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Abstract

ARAUJO, Elias Feitosa, M. Sc., Universidade Federal de Vicosa. Fepadgy. The
influence of the Target of Rapamycin (TOR) on starch metabolism iArabidopsis
thaliana. Advisor: Camila Caldana.

Plant growth and development are maintained by a complex network controlled by
environmental factors including the availability of water, light and nutrients and by
several signaling pathways. One of the most important signaling pathways, conserved in
eukaryotes, is the kinase Target of Rapamycin (TOR). Various lines of evidence point
out that TOR plays a fundamental role in carbon and nitrogen balance, acting as an
essential regulator on central metabolism by controlling growth and biomass
production. Starch is the major form of carbon storage and its content is negatively
correlated with growth. Transgenic lines with reduced expression of TOR gene or
components of the TOR complex present a clear starch excess phenotype. However, it
remained to be elucidated whether the accumulation of starch is due to increased
synthesis, impaired degradation or both. In this waéugbidopsis seedlings treated

with the specific ATP-competitive inhibitor of TOR kinase AZD-8055 showed a starch
excess phenotype right after 4 hours of treatment and the accumulation of starch was
proved to be due to an augmentation in the rate of starch synthesis. Furthermore, TOR-
inhibited plants presented an average increase of 20-30% in their starch content at the
end of day when compared to control. Metabolite profiling analysis showed that TOR
inhibited plants exhibited broad changes in the levels of sucrose, fructose, glucose,
maltose, mannose and orthophosphate, which are associated directly or indirectly with
starch metabolism. In addition, a correlation between the amount of mannose,
orthophosphate and increased starch content was noticed in AZD-treated plants. Gene
expression analysis of AGPase subunits showed significant changes only from 18 and
24h after treatment. Although TOR inhibited plants displayed higher content of the
active form of AGPase (monomer), enzymatic activity assays revealed that changes in
AGPase activity might occur as secondary effect of TOR inhibition and might be not
related to the starch excess phenotype observed 4 hours after AZD-treament. Since
several enzymes related to starch metabolism are subject to redox regulation, the levels
of glutathione were measured to verify the redox environment of the cells. TOR-
inhibited plants showed changes in the pools of glutathione, mainly in its reduced form,

and the redox state of the cells tended to be more reduced. Together, these results



indicate the participation of TOR signalling on starch metabolism but the mechanistic

behind this process need further studies.



Resumo

ARAUJO, Elias Feitosa, M. Sc., Universidade Federal de Vigcosa. Fevereiro de/&016
influéncia da via Target of Rapamycin (TOR) no metabolismo de amido em
Arabidopsisthaliana. Orientadora: Camila Caldana.

O crescimento e o desenvolvimento vegetal sédo controlados por uma complexa rede
metabolica controlada por fatores ambientais, incluindo a disponibilidade de &agua,
nutrientes e luz, e por varias vias de sinalizacdo. Uma das mais importantes vistas de
sinalizacdo, conservada em eucariotos, € a kinase Target of Rapamycin (TOR). Varias
linhas de evidéncia demonstram que TOR exerce um papel fundamental no balanco de
carbono e nitrogénio, agindo como um regulador essencial do metabolismo central,
controlando o crescimento e a producdo de biomassa. O amido é a principal forma de
armazenamento de carbono e seu conteddo € correlacionado negativamente com
crescimento. Linhas transgénicas com expressdo reduzida do gene TOR ou dos
componentes do complexo apresentam um claro fenétipo de acimulo de amido. No
entanto, ainda ndo é elucidado se o acumulo de amido é devido a um aumento na
sintese, decréscimo na degradacdo ou ambos. Neste trabalho, planfrikasdipsis
tratadas com o inibidor quimico especifico de TOR AZD-8055, que age no sitio de
ligacdo do ATP no dominio quinase de TOR, mostraram um fenétipo de acumulo de
amido logo apods 4 horas de tratamento e este aciéaglado a um aumento nas taxas

