plots of (E) ADP, (F) UTP; Dixon plots (1/velocity
versus substrate concentration) of (G) ADP, (H) UTP; replot of the slopes of the Dixon plots of (I) ADP,
(J) UTP. Regression solid lines in replots of the slopes of the Dixon plots are not significantly different
from regression forced through origin (dotted line). Duplicate assays were performed in Arabidopsis
seedling crude extracts.
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Figure 2.2. Inhibition kinetics of SnRK1 by ADP glucose and ADP ribose with respect to ATP in
assays with AMARA peptide. Impact of different concentrations of (A) ADP glucose, (B) ADP ribose on
SnRK1 activity with varying ATP concentrations; Lineweaver-Burk reciprocal plots (1/velocity versus
1/substrate concentration) of (C) ADP glucose, (D) ADP ribose; replot of slopes of the reciprocal plots of
(E) ADP glucose, (F) ADP ribose; Dixon plots (1/velocity versus substrate concentration) of (G) ADP
glucose, (H) ADP ribose; replot of the slopes of the Dixon plots of (I) ADP glucose, (J) ADP ribose.
Regression solid lines in replots of the slopes of the Dixon plots are not significantly different from
regression forced through origin (dotted line). Duplicate assays were performed in Arabidopsis seedling
crude extracts.

2.3.3. SnRK1 inhibition by metabolites is tissue specific

SnRK1 activity was assayed with 1 mM of metabolites that inhibited SnRK1
by more than 20% (other than the previously considered nucleotides), T6P, G1P,
G6P, UDPG, UDP galactose, R5P and Ru5P in crude desalted extracts from different
tissues (Table 2.2). The central metabolite F6P was also tested to exclude possible
tissue-specific interactions. F6P did not inhibit SnRK1 in any of the tested extracts
and therefore was not considered for further investigation. For the remaining
metabolites there were strong tissue-specific differences in the degree to which each
metabolite inhibited SnRK1. T6P inhibited SnRK1 in all tissues tested, with most
inhibition in cauliflower curd (9% activity compared to control with no metabolite) and
least inhibition in mature leaves (78% activity compared to control with no metabolite)
as previously observed (Zhang et al., 2009). G6P inhibited in all tissues, but to a far
lesser extent than T6P. In comparison, G1P inhibited more strongly than G6P
following a similar pattern to T6P with most inhibition in cauliflower curd and least
inhibition in mature leaves. A different pattern was observed for the inhibition of
SnRK1 by UDPG and UDP galactose, with activities reduced to the same level in all
tissues. More interestingly, the extent of inhibition was very inconsistent between
extracts from the same tissue, perceived by the large standard deviation values.
Inhibition by R5P and Ru5P of SnRK1 activity from different tissues was the most

variable of all tested metabolites. Very strong inhibition was observed in seedlings
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and mature leaves, but no inhibition was found in seedling roots or cauliflower curd.

Inhibition of SNRK1 by all these compounds was further investigated.

Table 2.2. Tissue comparison of inhibition of ShRK1 activity by 1 mM different metabolites.

Data expressed as % activity compared to control with no metabolite (100%) in 6-minute assays
performed with AMARA peptide. Means of at least four biological replicates + standard deviation. nd, not
determined.

Seedlings Mature leaf Seedling root Cauliflower curd
T6P 203 78+2 34+2 9+1
G1P 59+2 91+1 7314 583
G6P 703 91+3 91+2 713
F6P 95+2 98 +2 96 +4 95+2
UDPG 73+ 32 77 £ 28 nd 62 =47
UDP galactose 66 + 33 72+ 25 nd 71+ 27
R5P 23+4 2+0.3 100+ 2 95+3
Ru5P 5+0.5 4+0.2 95+2 972

2.3.3.1. Stability of T6P, G1P and G6P during SnRK1 assays

Even though SnRK1 inhibition by T6P is confirmed in vivo through gene
expression analysis (Zhang et al., 2009), we wanted to exclude the possibility of its
degradation during the SnRK1 assays in Arabidopsis crude extracts. This analysis
was also extended to G1P and G6P especially because of their ready

interconversion.

3P NMR spectra have shown only the presence of the starting
phosphorylated carbohydrate, either T6P, G1P or G6P (Fig. 2.3A, Fig. 2.4A, Fig. 2.5A
respectively) at the end of 10 min reaction assays confirming that no other
phosphorylated end products are produced. In a different approach, all sugar
phosphates were eluted by HPLC at around 15 mins (Fig. 2.3B, Fig. 2.4B, Fig. 2.5B
respectively). Analysis of those peaks by ion exchange LC-MS in negative mode
(inside pictures), shows, for all cases, only the mass of the original sugar phosphate,

S0 again, no conversion was detected. Furthermore, the integral of the peaks is the
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same as that of a control experiment with just the sugar phosphates (no extract)
providing further evidence for stability of the sugars. To check for dephosphorylation
we used C;3 LC-MS in positive mode after per-O-acetylation of the crude reaction
mixture. Dephosphorylated products, octaacetyl trehalose for T6P or pentaacetyl
glucose for G1P and G6P, were not detected either through expected peak positions
in the ion trace (Fig. 2.3C, Fig. 2.4C, Fig. 2.5C respectively), or through the
underlying mass spectra. Hence, dephosphorylation of the starting carbohydrates is

not occurring.
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Figure 2.3. Analysis of T6P stability over the SnRK1 assay period. Reaction performed with 1 mM
T6P at 30 °C for 10 mins. (A) **P NMR (referenced against PO(OMe)s) shows only the presence of the
starting phosphorylated carbohydrate (B) SAX LC-MS in negative mode isolates mono-phosphorylated
carbohydrates at 14-15 mins. The integral of this peak is identical before and after the reaction. (C)
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Black trace shows Cig LC-MS in positive mode after per-O-acetylation of the crude reaction mixture.
Grey trace shows the expected position of the dephosphorylated sugars after per-O-acetylation

(octaacetyl trehalose).
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Figure 2.4. Analysis of G1P stability over the SnRK1 assay period. Reaction performed with 1 mM
G1P at 30 °C for 10 mins. (A) *P NMR (referenced against PO(OMe)s) shows only the presence of the
starting phosphorylated carbohydrate (B) SAX LC-MS in negative mode isolates mono-phosphorylated
carbohydrates at 14-15 mins. The integral of this peak is identical before and after the reaction. (C)
Black trace shows Cig LC-MS in positive mode after per-O-acetylation of the crude reaction mixture.
Grey trace shows the expected position of the dephosphorylated sugars after per-O-acetylation

(pentaacetyl glucose).
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Figure 2.5. Analysis of G6P stability over the SnRK1 assay period. Reaction performed with 1 mM
G6P at 30 °C for 10 mins. (A) *P NMR (referenced against PO(OMe)s) shows only the presence of the
starting phosphorylated carbohydrate (B) SAX LC-MS in negative mode isolates mono-phosphorylated
carbohydrates at 14-15 mins. The integral of this peak is identical before and after the reaction. (C)
Black trace shows Cig LC-MS in positive mode after per-O-acetylation of the crude reaction mixture.
Grey trace shows the expected position of the dephosphorylated sugars after per-O-acetylation

(pentaacetyl glucose).
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These results show that there is no loss or interconversion of T6P, G1P and
G6P in Arabidopsis protein crude extracts during the assay period further validating
these metabolites as effective SnRK1 inhibitors.

2.3.3.2. Apparent inhibition of SnRK1 by UDPG and UDP galactose

The fact that inhibition of SnRK1 by UDPG and UDP galactose was
extremely variable in assays performed in biological replicates of the same tissue
raised the suspicion that inhibition could be artefactual. Careful analysis of time
course experiments showed that the percentage inhibition of SnRK1 by 1mM UDPG
and UDP galactose increased progressively with time over 6 min and with increasing
sodium pyrophosphate (NaPPi) concentrations (Fig. 2.6A and B). In fact, inhibition by
UDPG and UDP galactose was only observed in extracts prepared with NaPPi (Fig.
2.6C). These results indicate that the presence of NaPPi and UDPG or UDP
galactose in crude extracts promotes a reaction that indirectly leads to inhibition of

SnRK1 and therefore these compounds were no longer considered in this study.
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Figure 2.6. Effect of NaPPi on SnRK1 inhibition by, UDPG and UDP galactose. Seedlings crude
extracts prepared as usual but with 2, 1 and 0.25 mM NaPPi were assayed over the course of 6 min with
(A) 1 mM UDPG or (B) UDP galactose. (C) Seedlings crude extracts prepared as usual with or without 2
mM NaPPi assayed for 8 min with either 1 mM T6P, UDPG or UDP galactose. Means of 3 biological

replicates with standard deviation.

2.3.3.3. Apparent inhibition of SnRK1 by R5P and Ru5P

The fact that R5P and Ru5P only inhibited SnRK1 in green tissues was
intriguing and suspicious. To confirm the observed effect, Arabidopsis seedlings
extract was assayed with 1 mM R5P and 1 mM Ru5P for different time lengths. It was
observed that the percentage of SnRK1 inhibition by R5P and Ru5P increased
progressively with time over 6 min, (Fig. 2.7A) an effect not observed for T6P
inhibition of SNRK1 (Fig. 3.6B, Chapter Ill). This suggests that instead of R5P and
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Ru5P inhibiting SnRK1 directly, a substrate could be limiting the assay. A possibility
would be ATP depletion. We knew from previous optimisation of SnRK1 assays
(Zhang et al., 2009) that activities were linear at 200 uM ATP for at least 6 min
(revisited in more detail in Chapter Ill). We then tested the effect of ATP
concentration in the presence of R5P and Ru5P and found that inhibition of SnRK1
was much decreased in assays with 1000 puM ATP compared to 200 uM ATP (Fig.
2.7B) in contrast to the inhibition by T6P and G6P which are unaffected by ATP levels
(Toroser et al., 2000; Zhang et al., 2009). The combined data strongly suggests that
in the presence of R5P and Ru5P ATP level was limiting the SnRK1 assay. This
could be mistakenly interpreted as a time-dependent inhibition of enzyme activity but
it is in fact an experimental artefact. These compounds were also not considered
further as SnRK1 inhibitors. However, a publication discussing R5P and Ru5P as
SnRK1 inhibitors in wheat grain (Piattoni et al., 2011) lead to a new series of

experiments detailed in Chapter V.
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Figure 2.7. Effect of assay time and ATP concentration on SnRK1 inhibition by 1 mM R5P or 1
mM Ru5P. (A) Seedlings crude extracts prepared with 200 uM ATP assayed over the course of 6 min
with R5P or Ru5P compared to control with no metabolite. (B) Effect of increasing ATP concentration on
SnRK1 inhibition by R5P and Ru5P compared to control with no metabolite. Means of 3 biological

replicates with standard deviation.
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2.3.4. Inhibition profiles of partial purified SnRK1 extracts

Given the similar structure of the metabolites that did inhibit SnRK1
consistently - T6P, G6P and G1P - we went on to determine whether their inhibition
of SnRK1 could be explained through interaction at the same inhibitory site, or
whether each metabolite was capable of discrete inhibition of SnRK1. SnRK1
complexes from Arabidopsis seedlings, mature leaves and cauliflower florets were
partially purified using a method to retain the intermediary factor necessary for
inhibition of SNRK1 by T6P. SnRK1 activity following size fractionation is depicted in
Fig. 2.8. SnRK1 activity and inhibition was sensitive to length and type of purification
method. With the adopted protocol all extracts had their protein content reduced 10 to
15 times but specific activities did not increase more than 3 times producing low
purification yields of 16% for seedlings, 5% for mature leaves and 39% for
cauliflower. The activity profiles from the three tissues have similar characteristics. In
accordance with previous work by Ball et al. (1994), two peaks of kinase activity were
eluted. The main peak of SnRK1 activity at approximately 100 kDa (fractions 68-70)
was inhibited by T6P whereas the second one of about 30 kDa was not. The higher
molecular weight peak comprised mainly AKIN10 isoform (as shown in Chapter III)
and as previously observed in SnRK1 preparations from Arabidopsis cell suspension
cultures and leaves (Jossier et al., 2009). Maximal inhibition by T6P expressed as a
percentage compared to SnRK1 activity without T6P was seen in fraction 64 (174
kDa) where SnRK1 was inhibited to 14%, 60% and 6% in Arabidopsis seedlings,
mature leaves and cauliflower curd respectively. AKIN10 is about 60 kDa, so the
activity measured here is likely to be part of a complex that includes beta and gamma
subunits, the predicted sizes of which range from 13-53 kDa (www.uniprot.org) and
which theoretically can give SnRK1 complexes of 118-165 kDa depending on the
particular subunits involved. All these fractions and those that preceded them up to a
size of 315 kDa were inhibited by 1 mM T6P (Fig. 2.8).
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G6P and G1P inhibited SnRK1 activities in the same extracts that were
inhibited by T6P both with AMARA and SPS peptides (Fig. 2.9). The three inhibitors
have coincident inhibition peaks around fraction 64. T6P is the strongest inhibitor
regardless of the peptide used but inhibits less SnRK1 activity in assays with SPS
peptide than with AMARA peptide. With SPS peptide maximal inhibition by T6P
expressed as activity percentage compared to SnRK1 activity without T6P was 41%,
68% and 25% in Arabidopsis seedlings, mature leaves and cauliflower curd
respectively. Similarly, G1P inhibition is much decreased in assays with SPS peptide
(to the exception of mature leaves extracts where inhibition is virtually absent with
both peptides). In fraction 64 of seedlings, inhibition by G1P dropped from 54% with
AMARA peptide to 20% with SPS peptide and in cauliflower curd from 64% with
AMARA peptide to 25% with SPS peptide. Interestingly, G6P inhibition of ShRK1 is,
on the other hand, stronger in assays with SPS peptide, with about 30% inhibition in

all tissues against minute inhibition with AMARA peptide.
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Figure 2.9. Inhibition of SnRK1 activity by 1 mM T6P in comparison with 1 mM G1P and 1 mM
G6P expressed as a percentage compared to with no metabolite. (A) From Arabidopsis seedlings
assayed with AMARA peptide and (B) SPS peptide, (C) From Arabidopsis mature leaves assayed with
AMARA peptide and (D) SPS peptide, (E) From cauliflower florets assayed with AMARA peptide and (F)

SPS peptide. Each point is the average of a technical duplicate.

As the inhibition profile of all three metabolites was coincident and it had

been previously determined that inhibition of ShRK1 by T6P is dependent on an
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intermediary factor that can be separated away by immunoprecipitation of SnRK1
(Zhang et al., 2009), we went on to determine whether isolation of SnRK1 by this
method also removed inhibiton by G1P and G6P. The resuspended
immunoprecipitated pellet of ShRK1 showed no inhibition by G1P and G6P leaving
the expected SnRK1 inhibition percentages in the remaining SnRK1 activity left in the
supernatant (Fig. 2.10). This demonstrates that inhibition of SnRK1 by G1P and G6P,
as that by T6P, is dependent on an intermediary factor that can be separated from
SnRK1.

120
1 mM T6P
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Figure 2.10. Inhibition of ShRK1 activity by 1 mM T6P, G1P and G6P after immunoprecipitation of
SnRK1. Assays conducted on extract after immunoprecipation (supernatant) and after resuspension of
immunoprecipitate (pellet). Inhibition expressed as a percentage compared to with no metabolite. Mean

of duplicate assays with standard deviation.

2.3.5. Kinetics of the inhibition of ShnRK1 by T6P, G1P and G6P

Inhibition kinetics of SNRK1 by T6P were analysed in fraction 64 from
seedlings which approximated to the predicted size for a SnRK1 heterotrimeric
complex. Kinetics showed that inhibition of SnRK1 by T6P fitted the partial non-
competitive model (Fig. 9A) a simpler model than the mixed-type model previously

characterised for crude extracts (Zhang et al., 2009). In partial non-competitive

88



Inhibition of SnRK1 by Metabolites

inhibition the inhibitor converts the enzyme to a modified enzyme inhibitor complex
with a decreased rate of product formation but where inhibitor never decreases
velocity to zero as happens in pure non-competitive inhibition. Substrate, ATP, and
inhibitor, T6P, combine independently and reversibly with SnRK1 at different sites.
T6P causes no change in the affinity of substrate ATP (a = 1). Dissociation constant
of the enzyme-inhibitor complex (Ki) was 4.0 puM. Fifty per cent inhibition was
achieved at 5.1 uM T6P. Some studies of SnRK1 have used the SPS peptide as
substrate (Baena-Gonzalez et al., 2007). When SPS peptide was used in kinetic
studies instead of AMARA peptide, the same model of inhibition was found with
similar kinetic parameters (Ki 5.4 uM). Kinetic analysis showed that inhibition by G6P
fitted a hyperbolic mixed type model (Fig. 9B). Here G6P affects both the binding of
ATP and the formation of product. Ki was 301 uM, reflecting the need for higher
inhibitor concentration than for T6P. Inhibition of ShnRK1 by G1P best fitted a partial
non-competitive model (Fig. 9C), the same model found for T6P. This model predicts
also that substrate, ATP, and inhibitor, G1P, combine independently and reversibly
with SnRK1 at different sites. G1P causes no change in the affinity of substrate ATP.
Ki was 55.2 uM; 50% inhibition was at 480 uM G1P.
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Figure 2.11. Kinetics of inhibition of SnRK1 by T6P, G6P and G1P with respect to ATP (A)
Lineweaver-Burk reciprocal plot (1/velocity versus 1/substrate concentration) of the impact of T6P (O-
1000 pM) on SnRK1 activity with varying ATP (60 - 500 uM) with AMARA peptide. (B) replot of slopes of
the T6P reciprocal plot. (C) Lineweaver-Burk reciprocal plot of the impact of G1P (0-1000 uM) on SnRK1
activity with varying ATP (60 - 500 uM) with AMARA peptide. (D) replot of slopes of the G1P reciprocal
plot. (E) Lineweaver-Burk reciprocal plot of the impact of G6P (0-1000 pM) on SnRK1 activity with
varying ATP (60 - 500 uM) with SPS peptide. (D) replot of slopes of the G6P reciprocal plot. Each point

is the average of technical duplicates.
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Table 2.3. Best-fit models and obtained kinetics parameters for SnRK1 inhibiotn by T6P, G1P and
G6P.

Kinetic assays were carried out in fraction 64 from partial purified seedling SnRK1 extracts. Models were
fitted using non-linear least squares regression to estimate parameters along with standard errors
presented in brackets.

Estimated Parameters (SE)

Inhibitor ~ Peptide Model

Vmax . IC50
(nmol min™) Ks (UM) - Ki (iM) “ B (UM)
Partial non- 0.056 138 4.0 0.198
T6P AMARA N
competitive (0.002) (12.2) (0.41) (0.013) 51
Partial non- 0.028 69.9 54 0.483
T6P SPS »
competitive (0.0006) (4.35) (0.65) (0.012)
Partial non- 0.067 179 55.2 0.453
G1P AMARA N
competitive (0.002) (22.7) (10.6) (0.012) 480
Hyperbolic 0.027 65.7 301 8.5 1.48
G6P SPS i
mixed-type (0.0007) (6.6) (112) (6.8) (0.54)

o: value by which inhibitor affects substrate binding; B: factor by which inhibitor affects product
formation.

2.3.6. Interactions between T6P, G1P and G6P and SnRK1

When T6P, G1P and G6P were combined in SnRK1 assays interactions
were apparent (Fig. 9). Inhibition of SnRK1 with T6P and G1P together was
particularly strong indicating cooperative inhibition (Fig. 10A). Inhibition by T6P and
G6P together was cumulative (Fig.10B). More detailed kinetic analysis according to
(Segel, 1993) of these interactions showed that T6P and G1P in combination
impacted on maximum velocity altering the rate of product formation by parameter
z=0.0167 when together compared to alterations of 0.198 (a) for T6P alone and
0.453 (B) for G1P alone. SnRK1 was inhibited to 6.5% of control activity when 1 mM
of T6P and G1P were combined compared to 16.5% for 1 mM of T6P and 52.7% for
1 mM G1P separately. Inhibition of ShnRK1 by G1P and G6P together and by T6P
and G6P together was cumulative (Fig. 10C). Both cumulative and synergistic models
indicate the binding of the metabolites at separate sites on the intermediary factor/

SnRK1 complex.
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Figure 2.12. SnRK1 activity expressed as a percentage for combinations of 1 mM of T6P, G1P and
G6P in fraction 64 of seedling extracts with assayed with AMARA or SPS peptide. Means of 3

biological replicates with standard deviation.
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Figure 2.13. Synergistic and cumulative inhibition of ShnRK1 by combinations of T6P, G1P and
G6P. (A) Synergistic inhibition by T6P and G1P. (B) Cumulative inhibition by T6P and G6P (C)
Cumulative inhibition by G1P and G6P.
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Table 2.4. Best-fit models and obtained kinetics parameters for SnRK1 inhibition by
combinations of T6P, G1P and G6P.

Kinetic assays were carried out in fraction 64 from partial purified seedling SnRK1 extracts. Models were
fitted using non-linear least squares regression to estimate parameters along with standard errors
presented in brackets.

Inhibitor Model Peptide Estimated parameters (SE)
*Vmax *Ks Ki X y z
) T6P:1.88
T6P Partial non-
» (0.39) 0.206 0.316 0.017
+ competitive AMARA 0.0615 158.3
o G1P:65.7 (0.024) (0.038) (0.016)
G1P Synergistic
(17.8)
. T6P:3.22
T6P Partial non-
» (0.20) 0.217 0.460
+ competitive AMARA 0.056 137.8
) G6P:658 (0.007) (0.069)
G6P Cumulative
(170)
. G1P:67.0
G1P Partial non-
- (19.4) 0.26 0.585
+ competitive AMARA 0.067 178.9
] G6P:1310 (0.19) (0.023)
G6P Cumulative
(827)

x: value by which the first inhibitor affects product formation; y: factor by which the second inhibitor
affects product formation; z:value by which binding of both inhibitors affects product formation.

2.4. Discussion

SnRK1 is a central regulatory PK of plant growth and development in
relation to carbon supply (Baena-Gonzalez et al., 2007). Accordingly, modulation of
its activity is an important aspect of plant survival and productivity. Inhibition of
SnRK1 by T6P is a critical mechanism of regulation of SnRK1 in plants and crops
regulating scores of genes (Baena-Gonzélez et al., 2007; Zhang et al., 2009; Debast
et al., 2011; Martinez-Barajas et al., 2011). G6P (Toroser et al., 2000; Zhang et al.,
2009), and more recently R5P (Piattoni et al.,, 2011) have also been reported to
inhibit SNRK1 and could function in a similar capacity to T6P in inhibiting SnRK1
under conditions of abundant assimilate availability. They would, however, provide
less sensitive regulation of SnRK1, because, as key substrates for biosynthetic
pathways, R5P and G6P tend to fluctuate within a narrower concentration range

compared to signals such as T6P (Lunn et al., 2006; Martinez-Barajas et al., 2011).
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Nevertheless, inhibition by G6P and R5P could be a further means of metabolic
regulation of SnRK1 activity. In this study, however, we found that inhibition of
Arabidopsis SnRK1 by R5P is in fact an experimental error. More importantly, in
addition to T6P and G6P, G1P was also shown to strongly inhibit SnRK1. These
three inhibitors were shown to cooperatively inhibit SnRK1 which may constitute a
strong means of inhibiting SnRK1 in vivo.

2.4.1. Caveats in interpreting inhibition of SnRK1 in vitro

Given the strong link between T6P and biosynthetic processes, SnRK1
inhibition by other core metabolites which are substrates for growth processes was
also tested. From the 12 compounds that inhibited SnRK1 in vitro, eight were
nucleotides (Table 1). Little is known about ShnRK1 regulation especially compared to
its mammalian homolog, however it is known, in contrast to AMPK, that it is not
allosterically regulated by AMP (Mackintosh et al., 1992). There is evidence,
nevertheless, that AMP inhibits SnRK1 dephosphorylation, an effect not observed
with the nucleotide GMP (Sugden et al, 1999). Regulation through
dephosphorylation is highly unlikely in our extracts prepared with phosphatase
inhibitors. The observed inhibition by nucleotides was therefore hypothesised to be
due to direct competition with ATP for the same binding site. Our hypothesis was
confirmed and all tested nucleotides were competing directly with ATP for the
catalytic site (Fig. 1 and 2). Measuring nucleotides in plant cells is especially
challenging because of the three subcellular compartments (cytosol, mitochondria
and chloroplasts) through which they can circulate. This type of inhibition would also
be highly dependent on the relative amounts of each nucleotide as well as on the
corresponding binding affinities for the binding site. We cannot, therefore, evaluate
the importance of this interaction in vivo. However, if from one point of view this
inhibition seems unlikely to occur in the cell because conditions that translate into
increased nucleotide concentrations are also those where SnRK1 is expected to be
more active, we cannot rule out a scenario of feedback regulation of ShnRK1 by ADP.

Also relevant would be the levels of nucleotides coordination with Mg®*. In vivo most
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ATP is complexed with a Mg®* ion, whereas ADP and AMP are not (Xiao et al., 2012)
and in fact, enzyme regulation by nucleotides seems to be highly dependent on ratios
of bound and unbound nucleotides to Mg?* (Molnar and Vas, 1993; Jenkins et al.,
2011). In this perspective, the assay medium supplemented with 5 mM MgCl, may
artificially induce this type of inhibition.