de sintese deste polimero. Além disso, plantulas onde TOR estava inibida apresentaram
um aumento em torno de 30-40% em seu conteldo de amido em comparacdo ao
controle. Andlise de perfil metabdlico em plantulas com inibicdo de TOR apresentaram
mudancas nos niveis de sacarose, frutose, glicose, maltose, manose e fosfato inorgéanico.
Todos estes metabdlitos estdo correlacionados direta ou indiretamente com o
metabolismo de amido. Uma correlacédo entre o teor de manose, fosfato inorganico e
aumento de amido foi notavel em plantas tratadas com AZD-8055. Andlise de expressao
génica de subunidades da AGPase apresentou mudancas significativas nos psntos 18
24 horas ap6és o tratamento com o inibidor. Atividade catalitica maxima da AGPase foi
determinada nos pontos 2, 4, 6, 10 e 24 horas ap0s a administracdo de AZD-8055. No
entanto, a atividade so foi estatisticamente diferente entre tratamentos nos pontos 4 e 24
horas. Immunoblotting para esta enzima mostrou que apos 4 horas de inibicdo da via
TOR, o conteudo de AGPase em sua forma dimérica tendeu a ser maior em plantas
controle. Além disso, o teor total de AGPase e seu conteddo na forma monomérica

foram maores em plantas tratadas com AZD-8055 apds 6 horas de tratamento na luz.

Vi



Sabendo que varias enzimas relacionadas ao metabolismo do amido séo reguladas pelo
potencial redox da célula, os niveis de glutationa foram mensurados para verificar o
potencial redwr celular. Plantas tratadas com AZD-8055 apresentaram mudancgas na
guantidade total de glutationa, pincipalmeméesua forma reduzida e o potencial redox

da célula tendeu a ficar mais reduzido. Em conjunto, estes resultados indicam a
participagdo de TOR no metabolismo do amido, mas o exato mecanismo por tras disso

ainda esta longe de ser elucidado.
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1 - Introduction

1.1 - Target of Rapamycin (TOR) signaling pathway

As sessile organisms, plants are subject to different enviroahmenditions,
such as availability of nutrients and water, protection from high light radiation, heavy
rains, pest and pathogen attacks. Therefore, to sustain growth, plants must balance their
energetic status in harmony with anticipated and stressful changes in the environment
(Smith and Stitt, 2007; Xiong and Sheen, 2014). Recent studies have mapped out the
signaling pathways controlling this complex network (Robagla., 2012). One of the
most characterized growth regulator and conserved in all eukargdhe kinase Target
of Rapamycin (TOR). This protein integrates external and internal factors and controls a
wide range of anabolic and catabolic processes including transcription, translation,
carbon metabolism and autophagy; promoting growth, survival and longevity (Caldana
etal., 2013).

TOR is a large protein of approximately 280 kD belonging to the family of
protein kinase$phosphatidylinositol 3-like protein kinas&s(PIKKs). TOR was found
in the yeasBaccharomyces cerevisae in a screen for mutants resistant to the cytostatic
effects of the anti-mycotic rapamycin (Tsaa@l., 2006). Several studies pointed out a
similar TOR domain structure in all eukaryotes. The Huntington, Elongation Factor 3,
PR65/A, TOR (HEAT) repeats domains consist of approximately 20 HEAT motifs,
each of which is~40 residues that form a pair of interacting antiparaiklelices
(Andrade and Bork, 199%erry and Kleckner, 2003). The HEAT repeats occupy the N-
terminal half of TOR and are the binding region for subunits of the TOR complexes
(Wullschlegeret al., 2005). The central Focal Adhesion Targeting (FAT) domain
contains~500 residues and the extreme C-terminal FRAP-ATM-TRRAP-C-terminal
(FATC) domain~35 residues, flanking the FKBP-rapamycin binding (FRB) and the
kinase domains, are always paired and found in all PIKK family members (Alercon
al., 1999 Bosottiet al., 200Q Dameset al., 2005). The FRB domain-Q00 residues) is
the FKBP-rapamycin-binding regiorHgure 1.1 A).


http://jxb.oxfordjournals.org/content/65/10/2691.long#ref-79
http://jxb.oxfordjournals.org/content/65/10/2691.long#ref-71
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http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3241408/#bib240
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TOR kinase is the focus of extensive research due to its role in health, diseases,
cancer and aging. In yeast and mammals, its function is performed through two-multi-
protein complexes, named TORC1 and TORC2, which differ in their complex
assembly, sensitivity to rapamycin and functions. TORC1, formed by TOR, RAPTOR
and LST8; is related mainly to ribosome biogenesis, translation, transcription,
metabolism, inhibition of autophagy and protein degradation processes. In contrast,
TORC2, assembled by TOR, RICTOR, LST8 and Sinl; is responsible to control
cytoskeleton organization and cell cycle progressieigufe 1.1 B (Laplante and
Sabatini, 2012). TORCL1 is inhibited through the formation of a ternary complex among
rapamycin, the immunophilin FKBP12 and the FRB domain of TOR. This complex is
the most characterized due to its role in integrating environmental factors, metabolism,
and cell growth (Wullschleget al., 2006).