The apparent inhibition of ShRK1 by UDPG and UDP galactose was shown
to happen only in extracts prepared with NaPPi (Fig. 2.6). The enzyme
pyrophosphorylase, an important enzyme of carbohydrate metabolism, catalyzes the
reversible cleavage of UDPG in the presence of pyrophosphate into G1P and UTP.
These two products were shown to inhibit SnRK1 consistently (Table 2.1 and 2.2;
Fig. 2.1B and 2.11C) and are likely the true SnRK1 inhibitors in these assays. The
enzyme UDP-galactose 4-epimerase, which performs the final step in the Leloir
pathway of galactose metabolism, catalyse the reversible conversion of UDP-
galactose to UDP-glucose (Holden et al., 2003), which could explain the observed
inhibition of ShnRK1 by UDP galactose.

We have also observed a strong apparent inhibition of SnRK1 activity by
R5P (Table 2.1 and 2.2) that was in fact later described in wheat ShnRK1 by Piattoni
et al. (2011). The same type of inhibition was also observed in assays with Ru5P.
Inhibition of SNRK1 by T6P and G6P has already been shown to be stable over time
with linear catalytic rates of SnRK1 activity in the presence of inhibitor (Toroser et al.,
2000; Zhang et al., 2009). However, in further characterisation of R5P- and Ru5P-
dependent inhibition it was found that the potency of inhibition depended on the
length of the assay (Fig. 2.7A) indicating that conditions in the assay were not
optimised. We hypothesised that this was due to consumption of the substrate for the
kinase, ATP, during the assay period. In accordance, supply of higher ATP
concentration substantially reduced inhibition values (Fig. 2.7B). The fact that
inhibition by R5P and Ru5P was found only in green tissue constituted an additional
clue (Table 2.2). In tissue with active photosynthetic cells, activities of the enzymes
phosphoribo-isomerase (PRI) and phosphoribulo-kinase (PRK) which synthesise

ribulose 5-phosphate (RuBP) from R5P are several thousand fold higher than
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activities of SnRK1 (Paul et al., 2000). An apparent time-dependent inhibition of
SnRK1 by R5P can be explained by conversion of R5P to RuBP with concomitant
consumption of ATP which becomes limiting, giving an apparent strong inhibition of
SnRK1. These observations highlight important caveats to be considered in the study
of SNRK1 (as well as other enzymes) when not highly purified. Adding potential
interacting compounds to the assay can cause apparent inhibition of the enzymes
activities either by consumption of essential substrates or co-factors or by parallel
transformation/cleavage into new compounds which can be the actual interacting
players. Any observed interaction should be discussed cautiously and ultimately

shown in vivo.

2.4.2. Purification profiles

We have previously found that an intermediary protein present in growing
tissues is necessary for the inhibition of ShnRK1 by T6P (Zhang et al., 2009). SnRK1
was partially purified to retain this intermediary factor (Fig. 2.8). The majority of
SnRK1 activity prepared from Arabidopsis seedling and cauliflower florets through
size fractionation was inhibited by T6P (Fig. 2.8A and C). Despite the low level of
SnRK1 inhibition by T6P in mature leaves, it was the fractions of the same size as
seedling and cauliflower fractions which were slightly inhibited by T6P (Fig. 2.8B).
Addition of intermediary factor from seedling extract to mature leaf SnRK1 increased
the inhibition of mature leaf ShnRK1 by T6P (Zhang et al., 2009). The conclusion from
these experiments is that there appear to be no large qualitative differences in the
nature of T6P-inhibited SnRK1 from seedlings and mature leaves. Instead,
guantitative changes in components such as of intermediary factor account for

differences in susceptibility of inhibition of SnRK1 by T6P.

It has been shown in some preparations of SnRK1 that G6P also inhibits
SnRK1 activity, although far higher concentrations of G6P are required than for T6P
(Toroser et al., 2000; Zhang et al., 2009). SnRK1 fractions that were inhibited by T6P

were also inhibited by G6P and G1P. This inhibition was exclusively detected in
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fractions inhibited by T6P and the peaks of inhibition by all three metabolites
coincided (Fig. 2.9). Using a different peptide substrate, the inhibition levels of T6P,
G1P and G6P changed. T6P inhibits less with SPS petide than with AMARA peptide
but remains the strongest inhibitor; G1P inhibits much less with SPS peptide than
with AMARA peptide whereas G6P has an increased effect (Fig. 2.9 B, D and F).
This suggests that the inhibitors may have different impact in vivo depending on the
substrate being modified. Separation of intermediary factor necessary for T6P
inhibition away from SnRK1 activity by immunoprecipitation of SnRK1 and
subsequent re-assay of resuspended immunoprecipitate removed inhibition by G1P
and G6P (Fig. 2.10) as it did for T6P (Zhang et al., 2009). This shows that G1P, G6P
and T6P inhibit SnRK1 via an intermediary factor that is separable from SnRK1. It is
likely therefore that the SnRK1 complexes inhibited by these metabolites are very
similar, requiring possibly the same intermediary factor. Efforts were made to identify

this factor, results are presented in Chapter llI.

2.4.3. Metabolic regulation of SnRK1 and in vivo relevance

Given the similar structures of T6P and G6P we wished to determine if each
could impart distinct regulation of SnRK1. Having established that inhibition of SnRK1
by T6P, G1P and G6P is intermediary factor dependent we wished to understand if
each was capable of discrete inhibition of SnRK1. G6P inhibited seedling SnRK1
through a hyperbolic mixed type model (Fig. 2.11E) whereas G1P inhibited SnRK1 by
partial non-competitive inhibition (Fig. 2.11C). Kinetic modelling of inhibition of SNRK1
by T6P, G1P and G6P predicts that each provides distinct regulation of ShnRK1 at
discrete sites on the intermediary factor/ SnRK1 complex. Inhibition by T6P and G6P
together was cumulative, and, strikingly, T6P and GI1P inhibited SnRK1
synergistically such that 0.5 mM T6P and 0.5 mM G1P together inhibited SnRK1 to
6.5% of activity compared to 16.5% with 1 mM T6P and 52.7% with 1 mM G1P
separately (Fig. 2.12 and 2.13). We have already concluded that T6P itself confers
significant regulation of SnRK1 in vivo (Zhang et al., 2009).
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This shows that the regulation of SnRK1 by sugar phosphates in plants is
more sophisticated than previously appreciated, perhaps not surprising given the
importance of SnRK1 as a central metabolic regulator affecting plant productivity and
survival. G6P and G1P are formed predominantly in the cytosol from the export of
triose phosphate from chloroplasts in photosynthetic cells and from metabolism of
sucrose and starch in heterotrophic tissues. High carbon supply leads to high
abundance of G1P and G6P (Schluepmann et al., 2003) and mostly T6P (Lunn et al.,
2006; Paul et al., 2010). In combination, particularly T6P and G1P, would inhibit
SnRK1 significantly. Metabolites rarely occur in isolation and hence this latter
scenario more likely reflects conditions in vivo. G1P is the substrate for ADP-glucose
pyrophosphorylase (AGPase), the key enzyme of starch synthesis. T6P has already
been shown to activate starch synthesis through redox activation of chloroplastic
AGPase (Wingler et al., 2000; Kolbe et al., 2005). Further, enzymes of starch
metabolism have been shown to be transcriptionally regulated by SnRK1 (Baena-
Gonzalez et al., 2007; Zhang et al., 2009). In combination, T6P and G1P would inhibit
SnRK1 significantly in response to high carbon supply, for example in tissues
importing sucrose for starch synthesis. It is not known whether the combination of
T6P and G1P inhibits SnRK1 to activate a subset of ShRK1 target genes involved in
starch metabolism. This will require further investigation. But nevertheless it is
possible that inhibition of SNnRK1 by T6P and G1P is a part of a mechanism that
promotes starch synthesis and turnover in a manner proportional to carbon
availability. Inhibition by G6P is quite small but may provide further inhibition of
SnRK1 additional to that of T6P and G1P under high carbon conditions.

In conclusion, we show that the similar glucose-based sugar phosphates,
T6P, G1P and G6P all provide distinct regulation of SnRK1 at separate sites on the
intermediary factor/ SnRK1 complex. Each metabolite provides distinct inhibition of
SnRK1 and there is strong synergistic interaction between T6P and G1P. The data
further support the view that SnRK1 is inhibited under conditions of high carbon

availability.
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2.5. Material and Methods

2.5.1. Biological material

Seeds of Arabidopsis thaliana (L.) ecotype Columbia-0 (Col 0) were weighed
in batches of 2.5 mg and surface-sterilised for 10 min in a 10% sodium hypochlorite
solution with triton x-100 and rinsed twice in sterile water. Each seed batch was
grown in 50 ml half-strength Murashige and Skoog medium (ApolloScientific
PMM524) plus Gamborg’s vitamins (Sigma G1019) and 0.5% sucrose (0.25 g/ 50 ml
medium) in culture flasks (300 ml polystyrene containers, Greiner). After cold
treatment for 2 days in the dark at 4°C they were transferred to the growth room for 7
days at 23°C (16 h light/ 8 h dark) with 130 umol quanta m? s™ irradiance with gentle
shaking (Fig. 2.14). At harvest, seedlings from each pot were weighed and snap-
frozen in liquid nitrogen after gentle blotting to remove excess water. To grow adult
plants on compost, seeds were stratified for 3 days at 4°C in 0.1% (w/v) agar and
pipetted onto Rothamsted Standard Compost Mix (Petersfield Products, Leicester,
UK) and grown under the same conditions of temperature, light and day length in
individual pots. Most recently fully expanded leaves were harvested from plants
before bolting and snap-frozen in liquid nitrogen. Cauliflower was bought fresh from a

local supermarket.

A

Figure 2.14. Arabidopsis thaliana (L.) (ecotype Col-0) growing in culture flasks in the growth
room. (A) Shaker with culture flasks. (B) Seven-day-old seedlings germinated from 2.5 mg seeds in
half-strength MS liquid culture and 0.5% sucrose weighing approximately 1 g. For scaling purposes,
culture flasks have a diameter of 68 mm.
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2.5.2. Preparation of SnRK1 extracts to analyse inhibition by metabolites

SnRK1 crude extracts from Arabidopsis seedlings, leaves and roots and
cauliflower florets were prepared as described previously (Zhang et al., 2009). Total
soluble protein was extracted from 200 mg of tissue ground under liquid nitrogen in a
pestle and mortar in 600 pL of ice-cold homogenization buffer of 100 mM Tricine-
NaOH, pH 8, 25 mM sodium fluoride, 5 mM dithiothreitol, 2 mM tetrasodium
pyrophosphate (or other concentrations - none, 0.25 mM, 1 mM - if indicated), 0.5
mM EDTA, 0.5 mM EGTA, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 1
mM protease inhibitor cocktail (Sigma P9599), phosphatase inhibitors (PhosStop;
Roche) and insoluble polyvinylpyrrolidone to 2% (w/v). Homogenate was centrifuged
at 13,000g at 4°C. Supernatant (1 mL) was desalted in illustra NAP-10 columns (GE
Healthcare) pre-equilibrated with homogenization buffer. Eluent was supplemented
with protease inhibitor cocktail and okadaic acid to 2.5 uM before freezing in liquid

nitrogen.

Previous work demonstrated that inhibition of ShnRK1 by T6P was dependent
on an intermediary factor that could be separated from SnRK1 activity (Zhang et al.,
2009). A short purification scheme was used to retain intermediary factor with ShnRK1
activity minimizing losses of activity and inhibition levels due to excessive handling
already described by Toroser et al. (2000) and empirically observed in this laboratory.
Young tissues like Arabidopsis seedlings and cauliflower florets contain intermediary
factor but intermediary factor is largely absent in Arabidopsis mature leaves (Zhang
et al., 2009). SNnRK1 complexes from these three tissues were compared using S-300
sephacryl size fractionation as a final step. Seedling, leaf and cauliflower material
(400-500 g) was homogenised at 4°C in a blender in 1.5 L buffer A (50 mM tricine, pH
8.0, 50 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM
benzamidine, 0.1 mM phenylmethane sulphonyl fluoride, 0.02% Brij35, 10% glycerol)
with 8 g polyvinylpolypyrrolidone (crude extract). The homogenate was filtered
through three layers of Miracloth (Calbiochem) and then centrifuged at 18,000 x g for
30 min. Ammonium sulphate was added to the supernatant to give a 50% saturated

solution. The suspension was stirred for 20 min and the precipitate was collected by
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centrifugation at 18,000 x g for 30 min. The pellet was gently resuspended in 100 mL
buffer A and dialysed overnight against 2 x 4 L buffer A. After dialysis the sample was
clarified by centrifugation at 28,000 x g for 15 min. Because at 50% ammonium
sulphate concentration most/all proteins precipitate (salting out) this step was used
for concentrating the sample and not for purification purposes.

lon exchange chromatography was used to achieve a certain level of
purification. The sample was mixed gently for 1 h with DEAE-Sepharose (GE
Healthcare) slurry pre-equilibrated in buffer A. lon exchange chromatography relies
on charge-charge interactions between the sample proteins and the charged groups
immobilized on a resin. The binding capacity of the chosen matrix is 100 mg/ml of
14.3 kDa alpha-lactaloumin and ideally, no more than 30% of the total binding
capacity should be loaded. After dialysis, the total protein content of the samples
were 2275 mg for seedlings, 730 mg for mature leaves and 1437 mg for cauliflower
and so the total volumes could be loaded onto 100 ml of matrix. After 1 h of gentle
agitation in the cold the DEAE-sepharose was collected by centrifugation at 2000 rpm
for 4 min and the supernatant removed. The pellet was resuspended in 150 mL buffer
A and collected by gentle centrifugation at 1000 rpm for 4 min. This wash was
repeated twice. The sample was eluted with 50 mL buffer A plus 0.5 M NacCl three
times. The eluates were pooled and ammonium sulphate added to give a 50%
saturated solution. After gentle stirring for 20 min, the precipitate was collected by
centrifugation at 24,000 x g for 20 min and resuspended in 14 mL buffer B (buffer A
adjusted to pH 7.0). At the end of this step the seedlings and cauliflower extracts had
been purified about three times whereas the mature leaves extract had decreased
specific activity. This behaviour of the mature extract was already expected based on

previous observations of the much more fragile nature of this extract.

Sample fractionation was achieved by a subsequent gel filtration step. In gel
filtration the components of a sample are separated according to differences in their
molecular size. The best results for high-resolution fractionation are achieved with
previously partially purified samples in order to eliminate proteins of similar size that

are not of interest. However, the goal here was not to achieve high resolution
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separation, not realistic in a yet too complex sample, but rather, determine the
molecular weight of SnRK1 complexes together with interacting factors such as
Factor I. Comparison between tissues was also desirable as well as some degree of
separation. The fractionation range of the chosen HiPrep 16/60 Sephacryl S-300 HR
column (GEHealthcare) goes from 10 kDa to 1500kDa, covering well SnRK1
complexes sizes (118-165 kDa) plus other potential interacting proteins. The column
was calibrated using thyroglobulin (669 kDa), apoferritin (443 kDa), B-amylase (200
kDa), alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa) and
carbonic anhydrase (29 kDa) (Sigma). The actual samples were filtered through a
0.45-um filter, and 3-mL aliquots were applied to the column equilibrated in buffer B
plus 0.25 M NaCl. Flow rate was set at 0.5 ml min™ as indicated by the manufacturer.
The collected 1 mL fractions were desalted using Sephadex G-25 NAP10 columns
(GE Healthcare) pre-equilibrated with buffer B. Eluent was supplemented with
protease inhibitor cocktail and okadaic acid to 2.5 uM and assayed for SnRK1 activity
and inhibition by 1 mM T6P, G1P and G6P.

2.5.3. Protein quantification

Protein concentrations were determined by measuring the fractions OD600
on a spectrophotometer and by comparing it to a standard curve produced from a
range of bovine serum albumin (BSA) protein samples (5 pg ml™ up to 25 pg ml™).
300 pl of Bradford’s reagent (100 mg I Coomassie Blue G250, 5% (v/v) ethanol,
10% (v/v) ortho-phosphoric acid) was added to up to 25 pl of each sample (usualy 3

Ml plus 22 ul buffer) and the protein concentration determined.

2.5.4. SNRK1 activity assays

SnRK1 activity was determined as described by Zhang et al. (2009)
following adaptation from Barker et al. (1996). Assays were conducted at 30°C in a
final volume of 25 pl in microtitre plate wells. Assay medium was 40 mM HEPES-
NaOH, pH 7.5, 5 mM MgCl,, 200 uM ATP (or other concentrations as indicated)

103



Chapter I

containing 12.5 kBq [y-33P]JATP (PerkinElmer), 5 mM dithiothreitol, 1 uM okadaic
acid, 1 mM protease inhibitor cocktail (Sigma P9599) and 200 uM AMARA peptide
(AMARAASAAALARRR) (Enzo Life Sciences, UK, Ltd). AMARA peptide is a
synthetic substrate for SnRK1 in which the minimal recognition motif for
phosphorylation was retained (¢-x-basic-2x-S-3x-@, where ¢ is a hydrophobic
residue) (Weekes et al., 1993; Halford et al., 2003). Where indicated, AMARA peptide
was substituted by sucrose-phosphate synthase peptide (SPS),
RDHMPRIRSEMQIWSED (Baena-Gonzalez et al., 2007). Assays were started with 5
uL extract and stopped after 6 min by transferring 15 pL to 4-cm? squares of
Whatman P81 phosphocellulose paper immersed immediately in 1% phosphoric acid.
The basic amino acid residues of the phosphorylated peptide substrates assure
adhesion to the phosphocellulose paper through posterior steps. These were then
washed with four 800-ml volumes of 1% phosphoric acid, immersed in acetone for 15
min, air-dried and transferred to vials with 3.5 ml of scintillation cocktail (Ultima Gold
Cocktail, Perkin Elmer). Readings were taken over nigh in a liquid scintillation counter
(Packard Tri-Carb 2100; Perkin Elmer, Waltham, MA, USA). Figure 2.15 illustrates

this protocol.

Assays were performed with 1 mM of each metabolite unless otherwise
stated and compared to assays performed without metabolite. For the nucleotides
kinetic analysis it was used 0, 50, 100, 200 or 500 uM of either ADP, UTP, ADPG or
ADPGal at each ATP concentrations of 60, 100, 200 and 500 uM. For the kinetic
analysis of T6P, concentrations of 0, 5, 150 and 1000 uM of the metabolite at each
referred ATP concentration were used. For the kinetic analysis of G1P the
concentrations used were 0, 100, 500 and 1000 uM whereas for G6P 0, 250, 500 and
1000 uM were used at each ATP concentration. For the combined kinetic assays,
each of these metabolites (T6P, G1P and G6P) were assayed combined at each
indicated concentration at 200 uM ATP. Extracts containing SnRK1 were assayed for
a normal assay period of 6 min unless otherwise stated as in the case of time-
dependent studies where time intervals of up to 6 min following addition of R5P,
Ru5P, UDPG and UDPGal were used

104



Inhibition of SNnRK1 by Metabolites

20 SnRK1 Extract
AN Ve
Buffer Spl .'; o
(protective agents) \ | //" ~—
N v T 15_“' Phosphocellulose paper
Peptide /& S
AMARA__RRR ®
- AMARA ATP
amark2 e ' c@-, > “reR
MEgCl, + ATP + (33P) ATP ® 7
AMARAT RRR Time control (BP)ATP  amara®
RRR
200 uM AT AMARA,
125 KBq 33P RAR
200 LM AMARA
40 mM HEPES pH 7.5
Washed
(1% orthophosphoric acid) Unwashed
aara® amara® ATP
RRR RRR
AmarA (B CPPIATP AMARA D)
RRR RRR
AMARA N AMARA\
RRR RRR
Scintillation Counter (
Counts = Counts=
Phosphorylated AMARA Maximum radioactivity

SnRK1 activity
(nmolphosphate incorporated
into AMARA . min)

Figure 2.15. Schematic representation of the SnRK1 activity assays. The reaction takes place at
30°C in a final volume of 25 ul containing 20 ul of assay buffer with known amount of radio-labeled ATP
and peptide AMARA. The reaction is initiated by adding 5 pl of extract and stopped, in a time-controlled
manner, by transferring 15 pl of reaction mixture to 4-cm? squares of Whatman P81 phosphocellulose
paper. The positively charged C-terminus of the AMARA peptide binds to the cation exchanger paper,
which is immersed immediately in 1% phosphoric acid. These are then washed in 1% phosphoric acid,
immersed in acetone and air-dried before radioactivity is measured. At least six squares with 15 pl of
reaction mixture are not washed for estimation of maximum radioactivity. SnRK1 activity is then

calculated as nmol phosphate incorporated into AMARA peptide per min.

2.5.5. Monitoring the stability of T6P, G1P and G6P during the SnRK1

assays
2.5.5.1. Reaction procedure for purified SnRK1 extracts
Plant extract was stored at -80 °C and allowed to thaw on ice and used

immediately. Reactions were performed with 0.5 ul of carbohydrate solution (50 mM)
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and 4.5 ul of plant extract. Reactions were further diluted with 20 ul of 0.04 M
HEPES, 5.0 mM MgCl,, 4.0 mM dithiothreitol (DTT) and 0.2 mM ATP at pH 7.5. The
reaction mixtures were incubated at 30°C for 10 minutes (min) and then quenched by
heating to 95°C for 2 min. Negative mode LC-MS analysis was conducted directly on
this solution (10 ul injection). The remaining sample was dissolved in pyridine (100 ul)
and acetic anhydride (100 pul). The reaction mixtures were gently shaken at room
temperature for 15 h after which the reaction was quenched with methanol (100 pl).
The solvents were removed under reduced pressure and the crude samples

dissolved in methanol (10 pl) and analysed by C;5 LC-MS (10 pl injection).

2.5.5.2. LC-MS negative mode

Samples were analysed through a Waters Spherisorb strong anion
exchange column (250 x 4.6 mm, 5 um). A gradient was applied from water (pH 7) to
water + 10% formic acid (pH 2) over 30 min at a flow rate of 1.0 ml/min. Eluants were
detected using a Waters Micromass ESI mass spectrometer in negative mode. The

mass spectrometer was calibrated against the NaF cluster ion series.

2.5.5.3. LC-MS positive mode

Samples were analysed through a Phenomenex Synergi Hydro Cig column
(150 x 4.6 mm, 4 ym). A gradient was applied from water + 0.1% formic acid to
acetonitrile + 0.1% formic acid over 30 min at a flow rate of 1.0 ml/min. Eluants were
detected using a Waters Micromass ESI mass spectrometer in positive mode. The

mass spectrometer was calibrated against the Myoglobin ion series.

2.5.5.4. 3P NMR analysis

For NMR experiments, the reactions were scaled up 100 fold. The reaction
mixtures were incubated at 30°C for 10 min. The reaction mixtures were quenched by

heating to 95°C for 2 min and centrifuged at 3000g for 10 seconds to remove
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denatured protein debris. The supernatant was lyophilized and subsequently
dissolved in 400 pul of water. Fifty microliters of D,O was added as a deuterium lock.
3P were referenced to PO(OMe); (& = 3.16 ppm), which was added as an internal
standard.

2.5.6. Antibodies and immunoprecipitation

Antisera to the peptide sequence RASSGYLGAEFQETM of AKIN10
(Crawford et al.,, 2001) and to the peptide sequence TDSGSNPMRTPEAGC of
AKIN11 (Zhang et al., 2009) were raised in rabbits and affinity purified by Eurogentec
Ltd, Seraing, Belgium. To immunoprecipitate SnRK1 complexes, 50 mL Dynabeads
Protein A (Invitrogen) pre-equilibrated with imunoprecipitation buffer (same as protein
extraction buffer) was incubated with rotation at 4°C for 30 min with 10 mg of AKIN10
and AKIN11 antibodies diluted in 200 mL 40 mM HEPES-NaOH, pH 7.5 to a final
concentration of 0.06 mg/mL each. After washing the beads three times with
immunoprecipitation buffer and completely removing the supernatant, 100 mL of
SnRK1 extract was incubated with the beads under the same conditions. The
supernatant was separated from the pellet through magnetic force. The Dynabeads-
antibody-antigen complexes were washed three times with 200 mL
immunoprecipitation buffer containing 4 mM DTT and 100 mM NaCl. The clean pellet
was resuspended in 100 mL of the same buffer. Both supernatant and pellet were

shap-frozen in liquid nitrogen and stored at -80 °C.

2.5.7. Kinetic modelling

Modelling of inhibition kinetics of T6P, G1P and G6P was carried out using
fraction 64 from partially-purified seedling SnRK1. Enzyme activity data were fitted to
defined models of inhibitor action (Segel, 1993). Non-linear enzyme kinetics models
appropriate for assays performed with either one or two inhibitors were investigated
for their suitability to describe the observed systems. These models were fitted using

non-linear least squares regression to estimate parameters along with standard
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errors. The GenStat (2009, 12th edition, VSN International Ltd., Hemel Hempstead,
UK) statistical system was used for this analysis. For each assay, nested models
were compared based on residual variance, using the F-test, to find the best model
for the data. The best-fit models for individual inhibitors are as presented in Table 2.5.

and for combinations of inhibitors are as in Table 2.6.

Table 2.5. Best-fit models and statistical parameters for ShRK1 inhibition by T6P, G1P and G6P.

Inhibitor Peptide Model Formula RSS df R’

TeP  AMARA  Fartial non- 0.0000868 36 97.9
Competltlve
e (860

TeP  sps SR vl gy 0.0000210 36 97.5

p (1+FS+FI+KSKI)

GIP AMARA Fartial non- 0.0000960 36 97.5

Competltlve

mixed-type S L
typ L+ e+ 4 akok

s BSI
; =+
GeP  sps  Hyperbolic v=Vmax{( (§S ‘;‘KSK')S, )} 0.0000292 34 97.2

Table 2.6. Best-fit models and statistical parameters for SnRK1 inhibition by
combinations of T6P, G1P and G6P.

Inhibitor Model Peptide RSS df R?

T6P Partial non-
+ competitive AMARA 0.000168 45 93.6
G1P Synergistic

T6P Partial non-
+ competitive AMARA 0.0000131 27 99.4
G6P Cumulative

G1P Partial non-
+ competitive AMARA 0.0000834 28 92.9
G6P Cumulative

The formula of the best-fit model for T6P + G6P and G1P + G6P (Partial

Non-competitive inhibitors - cumulative) is:
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S | xS ySJ xySI]
~ (&*&&*&&*&&&)
V= Vnax ( S T, 7], S5 5 . 0 . 3] )

gt 8 T Y RK T RK T RE TR

And the formula for the best-fit model of T6P + G1P (Partial Non-competitive
inhibitors — synergy) is:

S | xS ySJ] zS1]
~ (&*&&*&&+&&&)
v = Vnax ( S T, 7], S 5 [ . 3] )

I+t 8 T YK T RE T RE TREEK
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3.1. Abstract

Sucrose non-fermenting-1-related protein kinase 1 (SnRK1) is an
evolutionary conserved metabolic regulator. It is constituted by three different main
subunits and additional interacting proteins seem to add to its complexity. The sugar
signal trehalose 6-phosphate (T6P) inhibits SnRK1 in vitro through a separable
interacting protein (Factor I). The importance of this inhibition was confirmed in vivo,
with direct effects in gene expression, making the identity of this interacting protein a
desired goal. Here, different approaches were explored to pave the way for that
identification. SNRK1 activity assays were used to study binding strength and speed
of interaction. Different chromatographic and immunological methods were followed
in an attempt to isolate and identify the molecule. Arabidopsis mutants for several
TPS genes, possible candidates as intermediate factors, were analysed. Results
indicate that none of the tested T6P synthases (TPS) was the factor, however,
redundancy between proteins cannot be ruled out. Mutants that grow on trehalose
were also analysed, this phenotype could be due to absence of the intermediate
factor yet, SnRK1 from all the mutants was inhibited by T6P. The (co)purification and
separation by size of ShRK1 and T6P inhibition allowed the characterization of the
inhibited SNRK1 complex by northern-blot. None of the main SnRK1 subunits
appears to mediate SnRK1 inhibition by T6P. Western blots for the phosphorylated
threonine 172 show no altered phosphorylation level upon inhibition. Attempts to co-
immunoprecipitate SnRK1 complexes and factor further resolved by electrophoresis
originated three protein identifications that potentially interact with SnRK1. Future
work could clarify their involvement in T6P inhibition of SnRK1. This work gives
further insights into SnRK1 complex composition and presents evidence for the

transient and weak interaction between SnRK1 and interacting Factor |.

3.2. Introduction

In common with all organisms except vertebrates, plants synthesise the non-
reducing disaccharide trehalose. Its precursor, T6P is synthesised by TPS1 (Cabib
and Leloir, 1958), the only TPS shown to have T6P synthase activity in Arabidopsis

(Blazquez et al., 1998) and which deletion mutants are embryo-lethal (Eastmond et
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al., 2002). The activity of the remaining 10 TPS Arabidopsis genes is still unknown
(Leyman et al., 2001; Avonce et al., 2006; Ramon et al., 2009; Vandesteene et al.,
2010) nonetheless the expression of most of them is highly regulated. The 10
Arabidopsis T6P phosphatases (TPP) seem to be active (Vogel et al., 1998;
Vandesteene, 2012). Due to this genetic profusion, to the fact that it is synthesised
from G6P and UDPG both central molecules to primary metabolism and the
involvement in biosynthetic and growth processes regulation, T6P is now recognised
as a signal of the cellular energy status (Paul et al., 2008). It has, in fact, been shown
to directly correlate with sucrose levels both upon sugar feeding (Lunn et al., 2006) or
natural physiological variation (Martinez-Barajas et al., 2011). Most importantly, it
was shown that T6P inhibits SnRK1 from young tissues at physiological
concentrations (1-100 uM) through a separable intermediate protein, Factor | (Zhang
et al., 2009). An association that provided a basis for understanding some of the
effects of altered T6P levels. In vivo evidence of SnRK1 inhibition by T6P comes from

the inverse correlation of SNRK1 marker genes and T6P levels (Zhang et al., 2009).

The role of the AMPK/SNF1/SnRK1 PKs is to regulate transcription,
metabolism and therefore development, in accordance to the available energy in the
cell (Hardie, 2007). The complexes require an a catalytic subunit and two regulatory
subunits, B and y that contribute to protein stability, substrate specificity and
subcellular localization. Due to the variable number of isoforms for each subunit
possible combinations vary significantly between organisms. However, the exact
number of possibilities is still uncertain due to differential expression, alternative
splicing and alternative transcription initiation. Their better characterized activation
system is through phosphorylation of a conserved threonine residue located in the
activation loop of the kinase domain (Sugden et al.; 1999a). There are known
upstream kinases two of them in plants (Shen and Hanley- Bowdoin, 2006; Hey et al.,
2007) and downstream phosphatases were recently identified (Rodrigues et al.,
2013). Other regulatory processes include allosteric regulation, and several post-

translational processes.
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Sizes of SNRK1 heterotrimeric complexes are thought to range from around
118 kDa to 165 kDa, but could be far more than this while interacting with other
regulatory proteins. One such interacting protein is the one required for the inhibition
of SnRK1 by T6P (Zhang et al., 2009) whose identity was sought in this work. The
experiments show that intermediate Factor | bind weakly and transiently to SnRK1.
Three proteins that potentially interact with SnRK1 were isolated and identified. The
involvement of these proteins in T6P inhibition of SNRK1 is not apparent however,
further investigation may elucidate if there is a real association between these

proteins and SnRK1.

3.3. Results

3.3.1. Screening TPS gene family mutants for the potential SnRK1
inhibition intermediate Factor |

SnRK1 inhibition by T6P changes during Arabidopsis development. Zhang et
al. (2009) have shown how the inhibition drops progressively from a young seedling
to a fully developed leaf. In the same publication they have shown that SnRK1
inhibition by T6P is mediated by a separable factor whose identity has been sought in
the present study. One possibility was that one of the TPS proteins could be that
factor. At present most of TPS-like proteins have no known function but potentially
have affinity for T6P. Their gene expression patterns are highly regulated changing
during development, under different environmental condition and across different
tissues (Wang et al., 2003; Contento et al., 2004; Usadel et al., 2008; Ramon et al.,
2009). To test this hypothesis we have looked at the expression levels of the TPS
gene family during Arabidopsis development. Even though expression levels do not
correlate with protein levels it could be possible to find a TPS gene with expression
levels overlapping those observed previously for SnRK1 inhibition by T6P (Zhang et
al., 2009): high expression levels from seed germination to young rosette, then a
decrease in fully developed rosettes and very low expression or none during

senescence. This pattern was however not observed for any of the TPS genes (Fig.
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3.1A). Available Arabidopsis TPS knock outs were still tested for T6P inhibition of
SnRK1 (Fig. 3.1B and C) as other reasons such as post-transcriptional modifications
or changes in SnRK1 affinities could account for the observed temporal pattern in
T6P inhibition of SNnRK1.
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Figure 3.1. Screening the TPS gene family for the potential SnRK1 inhibition intermediate Factor
I. (A) Relative expression levels of TPS-like genes during Arabidopsis development as designed by
Genevestigator software. Stages of development are: germinated seed, seedling, young rosette,
developed rosette, bolting, young flower, developed flower, flowers and siliques, mature siliques and
senescence. Data was obtained using the microarray database Meta-Analyzer provided by
Genevestigator (Zimmermann et al.,, 2004) and it is presented as percentage of expression potential
from low in white to high in dark blue. (B) Inhibition of SnRK1 activity by 1 mM T6P in several
Arabidopsis TPS mutants. Assays performed on crude extract of Arabidopsis knock outs for TPS8, two
lines of TPSY9, TPS10 and TPS11. Mutants and wt Landsberg erecta activity with no inhibitor compared
to wt ecotype Col-0. Inhibition expressed as a percentage compared to each with no metabolite. Assays
performed in duplicate, standard deviation shown. (C) Inhibition of ShRK1 activity by 1 mM T6P in crude
extracts of 16-day-old Arabidopsis tps1l dexamethasone (DEX)-inducible otsA transgenic line. (D) 3 and
16-day-old WT and Arabidopsis tpsl DEX-inducible otsA transgenic line seedlings grown on 0.5x MS
medium with 3% Suc (3 and 16-day old pictures at the same scale).

The available mutants for TPS8, TPS9, TPS10 and TPS11 were developed
from the ecotype Landsberg erecta (Ler) and did not show any differences in
phenotype from the WT. SnRK1 assays showed that despite SnRK1 activity was not
the same for every mutant, T6P inhibition was very consistent decreasing SnRK1
activity to about 20% in all tested lines (Fig. 3.1B). TPS1 was an especially strong
candidate for the role of intermediary factor of SnRK1 inhibition by T6P, not only
because the knockout is embryo-lethal but because it has been shown that its
expression pattern is highest in sink tissues of high energy demand consistent with
the need for higher SnRK1 inhibition by T6P, decreasing with leaf age (Vandesteen
et al., 2010). However, SnRK1 extracts from tpsl mutants (DEX-rescued by otsA
expression during embryo development) showed normal levels of ShnRK1 activity (3.8
nmol min® mg™) and inhibition by T6P to around 30% (Fig. 3.1C), despite the
impaired development (Fig. 3.1D)
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3.3.2 Screening trehalose-insensitive mutants for the potential ShnRK1

inhibition intermediate Factor |

Arabidopsis WT seedlings grown on 100 mM trehalose accumulate T6P
(Schluepmann et al., 2004) and that accumulation was recently associated to the
observed growth arrest in trehalose medium (Delatte et al., 2011). A possibility was
that Arabidopsis mutants insensitive to this growth arrest in trehalose could lack the
intermediate Factor |. Extracts were prepared from the available mutants and tested
for T6P inhibition (Fig. 3.2). SnRK1 activities were quite variable; x-1 mutants
exhibited significantly higher activity than WT whereas the activities of 19.3 Il and
23.1 Il were significantly lower. Considering the percentage of inhibition by T6P, only
the 19.3 Il mutants were significantly different from the WT seedlings with an

inhibition level of only 25%.
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Figure 3.2. Screening of Arabidopsis mutants selected for their insensitive phenotype to
trehalose growth-inhibition for the potential lack of Factor I. Inhibition of ShRK1 activity by 1 mM
T6P in crude extracts of trehalose-insensitive Arabidopsis mutants. Assays performed in duplicate on 3
biological replicates, standard deviation shown.
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3.3.3. Further purification of SnRK1 extracts by ATP-agarose

Size-separated fractions 62 and 71 from semi-purified seedlings SnRK1
extracts (see Chapter Il for details) were applied to ATP-Sepharose columns. About
75 to 85% of all kinase activity bound to the columns. After gentle washing, elution
was attempted several times with increasing ATP concentrations. Interestingly the
unbound SnRK1 activity was no longer inhibited by T6P and no SnRK1 activity was
ever released from the columns matrices (Fig. 3.3A and B). Davies et al. (1994) were
able to purify AMPK proteins using this method with a yield of 50% and suggested
that the 50% loss was a consequence of dephosphorylation during the procedure.
Even though all care was taken to avoid dephosphorylation, western blots for AKIN10
were performed to rule out this possibility and to prove the actual absence of the
catalytic subunits in washes and eluates (Fig. 3.3C and D). This experiment posed
yet another possibility; the intermediate factor could have been released during the
elution step. The easiest way to test this was to add directly the eluate to a non-
inhibited fraction (to which inhibition can be induced, see Fig. 3.5) or to the actual
supernatant not bound to the column. Adding eluate to both a non-inhibited fraction or
to the ATP-unbound supernatant did not induce T6P inhibition of ShnRK1 (Fig. 3.3E)
indicating that the intermediary factor could have also been retained in the ATP-

column.
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Figure 3.3. Effects of SnRK1 purification by ATP-Sepharose. SnRK1 activity and inhibition by 1 mM
T6P in protein mixtures separated by different ATP-sepharose matrices (AP- EDA- 6AH — 8AH-; see
Material and Methods for details) from seedlings fractions (A) 62 and (B) 71. Western blots for AKIN10
subunit on the obtained washes and eluates from fractions (C) 62 and (D) 71. (E) SnRK1 activity and
inhibition by 1 mM T6P of AP-ATP-sepharose eluate added-back to non-inhibited protein fraction 74 and

AP-ATP-sepharose supernatant. Results are representative of 3 independent experiments.
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3.3.4. Assessing the composition of the SnRK1 complexes inhibited by
T6P

The expression levels of the SnRK1 complex subunits genes seem to be
highly regulated changing during development, under different environmental
conditions and across different tissues (Bouly et al. 1999; Buitink et al., 2003). To
determine whether a particular subunit is associated with T6P inhibition, the
expression pattern of the SnRK1 complex subunits during Arabidopsis development
was assessed and depicted in Fig. 3.4A. None of the subunits presents an
expression pattern that overlaps with that of SnRK1 inhibition by T6P (Zhang et al.,
2009). As previously stated, would be expected high expression levels from seed
germination to young rosette, declining from there to fully developed rosettes and
disappearing during senescence. However, the various post-transcriptional
modifications of SnRK1 subunits, like phosphorylation (Sugden et al., 1999a),
myristoylation (Pierre et al., 2007) and ubiquitination (Lee et al. 2008) could underlie

the observed temporal pattern in T6P inhibition of SnRK1.

A different approach to characterize the SnRK1 complex inhibited by T6P
was to define the distribution of the different subunits in the protein fractions obtained
previously by size-separation (see Chapter II). This was achieved by western blot
both in Arabidopsis seedlings and mature leaves (Fig. 3.4B and C). The western blots
show that the distribution of some subunits shifted between seedlings and mature
leaves protein profiles but overall there were no large qualitative differences in
SnRK1 complexes in the two tissues. AKIN10 is present throughout the seedlings
protein fractions and absent from mature leaf profile, a result that could be due to
very low levels of AKIN10 in the mature leaves extract, predicted by the tenfold lower
SnRK1 activities. Note also that SnRK1 activity assays have a much higher sensitivity
than the western blot technique. AKIN11 and By subunits have the same distribution
in seedlings and mature leaves profiles (first fractions). Both 1 and B3 are more
abundant in the first fractions of the seedlings profile, and shift towards later fractions
in the mature profile. B1 and especially B3 could be fractions necessary for SnRK1

inhibition by T6P, they span the range of inhibited fractions in the seedlings profile.
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Figure 3.4. Screening the SnRK1 subunits for the potential SnRK1 inhibition intermediate Factor
I. (A) Relative expression levels of SnRK1 subunits genes during Arabidopsis development as designed
by Genevestigator software. Stages of development are: germinated seed, seedling, young rosette,
developed rosette, bolting, young flower, developed flower, flowers and siliques, mature siliques and
senescence. Data were obtained using the microarray database Meta-Analyzer provided by
Genevestigator (Zimmermann et al.,, 2004) and it is presented as percentage of expression potential
from low in white to high in dark blue. (B) Arabidopsis seedlings and (C) Arabidopsis mature leaves
SnRK1 activity assayed with 1 mM T6P compared to no T6P (bars and left axis) and western blots for
subunits of the SnRK1 complex; the dotted line indicates mature SnRK1 specific activity percentage in
relation to seedling SnRK1 specific activity (right axis). SnRK1 subunit predicted sizes are presented
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between brackets and asterisks denote subunits with shifts in band size: AKINB2 band was at 25 kDa
and AKINB3 band was of 17 kDa.

Another raised question was if the size predicted for the fraction of highest
inhibition corresponded to the size of the SnRK1 complex and the size of the
intermediate factor on their own, about 174 kDa each or if both ran the column
attached as a complex, making the intermediate factor 174 minus the size of the
SnRK1 complex. In this last case the intermediate factor would be a small protein of
10 to 55 kDa, depending of the SnRK1 complex size that theoretically can range from
118-165 kDa. To shed some light into this question seedlings fraction 62 with low
activity and inhibited by 70% was added to seedlings fraction 72, with SnRK1 activity
3 times higher and only inhibited by 25% (Fig. 3.3). The resulting mixture was high in
SnRK1 activity and was inhibited also by 70%.

0.04

0.03 ~

0.02 1

0.01 ~

SnRK1 activity (nmol min‘ﬂ)

0.00

Seedlings Seedlings Seedlings
fraction 62  fraction 72 fraction 62 +
fraction 72

Figure 3.5. SnRK1 activity inhibition by T6P of fractions 62, 72 and a combination of both from
the seedlings protein profile. Data are means of three technical replicates, standard deviation shown.
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3.3.5. Characterization of SnRK1 inhibition by T6P

To tackle the problem from a different angle, the nature of the interaction of
SnRK1 and interacting factor had to be first further characterized in order to facilitate
future attempts of identification. To do so, the interaction effects and time progression
of the inhibition were evaluated. Even though processes of (de)phosphorylation were
unlikely to be responsible for T6P (and G1P and G6P) inhibition of SnRK1, the
phosphorylation status of the SnRK1 catalytic subunit was assessed in the presence
of each inhibitor (Fig. 3.6A). As expected, the inhibition process did not change the
phosphorylation level of the threonine-175 from the activation loop of the catalytic
subunit. A very important realization was that T6P inhibition of ShnRK1 increased in
the first seconds of reaction (Fig. 3.6B) showing that interaction between SnRK1 and
intermediate Factor | happens (at least) during that short period of time. Also, as
expected, the ionic strength of the reaction mixture affects inhibition, and by 0.5 M
NaCl T6P inhibition of SnRK1 is completely abolished (Fig. 3.6C).
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Figure 3.6. Characterization of SnRK1 inhibition by T6P. (A) SnRK1 activities without and with 1 mM
T6P, G1P and G6P in fraction 64 from size fractionation of Arabidopsis seedlings protein extracts and
corresponding western blot for the phosphorylated threonine of the catalytic subunits. (B) SnRK1
activities without and with 1 mM T6P in fraction 68 from size fractionation of cauliflower florets protein
extracts at different assay times ranging from 10 seconds to 300 seconds. The dotted line reflects the
SnRK1 activity linearity over time, the dashed line reflects the linear SnRK1 inhibited activity when
incubated with T6P prior to the activity assay and the solid line shows how SnRK1 inhibition by T6P
increases along the first 60 seconds of reaction when T6P is not pre-incubated with extract prior to the
assay. (C) % of SnRK1 activity with 1 mM T6P assayed at different NaCl concentrations.

3.3.6 Co-immunoprecipitation of SnRK1 and intermediate Factor |

Co-immunoprecipitation of SnRK1 and intermediate factor was the chosen

approach to attempt to isolate and identify the elusive protein. An antibody for the By
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subunit proved to be very efficient for immunoprecipitation, bringing down more than
80% of total SnRK1 activity from Arabidopsis extracts. So far, immunoprecipitation
experiments did not co-immunoprecipitate the intermediate Factor | (Zhang et al.,
2009). Co-immunoprecipitation did not occur even in the presence of T6P, which
suggested a transient or loose/weak interaction between SnRK1 and intermediate
factor. Bearing in mind this assumption, the immunoprecipitation procedure should be
as quick and gentle as possible to avoid proteins separation. This was attempted and
resulted in some degree of SnRK1 inhibition by T6P in the pellet (Fig. 3.7).
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Figure 3.7. SnRK1 activities without inhibitor and with 1 mM T6P in Arabidopsis seedlings protein
extracts after immunoprecipitation with and without T6P followed by no wash or vigorous wash.
Experiment performed 3 times with identical results, data from one representative experiment. Means of
3 technical replicates + standard deviation.

Without perturbing the pellet with washes and without T6P during
immunoprecipitation the By antibody precipitates 84% of total SnRK1 activity, which
was inhibited 30% by T6P. The amount of ShnRK1 activity in the pellet decreases to

50% after 3 washes and T6P inhibition disappears. In the presence of T6P during
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immunoprecipitation, the unwashed pellet has 66% of SnRK1 activity that correspond
to already inhibited SnRK1. After 3 washes that pellet has 30% less SnRK1 activity.
Supernatants obtained after immunoprecipitation without T6P had about 3 pmol.min™
of SnRK1 activity which (without washes) sums up with pellet 18 pmol.min™ activity to
100% (21 pmol min™) of control activity. After 3 washes supernatant and pellet add
up to 12 pmol min™, only 55% of control activity. Vigorous washing led, therefore, to
45% loss of SnRK1 activity and complete loss of inhibition by T6P. The
immunoprecipitation experiment performed in the presence of T6P has SnRK1
activity already inhibited in the assay without extra T6P, but its activity can be
extrapolated to the value of the equivalent experiment performed without T6P during

immunoprecipitation.

These results suggest that immunoprecipitated SnRK1 either in the
presence or absence of T6P, not disturbed by washes, should have retained a certain
level of intermediary factor. On the contrary, well washed pellets, should have lost the
intermediary factor during the first washes. Given these assumptions, band
differences in denaturing SDS gels could translate into potential candidates of
intermediate  Factor I. Electrophoresis of protein pellets obtained by
immunoprecipitation with By-antibody presented an elevated number of bands (Fig.
3.8A). Protein separation of the antibody solution only showed two bands
corresponding to the light and heavy chains of the antibody. This indicates a high
level of unspecific binding either to the antibody or the used beads. Despite the
elevated number of protein bands, three were consistently present in non-washed
pellets and absent in washed pellets (Fig. 3.8A). From top to bottom, band 1, the one
most difficult to isolate, was a distinctive very thin dark line, band 2 was clearly the
bottom darker line of a doublet and band 3 was also very well isolated at a top of a
doublet. These bands were also very clear in the pellet washes (Fig. 3.9). To further
confirm these bands interest, the gel from the semi-purification profile (for details see
Chapter Il) was also analysed (Fig.3.8B). Band 1 was not identifiable in the profile gel
but bands 2 and 3 were clearly present and seemed to fluctuate with the T6P

inhibition pattern.
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Figure 3.8. Immunoprecipitated and size fractionated proteins separated by electrophoresis in 4-
12 % polyacrylamide gels. (A) Silver stained proteins immunoprecipitated by By-subunit antibody; M,
denotes protein marker and separates different gel runs, band sizes are presented in kDa on the left; By-
antibody solution was run to indicate antibody subunits sizes, immunoprecipitation was performed either
in the presence or absence of T6P (+T6P or —T6P respectively) and the pellets were either not washed,
washed or washed with 1 M NaCl solution (-wash, +wash or +salt wash respectively). (B) Brilliant Blue
G-Colloidal stained proteins fractionated by gel-filtration. M, denotes protein marker, band sizes are
presented in kDa on the left; lanes are identified by fraction number and corresponding level of inhibition

by T6P. Protein bands absent from washed pellets were considered proteins of interest.

Considering the assumptions above, the three bands of interest should be
released during the pellets washes and possibly even enriched. The first and second
washes of the pellets were also run in SDS-polyacrylamide gels (Fig. 3.9). The three
bands were easily recognized: number 1 is a very thin and dark one positioned in a
group of three similar bands, band number 2 has strong intensity and is the lowest of
an easily identified doublet, band number 3 is also strong in intensity and it is the

heaviest of another doublet.
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Figure 3.9. Silver stained proteins released during washes of By-subunit antibody
immunoprecipitated pellets separated by electrophoresis in 4-12% polyacrylamide gels. M,
denotes protein marker and separates different gel runs, band sizes are presented in kDa on the left;
immunoprecipitation was performed either in the presence or absence of T6P (+T6P or -T6P
respectively), pellet washes 1 and 2 are presented with proteins of interest highlighted and numbered 1,
2and 3.

The three bands were excised from the SDS-PAGE and treated for mass
spectrometry analysis. The 3 protein bands were identified (Table 3.1). Band 1
encodes a translation elongation factor 2-like protein of 665 amino acids and 74 kDa,
involved in cold-induced translation. Mutants in this gene have their low temperature-
induced transcription of cold-responsive genes blocked, fail to acclimate to cold and
are freezing sensitive (Guo et al., 2002). Band 2 is a Cobalamin-independent
methionine synthase (MetE) of 765 amino acids and 84 kDa. These enzymes

catalyze the transfer of a methyl group from methyltetrahydrofolate to L-
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homocysteine without using an intermediate methyl carrier to form methionine
(Taurog and Matthews, 2006). Band 3 is an unknown protein of 741 amino acids and
estimated molecular weight of 80 kDa. It possesses 3 recognizable domains, a
thiamine pyrophosphate-binding module, a pyrimidine (PYR) binding domain and a
C-terminal domain of transketolase which has been proposed as a regulatory
molecule binding site.

Table 3.1. Protein identification from gel bands 1, 2 and 3.

Gel o Accession number/ # peptides
band Identification _ matched
Protein score (MS/MS)
putative elongation factor ) 1
1 _ _ _ 0i|23397287/152
[Arabidopsis thaliana]
cobalamin-independent 5
2 methionine synthase gi[47600741/653
[Arabidopsis thaliana]
Unknown protein ) 1
3 0i|28058762/183

[Arabidopsis thaliana]

Identification scores obtained with the algorithm MOWSE in combined search mode (MS+MS/MS data).
Protein identification was only accepted when significant protein homology scores were obtained
(p<0.05). Data base: NCBI (minimum score >84). Search criteria: 2 missed-cleavages, peptide tolerance
50ppm, 0.3Da fragment mass tolerance, variable modifications Cys-carbamidomethylation; Met-
oxidation; N-pyro-glu; and at least 1 peptide fragmented (p<0.05).

3.4. Discussion

SnRK1, a central metabolite sensor that maintains plant cellular
homeostasis (Hardie, 2007; Polge and Thomas, 2007) was shown to be inhibited by
the regulatory sugar T6P (Zhang et al., 2009; Debast et al., 2011; Delatte et al., 2011,
Martinez-Barajas et al., 2011) through an intermediary protein (Factor I) (Zhang et al.,
2009) which identity is still elusive. In this study we used several available resources

to identify that intermediary Factor I. Despite the fact that a definite identification was
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not achieved, we managed to pave the way to ease future attempts and identified
potential additional interacting players of the SnRK1/T6P signaling pathway.

3.4.1. Screening of available mutants

TPS1 synthesises T6P and associates functions as a regulatory protein
(Vandesteene et al., 2010). As previously stated Arabidopsis thaliana has 10 more
TPS-like genes without recognised activity but whose expression patterns are highly
regulated. These observations together with a potential affinity for T6P raised the
possibility that one of these TPS proteins could be Factor I. In this experiment we
looked at SnRK1 inhibition by T6P of several TPS mutants available at that time.
Looking at TPS expression levels throughout Arabidopsis development (Fig. 3.1A)
there was no indication of a particular gene with overlapping expression with that of
SnRK1 inhibition by T6P, higher in young/sink tissues and lower in old/source
tissues. But because protein levels can differ dramatically from those of gene
expression, analysing each null mutant and combinations is still of interest. Mutants
tps8, tps 9, tps 10 and tpsll, with higher SnRK1 activities did not show alterations of
SnRK1 inhibition by T6P (Fig. 3.1B); neither did tpsl dex-inducible otsA transgenic
line (Fig. 3.1C). TPS1 was an especially interesting candidate as its knockout is lethal
at the torpedo stage (Eastmond et al., 2002) and additional regulatory roles are
expected as for its yeast/fungus counterparts (Bonini et al., 2003; Wilson et al.,
2007). This experiment does not rule out the possibility that one or more TPS-like
proteins are the Factor | but encouraged to try a different approach. In fact, mutants
tps8, tps 9, tps 10 and tpsll could be negative regulators of SnRK1 activity and only
double or triple knockouts would allow us to see any effect on SnRK1 inhibition by
T6P.

It was shown that Arabidopsis grown in trehalose-supplemented medium
accumulate T6P and stop growing (Schluepmann et al., 2004). In the presence of
metabolizable sugars growth is restored. Screening for Arabidopsis mutants

insensitive to trehalose feeding could be an elegant way to find Factor |. A possibility
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is that one of these mutants lacked Factor I. The tested mutants had quite variable
SnRK1 activity but in all of them SnRK1 was inhibited by T6P (Fig. 3.2). Again, this
line of thought should not be rejected as it still may produce positive results, however,

we moved on to more available resources.

3.4.2. ATP-agarose approach

In this experiment we used an affinity chromatography kit to identify which
linker model of ATP to agarose would be useful for the isolation of ShnRK1 and
eventually Factor I. All four different matrices resulted in identical outcomes, about 75
to 85 % of SnRK1 activity was lost and the recovered activity was no longer inhibited
by T6P (Fig. 3.3A and B). The absence of catalytic subunit in washes and eluates
(Fig. 3.3C and D) confirmed that the lost activity was due to SnRK1 being trapped to
the columns and not due to dephosphorylation as suggested by Davies et al., 1994
who was also only able to recover 50% of AMPK activity using this technique. Using
other methods, Sugden et al. (1999b) have purified two SnRK1 kinase activities from
spinach leaves (named HRK-A and HRK-C) and were expecting to find metabolic
regulation by G6P as previously described by McMichael et al. (1995). However, due
to several purification procedures, storage and/or activity assays the inhibition was
not observed and only later, testing different conditions, was the inhibition better
characterized (Toroser et al., 2000). These experiments describe well the sensitive

nature of SnRK1 activity and its regulation.

Despite the loss in SNnRK1 activity, Factor | could have been released during
elution. However, adding eluates to both non-inhibited fraction and ATP-unbound
supernatant did not restore inhibition by T6P (Fig. 3.3E) indicating that Factor | may
have also been retained in the ATP-column. After several failed elution attempts this

method was abandoned and a different approach was followed.
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3.4.3. Immunoprecipitation approach

Even though mature leaf SnRK1 is far less inhibited by T6P than SnRK1
from seedlings (Zhang et al., 2009), maximal inhibition by T6P in seedling and mature
leaf SNRK1 was found in complexes of the same size (Fig. 3.4B and C). This seems
to indicate that there were no large qualitative differences in SnRK1 complexes
inhibited by T6P from seedlings and mature leaves. However, analysing the western
blot for the different subunits there are clear differences. Subunits 1 and B3 shift
from the first fractions in seedlings to later fractions in mature extract (Fig. 3.4B and
C). One can argue that one of these subunits could be necessary for SnRK1
inhibition by T6P and that in mature tissues they suffer post-translational
modifications and no longer permit T6P inhibition. One of our hypotheses was that
differences might be observed for subunit By as it is plant specific (Gissot et al.,
2006). However this was not the case and in fact none of the subunits can be at this

point unequivocally associated to T6P inhibition of SnRK1.

We also aimed to determine Factor | molecular size. The protein sizes of
inhibited fractions separated by gel filtration did not clarify if size fractionation
corresponded to the size of the SnRK1 complex and the size of the intermediate
factor on their own or if both ran the column attached as a complex, making the
intermediate factor a small protein of 10 to 55 kDa. The fact that the addition of a
fraction of low SnRK1 activity and high T6P inhibition with a fraction with 3 times
higher activity but with little inhibition resulted in a mixture high in SnRK1 activity and
also inhibited by 70% (Fig.3.5) suggests that the intermediary factor is in excess to
SnRK1 in fraction 62 or that if it is in complex to SnRK1 it is reversibly attached being
able to interact with further available SnRK1 complexes. Both theories point towards

a big protein of about 174 kDa.

Isolation of intermediary Factor | together with SnRK1 by co-
immunoprecipitation would be another elegant way of identifying Factor |.
Considering that so far, immunoprecipitation attempts never resulted in inhibited
pellets, i.e. no Factor | was ever co-immunoprecipitated with SnRK1 (Zhang et al.,

2009), suggests that SnRK1 and Factor | have a transient interaction or that their
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binding strength is so weak that they detach during the immunoprecipitation protocol.
The progress of T6P inhibition (Fig. 3.6B) exposes a “lag” phase of about 1 min
where inhibition increases to a steady state. The interaction of SnRK1 with Factor |
happens (at least) during those first seconds of the reaction. The design of a co-
immunoprecipitation protocol carried during that first min of reaction and with mild
washing steps resulted in the identification of three protein bands (Table 3.1) that

were absent when the immunoprecipitate was thoroughly washed.

Band 1 is a translation elongation factor 2-like protein. Mutants in this gene
have low temperature-induced transcription of cold-responsive genes blocked, fail to
acclimate to cold and are freezing sensitive (Guo et al., 2002). No connection to
SnRK1 or T6P signaling pathways had, to our knowledge, been described despite the
known involvement of ShnRK1 and T6P in abiotic stress responses (Almeida et al.,
2005; Fragoso et al., 2009). It seems unlikely that this protein is Factor | but its ability

to interact with SnRK1 may be actual and may be worth investigate further.

Band 2 is a MetE that catalyzes the synthesis of methionine from
homocysteine. The reaction involves the direct transfer of a methyl group from
methyltetrahydrofolate (transformed into tetrahydrofolate) to the sulfur atom of L-
homocysteine to form methionine (Taurog and Matthews, 2006). Sulphur depletion
leads to a systemic adjustment of metabolism and in fact, the sulfur-containing amino
acids (homocysteine and methionine) directly link two major metabolic networks, the
sulfur and one-carbon metabolisms (Ferrer et al., 2004). To our knowledge neither
SnRK1 or T6P were ever linked to either these networks, SnRK2s, however, are well
known to be involved in sulphur stress responses (Kulik et al., 2011) and trehalose
was shown decrease in both systemic and induced sulphur stress (Nikiforova et al.,
2005). Again it seems unlikely that this protein could be Factor I, but a link to the
SnRK1/T6P signaling pathway should not be ruled out and further investigation may

unveil unexpected associations.

Band 3 is an unknown protein with a thiamine pyrophosphate-binding
module, a PYR binding domain and a C-terminal domain of transketolase which has

been proposed as a regulatory molecule binding site. In skeletal muscle and cardiac
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myocites AMPK phosphorylation and activity is decreased with increasing glucose
concentration (Itani et al., 2003; Tabidi et al., 2012). The glucose 6-phosphate
dehydrogenase inhibitor (diehydroepiandeosterone, DHA) and thiamine, the
precursor of the coenzyme for transketolase, increase AMPK activity. On the other
hand, the NADPH oxidant phenazine methosulphate (PMS) decrease AMPK activity.
The flux through the PPP is respectively decreased and increased by DHA and PMS.
The authors suggest that the observed inactivation of AMPK by glucose may be
mediated by the activity of the PPP which sets the level of Xu5P (Tabidi et al., 2012).
In fact AMPK activity was inversely related to Xu5P content which was increased with
increasing glucose concentration. It had been previously suggested that Xu5P might
be a signaling compound that reflected glucose levels (Kabashima et al., 2003).
Xu5P is formed in the nonoxidative arm of the pentose pathway via different ways
one of which would be through a transketolase reaction acting on glyceraldehyde 3-
phosphate (GAP) and F6P. Just as in animals transketolase links the PPP to
glycolysis, in photosynthetic organisms transketolase is an enzyme of PPP and also
the Calvin cycle. We can envisage a parallelism in plants linking transketolase
activity, T6P (a signaling compound that reflected sucrose levels) and SnRK1
regulation. Again, a function as Factor | is highly unlikely for a transketolase-like
protein, however intertwined effects are expected and of interest for future
investigation. In fact, in pea embryo with anti-sense SnRK1, a putative transketolase
was down-regulated (Radchuck et al., 2006). The fact that bands 2 and 3 were also
present in the semi-purification profile gel and seemed to fluctuate according with the

T6P inhibition pattern (Fig. 3.8B) gives a new layer of interest to these proteins.

Conclusion

Identification of the Factor | that mediates SnRK1 inhibition by T6P was not
achieved but the different tried approaches were useful in revealing experimental
difficulties to be avoided in the future and indicating new possible upcoming methods

for the identification of this elusive protein.
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Any of the three identified proteins are unlikely to be Factor | but the notion
that they could be modules of the SnRK1/T6P signaling pathway cannot be ruled out

and deserve future attention.

3.5. Material and Methods

3.5.1. Biological material

Seeds of Arabidopsis thaliana (L.) wild type ecotypes Col-0 and Landsberg
erecta (Ler) and anti-sense TPS8, 9, 10, 11 were weighed, surface- sterilized and
grown in liquid culture as described in Chapter Il. Seeds of Arabidopsis tpsl
dexamethasone (DEX)-inducible otsA transgenic lines were surface- sterilized as
described previously and germinated in plates with agar-solidified (0.8%, w/v) half-
strength Murashige and Skoog medium (Sigma MO0404) plus 3% sucrose. After
stratification at 4°C for 72 h in the dark seeds were transferred to the growth room at
23°C in a long-day light cycle (16 h light/ 8 h dark) with 130 pmol quanta m? s™
irradiance. The trehalose-insensitive mutants were also surface sterilized and grown
under the same conditions as just described; except for the addition of filter-sterilized
trehalose to the media to a final concentration of 3% (w/v). Semi-purified protein
extracts from Arabidopsis seedlings and mature leaves were the same used and

described in detail in Chapter II.

3.5.2. SnRK1 activity assays

Total soluble protein was extracted from 200 mg of ground tissue. For the
detailed protocol please refer to Chapter Il. ShRK1 activity was determined as in
Zhang et al., (2009), also described in detail in Chapter IlI.

3.5.3. ATP-agarose

In affinity chromatography the ability of a protein of interest to bind a specific

small molecule (ligand) is used to purify it from a complex mixture of proteins. In our
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case, the ligand (ATP) is immobilized on a matrix (agarose) and incubated with the
complex protein mixture to be purified. The protein of interest (SnRK1) is expected to
bind the ligand whereas most of the other proteins will be discarded in the flow
through. The protein of interest can then be eluted by an excess of free ligand in the
elution buffer. When using ATP as the ligand care must be taken as to how it is
attached to the matrix. It needs to be modified with a linker that may interfere, reduce
or prevent the protein-ATP biding interaction. To avoid this problem, different linkage
strategies (Fig. 3.10) (attaching ATP by the adenine base, the sugar or the phosphate
moiety) must be tested for each individual case.
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Figure 3.10. Schematic representation of the different ATP-linker-agarose binding strategies. In
6AH-ATP-Agarose and 8AH-ATP-Agarose the ATP is immobilized via the adenine base but varies by
the actual position of the linker (C® and C®?, respectively). AP-ATP-Agarose and EDA-ATP-Agarose are
phosphate and sugar modified derivatives, respectively.

141



Chapter Il

Our semi-purified protein extracts contained active SnRK1 and did not
contain free endogenous ATP. The manufacturer’'s protocol (Jena Biosciences, ATP
Affinity Test Kit - AK-102) was closely followed except for the buffers which were the
ones used in our semi-purification and known to retain SnRK1 activity. The exact
protocol was as follows: a volume of 300 pl of fractions 64 and 74 from seedlings
semi-purification was mixed with 75 pl of buffer A (see Chapter Il) with added NaCl
and MgCl to a final concentration of 0.05 M and 60 mM respectively (now named
washing buffer) and kept on ice. A volume of 50 pl of each ATP-agarose was
equilibrated by mixing and vortexing with 500 ul of washing buffer. After spinning at
1000 xg for 1 min the buffer was discarded. This step was repeated 2 more times.
The protein solution was then added to the equilibrated ATP-agarose and incubated
for 4 h at 4°C with gentle agitation. The supernatant was recovered by spinning at
1000x for 1 min. The pellet was ressuspended twice in 1 ml ice-cold washing buffer
and span at 1000 xg for 1 min. Both washes were kept for future analysis. A volume
of 100 pl of buffer A (see Chapter Il) with added MgCl and ATP to final concentration
of 60 mM and 100 mM respectively was mixed with the ATP-agarose and incubated
at 4°C for 1 h with gentle agitation. The supernatant (eluate) was recovered after
spinning at 1000 xg for 1 min. Elution was repeated 1 more time. A pool of both
elutions was dialysed overnight in 5000 ml of buffer A and again for 3 more h. An
overestimation of remaining ATP in the sample is of 0.004 uM, a concentration low
enough to not disrupt the SnRK1 activity assay. This dialysis step was known to not
significantly decrease SnRK1 activity or T6P inhibition but, nonetheless, it was
confirmed again. The flow through, a pool of both washes and the dialysed eluate

were assayed for SnRK1 activity.

3.5.4. Antibodies

Antisera raised against peptides from each SnRK1subunit (Table 3.2) were

raised in rabbits and affinity purified by Eurogentec, Seraing, Belgium.

142



Factor |

Table 3.2. Peptide sequence recognised by
each SnRK1 subunit anti-body.

SnRK1 subunits Peptide sequence
AKIN10 RASSGYLGAEFQETM
AKIN11 TDSGSNPMRTPEAGC
Betal (B1) ANGKDEDAAAGSGGC
Beta2 (82) LMGQSPPHSPRATQC
Beta3 (83) YSSTEDETRDPPAVC
Betagamma (By) CHISRQYDGSGRPYP
Gamma (y) SDSQDIEIRSDTSLC

Phosphorylation of the alpha subunit at the conserved activation T-loop
threonine was detected with antibody against human AMPK phospho-threonine 172
(Anti-Phospho-AMPKa (Thr172) - Millipore).

3.5.5. Western blot

For western blot analysis, the proteins separated in gel by denaturing
electrophoresis were transferred onto Hybond-P polyvinylidene fluoride (PVDF)
membranes (GE Healthcare) using an XCell 1l Blot module (Invitrogen) according to
the manufacturer’s instructions. Proteins were detected using an ECL Western Blot
Detection Kit (GE Healthcare). Membranes were blocked with TBST buffer (20 mM
Tris base pH 7.6, 137 mM NaCl, 0.1% Tween 20) containing 2% ECL Blocking
Reagent for 1 h at room temperature with gentle shaking and washed twice with
TBST. The membranes were then incubated overnight with rabbit anti-serum for each
SnRK1 subunit diluted to 1:12000 TBST buffer plus 2% ECL Blocking Reagent. After
5 washes with 100 mL TBST, the membranes were incubated for 1 h at room
temperature with an anti-rabbit IgG secondary antibody conjugated to horseradish
peroxidase diluted to 1:30000 and then washed 5 times with TBST. Immune
complexes were detected by enhanced chemiluminiscence assay using ECL
Advance Western Blotting detection kit (GE Healthcare) following the manufacturer’s
instructions. Washed membranes were covered with a thin layer of detection reagent

for 5 min. Excess detection reagent was drained and the membrane protein-side was
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placed on clean film, the membrane wrapped and placed inside an x-ray film cassette
with the autoradiography film on top. The film was exposed for 30 sec and developed
immediately after.

3.5.6. Immunoprecipitation

To immunoprecipitate SNRK1 complexes, 50 yL Dynabeads Protein A
(Invitrogen) was incubated with rotation at 4°C for 30 min with By antibody diluted in
200 uL 40 mM HEPES-NaOH, pH 7.5 to a final concentration of 0.06 pg uL™. After
washing the beads three times with buffer and completely removing the supernatant,
100 pL of SnRK1 extract was incubated with the beads under the same conditions.
To promote co-immunoprecipitation of SnRK1 and Factor I, 10 yL of T6P to a final
concentration of 1 mM (or water) was added to the Dynabeads-antibody-antigen
complexes. After 30 seconds the supernatant was separated from the pellet through
magnetic force and the pellet was either not washed, gently washed with 200 pL
buffer containing 4 mM DTT or thoroughly washed with 200 uL buffer containing 4
mM DTT and 100 mM NacCl. The pellets were always resuspended in 100 uL buffer.
Immunoprecipitate and supernatants were assayed for ShnRK1 activity and inhibition
by T6P as described in Chapter Il

3.5.7. Denaturing electrophoresis

Proteins were separated in precast 4-12% Bis-Tris polyacrylamide gels
(NUPAGE® Novex® 4-12% Bis-Tris Gels, Life Technologies) under denaturing and
reducing conditions. Protein solutions of known concentration (determined by
Bradford method described in Chapter 1) were prepared as indicated in the
manufacturer’s instructions: sample plus NUPAGE gel loading buffer plus reducing
agent, in a proportion to obtain 15 ug of protein per 15 ul of prepared sample. The
samples were then heated to 70°C for 10 min and 15 ul were loaded onto the gels.

Electrophoresis was carried out at 200V for 50 min.
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3.5.8. Gels staining
Brilliant Blue G-Colloidal Stain

The gels were kept at room temperature under gentle shaking. The proteins
were fixed in gel for 30 min with a solution of 7% glacial acetic acid in 40% (v/v)
methanol. The staining working solution was as indicated by the manufacturer: 800
ml of deionized water was added to the Brilliant Blue G-Colloidal Concentrate
(Sigma) and mixed by inversion; the volume needed for the day was prepared as 4
parts of the working solution and 1 part methanol mixed well by vortexing. The gels
were stained for 1-2 h and then destained for up to 60 sec with 10% acetic acid in
25% (v/v) methanol. The gels were rinsed with 25% methanol and kept destaining for

more 24 h.

Rapid Silver Stain

The proteins were fixed in gel for 30 min with a solution containing 100 mL
ethanol, 25 mL acetic acid and deionized water to a final volume of 250 mL. After
several washes the gel was then sensitised for 30 min with a solution containing
ethanol (75 mL), sodium thiosulphate (10 mL from a 5% wi/v solution), sodium acetate
(17 g) and deionized water to 250 mL. The silver reaction was initiated after 3 water
washes of 5 min with a silver nitrate solution (0.25% wi/v) for 20 min. Two quick
washes of 1 min precede the developing step with a solution of 0.24 M sodium
carbonate, 0.05 mL of formaldehyde (37% wi/v) and deionized water to 250 mL that
lasts until enough signal is obtained. The reaction is stopped with 0.04 M

ethylenediaminetetraacetic acid disodium salt dihydrate.

3.5.9. Protein identification by MS/MS

The protein bands of interest were excised from the gels, cut into 1mm? gel
plugs, rinsed in deionized water for 20 min and then destained with 50 pl of 50% (v/v)

acetonitrile at 37°C for 30 min. Protein disulphide bonds were broken by reduction
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with 10 mM DTT in 200 mM ammonium bicarbonate for 45 min at 56°C with agitation.
Excess liquid was removed and to prevent the reformation of disulphide bonds
alkylation was performed with 55 mM of iodoacetamide in 100 mM ammonium
bicarbonate for 30 min at room temperature in the dark. The gel pieces were washed
with 100% acetonitrile first for 5 min and then for 30 min with agitation and finally
dried until digestion. For in gel-digestion, gel pieces were rehydrated in buffer
containing 50 mM ammonium bicarbonate and 6.7 ng pl™ trypsin for 30 min at 4°C.
Trypsin cleaves at arginine R-X and lysine (K-X, except when X is proline) and
typically generates peptides in the mass range of 800-2500 Da ideal for MALDI MS
and LC-ESI-MS. After removing excess liquid that was not absorbed, 20 ul of the
same buffer without trypsin was added and incubated overnight at 37°C. The tryptic
digest was acidified with an equal volume of formic acid 5%, desalted and
concentrated with C18 microcolumns (POROS R2 from Applied Biosystems).
Samples were eluted onto MALDI plates (Applied Biosystems).

Protein identification was done by MALDI-TOF/TOF analysis (4800 plus
MALDI-TOF/TOF, Applied Biosystems) in both MS and MS/MS modes. MS
experiments were performed in positive reflectron mode for monoisotopic peptide
mass determination over the m/z range of 800—4000 Da. Each MS spectrum was
obtained with a total of 1000 laser shots per spectra at a fixed intensity of 3500 V.
The mass spectrometer was externally calibrated using the 4700 Calibration Mix
(Applied Biosystems). The ten best precursors from each MS spectrum were selected
for MS/MS analysis, the weakest precursors being fragmented first. MS/MS analyses
were performed using Collision Induced Dissociation assisted with air, with energy of
1 kV and a gas pressure of 1 x 10° torr. Two thousand laser shots were collected for
each MS/MS spectrum using a fixed laser intensity of 4500 V. Raw data were
generated by the 4000 Series Explorer Software v3.0 RC1 (Applied Biosystems) and
all contaminant m/z peaks originating from trypsin autodigestion were excluded from

the analysis.

The generated mass spectra were used to search the NCBI protein

database (minimum score >84). Proteins were identified by the GPS explorer
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(Applied Biosystem) with the Mascot search engine (MOWSE algorithm, Version
2.3.2, Matrix-Science, Boston, MA, USA) in combined search mode using MS and
MS/MS data and the following search parameters: 1) carboxyamidomethylation of
cysteine, methionine oxidation and conversion of N-terminal glutamate to
pyroglutamate were considered as variable modifications; 2) tolerance of two missed
cleavages; 3) maximum error tolerance of 50 ppm for MS data and 0.3 Da for the
MS/MS data. Protein identifications were only accepted when significant protein
homology scores were obtained (p<0.05) and at least one peptide was fragmented
with a significant individual ion score (p<0.05).
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In wheat grain, SnRK1 inhibition by T6P may

be tissue-specific whereas inhibition by R5P

is only apparent
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SnRK1 Inhibition in Wheat Grain

4.1. Abstract

SnRK1 is also known to be important during seed development and
germination. Trehalose 6-phosphate (T6P) is a sugar signal that inhibits SnRK1
which also affects seed growth and development. In vivo inhibition of SnRK1 by T6P
was confirmed through profiling of SnRK1 target genes in Arabidopsis, potato and
wheat grain. It was recently reported that ribose 5-phosphate (R5P) also inhibits
wheat grain SnRK1 in vitro and suggested that this inhibition fits very well with the
known involvement of SnRK1 in anabolism repression. To investigate the roles of
T6P and R5P in wheat grain development, SnRK1 activity and inhibition was tested in
maternal and filial tissues dissected at different developmental stages. In vitro SnRK1
activity varies little in all tissues both pre- and during grain filling (7 and 17 days after
anthesis (DAA) respectively) in contrast to large changes in tissue distribution of T6P.
At 7 DAA T6P was 49 to 119 nmol g™ FW in filial and maternal tissues sufficient to
inhibit SNRK1; at 17 DAA T6P accumulation was almost exclusively endospermal (43
nmol g-1 FW) with 0.6 to 0.8 nmol T6P g* FW in embryo and pericarp. The data
show that T6P levels are detached from sucrose levels in the grain filling period
(except for endosperm) and high T6P levels during pregrain filling suggest that T6P
may be necessary for the early development of all grain tissues but not so in later
stages. The apparent inhibition of SnRK1 activity by R5P can be explained through
the depletion of ATP due to conversion to ribulose 5-phosphate (Ru5P) and then to
ATP-dependent ribulose-1,5-bisphosphate (RuBP) formation. The enzymes that
catalyze these reactions, phosphoribose-isomerase (PRI) and phosphoribulo-kinase
(PRK) are very active in green plant extracts. In accordance, a 94% decrease of PRK
activity in transgenic plants substantially reduced the apparent inhibition of SnRK1 by
R5P and Ru5P. We concluded that inhibition of SnRK1 by R5P in wheat grain
preparations is an experimental artefact that occurs only in the presence of green
pericarp tissue and that, on the contrary, T6P could underlie the shift in gene

expression in maternal and filial tissues observed at about 10 DAA.
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4.2. Introduction

The trehalose pathway is ubiquitous in plants and it is known to be an
indispensable component of seed development (Eastmond et al., 2002) and
vegetative development and transition to flowering (Van Dijken et al., 2004) with the
precursor T6P shown as the critical factor (Schluepmann et al., 2003).

A signaling partner of T6P in growing tissues is SnRK1, of the SNF1/ AMPK
group of PKs (Zhang et al., 2009; Paul et al., 2010). These kinases perform a
fundamental role in the physiological response of cells to energy limitation and
starvation of carbon source through regulation of processes (Hardie, 2007; Polge and
Thomas, 2007; Halford and Hey, 2009) and gene expression (Baena-Gonzalez et al.,
2007) involved in metabolism, growth and development. In growing tissues inhibition
of SNRK1 by T6P is a mechanism of switching from catabolism to anabolism by
activation of biosynthetic processes by T6P in response to Suc supply (Zhang et al.,
2009; Paul et al., 2010). In vitro evidence suggests that other sugar-phosphates like
G6P (Toroser et al.,, 2000) and G1P (Chapter 1) could also constitute a means of
SnRK1 regulation. Moreover, it was recently reported that R5P inhibits ShRK1 from
wheat grain (Piattoni et al., 2011), an effect shown in partially purified ShnRK1 (112x)
from spinach leaves (Toroser et al., 2000) and to be only apparent in crude
Arabidopsis seedlings protein extract (Chapter 1l). However, unlike for T6P, there is
still no in vivo evidence to support the physiological relevance of any of these

interactions.

Wheat (Triticum aestivum) is the dominant crop in temperate countries and
is the most widely grown of the major crops worldwide. There is evidence that wheat

yields have reached a plateau http://energyfarms.wordpress.com/2009/09/03/crop-

yield-projections-miss-biofuel-reporttarget/ and that to improve yields beyond this

ceiling requires new insight and approaches. One means of doing this is to identify
new regulatory processes as targets for manipulation, as that of SnRK1 metabolic
regulation. The trehalose pathway is present in cereals as in all other plants. An
interesting case is that of a maize TPP knockout mutant with affected inflorescence
branching (ramosa3) (Satoh-Nagasawa et al., 2006). Of the little that has been
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documented on the trehalose pathway in wheat, active enzymes are present in roots
and shoots (El-Bashiti et al., 2005) and TPS and TPP transcripts were found in roots
(Mohammadi et al., 2007) and wheat grain (Weichert et al., 2010). In cereals, studies
from cDNA from rye endosperm resulted in the isolation of the first plant ShnRK1
through complementation of a yeast snfl mutant (Alderson et al., 1991). SnRK1 of
barley is thought to regulate storage product accumulation during grain filling
(Sreenivasulu et al., 2006). In rice and wheat ShnRK1 enables seeds to respond to
anoxic and starvation conditions (Laurie et al., 2003; Lee et al., 2009). Interestingly, it
has been proposed that SnRK1 mediates responses to sugar signals required for
early cotyledon establishment and patterning (Radchuk et al., 2010). Radchuk et al.
(2010) presented the first T6P measurements in a seed tissue in the embryos of pea.
The significance of these data relative to the regulation of SnRK1 is not known,
however. No combined analysis of T6P and SnRK1 has yet been performed in the

seed of any major crop.

The recent report that R5P also inhibits wheat grain SnRK1 (Piattoni et al.,
2011) provides a potential means of regulating SnRK1 in response to availability of
substrates of the oxidative pentose phosphate cycle (involved in the generation of
NADPH) and the Calvin cycle (both related to biosynthetic processes) fitting well with
the model that ShRK1 activity normally represses anabolism. However, as suggested
in Chapter Il, the presence of competing kinases in the in vitro assay could produce
an underestimate of the activity of the enzyme under study. R5P is a substrate for
PRI and PRK which activities are several thousand fold higher than activities of
SnRK1 in tissues with active photosynthetic cells (Paul et al., 2000; Zhang et al.,
2009). Even in developing wheat grain, rates of photosynthesis exceed rates of
respiration (Caley et al., 1990). These authors found peak photosynthetic activity at
20 days after anthesis (DAA) coinciding with maximum chlorophyll content in the

inner green pericarp.

Here we measure T6P content and SnRK1 activities at two distinct phases
of wheat grain development and assessed the effectiveness of R5P as an inhibitor of

wheat grain SnRK1. Wheat grain consists largely of endosperm, embryo and

157



Chapter IV

maternal pericarp tissue which go through phases of development defined by events
in the endosperm. Three phases are typically defined as a pre-grain filling phase for
the first 10 days or so after anthesis when cell division, expansion and differentiation
give the characteristic structure of the endosperm before the storage or grain filling
stage. The transition to the grain filling stage is marked by dramatic transcriptional
and physiological changes (Wan et al., 2008). It is thought that sugars and sugar
signals play a role in this transition and in seed maturation, at least in legume seeds
(Weber et al., 2005). The desiccation phase then follows beyond 30 DAA.

Grain was dissected into filial and maternal tissues at 7 DAA and 17 DAA
well into each of the two first periods to better understand the role of T6P.
Unprecedented levels of T6P were found both in filial and maternal tissue pre-grain
filling, sufficient to inhibit SNRK1, but during grain filling high T6P concentrations
became limited to the endosperm. In vitro SnRK1 activity was strongly inhibited by
T6P. As evidence that regulation of ShRK1 by T6P could operate in vivo, homologs
of SNRK1 marker genes designated in Arabidopsis (Baena-Gonzalez et al., 2007),
identified in wheat using WhETS (Mitchell et al., 2007) showed a shift in patterns of
expression during the pre-grain filling period compared to the grain-filling period
consistent with changes in T6P content. We have also found that in extracts of
developing wheat grain (as that of Arabidopsis seedlings), where SnRK1 was
assayed in the presence of R5P, a significant consumption of ATP, resulting from the
conversion of R5P to ribulose-1,5-bisphosphate (RuBP). The apparent inhibition of
SnRK1 by R5P (and Ru5P) can be explained by the competing action of PRK for
ATP. Data provided the first clues about tissue-specific regulation of ShnRK1 by T6P
in wheat grain which can launch a new grain yield improvement approach and
exposes an important caveat in the assessment of potential PKs inhibitors and

concomitant conclusions.
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4.3. Results
4.3.1. Analysis of T6P, SnRK1 activity and Suc in dissected wheat grain

Grain tissue was separated into filial and maternal tissue. At 7 DAA pre-grain
filling T6P concentrations were high in both filial tissue (endosperm, 119 nmol g™ FW)
and maternal tissue (outer pericarp, 49 nmol g* FW and inner chlorophyll containing
pericarp, 117 nmol g* FW) (Table 4.1). In contrast, at 17 DAA during grain filling T6P
was largely restricted to the endosperm (43 nmol g™ FW) with small amounts in the
pericarp and embryo (0.6-0.8 nmol g FW). In contrast to the marked changes in T6P
SnRK1 activities in vitro were similar at both 7 DAA and 17 DAA (Table 4.2).
Activities in maternal tissue decreased from 7 DAA to 17 DAA; whereas in
endosperm SnRK1 activities were stable and embryo had the highest activities of all
tissues at 17 DAA. SnRK1 activity in all tissues was inhibited in vitro by 1 mM T6P,
although outer pericarp SnRK1 was only little affected by T6P at 17 DAA (Table 4.2).
Suc was present in maternal and filial tissues pre-grain filling and during grain filling
(Table 4.3), with 49 to 105 umol g FW at 7 DAA compared to 22 to 64 pmol g* FW
at 17 DAA.

Table 4.1. T6P levels in dissected maternal and filial grain tissues at 7 DAA
compared to 17 DAA.

Data are expressed as nmol g™ FW with standard error of mean of four replicates.
ND, not determined

7 DAA 17 DAA
Maternal tissue
Outer pericarp (white) 49+9.0 0.8+0.4
Inner pericarp (green) 117 +8.1 0.7+0.5
Filial tissue
Endosperm 119+ 15 43 +4.2
Embryo ND 0.6 +£0.03
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Table 4.2. SnRK1 activity in dissected maternal and filial grain tissues at 7
DAA compared to 17 DAA.

Data are expressed as nmol min™ mg™ protein with standard error of mean of three
replicates. Percentage inhibition with inclusion of 1 mM T6P in the assay in
parentheses. ND, not determined

7 DAA 17 DAA
Maternal tissue
Outer pericarp (white) 3.7 £ 0.3 (60%) 1.1+£0.1 (17 %)
Inner pericarp (green) 3.6 £ 0.4 (59%) 2.1+£0.2 (42%)
Filial tissue
Endosperm 3.2+ 0.5 (65%) 3.2+£0.5(43%)
Embryo ND 4.5+ 0.6 (47%)

Table 4.3. Sucrose in dissected maternal and filial grain tissues at 7 DAA
compared to 17 DAA.

Data are expressed as ymol g"1 FW with standard error of mean of four replicates.
ND, not determined

7 DAA 17 DAA
Maternal tissue
Outer pericarp (white) 49 +£3.2 22+23
Inner pericarp (green) 105+ 6.5 64 +3.4
Filial tissue
Endosperm 74+4.1 23+1.9
Embryo ND 41+2.0

4.3.2. Apparent inhibition of SnRK1 extracts by R5P and Ru5P

Inhibition of SNRK1 activity by R5P and Ru5P was the most variable of all
metabolites tested. Very strong inhibition was observed in seedlings, mature leaves
and wheat grain, but no inhibition was found in seedling roots or cauliflower curd (see
Chapter 2, Fig. 2.2). In further characterisation it was observed that the percentage
inhibition by R5P and Ru5P increased progressively with time over 6 min (Fig. 4.1A).
Hence there was the possibility that factors other than direct inhibition of SnRK1 by

R5P and Ru5P were operating to limit the activity of SnRK1, such as substrate
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limitation. To test this hypothesis we tested the effect of ATP concentration and found
that inhibition of SnRK1 by R5P was much decreased in the presence of 2 mM and
completely abolished at 10 mM ATP compared to 0.2 mM ATP (Fig. 4.1B), in contrast
to the established inhibitors T6P and G6P which are unaffected by ATP content
(Toroser et al.,, 2000; Zhang et al., 2009). In further confirmation we went on to

monitor substrate ATP during the course of the assay period.
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Figure 4.1. Effect of assay time and ATP concentration on whole wheat grain SnRK1 inhibition by
1 mM R5P or 1 mM Ru5P compared to control with no metabolite. (A) extracts prepared with 200
uM ATP assayed over the course of 6 min with R5P or Ru5P (B) Effect of increasing ATP concentration

on SnRK1 inhibition by R5P. Data are means of three replicates with standard deviation.

4.3.3. Dramatic ATP depletion detected by UV absorbance HPLC during
SnRK1 assay in the presence of R5P and Ru5P

ATP concentrations during the assay period were monitored by UV
absorbance HPLC to check for large ATP depletion in the presence of R5P or Ru5P.
In both Arabidopsis and wheat grain ATP was almost completely consumed over the
assay period compared to the control without R5P or Ru5P (Fig. 4.2). Loss of ATP of
this magnitude would severely compromise the activity of the PK and could therefore

account for an apparent inhibition of SnRK1 activity. These combined data strongly
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suggested that ATP was becoming limiting during the assay period when R5P and
Ru5P were present. This could be mistakenly interpreted as a time-dependent
inhibition of enzyme activity.
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Figure 4.2. Disappearance of ATP and production of AMP during assay of Arabidopsis
and wheat grain extracts with 1 mM R5P. (A) Arabidopsis and (B) whole wheat grain.
HPLC chromatograms of plant extracts after 6 min at 30 °C with and without 1 mM R5P
(upper and middle trace). HPLC chromatograms of pure standards of ATP, ADP and AMP

showing the expected peak positions (bottom trace).

4.3.4. Formation of RuBP from R5P and Ru5P accompanies loss of ATP

In further analysis by LC-MS we noticed that RuBP formation accompanied
the loss of ATP in the presence of R5P (Fig. 4.3A and B). In plants, PRK works
together with PRI to catalyze ATP-dependent formation of RuBP from R5P and Ru5P
(PRI reversibly converts R5P to Ru5P). To confirm the involvement of PRK in the
ATP-dependent formation of RuBP, SnRK1 activity in the presence of R5P and Ru5P
was assayed in plantlets of transgenic tobacco expressing antisense to PRK and with
a 94% reduction in activity compared to wild type (Paul et al., 2000). Compared to
wild type, the inhibition by either metabolite was significantly reduced (Fig. 4.4),
showing that inhibition by these metabolites is PRK dependent. PRK is a very active
enzyme in green plant tissues (Paul et al., 2000). Even 6% of maximum PRK activity
would be in excess of SnRK1 activity and is still capable of sustaining RuBP
synthesis sufficient for 50% of the wild type rate of photosynthesis (Paul et al., 2000).
In wild type SnRK1 activity was measured as 4.11 nmol/ min/ mg protein compared to
3.72 in the PRK antisense line. PRK activity in these plants has been previously
measured as 3000 and 150 nmol/ min/ mg protein, respectively (Paul et al., 2000).
Hence, it would not be expected that ATP loss and RuBP formation would be
completely abolished when PRK activity is still higher than SnRK1 activity.
Accompanying the loss of ATP was the appearance of AMP (Fig. 4.2A and B)
commonly observed as an end product in plant tissues (Santarius and Heber, 1965;
Keys, 1968).
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Figure 4.3. Production of RuBP during assay of Arabidopsis and wheat grain extracts
with 1 mM R5P. (A) Arabidopsis. (B) Whole wheat grain. LC-MS traces of plant extracts after
6 min incubation at 30 °C with and without 1 mM R5P (upper and middle traces). LC-MS
traces of pure standards of R5P and RuBP showing the expected peak positions (bottom
trace). MS was performed in negative mode with single ion recording at 229.01 and 308.98
Da.
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the presence of 1 mM R5P or 1 mM Ru5P compared to control with no metabolite. (A)
Wild type tobacco. (B) PRK antisense transgenic tobacco. Assays conducted over the course

of 6 min. Data are means of three replicates with standard deviation.

4.3.5. Wheat grain tissue dissection

Piattoni et al. (2011) previously found that R5P inhibited SnRK1 in wheat
grain. To examine this further and determine whether this is also associated with
green tissue we dissected out endosperm, embryo, outer white pericarp and inner
green pericarp from grain tissue. Inhibition of SnRK1 by R5P was found only when
green tissue was present in the inner pericarp and where endosperm preparations
contained inner pericarp and in whole grain (Fig. 4.5A). No inhibition was found in
endosperm or embryo. The small amount of inhibition associated with outer pericarp

is because this tissue also has a small amount of green tissue (Fig. 4.6B).
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Figure 5.5. Dissected wheat grain assayed for (A) SnRK1 activity with no metabolite
(black) and with 10 mM R5P (grey) and (B) chlorophyll content. Tissue sampled at 17 DAA.

Error bars represent standard deviation of three biological replicates.

4.4. Discussion

During development, seeds undergo cell division, differentiation and
maturation, changing from meristem-like tissues to storage organs following a
developmental program that deeply alters/ depends on metabolic status (Weber et
al., 1997). SnRK1 as a central regulatory protein that manages metabolism according
to nutritional, energy and stress conditions has an important role in these early steps
of plant development (Radchuk et al., 2006). T6P is an important regulatory molecule
in plants which also has a large impact on metabolism, growth and development
(Eastmond et al., 2002; Schluepmann et al., 2003; Paul et al., 2008; Smeekens et al.,
2009). We recently established a mechanistic basis for the signaling function of T6P
in growing tissues through inhibition of SNRK1 (Zhang et al., 2009; Paul et al., 2010).
A working model for the function of T6P in Arabidopsis is that it signals Suc
availability to regulate SnRK1. In this study we present the first data of T6P
measurements in wheat grain showing large tissue specificity of T6P levels at

contrasting developmental stages. Also, the impact of other potential inhibitors of
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SnRK1 which could exert important physiological effects are understandably eagerly
sought. R5P has been recently referred to inhibit wheat grain SnRK1 (Piattoni et al.,
2011) and suggested to potentially provide a means of regulating SnRK1 in response
to availability of substrates of the oxidative pentose phosphate cycle involved in the
generation of NADPH used in biosynthetic processes. However, as an alternative
explanation to direct inhibition of SNRK1 by R5P we show that ATP is consumed by
R5P-dependent reactions during the assay causing an apparent SnRK1 inhibition.

4.4.1. Tissue-specific regulation of SnRK1 by T6P during wheat grain
development

All published data on amounts of T6P in plants are from Arabidopsis
seedlings and leaf material with other data from pea embryos (Radchuk et al., 2010).
There has been no detailed and comprehensive analysis of T6P in the harvested
parts of any major crop such as wheat. Given the important function of T6P in
affecting growth processes and the high Suc content of sink tissues such as grain,
knowledge of T6P content in such tissues is an important step for crop improvement
through modification of the trehalose metabolism or the SnRK1/T6P signaling

pathway.

The transition from pre-grain filling to grain filling is characterised by large
developmental changes. To gain better insight into the interaction between T6P and
SnRK1 over this time T6P levels and SnRK1 activities were measured in filial and
maternal grain tissues in dissected grain at 7 DAA and 17 DAA coincident with pre-
grain filling and grain filling phases. At 7 DAA T6P levels were high in filial and
maternal tissue at concentrations sufficient to inhibit SnRK1 in all tissues (Table I).
SnRK1 activity was similar in all these tissues. In marked contrast at 17 DAA high
concentrations of T6P were confined to the endosperm with very low amounts in
embryos and pericarp. T6P levels in wheat embryos (0.6 nmol g™ FW) are of a similar
order to those in pea embryos (2 nmol g* FW, Radchuk et al., 2010) and more than

70-fold lower than amounts measured in endosperm. SnRK1 was again active in all
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tissues, but it is likely that SnRK1 activity in pericarp and embryo is not inhibited by
T6P at 17 DAA. To better understand SnRK1 activity in vivo in wheat grain we took
an approach analogous to that in Zhang et al. (2009) for T6P and requested the
expression analysis during grain development of genes known to be regulated by
SnRK1 (Baena-Gonzalez et al., 2007). Using the WhETS tool (Mitchell et al., 2007)
wheat transcripts which correspond most closely to genes induced and repressed by
SnRK1 in Arabidopsis were identified and looked in the developing grain
transcriptome from Wan et al. (2008). SnRK1-induced and SnRK1-repressed marker
gene expression changed beyond the pre-grain filling period 10 DAA (Fig. 4.6)
indicating inhibition of SnRK1 activity before 10 DAA, but greater SnRK1 activity after
10 DAA coincident with the observed shift in T6P levels from 7 DAA to 17 DAA (Table
4.1). Active SnRK1 is clearly important for embryo development (Radchuk et al.,
2010) as is T6P in Arabidopsis embryos (Eastmond et al., 2002). However, T6P may
not be sufficiently high to inhibit SnRK1 in embryos and regulation of SnRK1 by T6P
may not be a primary function of T6P in this tissue. Interestingly, Suc is still present in
all tissues at 17 DAA albeit two- to threefold lower than at 7 DAA (Table 1lI). The
exact nature of the interrelationship between T6P, Suc and trehalose pathway gene
expression in the determination of the early grain development and vyield of

endosperm is the subject of further work.
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Figure 4.6. SnRK1 target gene transcript abundance. Transcript abundance of wheat Affymetrix
probesets corresponding to sets of 600 SnRK1-induced and 600 SnRK1-repressed Arabidopsis genes
according to Baena-Gonzalez et al. (2007) determined using WhETS tool (Mitchell et al., 2007). Log of
normalised expression (i.e. divided by the median expression for that probeset) was averaged and
standard error calculated. The resulting averages with standard error are displayed, back-transformed to
a linear scale. The 300 most abundantly expressed SnRK1-induced and 300 most abundantly SnRK1-

repressed genes are presented.

4.4.2. Dissection of the apparent inhibition of SnRK1 by R5P in wheat

grain

Robust methods for the assay of SnRK1 have been developed using y**P-
ATP and peptides such as AMARA, the preferred substrate for this PK (Davies et al.,
1989; Weekes et al., 1993; Dale et al., 1995). With careful optimisation of assay
conditions, the reaction proceeds linearly over time (Zhang et al., 2009). Kinases are
numerous and therefore it is important to ensure that when assessing the effect of
compounds on the regulation of SnRK1 that this does not impact on the consumption
of ATP by other kinases which will confound accurate estimates of SnRK1 activity
and give rise to apparent enzyme inhibition. The inhibition afforded by R5P (Piattoni
et al., 2011) was distinct from that of other metabolites in that the activity of SnRK1
was almost completely inhibited at 10 mM R5P, something not observed with T6P or
G6P (Toroser et al., 2000; Zhang et al., 2009) although 10 mM is higher than normal
physiological concentrations in plants. In work described here we too found a strong
apparent inhibition of SnRK1 activity by R5P and also by Ru5P (Fig. 4.1). Inhibition
increased over the duration of the 6-min assay period (Fig. 4.1A) suggesting that
conditions were not optimised. Inhibition was strongly decreased by supplying higher
ATP concentrations (Fig. 4.1B)

Inclusion of R5P combined with ATP in SnRK1 extracts readily results in
formation of RuBP with consumption of ATP, hence giving rise to an apparent
inhibition of SNRK1 due to loss of ATP (Figs. 5.2 and 5.3). This can be explained
through the presence of PRI and PRK required for the synthesis of RuBP, the

receptor for CO; in photosynthesis. In tissue with active photosynthetic cells, activities
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of PRI and PRK are several thousand fold higher than activities of SnRK1 (Paul et al.,
2000; Zhang et al., 2009). Even in developing wheat grain rates of photosynthesis
exceed rates of respiration (Caley et al.,, 1990). These authors found peak
photosynthetic activity at 20 DAA coinciding with maximum chlorophyll content in the
inner green pericarp. Hence apparent inhibition of SnRK1 by R5P in wheat grain can
be explained through this mechanism as well as in more obviously photosynthetic
tissue such as Arabidopsis seedlings and leaves (as already mentioned in Chapter
I1). We carefully dissected out endosperm from wheat grain to remove all green tissue
and found no inhibition of SNRK1 by R5P or Ru5P in these extracts (Fig. 4.5). Neither
was inhibition found for other non-green tissues, such as cauliflower florets and
Arabidopsis roots (Table 2.2, Chapter Il). In complex tissues such as wheat grain
where there is a mix of green and non-photosynthetic tissues the high activities of
PRK and PRI from the green cells means that even a small carryover of green tissue
into endosperm preparations can give rise to consumption of ATP due to PRI and
PRK activities.

To further confirm the involvement of excess activity of PRK in the
consumption of ATP in SnRK1 assays when R5P is present, we performed assays
prepared from tobacco plantlets expressing antisense to PRK. These plants had a
94% decrease in enzyme activity (Paul et al., 2000). In the presence of both R5P and
Ru5P, consumption of ATP and apparent inhibition of SnRK1 were greatly reduced,
although not completely abolished (Fig. 4.4). Even a 94% decrease in PRK activity
would still leave enough residual PRK activity to consume ATP in the formation of
RuBP.

In conclusion, we link T6P and SnRK1 in an important cereal crop and
present data for T6P levels in different seed tissues at contrasting developmental
stages. Unprecedented levels of T6P are reported for a plant species. The data
suggests tissue-specific regulation of SnRK1 by T6P during wheat grain
development. Moreover, we show that the promising inhibition of SnRK1 by R5P
described by Piattoni et al. (2011) can be explained by its conversion to RuBP with

concomitant consumption of ATP which subsequently limits the activity of SnRK1
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giving an apparent strong inhibition of SnRK1. This highlights an important caveat to
be considered in the assay of SnRK1 and other PKs in the presence of potential
inhibitors, reinforcing the idea that these interactions should ideally be confirmed not
only in vitro but also in vivo.

4.5. Material and Methods

4.5.1. Biological Material

Wheat var. Cadenza plants were grown in pots of soil containing
Rothamsted standard compost mix and full nutrition in a glasshouse during summer
with supplementary lighting to give a 16-h photoperiod and day/ night temperature of
18/ 15°C. Samples were taken during the middle of the photoperiod and material was
snap frozen immediately in liquid nitrogen, ground in a pestle and mortar and stored
at -80°C until analysis. Ears were tagged at anthesis. Data are means of four
biological replicates. Experiments were repeated at least twice and representative
data from one experiment are presented. Grain from 7 and 17 DAA were dissected
under the growing conditions. Each grain was cut in half through the central groove
and separated under a light microscope into maternal and filial tissues (Fig. 4.7). At 7
DAA maternal tissue was separated into an outer white layer here called outer
pericarp and the inner green chlorenchyma (chlorophyll-containing layers) of the
pericarp. Embryo tissue was too small to dissect at this stage and filial tissue at 7
DAA is just endosperm. At 17 DAA embryo was dissected from the grain. Endosperm
consisted mainly of the bulk of starchy endosperm and the aleurone layer. No clear
observation was made concerning the fate of nucellar epidermis and integuments
because they were too small. The two outermost grains of the eight middle spikelets
from an ear were sampled. These were combined together with at least four other
similar samples from different ears until enough material had been obtained for one
biological replicate of at least 50 mg fresh weight in the case of embryos and at least

100 mg fresh weight in the case of endosperm, outer white pericarp and inner green
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pericarp. Chlorophyll was extracted and measured from grain tissue (Porra et al.,
1989).
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Figure 4.6. Wheat ear and spikelet exemplifications. (A) Wheat ear squeme and photograph showing
spikelets arrangement on alternate sides of the rachis. After 7 and 17 DAA the eight middle spikelets
from an ear were sampled. (B) Wheat spikelet squeme and photograph showing the florets protected by
the glumes. Carpels are fertilized by pollen from the same floret after which grain development starts.
Only four or five florets are fertile and for sapling only the two outermost grains were used. These were
combined together with four other similar samples from different ears constituting one biological
replicate. Figures adapted from Wheat, the big picture.
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Figure 4.7. Wheat grain longitudinal cut at 17 DAA. During early grain development two maternal
tissues are easily identifiable, the outer pericarp or epidermis (white) and the inner pericarp (green)
enclosing the filial tissues, the endosperm and embryo (embryo differentiation starts only at 10 DAA and
so its dissection at 7 DDA was not possible). Figure adapted from Wheat, the big picture.

Wild type and transgenic tobacco (Nicotiana tabacum cultivar Samsun) with
6% of wild type PRK activity (Line 1, Paul et al., 2000) were grown in Rothamsted
standard compost mix and full nutrition at 23°C/ 16-h day, 150 umol quanta m? s
and the shoots of two-week-old plantlets were harvested. Cauliflower was bought

fresh from a local supermarket.

45.2. T6P determinations

T6P was quantified in wheat grain extracts using anion exchange HPLC
coupled with electrospray ionisation mass spectrometry (Delatte et al.,, 2009). For
detailed description of the method please refer to Chapter V. The method achieved
baseline resolution of all compounds from wheat grains with an m/z ranging from 418
to 423 that eluted in the vicinity of T6P (Fig. 4.8). Exogenous addition of the
standards lactose-1-phosphate (Sigma-Aldrich), Suc-6-phosphate (Sigma-Aldrich) or
maltose-6- phosphate (Prof. Jack Thompson, NIH, Bethesda, Maryland) showed that

these compounds do not co-elute with T6P.
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Figure 4.8. Separation of phospho-disaccharides with identical mass as T6P in wheat extracts
using the LC/MS method described by Delatte et al. (2009). Counts per second (CPS) of ions of a
specific mass. (A) Internal standard lactose-1-phosphate (L1P) added prior to extraction. (B) With
maltose-6-phosphate (M6P) added before injection. (C) With sucrose-6-phosphate (S6P) added before
injection.

4 .5.3. Bioinformatics

Transcript profiles were derived from the dataset reported by Wan et al.
(2008) with the normalisation protocols reported there. The full transcriptome set is
available in the ArrayExpress database (Accession Number E-MEXP-1193).
Transcripts were identified by blasting Affymetrix probeset target sequences to find
the closest known nucleotide sequences present in EMBL/ GenBank/ DDBJ. For
analysis of SnRK1 marker genes sets of 600 Arabidopsis genes for which expression
is repressed or induced by SnRK1 were taken from Baena-Gonzalez et al. (2007).
Wheat Affymetrix probesets which corresponded most closely to these were identified
using the WhETS (Wheat Estimated Transcript Server) tool (Mitchell et al., 2007). For

each list, the top 300 most abundantly expressed in grain of these probesets were
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selected. gRT-PCR profiling of the expression of genes including SnRK1 markers
myb3, Yab2 confirmed induction and repression respectively over the grain
developmental period (Wan et al., 2008).

4.5.4. SnRK1 activity assays

SnRK1 activity was extracted and assayed from developing grain as
described in detail in Chapter Il. Extracts were assayed for a normal assay period of
6 min or time intervals of up to 6 min following addition of R5P and Ru5P when
checking for ATP consumption over the assay period. All extracts were tested for

linearity and optimised as previously conducted (Zhang et al., 2009).

4.5.5. Monitoring of conversion of R5P and Ru5P to RuBP with depletion
of ATP

Stability of 1 mM R5P and Ru5P was performed using UV-HPLC and HPLC-
MS analysis as below. Control reactions were run without R5P and with ADP instead
of ATP. After 6 min the reaction mixtures were snap frozen in liquid nitrogen and
lyophilized. The resulting solid was dissolved in water (10 pl) and the entire solution
injected for UV-HPLC and HPLC-MS analysis as below.

4 .5.6. Detection of R5P and RuBP

HPLC-MS was conducted on a Waters binary HPLC system. Samples were
analysed through a Hichrom SIELC Primesep SM mixed mode anion exchange/ C18
reverse phase column (150 x 4.6 mm, 5 ym) with an applied gradient from 10 mM
ammonium formate at pH 3 to 80 mM ammonium formate at pH 3 over 15 min at a
flow rate of 1 ml min™. Eluants were fed directly into a Waters Quattro micro in
negative mode either operating in Selected lon Recording mode centred at the
monoisotopic masses of R5P (229.01) and RuBP (308.98) with a detection width of

0.5 Da and a dwell time of 10 ms. The mass spectrometer was operated with a cone
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voltage of 35 V, a source temperature of 100°C and desolvation temperature of
400°C. Chromatograms are presented after smoothing.

4.5.7. Detection of ATP, ADP and AMP

UV-HPLC was conducted on a Dionex UltiMate 4000. Samples were
analysed through a Waters Spherisorb strong anion exchange column (250 x 4.6
mm, 5 um). A gradient was applied from 40 mM sodium phosphate at pH 4.5 to 500
mM sodium phosphate buffer at pH 2.5 over 10 min and then eluted for a further 5
min at a flow rate of 1 ml min?. Eluants were detected using an in-line UV

absorbance detector (A = 260 nm).
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T6P/SnRK1 Primes Growth Recovery from Sink Limitation

5.1. Abstract

T6P is a sugar signal in plants that inhibits SNF1-related protein kinase,
SnRK1, thereby altering gene expression and promoting growth processes. This
provides a model for the regulation of growth by sugar. However, it is not known how
this model operates under sink-limited conditions when tissue sugar content is
uncoupled from growth. To test the physiological importance of this model, T6P,
SnRK1 activities, sugars, gene expression, and growth were measured in
Arabidopsis (Arabidopsis thaliana) seedlings after transfer to cold or zero N (N)
compared with sugar feeding under optimal conditions. Maximum in vitro activities of
SnRK1 changed little, but T6P accumulated up to 55-fold, correlating with tissue Suc
content in all treatments. SnRK1-induced and -repressed marker gene expression
strongly related to T6P above and below a threshold of 0.3 to 0.5 nmol T6P g™ fresh
weight close to the dissociation constant (4 mM) of the T6P/ SnRK1 complex. This
occurred irrespective of the growth response to Suc. This implies that T6P is not a
growth signal per se, but through SnRK1, T6P primes gene expression for growth in
response to Suc accumulation under sink-limited conditions. To test this hypothesis,
plants with genetically decreased T6P content and SnRK1 overexpression were
transferred from cold to warm to analyse the role of T6P/SnRK1 in relief of growth
restriction. Compared with the wild type, these plants were impaired in immediate
growth recovery. It is concluded that the T6P/SnRK1 signaling pathway responds to
Suc induced by sink restriction that enables growth recovery following relief of

limitations such as low temperature.

5.2. Introduction

The trehalose pathway has developed into a specialized system that
regulates and integrates metabolism with growth and development (Schluepmann et
al., 2003; Lunn et al.,, 2006; Ramon and Rolland, 2007; Gémez et al., 2010). The
precursor T6P seems to be the critical signaling molecule. In plants trehalose
phosphate synthase (TPS) synthesizes T6P from G6P and UDPG. T6P is then
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converted to trehalose by trehalose phosphate phosphatase (TPP). The regulation of
T6P content in plants by TPSs and TPPs is not well understood. TPS1 is thought to
account for most TPS catalytic activity in plants (Vandesteene et al., 2010), whereas
all 10 TPPs are now known to be catalytically active (Vandesteene et al., 2012). T6P
responds strongly to Suc supply when Suc is fed to seedlings grown in culture and in
response to an increase in Suc in illuminated leaves (Lunn et al., 2006). Given the
importance of T6P in the regulation of growth (Schluepmann et al., 2003; Paul et al.,
2010) and end-product synthesis (Kolbe et al., 2005; Gémez et al., 2006), targets for
its interaction have been eagerly sought.

Recently, it was found that T6P inhibits SnRK1 in growing tissues of plants
(Zhang et al., 2009; Debast et al., 2011; Delatte et al., 2011; Martinez-Barajas et al.,
2011) through an intermediary protein, Factor I. SnRK1 is a member of the central
regulators SNF1-related AMPK group of PKs (Hardie, 2007). Baena-Gonzalez et al.
(2007) established that over 1000 genes are regulated by SnRK1 involved in
biosynthetic, growth, and stress responses. A model is proposed where SnRK1
inhibits growth processes when sugar and energy supplies are scarce, thus enabling
survival under starvation stress conditions. When sugar supply is plentiful, T6P
accumulates and inhibits SnRK1 blocking expression of genes involved in the stress
survival response and inducing genes involved in the feast response, including
growth processes. It is therefore not surprising that plants with genetically decreased
T6P content display similar phenotype to those with overexpressed SnRK1 and vice

versa (Schluepmann et al., 2003; Baena-Gonzélez et al., 2007; Wingler et al., 2012).

Sugars fluctuate widely in plants in response to changes in photosynthesis
and in response to environmental variables. Sugar starvation conditions, such as
those induced by deep shade, limit growth through lack of sugar availability; ShnRK1
would be active under such conditions. High sugar availability, however, does not
necessarily indicate good conditions for growth and high growth rates. For example,
under low-temperature and limiting nutrient supply, growth is limited in spite of
abundant sugar availability (Paul and Stitt, 1993; Usadel et al., 2008). This is termed

sink-limited growth, when growth is limited by capacity of sinks, i.e. growing regions
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to use assimilate. It departs from the famine model of growth regulation by SnRK1.
The interrelationship between T6P, SnRK1, and growth is not known under such
conditions. Here, we vary growth conditions by temperature and nutrient supply to
induce sink-limited growth and feed Suc and Gluc at physiological levels (15 mM).
We show a strong specific interrelationship between T6P and Suc and SnRK1-
regulated gene expression under all conditions irrespective of growth rate. This
implies that T6P is not a growth signal per se, but through SnRK1, T6P primes gene
expression for growth. By priming, we mean being in a prepared state with an
advanced capacity to activate growth following relief of a growth limitation, such as
low temperature. To test that T6P/SnRK1 enable growth recovery following relief from
sink limitation, plants with genetically decreased T6P content and SnRK1
overexpression were transferred from cold to warm. Compared with the wild type,
these plants were impaired in immediate growth recovery. It is concluded that T6P
responds to Suc induced by growth restriction. This enables growth recovery
following relief of limitations downstream of T6P/SnRK1, such as low temperature.
Our findings are included in a model for the regulation of growth by the T6P/SnRK1

signaling pathway.

5.3. Results

5.3.1. Effect of transfer to low temperature, low N and sugar feeding on

growth, carbohydrate and T6P content

To test the physiological importance of the regulation of growth by the
T6P/SnRK1 signaling pathway, T6P, SnRK1 activities, sugar contents, gene
expression, and growth rate were measured in Arabidopsis (Arabidopsis thaliana)
seedlings after transfer to low temperature or zero N compared with sugar feeding
under optimal conditions. These conditions were used to uncouple sugars from
growth, i.e. to test physiological importance of the T6P/SnRK1 pathway under sink-

limited conditions.
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The different treatments gave a wide range of rates of fresh weight
accumulation over 72 h (Fig. 5.1A) calculated here as structural weight after
subtraction of the large starch accumulation at low N (Fig. 5.1B). Biomass after 72 h
was highest in seedlings grown on full medium with 0.5% Suc and lowest on full
medium with no sugar source. Low temperature strongly inhibited growth, whereas
feeding 0.5% Gluc gave an intermediate growth phenotype. Withdrawal of N did not
reduce total growth over the course of the experiment, but there was a large change
in shoot to root partitioning and accumulation of starch in these plants. Protein
content was stable in all treatments except for N-deficient and sugar-starved
seedlings where protein content decreased during the experiment, showing the
importance of both carbon and N supply for protein synthesis (Fig. 5.1C). Suc
contents displayed a range of responses (Fig. 5.1D), from 1.49 pmol g™ FW at the
start of the experiment rising maximally 9.9-fold higher to 14.8 pmol g™* FW in the low
N treatment, with a similar pattern at low temperature. Suc feeding on its own
resulted in a large initial increase in Suc up to 6 h from feeding, but which then
decreased during the rest of the experiment. Gluc feeding produced a small increase
in Suc content from 1.49 to 2.82 umol g™* FW which remained stable during the rest
of the experiment. Amounts of Gluc and Fru followed a similar pattern to Suc with the
exception that Gluc levels were higher in Gluc-fed seedlings than Suc-fed seedlings
(Fig. 5.1E and F). Large differences in T6P were found between the treatments (Fig.
5.1G). In seedlings grown with no sugar source and with 0.5% Gluc amounts of T6P
were stable throughout the experiment between 0.18-0.4 nmol g* FW. Low
temperature, low N and Suc feeding under optimal conditions led to large increases
in T6P during the first 24 h, up to 9.9, 5.8 and 3.3 nmol g* FW, respectively. Amounts
of T6P then decreased during the rest of the time course. There was a 55-fold
difference between the beginning of the experiment (0.18 nmol g-1 FW) and the
highest T6P content measured (9.89 nmol g* FW, 10°C, 24 h). These data show the
possible amplitude of T6P fluctuation that can be observed in seedlings through

changes in conditions that restrict growth by sink limitation.
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Figure 5.1. Impact on growth, starch, protein, sugars, and T6P contents in response to sucrose
and glucose feeding with full nutrition at 22°C and after transfer to 10°C or zero nitrogen.
Seedlings were grown with 0.5% (w/v) Suc for 7 d at 22°C and then transferred to fresh media without
external sugar source (0% Suc), with 0.5% Suc (0.5% [w/V] suc), 0.5% Gluc (0.5% [w/v] gluc), 0.5% Suc
at 10°C [10°C (0.5% suc; w/v)], and 0.5% Suc with zero nitrogen [No N (0.5% [w/v] suc)]. Measurements
were performed over 72 h of treatment induction. FW (A), starch (B), protein (C), Suc (D), Gluc (E), Fru
(F), and T6P (G). The data are means with SD of three independent samples.
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5.3.2. T6P levels correlate with Suc content under sink-limited conditions

Out of all sugars analysed T6P levels correlated most closely with Suc
content (Fig. 5.2A). The correlations of T6P with Gluc (Fig. 5.2B) and Fru (Fig. 5.2C)
were weaker than between Suc and T6P particularly at low temperature and low N. In
support of a specific relationship between Suc and T6P, Gluc feeding produced no

increase in T6P levels (Fig. 5.1G).
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Figure 5.2. Interrelationship between T6P and sugars measured in the different treatments. (A),
T6P and sucrose (0.5% suc, solid line r’=0.84, SEE=0.56, P<0.011; 10 °C, dashed line r’=0.99,
SEE=0.35, P<0.0001; No N, dotted line rZ:O.QO, SEE=0.70, P<0.0041). (B), T6P and glucose (0.5% suc,
solid line r*=0.68, SEE=0.79, P<0.045; 10 °C, dashed line r’=0.80, SEE=1.04, P<0.016; No N, dotted
line r*=0.74, SEE=0.94, P<0.028). (C), T6P and fructose (0.5% suc, solid line r?=0.73, SEE=0.72,
P<0.029; 10 °C, dashed line r’=0.82, SEE=1.00, P<0.013; No N, dotted line r’=0.72, SEE=0.96,

P<0.032). The data are means of 3 independent samples.
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5.3.3. Regulation of trehalose pathway gene expression by Suc

To examine how the trehalose pathway responded to the treatments, in
comparison, transcript abundances of representative genes of the pathway were
determined. The only TPS enzyme unequivocally known to synthesize T6P is TPS1,
so we examined the interrelationship between TPS1 expression and endogenous
Suc levels. We also analyzed the interaction between Suc and TPPA and TPPB
expression. These genes encode enzymes known to be catalytically active in the
trehalose pathway. (Vandesteene et al., 2012) Our data show a good
interrelationship between Suc and TPS1 expression when sugars were fed
exogenously, but not when Suc content was altered by low temperature or by low N
(Fig. 5.3A). The interrelationship between TPS1 expression and T6P was very steep
up to a level of 2.5 nmol T6P g™ FW (Fig. 5.3B). Beyond this T6P was not related to
TPS1 expression. TPPA expression did not show any relationship to Suc or T6P
content (Fig. 5.3C and D). However, TPPB expression correlated well with Suc both
when fed exogenously and when altered by low temperature but not when altered by
low N (Fig. 5.3E). There was a weak correlation between TPPB expression and T6P

content for all treatments except low N (Fig. 5.3F).
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Figure 5.3. Interrelationship between trehalose pathway gene expression, sucrose, and T6P in
response to Suc and Gluc feeding with full nutrition at 22°C and after transfer to 10°C or zero

nitrogen compared with treatment with no supplementary sugar. (A) TPS1 (At1g78580) and

sucrose (correlation for sugar feeding treatments, white symbols only, Pearson’s r = 0.972; P < 0.001);
(B) TPS1 and T6P; (C) TPPA (At5g51460) and sucrose (no correlation); (D) TPPA and T6P (no
correlation); (E) TPPB (At1g78090) and sucrose (correlation for sugar feeding treatments, white symbols
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only, solid line, Pearson’s r = 0.960; P < 0.001 and correlation for sugar feeding together with 10 °C
treatment, dotted line, Pearson’s r = 0.921; P < 0.001); (F) TPPB and T6P. Horizontal error bars are the
SD of 3 independent sucrose or T6P samples, and the vertical error bars are the SD of 3 independent
gRT -PCR samples.

5.3.4. SnRK1 activities and expression

SnRK1 activities measured in vitro were relatively stable during the course of
the experiment in the different treatments (Fig. 5.4A). However, N deficiency induced
a 30% increase in in vitro SnRK1 activity during the experiment from 3.7 nmol min™
mg™ protein to 4.8 nmol min™ mg™* protein. SNRK1 activity in seedlings grown without
sugar decreased from 3.7 nmol min™ mg™ protein to 2.9 nmol min™ mg™* protein.
SnRK1 activities in the other three treatments changed little during the time course.
SnRK1 was inhibited strongly by 1 mM T6P between 65 and 75% in all treatments
(Fig. 5.4B), with the exception of deficient N where inhibition by T6P steadily
decreased over the time course. Compared with the treatment where no
supplementary sugar was supplied, transcripts of AKIN10 changed little during the
experiment; amounts of AKIN11 transcript were decreased in all treatments

compared to seedlings without sugar (Fig. 5.4C and D).
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Figure 5.4. SnRK1 activity and inhibition by T6P and transcript abundance of the catalytic
subunits AKIN10 and AKIN11 determined by gRT-PCR in response to sucrose and glucose
feeding with full nutrition at 22°C and after transfer to 10°C or zero nitrogen. SnRK1 extracts were
used to determine (a), SnRK1 activity and (b), inhibition of SnRK1 activity by 1 mM T6P. Transcript fold
change of the catalytic subunits (c), AKIN10 (At3g01090) and (d), AKIN11 (At3g29160) relative to the
starvation condition at 3, 6, 24, 48 and 72 h after start of treatment. The data are means with standard

deviations of 3 independent samples.

5.3.5. SnRK1 marker genes impacted strongly by T6P content

Approximately 1,000 genes were established as SnRK1 marker genes
(Baena-Gonzalez et al., 2007). These genes were shown to be regulated by T6P in
vivo in transgenic seedlings with altered T6P content confirming in vitro inhibition of
SnRK1 by T6P (Zhang et al., 2009). Quantitative reverse transcription (qRT)-PCR
analysis of the marker genes for the treatments determined relative to seedlings with

no carbon source showed a relationship between T6P and transcript abundance.
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SnRK1 marker genes - ASN1, BGAL, AKINB, TPS8 and TPS10 - normally up-
regulated by SnRK1 were down regulated by T6P (Fig. 5.5A-E). SnRK1 marker
genes normally repressed by SnRK1 - UDPGDH, MDH, bZIP11 and TPS5 - were up
regulated by T6P (Fig. 5.5F-1). There were differences in the magnitude of changes
induced by T6P. Of the SnRK1-induced markers ASN1 was repressed strongly
compared with conditions with no supplementary sugar. Of the SnRK1-repressed
markers, TPS5 was the most strongly affected compared with treatments associated
with low endogenous sugar. Changes in marker gene expression induced by these
treatments relative to low sugar were larger than those induced by transgenic
modification of T6P (2- to 3- fold; Zhang et al., 2009) in agreement with the larger
changes in T6P achieved by the environmental treatments (up to 55-fold). When
transcript abundance was plotted against T6P clear biphasic relationships between
T6P and transcript abundance were obtained for both SnRK1-induced (Fig. 5.6A-E)
and SnRK1-repressed (Fig. 5.6F-1) marker genes. Most changes in gene expression
occurred above and below a level of T6P of around 0.3 to 0.5 nmol g™* FW. This
would indicate a threshold level of T6P required before changes in transcript
abundance occurred, which assuming cytosolic location, equates to about 3 to 5 uM,
close to the K; 4 uM of the SnRK1 complex (Chapter Il). Gluc feeding induced
changes in gene expression less than those induced by Suc feeding, low temperature
and low N (Fig. 5.5 and 5.6). The changes in gene expression occurred in spite of no
change in T6P content. It is known that G6P and G1P also inhibit ShnRK1 (Toroser et
al., 2000; Chapter II). We measured these metabolites to determine if they could
contribute to changes in SnRK1-induced gene expression in Gluc-fed seedlings.
Amounts of both increased between 3- to 4- fold over 48 h of Gluc feeding (Fig. 5.7A
and B). Gluc regulated marker genes were induced as predicted in this experiment
(Fig. 5.8).
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195



Chapter V

R? = 0.59, SEE = 0.45), and TPS10 (E; At1g60140; R = 0.72, SEE = 0.32) and marker genes normally
down-regulated by SnRK1, UDPGDH (F; At3g29360; R2 = 0.64, SEE = 0.18), MDH (G; At3g15020; R2
= 0.70, SEE = 0.23), TPS5 (H; At4gl17770; R2 = 0.68, SEE = 0.25), and bZIP11 (I; At4g34590; R2 =
0.62, SEE = 0.28). The inset graphs show the curves for values of T6P between 0 and 0.5 nmol g'1 FW.
Horizontal error bars are the SD of three independent T6P samples, and the vertical error bars are the
SD of three independent gRT-PCR samples. The fitted lines are significant for each data group (P ,

0.001).
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Figure 5.7. G6P and G1P accumulation in response to glucose feeding. (a), G6P and (b), G1P
compared to the starvation control. Data are averages with standard deviations of 3 independent
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Figure 5.8. Transcript abundance of glucose marker genes determined by qRT-PCR in response
to glucose feeding relative to starvation condition (HSP70, At3g12580 and GST, At1g17170). Data

are averages with standard deviations of 3 independent samples.
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5.3.6. Relationship between T6P, SnRK1 marker gene expression, and
growth

There was no relationship between relative growth rate and T6P content
(Fig. 5.9A) or between growth rate and SnRK1 marker gene expression (Fig. 5.9B
and C). The close relationship between T6P and Suc and SnRK1 marker gene
expression (Fig. 5.2 and 5.6) in contrast shows that T6P is primarily related to Suc
and SnRK1 marker gene expression and not to growth rate. However, we
hypothesised that large changes in gene expression induced by T6P, would prime
growth to proceed once sink limitations to growth are removed.
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Figure 5.9. Interrelationship between growth and T6P levels and growth and SnRK1 marker gene
expression. Growth was represented as the daily RGR during the 72 h of treatment. RGR versus T6P
levels (A) and RGR versus averages of the relative expression of down-regulated (B) or up-regulated (C)
SnRK1 marker genes. The data are means of three independent samples; error bars were omitted for
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clarity. There was no statistically significant relationship between growth and T6P levels and growth and

SnRK1 marker gene expression.

5.3.7. Growth recovery after 24 h cold

The hypothesis that T6P and SnRK1 are important in the growth recovery from low
temperature was tested by transferring seedlings grown in the cold for 24 h and
containing high T6P levels (Fig. 5.1G) to warm conditions. The experiment was also
performed with plants expressing otsB to decrease T6P (Schluepmann et al., 2003).
In the warm condition at low exogenous sugar levels, otsB grows the same as the
wild type (Fig. 5.10A; Schluepmann et al., 2003). After 24 h in the cold and
subsequent transfer to the warm (Fig. 5.10B), the relative growth rate of the wild type
was strongly stimulated. In contrast, otsB was unable to increase growth rate upon
warming (P < 0.05 at 4 h; Fig. 5.10B). T6P levels were very low in otsB seedlings
(Fig. 5.10C) and growth in the cold was low in spite of high sugar levels in otsB
seedlings (Fig. 5.10D). Between 11 and 24 h, growth rate of the wild type returned to
former levels (Fig. 5.10B). In further confirmation of the role of the T6P/SnRK1
signaling pathway in growth recovery in warm conditions, seedlings overexpressing
SnRK1 (KIN10; Baena-Gonzélez et al., 2007) were also subjected to the same
temperature treatment (Fig. 5.10E and F). Despite some variation in the 4 h data
point, growth of KIN10 was not stimulated in the short term upon transfer to the warm
conditions after 24 h cold, compared with Ler, which was stimulated after 11 h (P <
0.05; Fig. 5.10F). Dry weights showed the same trend as FWs with statistical
significance at 11 h (P < 0.05; Fig. 5.11). In conclusion, in these warm conditions,
otsB and KIN10 grow the same as their respective wild-type controls, Col-0 and Ler,
but upon transfer from cold to warm, growth recovery is impaired in the short term in
otsB and KIN10, consistent with a role for T6P/SnRK1 in growth recovery from low

temperature.
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Figure 5.10. Effect on relative growth rate of altering the T6P/SnRK1 signaling pathway by
transferring to 10°C for 24 h and through expression of otsB and KIN10. Seedlings were grown with
0.5% (w/v) Suc for 7 d at 22°C, either transferred to 10°C for 24 h (10°C) and then back to 22°C or held
at 22°C throughout (22°C). All growth measurements were performed at 22°C. A, Relative growth rate of
Col-0 WT compared with otsB maintained at 22°C. B, Relative growth rate of Col-0 WT compared with
otsB transferred from 10°C. C, T6P contents of the wild type and otsB upon transfer from 10°C and
control maintained at 22°C. D, Suc contents of the wild type and otsB upon transfer from 10°C and
control maintained at 22°C. E, Relative growth rate of Ler wild type compared with KIN10 maintained at
22°C. F, Relative growth rate of KIN10 compared with KIN10 control transferred from 10°C. The data are
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means with SE of three independent samples. (Note: T6P levels of otsB control were below detection

limit.)
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Figure 5.11. Relative growth rate calculated from dry weight of WT Ler compared to KIN10
seedlings; (A) maintained at 22°C or (B) transferred from 10°C. Seedlings were grown with 0.5%
sucrose for 7 days at 22°C, either transferred to 10°C for 24 h (10°C) and then back to 22°C or held at
22°C throughout (22°C). All growth measurements were performed at 22°C. The data are means with
standard errors of 3 independent samples.

5.4. Discussion

T6P is an established regulatory molecule which is indispensible for growth
and has a strong impact on metabolism and development (Eastmond et al., 2002;
Schluepmann et al., 2003; Gémez et al., 2006). Strong effects of T6P can be
attributed to inhibition of SNnRK1 by T6P (Zhang et al., 2009; Debast et al., 2011,
Delatte et al., 2011). Inhibition of SnRK1 by T6P results in upregulation of genes
involved in biosynthetic processes and growth (Zhang et al., 2009; Paul et al., 2010;
Debast et al.,, 2011; Martinez-Barajas et al., 2011) whereas low T6P and active
SnRK1 result in upregulation of plant stress responses and catabolism rather than
anabolism (Baena-Gonzalez et al.,, 2007; Zhang et al., 2009; Debast et al., 2011).
T6P contents are related to those of Suc in plants (Lunn et al., 2006; Martinez-

Barajas et al., 2011). Accordingly, a model has been developed where T6P elicits
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changes in gene expression through regulation of SnRK1 promoting growth in
relation to Suc supply. However, it is not known how the model functions under
conditions where Suc is abundant but growth is limited by other factors i.e. when
growth is sink-limited such as at low temperature. Is T6P simply a signal of Suc
availability or is T6P also directly related to growth rate? This question was
addressed through treatments that uncoupled Suc and growth through Ilow

temperature and removal of N from the growing medium.

5.4.1. T6P responds to Suc levels under all conditions

Large increases in T6P were induced in the experimental treatments (Fig. 5.1G).
There was a 55-fold range of T6P levels observed overall from 0.18 nmol g™ FW at
the start of the experiment in seedlings with no sugar up to 9.9 nmol g™ FW in cold-
treated seedlings. Tissue Suc levels ranged from 1.5 pmol g™ FW to 14.8 pmol g™
FW, a 9.9-fold range. The relationship between tissue Suc and T6P was linear when
tissue Suc was varied through feeding and through transfer of seedlings to 10°C or to
low N (Fig. 5.2A). This establishes that T6P responds to changes in Suc produced by
environmental treatments which limit growth and not just to Suc fed externally or to
Suc produced as a result of increased irradiance or changes in day length (Lunn et
al., 2006), i.e. T6P responds to Suc accumulation induced by sink limitation caused
by low temperature and low N. The relationship between Suc and T6P was linear
once a tissue level of 3 umol Suc g FW had been reached (Fig. 5.2A), which may
represent a threshold necessary to induce T6P synthesis. It could also represent a
possible famine threshold level of Suc above which growth is induced. While a strong
relationship is seen between Suc and T6P, other studies (Martinez-Barajas et al.,
2011) in an analysis of wheat (Triticum aestivum) grain have shown a relationship
with catabolites of Suc and T6P, including Gluc. To test the specificity of the
interrelationship between Suc and T6P, feeding of 0.5% (w/v) Gluc was performed.
Gluc feeding did not increase T6P (Fig. 5.1G and 5.2B) in comparison to feeding
0.5% (w/v) Suc. A recent work with a very close approach but concentrating the

analysis to the first 3 h after sugar addition detected T6P correlation with Suc in Gluc-

201



Chapter V

fed seedlings. After 3 h of treatment induction we observed T6P levels of 0.16 nmol g
! FW in the starved seedlings, 2.4 nmol g* FW in the Suc treatment, and 0.35 nmol g’
! FW in the Gluc treatment, values that, despite the first impression, are in fact of the
same magnitude of those found by Yadav et al. (2014), who found close to 0.4 nmol
g' FW T6P in the Gluc treatment. This holds true for the Suc accumulation levels.
We cannot trace the correlations of this fast initial response due to not enough
sampling points but argue that T6P values in the Gluc treatment must drop to
starvation levels in the longer term as happened for the Suc treatment (about 0.15
nmol after 48 and 72 h) and that is the why we were not able to see any correlation
between Suc and T6P in the Gluc treatment. Having said that, although the effects of
these two sugars are difficult to separate in plants, because of their interconversion,
this experiment provides evidence that T6P responds specifically to Suc. This was
confirmed in analysis of regression between Suc, Gluc, Fru, and T6P from all the
experiments (Fig. 5.2), which showed best relationships between Suc and T6P. This

specific response was now confirmed by Yadav et al. (2014).

In terms of understanding T6P homeostasis the regulation of T6P synthesis
may be explained by a general upregulation of trehalose pathway gene expression by
Suc at the level of TPS1 and TPPB, to catalyze flux of carbon through the pathway in
relation to Suc availability. However, expression of these genes can be explained
only in part by changes in Suc; other factors as indicators of sink activity or stress
may also regulate TPS1 expression and T6P content at other control points under
low temperature and low N. Expression of these genes was not well related to
endogenous Gluc but was still upregulated in this treatment, even though Gluc did
not stimulate T6P synthesis to levels as elevated as the Suc treatment, possibly due
to lower endogenous Suc levels, again indicating that a Suc specific activation
component may be necessary for T6P synthesis. TPPA expression is likely regulated
by factors other than Suc. Firmer conclusions were recently drawn by Yadav et al.
(2014) who showed that de novo transcription is not required for T6P synthesis but
de novo protein synthesis is, albeit not of TPS1, which activity together with that of

TPP can be directly influenced by Suc but this is not the predominant reason for T6P
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accumulation. Further research is still needed to elucidate all the factors that regulate
the trehalose biosynthetic pathway when Suc accumulates under different conditions.

We then went on to determine the interrelationship between T6P and the
transcript abundance of SnRK1 marker genes under the different conditions. T6P is
known to promote growth and to promote transcription of genes associated with
biosynthetic processes and growth (Baena-Gonzélez et al., 2007; Zhang et al., 2009;
Debast et al., 2011). Given that T6P was related to Suc levels under all treatments
with different growth rates, we wished to determine if transcript abundance of SnRK1
markers was related to T6P or to growth rate.

5.4.2. SnRK1 target gene expression changes in relation to T6P and not
directly to growth rate

There was a strong correlation between T6P and SnRK1-regulated gene
expression (Fig. 5.6), but not between T6P and relative growth rate (Fig. 5.9A). This
establishes quite clearly that ShRK1 marker gene expression responds closely to
T6P content irrespective of the growth outcome. Changes in gene expression were
elicited above and below a threshold level of T6P of 0.3 to 0.5 nmol g™ FW (Fig. 5.6).
Assuming T6P is cytosolic and the cytosol accounts for 10% tissue water, cytosolic
concentrations of T6P will be in the region of 10-fold higher than when expressed on
a whole tissue basis. Strikingly, this would equate to 3 to 5 mM T6P close to the
T6P/SnRK1 dissociation constant calculated as 4 mM (Chapter Il). From what is
known about the inhibition of SnRK1 by T6P, this would enable high SnRK1 activity
at 1.8 mM T6P (at the start of the experiment) and strong inhibition possibly by 80%
or more at 99 mM T6P (Zhang et al., 2009) in the cold. In contrast, changes in in vitro
SnRK1 activities measured without T6P in the assay were less than 2-fold throughout
the experiment (Fig. 5.4A, C, and D). These measurements in vitro effectively show
maximum catalytic potential or enzyme concentration and do not reflect regulation by
T6P. In vivo, a large dynamic range of T6P in response to environmentally induced

changes in Suc induced by sink limitation would provide a powerful means of
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regulation of SnRK1 in response to Suc supply demonstrated in the readout of
SnRK1 marker gene expression.

As the relationship between T6P and SnRK1 marker gene abundance held
even when the growth rate was low, i.e. under sink-limited conditions, we went on to
test the physiological significance of the increase in T6P and gene expression under
sink-limited conditions. What could be the adaptive advantage of activating gene
expression in this way if growth was inhibited? We posed the hypothesis that the
T6P/SnRK1 signaling pathway primes growth to proceed once sink limitation is
relieved. By priming, we mean being in a prepared state with an advanced capacity to
activate growth following relief of a growth limitation, such as upon relief of low

temperature.

5.4.3. T6P primes gene expression for growth when Suc availability is
high

To test this idea, sink limitation was relieved while Suc and T6P contents
were high, by transferring seedlings grown in the cold for 24 h to the warm. Growth
rate of these seedlings with elevated T6P was 3-fold higher in the first few hours
upon return to the warm conditions compared with controls that had been kept in the
warm (Fig. 5.10A and B). The experiment was also performed with seedlings where
T6P levels were decreased through expression of otsB encoding an E. coli TPP. T6P
was strongly decreased in otsB compared with the wild type even though sugar
contents of these seedlings were very high. When grown with low sugar content, otsB
grows at a similar growth rate to the wild type (Schluepmann et al., 2003). However,
growth of these seedlings upon transfer to the warm was severely compromised (Fig.
5.10B). This would indicate that T6P is necessary for rapid growth after the cold-to-
warm transfer. To further confirm the role of T6P/SnRK1, the experiment was also
performed on seedlings overexpressing SnRK1 (KIN10; Baena-Gonzalez et al.,
2007). These seedlings too were unable to rapidly increase growth in response to the
warm conditions (Fig. 5.10E and F). Therefore, we conclude that the T6P/SnRK1
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signaling pathway is necessary to potentiate rapid growth following relief from low

temperature.

5.4.4. Gluc results in moderate regulation of SnRK1-regulated genes

In spite of no (or incredibly low) induction of T6P accumulation by Gluc
feeding (Fig. 5.1G) there was a change in SnRK1 marker gene expression in
response to Gluc feeding which was more moderate than that induced by Suc (Fig.
5.5 and 5.6). New results from Yadav et al. (2014) obtained in the first 3 h of Gluc
treatment revealed that T6P accumulates in this treatment but to very low levels, an
effect that we ca also observe in the inset graphs of Fig. 5.6. These low T6P levels
may not be enough to induce the observed changes in gene regulation suggesting
that other factors might regulate these genes either through SnRK1 or through other
mechanisms. Both G6P and G1P increased during Gluc feeding (Fig. 5.7A and B).
G6P and G1P inhibit SnRK1 (Toroser et al., 2000; Chapter II), although far less
potently than T6P. This milder effect on gene expression and smaller stimulation of
growth compared with Suc control could be due to regulation of ShRK1 at least in
part by a combination of these metabolites. The magnitude of gene expression and

growth effects reflects less potent regulation of ShnRK1 in response to Gluc.

In conclusion we show that restriction of growth by low temperature or low N
leads to large increases in T6P. While the regulation of SnRK1 in response to
endogenous Suc levels likely involves factors in addition to T6P, in vitro catalytic
data, and now in vivo gene expression data in a physiological context, support the
view that T6P regulation of SnRK1 provides an explanation at least in part for the
control of growth in response to tissue Suc availability providing other factors are not
limiting. Evidence presented suggests the mechanism operates above a level of Suc
of 3 ymol g* FW and 0.3 to 0.5 nmol T6P g™ FW likely to indicate a Suc starvation
threshold. This starvation threshold (3-5 mM T6P) is close to the K; of the
T6P/SnNRK1 complex (Zhang et al., 2009; Chapter 1l). Increases in Suc above this
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level through Suc feeding or through treatments that induce sink-limited growth
resulted in a proportionate increase both in T6P content and changes in expression
of SNRK1 marker genes. SnRK1 is likely inhibited in vivo by up to 80% or more by
T6P under the physiological conditions caused by low temperature. Under such sink-
limited conditions, T6P is not directly related to growth rate; the regulation of growth
here is downstream of the T6P/SnRK1 mechanism. However, the changes in gene
expression induced by T6P under such conditions would prime growth to proceed
once the growth limitation is removed. The T6P/SnRK1 signaling pathway is
necessary for the acceleration of growth following relief from sink-limited conditions,

such as low temperature.

5.5. Materials and Methods

5.5.1. Plant material and growth conditions

Seeds of Arabidopsis (Arabidopsis thaliana (L.) ecotype Col-0) were
weighed in batches of 2.5 mg and surface-sterilised for 10 min in a 10% sodium
hypochlorite solution with triton x-100 and rinsed twice in sterile water. Each seed
batch was grown in 50-ml half-strength Murashige and Skoog medium
(ApolloScientific PMM524) plus Gamborg’s vitamins (Sigma G1019) and 0.5% Suc
(0.25 g/ 50 ml medium) in culture flasks (300 ml polystyrene containers, Greiner).
After cold treatment for 2 days in the dark at 4°C they were transferred to the growth
room for 7 days at 23°C (16 h light/ 8 h dark) with 130 pmol quanta m™ s irradiance
with gentle shaking. At day 8 the medium was removed and the plantlets were
washed thoroughly twice with sterile water. The same volume of fresh medium was
added to five groups of plants. Group 1 had no added sugar; group 2, 0.5% Suc;
group 3, 0.5% Suc and transferred to 10°C; group 4, half-strength Murashige and
Skoog medium without N (ApolloScientific PMM531) with everything else the same
and 0.5% Suc; group 5, 0.5% Gluc (no Suc). Five plants were harvested before
medium change (time 0) and 5 of each group were harvested 3, 6, 24, 48 and 72 h

after medium change. Medium change was performed 4 h after the start of the light
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period. Hence harvests at 3 h and 6 h were 7 and 10 h into the photoperiod and
harvests at 24 h, 48 h and 72 h were 4 h into the photoperiod. Harvests were done
within two minutes under the growth light conditions. Seedlings from each pot were
rinsed in distilled water, gently blotted dry with tissue paper, weighed, and snap-
frozen in liquid N. Transgenic Arabidopsis expressing the TPP gene otsB in Col-0
background and overexpressing KIN10 in Ler background were as described
previously (Schluepmann et al., 2003; Baena-Gonzalez et al., 2007). For the relative
growth rate (RGR) experiment, seedlings were grown with 0.5% (w/v) Suc for 7 d at
22°C, after which medium was changed as previously stated and either transferred to
10°C for 24 h and then back to 22°C or held at 22°C throughout. Harvests were all
performed at 22°C as described above at time points -24, 0, 4, 11, 24, and 48 h. The
RGR was calculated using the method indicated by Hoffmann and Poorter (2002):

In (W2) — In (W1)

RGR =
G t2 —tl

Where In (W), is the mean of the In-transformed plant weights at time t.

5.5.2. Assay for SnRK1 activity

Total soluble protein was extracted from 200 mg of ground tissue. For the
detailed protocol please refer to Chapter Il. ShRK1 activity of three replicates for each
time point was determined as in Zhang et al., (2009), also described in detail in
Chapter II.

5.5.3. Sugars, glucose 6-phosphate and glucose 1-phosphate

guantification

Seedling material (100 mg) was ground to powder in liquid N and
homogenised in 250 pl cold 5% (v/v) perchloric acid to denature any enzymes that
might change sugars abundance. After 30 min on ice, homogenate was centrifuged

for 2 min at 13,000g at 4°C. The pellet was kept at -80 °C for posterior starch
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guantification and the supernatant was neutralized with 5 M KOH buffered with 1 M
triethanolamine. Metabolites were measured using enzyme-linked assays as
described by Jones et al. (1977). The assays are based on the change of absorbance
at a wavelength of 340 nm when NADP" is converted to NADPH, coupled with the
conversion of G6P to 6-phosphogluconate. Gluc, Fru and Suc were assayed together
in 100 mM imidazole and 10 mM MgClI, adjusted to pH 6.9 with HCI. Just before
quantification 1.1 mM ATP, 0.5 mM NADP" and 0.14 U G6PDH were added to the
necessary buffer volume. After centrifugation at 13,000g at 4 °C for 2 min, 5 to 20 ul
of seedling extract was added to 200 pl of buffer plus additions in a 96-well
microplate. The change in absorbance relative to the background value was
measured in a SpectraMax 96-well plate reader. The sequential addition of 0.12 U
hexokinase, 0.035 U phosphoglucoisomerase and 4 U invertase to the reaction

buffer, enables the quantification of Gluc, Fru and Suc in sequence (Fig. 5.12).

glucose 6-P
dehydrogenase

(1)  glucose-6-P + NADP* —>  6-P-gluconate + NADPH
EC1.1.1.49

hexokinase

(2) glucose + ATP —>  glucose-6-P + ADP
EC2.7.1.1

hexokinase

(3) fructose + ATP —>  fructose-6-P + ADP
EC27.1.1

P-glucoisomerase

(4) fructose -6-P+ ATP —>  glucose-6-P
EC5.3.1.9

invertase

(5) sucrose —>  glucose + fructose
EC3.2.1.26

Figure 5.12 Enzyme reactions for the determination of carbohydrates. The assay measures the
change of absorbance at a wavelength of 340 nm when NADP" is converted to NADPH, coupled with
the conversion of G6P to 6-phosphogluconate. When hexokinase is added to the assay glucose and
fructose are phosphorylated to G6P and F6P respectively (2 and 3). G6P is therefore subsequently
converted to 6-P-gluconate by the G6P dehydrogenase already in the reaction mixture (1) quantifying
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glucose. Phosphoglucoisomerase then converts F6P to G6P (4) which react again quantifying fructose.
Finally, invertase cleaves sucrose to glucose and fructose (5), both taken through the reactions and

sucrose is quantified.

For the quantification of starch, the stored pellet from the carbohydrates
extraction is washed twice with 1 ml of water to remove any present soluble
carbohydrates. After centrifugation at 13,000g for 2 min at 4°C the pellet was
ressuspended in 250 pl sodium acetate buffer (100 mM, pH 4.8) containing 2 U a-
amylase and 0.05 U amyloglucosidase. Full conversion of starch to Gluc was
achieved after 36 h at 37°C. The pellet can be discarded after centrifugation. The

Gluc in the supernatant can then be quantified as described above (2 and 1).

For the quantification of sugar-phosphates, G6P was determined according
to reaction (1) and for G1P a further enzyme was necessary, 0.05 U

phosphoglucomutase.

P-glucomutase

I 1-pP —> lucose-6-P
(6) glucose —ti2a g

Figure 5.13. Enzyme reaction for the determination of G1P.

Sugar-phosphates were assayed on a dual-wavelength spectrophotometer
DW2000 at 340 and 410 nm. A 1 ml cuvette was used with 100 ul of sample, and 900
Ml 50 mM HEPES buffer pH 7, with 5 mM MgCl,, 0.25 mM NADP and 0.12 mM Na
pyrophosphate. After reaching a stable background reading, 0.1 U G6PDH was
added in a volume of 2 ul HEPES buffer using a plastic cuvette stirrer to quantify G6P
(1). After reaching a stable reading 0.05 U PGM was added in the same way to
measure G1P (6) (Fig. 5.13).
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55.4. T6P determinations

T6P was quantified in Arabidopsis seedling extracts using anion exchange HPLC
coupled with electrospray ionisation mass spectrometry following liquid-liquid and
solid-phase extraction as described by Delatte et al. (2009) and detailed below.

5.5.4.1. Extraction of T6P from Arabidopsis seedlings

Seedling material (50mg) was ground to fine powder at liquid N temperature. To each
sample was added 3 ul of 1 nmol/10ul 10x concentrated solution of lactose 1-
phosphate as an internal standard. The plant material was homogenized in 500 ul of
fresh 70% acetonitrile and 30% chloroform (v/v) solution and immediately vigorously
mixed in the vortex for 30 sec. Samples were incubated for 2 h at -20 °C with
occasional mixing (every 10 to 15 min). In the cold room water soluble compounds
(including T6P) were extracted with 400 ul ice-cold water with vigorous shaking in the
vortex for 30 sec. Phases were separated by centrifugation at 130009 for 5 min at 4
°C. The top aqueous layer containing T6P is transparent to red and it is separated
from the bottom organic green phase by a thin white starch layer. The top layer is
carefully transferred to a new tube and water extraction is repeated one more time
giving approximately 800 pl of water and acetonitrile. Each sample was evaporated to
dryness in the vacuum dry evaporator. The sample is stable at this point and was
reconstituted with 2 ml of water only on the day of solid phase extraction. Only half of
the volume was loaded onto the column (therefore only the equivalent to 25 mg of
tissue). Oasis-Max columns (Oasis MAX flangeless cart.1lcc/30mg Waters
Ref.186001883) were used to remove lipophilic substances like pigments. In the
vacuum manifold draw through by gravity flow 1 mL methanol, followed by 1 mL of
water and 1 ml of sample. The columns were then washed with 1 ml of water followed
by 1 ml of methanol, the pump must be used at this point to dry the column beads.
Elution was performed thrice with 500 pl of freshly made 2% formic acid in methanol.
The 3 elutes were collected to the same tube and the pump was used only if

necessary to remove bubbles and to finish dry the last elute step. If the samples are
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red in colour due to antocianines (not this case), an additional cleaning column
should be used, the Mix Mode cation exchange (Oasis MCX cart.1cc/30mg Waters
Ref.186000252). Samples were dried again, this time under N flow and stored at -20

°C. On the quantification day samples are reconstituted in 200 ul of water.

5.5.4.2. Liquid chromatography

To achieve enough selectivity, anion exchange chromatography (AEC) was coupled
with negative mode electrospray ionization (ESI)-MS using an ion trap mass
spectrometer. To make these compatible an ion suppressor was added between the
liquid chromatography (LC) column and the MS sprayer. A DX 500 high-performance
liquid chromatography (HPLC) system (Dionex, Sunnyvale, CA, USA) was used for
AEC. The LC system consisted of a Dionex lonPac AS11-HC column (250 x 2.0 mm,
particle size 9 uym) and a GP-40 gradient pump coupled with an AS-3500
autosampler. The AEC gradient program was as summarized in Table 5.1. The
injection volume was 20 pl and the flow rate was 0.2 ml min™. Detection was

achieved using MS system.

Table 5.1. Gradient program used for T6P analysis by anion
exchange chromatography.

Time (min) 100 mM NaOH (%) Water (%)

0 5 95

5 5 95
25 29 71
26 100 0
46 100 0
50 5 95
60 5 95

5.5.4.3. Mass spectrometry

An ion trap series 6330 XCT model mass spectrometer (Agilent Technologies, Palo
Alto, CA, USA) prepared with an ESI source using an LC sprayer (Agilent

Technologies) was coupled with the AEC system. The on-line coupling of AEC and
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ESI-MS detection was only possible with an ASRS-MS ion suppressor (Dionex)
installed between the AEC column and the ESI sprayer; which exchanges sodium
ions for hydrogen ions in the mobile phase forming water with the hydroxide ions
present in the mobile phase. The suppressor was adjusted to an electrical current of
50 mA, with an external water flow of 3 ml min™*. The ion trap mass spectrometer was
operated in negative ion mode. The electrospray voltage was 5 kV, and the MS
capillary voltage was 137.7 V. The nebulizing gas pressure was fixed at 40 psi, the
dry gas flow rate was 8 L min™, and the dry gas temperature was set at 325 °C.
Target ion charge control (ICC) was set at 30,000 with a maximum filling time at 50
ms. Data were collected using a scan range of 418 to 423 m/z and analyzed with

DataAnalysis 3.4 software from Agilent Technologies.

5.5.4.4. Quantitative analysis

The data acquired from the AEC-MS was used to produce ion chromatograms
corresponding to T6P (421 £ 0.5 m/z). T6P peaks were integrated using DataAnalysis
3.4 software. Aqueous T6P standards were used to create five-point calibration
curves in the range of 19.5 nM to 2.5 yM, one calibration curve per day was found
enough for accurate T6P quantification. The T6P peak areas in the Arabidopsis

samples were determined and T6P concentration inferred from the calibration curve.

5.5.5. RNA extraction and qRT-PCR

Total RNA was extracted from 100 mg of snap-frozen ground Arabidopsis
seedlings using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the
protocol provided. RNA was quantified by Nanodrop Spectrophotometer (ND-1000)
and its integrity evaluated by agarose gel electrophoresis. Potential present DNA was
removed with RQ1 RNase-free DNase (Promega, Madison, USA; M610A). cDNA
was synthesized by reverse transcribing 1 pug of RNA using SuperScript Il First-
Strand Synthesis System for RT-PCR (Invitrogen) according to the manfacturer’s

protocol. Gene expression was quantified using SYBR Green chemistry on a iQ™

212



T6P/SnRK1 Primes Growth Recovery from Sink Limitation

Real-Time PCR system (Bio-Rad) in 20 L for each reaction, containing 10 L of iQ™

SYBR Green Supermix (Bio-Rad), 3 pL of cDNA, and 0.5 pM of gene-specific primers
shown in Table 5.2 PCR used an initial denaturing stage of 95°C for 3 min followed
by 45 cycles of 95°C for 10 s, followed by an annealing step at 60°C for 10 s and an
extension step at 72°C for 10 s. The specificity of products was confirmed by
performing a melting temperature analysis at temperatures ranging from 55°C to
95°C in intervals of 0.5°C. PCR was performed with two technical replicates repeated
on three biological replicates. Data were normalized using a combination of 3
reference genes: yellow-leaf-specific protein 8 (At5g082290), ubiquitin-transferase
family protein (At3g53090) and protein phosphatase 2A subunit (Atlg13320)
(Czechowski et al., 2005), and setting the expression of each gene in relation to the
gene expression level of the control samples (0% Suc). Intron-spanning primers
(Table 5.2) were designed using the Primer Express software version 2.0 (Applied

Biosystems).

Table 5.2. Sequences of the gene-specific primers used for gRT-PCR analysis. Specific primers for

4 up-regulated and 5 down-regulated SnRK1 marker genes and 4 reference genes.

Annotation AGI Sense (5'to 3)

Fwd: 5-TTCAAATACTTGCAGCCAACCTT-3’

UBQ1 At3g53090 Rev: 5-CCCAAAGAGAGG TATCACAAGAGACAT-3'

Fwd: 5-TCTGCACTCCGGTTGGGCTG-3’

LS8 At5g08290 Rev: 5-GCAACAGACGCAAGCACCTCA-3'
PP2A AIgI3320 R ARG COATACTGOACGARG.
T e
o e G SISCOMGTTeCeceRoons
TP AIg78000 R RO CACAACAT CATGOGAS
AKINLO ABGO1090 Fwd: 5-CCGCTCCAGAGGTAATTTCG-3

Rev: 5-CACACCACAGCTCCAGACATCT-3’
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Fwd: 5-CACCATTCCTGAGATCCGTCA-3'

AKIN11 Al3g29160 Rev: 5-GAGACAGCAAGATAACGAGGGAG-3’
ASN1 BT30S G TOBCACCTOCAGOA
peALA ABGSEBT0 R T TGAGTCOATCTOACACCGOAS
AKINB1 ABG2IIT0 R G TOATGOTORCECOTA S
T
TPS10 AIgB0140 R AAGCAACTTCACCACGTCS
UDPGDH  ABR29360 L A CCOAGTOTO0 S
o e A
PSS AgLTTT0 R AAACTCOACOTTTCRCART 3T
1L Atg34590 Fwd: 5-TGGGCATGTGTTCGAACCCTCT-3'

Rev: 5-AGACGCCATGAGAGGCTGGT-3

5.5.6. Statistical analysis

The relationship between T6P and sugars and T6P and SnRK1 marker
genes relative expression was tested using Pearson Product Moment Correlation
analysis. The analysis was performed using SigmaPlot 11.0 (Systat Software, San
Jose, CA). Each regression is associated to the r? value, the standard error of

estimates (SEE) and the P value that characterizes the model.
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Concluding Remarks and Future Perspectives

6.1. Project Summary

In our exceedingly populated world, science is unequivocally needed to fulfil
food and energy increasing demand. Because plant growth, development and yield
are the basis of those requirements, natural fluctuations due to environmental
conditions constitute an important vulnerability issue. It is a scientific (challenging)
goal to understand the regulatory mechanisms that underlie those fluctuations. The
multitude of intertwined pathways that regulate plant environmental responses must
be identified, studied in detail and cross points identified so that manipulation
strategies can become a concrete alternative for improved plant production. The
overall goal of this study was to increase our knowledge about one of those
pathways, the SnRK1/T6P signaling pathway, both at the biochemical, molecular and
physiological levels. SnRK1 of the SNF1/ AMPK group of PKs is an evolutionary
conserved plant metabolic regulator that integrates energy availability with growth
responses. SNRK1 was recently shown as a target of the sugar signal, T6P. T6P
responds to sugar availability and through a separable factor inhibits SnRK1 which
reprograms the transcriptome to promote growth processes. This suggests the
importance of in vivo metabolic regulation of SnRK1. Concisely we started this work
by analyzing the enzyme kinetics of ShnRK1 inhibition by T6P as well as that of other
inhibitors that we found to be cumulative and synergistic with T6P in SnRK1
inhibition. The identification of the intermediate Factor | that mediates the inhibitory
effect of T6P over SnRK1 could have contributed with further insight on where and
how T6P exerts its effects in vivo. We were able however to pave the way to ease
future attempts of identification. Highly relevant was the inclusion of wheat in this
study, providing the first clues about the tissue-specific regulation of SnRK1 by T6P
during wheat grain development. Our findings can become a new means of improving
yield of this important global food source. Finally, establishing the role of the pathway
under sink limited conditions confirmed the hypothesis that the T6P/SnRK1 signaling

pathway enables growth recovery following relief of stress imposed limitations.
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6.2. ShRK1 metabolic requlation

When we started our work, besides T6P (Zhang et al., 2009), G6P (Toroser
et al., 2000) had also been identified as a ShnRK1 metabolic inhibitor. Therefore we
started out by analysing a list of compounds to potentially identify additional SnRK1
regulators. Among others, several nucleotides inhibited SnRK1 by directly competing
with ATP. In fact, this inhibition seems unlikely to occur in the cell because conditions
that translate into increased nucleotide concentrations are also those where SnRK1
is expected to be more active, we cannot rule out however, a scenario of feedback
regulation of SnRK1 by ADP or AMP. SnRK1 protection from dephosphorylation by
AMP observed by Sugden et al. (1999) fits much better with what is known about its
counterparts. Both mammalian AMPK and yeast SNF1 are activated in different ways
by AMP and ADP. The in vivo relevance of the observed competition would be highly
dependent on relative amounts of each nucleotide, the corresponding binding
affinities as well as on binding levels with Mg?". In fact, enzyme regulation by
nucleotides seems to be highly dependent on ratios of bound and unbound
nucleotides to Mg?* (Molnar and Vas, 1993; Jenkins et al., 2011). On the one hand
the lack of sequence conservation in critical regulatory points between SNF1 and
AMPK (Xiao et al., 2011) and certainly SnRK1 suggest differences in the regulatory
mechanisms of these homologous enzymes but on the other hand parallelisms are
also very expected. In order to fully understand these regulatory mechanisms full-
length structures of the SnRK1 catalytic subunits containing the phosphorylated
kinase domain must be obtained in the presence of Mg%*, ATP and the other

nucleotides.

At that point we have also observed a strong inhibition of SnRK1 by R5P
and Ru5P, absent from non-chlorophyllous tissues like Arabidopsis roots and
cauliflower florets (Chapter Il). Together with the observation that gene expression
related to photosynthesis is particularly strongly correlated with SnRK1 activity
(Zhang et al., 2009) the argument that these Calvin cycle metabolites could constitute
a SnRK1 regulation pathway directly connecting growth to photosynthesis was quite
tempting. Also, Piattoni et al. (2011) later on concluded that SnRK1 from wheat
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endosperm was too inhibited by R5P, an effect that the authors associated with the
oxidative pentose-P pathway (to which R5P is an end product) and considered to fit
very well with SnRK1 involvement in anabolism repression. However, experimental
inconsistencies led us to investigate further and find that this inhibition was in fact an
experimental artefact caused by ATP depletion during the conversion of R5P to
RuBP by PRI and PRK. This was shown to be the case for both Arabidopsis (Chapter
II) and wheat grain (Chapter IV). It is imperative that any observed interaction
between a metabolite and SnRK1 (or any enzyme in fact) be discussed cautiously
and always aim for in vivo confirmation of the observed effects before drawing

conclusions.

The analysis of partially purified SnRK1 activity profiles from different tissues
(At seedlings and mature leaves and cauliflower florets) revealed that despite the
differences in inhibition intensities, levels fluctuated equally along the profiles for the
3 consistent inhibitors, T6P, G1P and G6P. Inhibition levels also varied with different
SnRK1 substrates. These results suggest that metabolic regulation of ShnRK1 varies
not only during development as previously observed by Zhang et al. (2009) but also
depending on the specific subunit compositions of the complexes and more
importantly depending on the substrate being regulated by SnRK1. Kinetic modelling
of T6P, G1P and G6P inhibition of ShRK1 predicts that each regulate ShRK1 activity
by acting at different sites on the SnRK1/Factor | complex. The observed
interactions/synergisms between T6P and G6P and T6P and G1P add to the
complexity described above suggesting that SnRK1 regulation could also depend on

ratios of metabolites.

Identification of Factor I, the protein that mediates SnRK1 inhibition by T6P
was a desired goal of our work. However, the sensitive and difficult nature of in vitro
SnRK1 handling, already witnessed previously in our group and elsewhere (Sugden
et al., 1999b) made us tackle the problem cautiously, testing different approaches
and available resources instead of concentrating all attempts in one technique. While
searching for mutants with suggestive phenotypes of anomalies in the ShnRK1/T6P

pathway (either TPSs mutants, trehalose insensitive mutants or others) may indeed
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produce positive results, it could also be an endless task. Yet, testing already
available mutants is easy and fast enough and therefore always worthy.
Unfortunately, those we had available were not mutants for Factor I. The purification
procedure carried out to isolate SnRK1 and interacting proteins was especially
relevant for the prediction of the molecular size of Factor |. Mixing a low activity highly
inhibited fraction with a high activity with little inhibition fraction originates a mixture of
high activity highly inhibited by T6P, suggesting that Factor | runs in excess or in
loose equilibrium with SnRK1 around fraction 62, making it a protein of about 174
KDa. The purification profiles were also used to characterize the inhibited SnRK1
complex composition. While interesting to see that subunits composition change in
equivalent sized fractions in Arabidopsis seedlings and mature extracts, no
conclusion can be drawn for the T6P inhibited complex composition except to say
that the AKINBy subunit, a plant-specific protein, hoped to be involved in plant-
specific SNnRK1 inhibition by T6P, seems not to be essential for the process. This
subunit was, however, very recently recognized to be the true canonical y subunit
required for the heterotrimeric complex formation in plants and suggested to retain a
starch, starch breakdown products or analogous carbohydrates binding ability
necessary for retrograde signaling (plastid to nucleus) of carbon homeostasis
regulation (Ramon et al., 2013). The ATP-agarose purification approach was, while
promising, suspected to be difficult to use as already described by Davies et al.
(1994) who tried to purify AMPK in this way. Indeed, we were not able to recover
most SnRK1 activity and inhibition was lost during the procedure. New takes on the

protocol might however be worth trying.

Our next strategy was to look at immunoprecipitation technigues with fresh
eyes (Zhang et al., 2009). Given that T6P inhibition of ShnRK1 increases in the first
minute of reaction reaching a steady state after that, we assumed that ShnRK1-Factor
I-T6P interaction had to happen at least in that time frame. Together with the
knowledge that the interaction is most likely weak (due to failed co-
immunoprecipitation in Zhang et al. (2009)), we designed a protocol for that first

minute of reaction with gentle washing steps in an attempt to keep SnRK1-Factor |
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attached in the immunoprecipitated pellet and/or obtain wash fractions enriched with
Factor I. After electrophoresis, this approach revealed 3 protein bands of interest:
bands that were simultaneously absent from thoroughly washed pellets, present in
gently washed pellets with some degree of conserved T6P inhibition and present in
washes. Band 1, a factor 2-like protein, linked to cold responses (Guo et al., 2002)
has no known connection to SnRK1 or T6P and was absent from highly inhibited
fractions in the purification profile. Band 2, a cobalamin-independent methionine
synthase (Met E) that catalyze the synthesis of methionine, links sulphur and one-
carbon metabolism (Ferrer et al., 2004). Besides trehalose fluctuation with sulphur
stress (Zhang et al.,, 2011) no other links to T6P or SnRK1 are described. While
unlikely to be Factor I, Band 2 is present in inhibited fractions in the purification profile
and might be worth to investigate further. Band 3 is an unknown protein with no
known function with 3 recognized domains, a thiamine pyrophosphate-binding
module, a Pyr binding domain and a C-terminal domain of transketolase. In
mammals, AMPK regulation by glucose levels seem to be dependent on the levels of
Xu5P set by the PPP activity and in part related to a transketolase reaction. In
Arabidopsis seedlings Xu5P does not alter SnRK1 activity (see Table 2.1, Chapter II)
but a putative transketolase was down-regulated in pea embryos with anti-sense
SnRK1 (Radchuk et al., 2006). In plants, transketolase links the PPP and the Calvin
Cycle and while a direct link to T6P and SnRK1 is difficult to assume one should
remember that before T6P inhibition of SnRK1 was described in plants, both
elements were known to be involved in sucrose/energy coordination with growth,
however, a direct link between them might have sounded has unrealistic as a link
with the identified proteins since the only parallelism came from yeasts where T6P
was known to inhibit HXK (Blazquez et al., 1993) and not SnRK1 (Zhang et al.,
2009).

6.3. SnRK1/T6P signaling pathway

In addition to the biochemical studies of SnRK1 regulation we aimed to

clarify the physiological role of the SnRK1/T6P pathway. We looked both to the
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responses of the pathway under sink-limited conditions, in other words, when the
plant does not grow despite carbon being readily available and initiated the analysis
of its physiological role during the development of a highly relevant crop, the wheat

grain.

Concerning our studies in wheat grain we present the first data of T6P
measurements in an important feeding grain. We observed interesting tissue
specificity of T6P levels shifting during development. The transition from pre-grain
filling to grain filling stages is marked by dramatic transcriptional and physiological
changes where sugars are expected to play a key role (Aoki et al., 2006). At 7 DAA
(pre-grain filling period) T6P levels were high enough in both filial and maternal
tissues to inhibit SnRK1. However, at 17 DAA (during grain-filling) high T6P
concentrations were confined to the endosperm, making it unlikely the inhibition of
SnRK1 activity in the pericarp and embryo. The observation that Suc levels are still
high (albeit two to three times lower) in all tissues at 17 DAA is a further indication
that an additional Suc signal must control T6P synthesis as suggested by our
analysis of the trehalose pathway genes in Arabidopsis (Chapter V) and also recently
reaffirmed by Yadav et al. (2014) by showing that a direct biochemical effect of Suc
on trehalose biosynthetic enzymes transcripts and activity is not sufficient to explain
T6P levels variation. The observation of a shift in SnRK1-marker genes expression at
10 DAA is in agreement with SnRK1 inhibition by T6P in the pre-grain filling period.
These results constitute a very preliminary approach to the subject but are a promise
that the T6P/SnRK1 signhaling pathway constitutes an important means of directed

genetic crop improvement for enhanced food production.

Regarding the effects of the T6P/SnRK1 signaling pathway on the
physiological responses observed under sink-limited conditions (impaired growth
despite carbon availability) we wondered whether T6P simply signal Suc levels or if it
is directly related to growth. To answer this question an experiment was designed to
obtain Arabidopsis seedlings with contrasting sugar levels and biomass outcome.
Plants grown in sugar-fed media under optimal conditions were compared with plants

grown in the cold and under N deficiency. Similarly to the previously observed
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linearity between T6P and Suc levels altered either by external Suc feeding,
increased irradiance or changes in day length (Lunn et al., 2006), we showed that
T6P also responds to Suc accumulation due to sink limitation caused by low
temperature and N deficiency. T6P responded to Suc levels above the value of 3
umol g FW which we suggest could constitute a famine threshold value above which
T6P synthesis is induced and growth promoted. Since a direct relationship had also
been previously established for T6P and Suc metabolites like Gluc (Martinez-Barajas
et al., 2011), an effect also observed here but to a far lesser extent, we went on to
compare Gluc fed plants to Suc fed plants and established that T6P responds
specifically to Suc accumulation and not Gluc. More recently, Yadav et al. (2014)
looking at the same relationship but in a shorter time frame (3 h) showed that T6P
does accumulate in Gluc treated seedlings but in response to endogenous Suc levels
as we proposed for all our other treatments. In an attempt to start to understand T6P
synthesis regulation under these conditions we analysed trehalose pathway gene
expression. There was a general upregulation of the pathway, the level of correlation
between expression levels of TPS1 and TPPB genes and endogenous Suc
suggested that a Suc signal must be involved in transcription stimulation but the lack
of correlation under sink-limited conditions advocates the existence of additional
regulatory players. Yadav et al. (2014) also found a Suc induced general upregulation
of the pathway but ruled out the need for de novo transcription for T6P accumulation.
They have however, also suggested the existence of additional regulatory points and
show that an unknown protein must be synthesized for T6P to accumulate in

response to Suc.

T6P was determined as a regulator of SnRK1 marker genes expression
rather than a regulator of growth. Changes in gene expression were observed above
a threshold value of 0.3 to 0.5 nmol g™ FW which can be extrapolated to 3 to 5 mM
T6P in the cytosol (considering that the cytosol accounts for 10% of the tissue water
content). This concentration fits very well with our biochemical studies where we
found a T6P/SnRK1 dissociation constant of 4 mM (Chapter Il). Considering what is
known about SnRK1 inhibition by T6P, at the beginning of the experiment SnRK1 is
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expected to be highly active (1.8 mM T6P) whereas at the end, activity must be
decreased by 80% or more since high T6P concentrations were reached (99 mM T6P
in the cold treatment). The expected increase of other metabolites like G1P and G6P
with Suc accumulation would increase even more the extent of SnRK1 inhibition due
to the observed cumulative and synergistic effects of these metabolites in SnRK1
inhibition by T6P (Chapter Il). In fact, a recent mathematical modelling study shows
that allosteric effects on SnRK1 activity by metabolites are indeed sufficient to induce
dramatic metabolic reajustments (Nagele and Weckwerth, 2014).

Interestingly, the relationship between T6P levels and growth promoting
gene expression was kept even under conditions where growth rates were low due to
sink-limitation. This observation led us to hypothesise that the T6P/SnRK1 signaling
pathway would prime growth to proceed once constraints were relieved, i.e. prepare
the plant to resume growth as soon as constraints disappear. In further experiments
we observed an elevated growth rate (3-fold higher) when seedlings under sink-
limited conditions imposed by low temperature were transferred back to favourable
conditions. Plants with decreased T6P content due to over-expression of a T6P
phosphatase, that under low carbon conditions present similar growth rates as those
of WT (Schluepmann et al., 2003) failed to follow the WT in this increased (primed)
growth rate observed upon stress relief. Our suggested priming effect was confirmed
to happen through SnRK1 regulation because seedling overexpressing SnRK1
(Baena-Gonzalez et al., 2007) also failed to grow at an increased rate upon stress

relief.

6.4. Future perspectives

The regulatory loop involving T6P-Factor I-SnRK1 is a critical node in the
carbon sensing and signal transduction network in plants. Despite the latest interest
around it, our understanding of its functionality is still insipient. Plenty of work is
needed in all fronts. Related to the presented work, a few lines for future ventures are

presented below.
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SnRK1 activity regulation is far from being fully understood. The broad range
of already observed regulatory processes and the probable parallelisms with AMPK
and SNF1 suggests a myriad of other mechanisms. The study of these mechanisms
is essential to fully understand SnRK1 activity control and would permit the
identification of novel metabolic links. From direct regulation by phosphorylation/
dephosphorylation where additional upstream kinases (Hey et al., 2007; Shen et al.,
2009) and phosphatases (Rodrigues et al., 2013) are expected to exist in plants to
the additional processes that may or may not influence that main regulatory
mechanism are important lines for future work. The significant regulation of AMPK by
nucleotides (Davies et al., 1995; Xiao et al., 2011) and the observation by Sugden et
al. (1999) that SnRK1 dephosphorylation is decreased by AMP together with our
results showing possible direct competition of nucleotides with ATP in the active site
suggest that SnRK1 regulation by nucleotides may be far more complex then up to
know realized. Evidence of post-translational modifications has also been observed,
myristoylation (Pierre et al., 2007), ubiquitination (Farras et al., 2001; Lee et al.,
2008) and SUMOylation (Baene-Gonzalez and co-workers, unpublished results) may
affect different subunits for different outcomes. Regulation by metabolites was first
described for SnRK1 (Toroser et al., 2000) and later shown for AMPK (Clark et al.,
2004). In addition to differential regulation depending on plant developmental stage
(Zhang et al., 2009) our work adds additional layers of complexity to this type of
regulation with interactive effects among metabolites and differential regulation
depending on substrate. All these regulatory mechanisms need further in-depth
studies and would greatly benefit from full length or regional high-resolution structure
analysis of all the complex subunits. Starting from secondary structure predictions, as
recently done for the starch-binding domain of Arabidopsis AKINBy and AKINB2
(Avila-Castafieda et al., 2014), regions of interest could then be crystalized for theory
direct confirmation as different groups have been doing for AMPK (Xiao et al., 2011).
The gathering of structural information would allow comparison of subunits isoforms
possibly revealing relevant differences as observed for AKINB1 and AKINB2 (Sanz et
al., 2013). As well as comparison of homology between SnRK1 and its counterparts

as done for MARK and AMPK where structural similarities beyond those predicted by
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sequence homology were found (Marx et al., 2010). The recognition of SnRK1
structural specificities would greatly benefit the integration of the kinase in the global
picture of plant metabolism.

The identification of Factor | remains a critical line of work that would bring
clarity to the T6P/SnRK1 signaling pathway. The identification of unknown proteins,
whatever the chosen method, always starts by relying in a good purification/isolation
technique. After trying different approaches to purify Factor | the co-
immunoprecipitation experiment was the only one to produce effective results and
also the one that seemed to be most easily perfected to reach the desired goal. As a
future effort cross-linking reagents could be attempted to capture the SnRK1-Factor |
complex. The rapid reactivity of crosslinkers with protein functional groups would
allow the stabilization of the weak and transient interaction in hands and the co-
immunoprecipitate would hopefully be stable enough for thorough washing. Not only
Factor | could be identified but also the exact SnRK1 trimeric complex involved in
T6P signaling. More elaborate techniques would probably constitute elegant ways of
solving this problem. Yeast two-hybrid technique has already been used to confirm
interactions between the three main SnRK1 subunits (Bouly et al., 1999; Ferrando et
al., 2001; Lumbreras et al., 2001; Bradford et al., 2003) and could also be used to
catch proteins that interact in the presence of T6P. A possible drawback could be the
unawareness of with which main subunit does Factor | interact with. Possibly, the
inclusion of a second subunit in a yeast three-hybrid experiment could solve this
problem as it was already used successfully to show interaction between an ATPase,
a ubiquitin ligase and SnRK1 kinase subunit (Chiang et al., 2013).

Another very important question concerns T6P differential synthesis
regulation under diverse stresses (Lee et al.,, 2011) and under different sugars
availability as observed in Chapter V. As the first primary metabolite shown to control
metabolism and the incredibly low levels in which it operates, in fact of the same
magnitude of those of hormones, suggests an elaborate and fine synthesis control.
Only a biochemical revision on the properties of the different TPSs and TPPs

enzymes together with genetic and post-translational studies on their expression and
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activity and that of other regulatory proteins (Yadav et al., 2014) may unravel the
complexity of this synthetic pathway.

Once all these questions were answered new challenges would include the
identification of the type of cells and intracellular localization where T6P interact with
SnRK1 via Factor I. This would also disclose T6P effects independent from SnRK1
and vice-versa. At this point we would be in a good position to transfer our knowledge
to crops and effectively improve yield through this growth regulatory pathway.
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