HEAT Repeats FRB EATC

B TORC2
g pm:f': TOR
ceraehren "\ TORC1 Metabolism
Autophagy I RAPTOR Cell cycle
TOR progression Cytoslfele.tun
organization
Ribosome Cell wall

biogenese

Transcription Translation

Figure 1.1 - Target of rapamycin in eukaryotes. InArabidopsis there is no evidence proving the existence o
the TORC2.
(A) Organization of domains of the components of T@}; TORC1 and TOR2 complexes and their functions.

The Arabidopsis thaliana genome contains a single copy of the gene TOR, two
copies of RAPTOR (regulatory associated protein of TOR) that are expressed, and two
putative LST8 (G- protein B-subunit-like/lethal with Sec thirteen 8) genes, of which
only one (LST8-1) is significantly expressed (Garetthl., 2005; Renet al., 2011,
Moreauet al., 2012). Although all essential genes are preseArabidopsis genome,
the treatment of plants with rapamycin does not lead to growth arrest as it has been
observed for other eukaryotes. This is due to the substitution of essential amino acids in
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the sequence of the immunofilin FKBP12 Afabidopsis required for interaction
between rapamycin and TOR. However, rapamycin could arrest plant growth when
applied in concentrations 100-fold higher than the ones used in yeast and mammals
(Xiong and Sheen, 2012).

Despite the different strategies of plants for their growth and development, the
function of TOR in coupling nutrients and energy availability with other environmental
signals to coordinate growth, development and survival seems to be conserved in yeast,
animals and plants. Generally,Anabidopsis, TOR expression levels correlate with the
growth of roots and shoots, cellular size and seed production (Depralst 2007).
Furthermore, TOR loss-of-function T-DNA insertion lines displayed embryonic
lethality and arrest of endosperm development at the torpedo stage, pointing TOR as an
essential protein (Menaratial., 2002).

Transgenic lines with conditional repression of TOR through interference RNA
or artificial micro RNA and rapamycin-sensitive transgenic lines expressing yeast
FK506 Binding Protein have been used to overcome the lethality of knockout mutants
(Deprostet al., 2007 Renet al., 2012 Caldanaet al., 2013 Xiong et al., 2013). With
the aim of inhibiting the TOR pathway more efficiently than rapamycin, new
mammalian TOR-specific inhibitors (asTORIis) have been developed (Zaalg
2011). These new TOR inhibitors are ATP competitive because they target the ATP-
binding site of the kinase domain (Dowliegal., 2010). They have been selected for
their specificity byin vitro kinase assays with a wide range of protein kinases (Garcia-
Martinezet al., 2009; Thoreermst al., 2009; Yuet al., 2009; Chrestat al., 2010; Liuet
al., 2010; Yuet al., 2010; Liuet al., 2011). Montané and Menand (2013) have shown
the dose-dependent effect of first (KU63794, Torinl, WYE-354) and second-generation
inhibitors (AZD-8055, Torin2, WYE-132) orArabidopsis root growth. Second-
generation inhibitors were developed to improve pharmacodynamics of first-generation
inhibitors (Chrestat al., 2010; Yuet al., 2010; Liuet al., 2011). Each asTORis used in
that work inhibited root growth at concentrations ranging from 0.1 up fdl(Garcia-
Martinezet al., 2009 Thoreenet al., 2009 Yu et al., 2009 Chrestaet al., 201Q Yu et
al., 201Q Liu et al., 2011). However, second-generation molecules were about ten times
more efficient in inhibiting growth than the first-generation inhibitors and clearly
inhibited root growth at concentrations belowuM in less than 50 hours after
treatment. AZD-8055 was shown to inhibit the growth of two ecotypds tifaliana,

suggesting that asTORIis impair growth independently of the ecotype. The use of
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chemical TOR inhibitors has opsthnew perspecives to dissect the TOR function in
plants without the need of creating transgenic lines. Despite the limitations concerning
the use of TOR-silenced lines to characterize this pathway in plants, these lines can still
be used in a wide range of assays to determine TOR-function in plants depending on the
biological question to be answered.

The major conserved processes involving the TOR pathway among organisms
are the ones related to the control of protein synthesis at multiple levels. TOR regulates
rRNA transcription through its kinase domain. Chromatin immunoprecipitation studies
demonstrated tharabidopsis TOR directly binds to the 45S rRNA promoter and the 5’
untranslated region via the Leu-zipper sequence within the HEAT repeat domain of
TOR to directly regulate 45S rRNA transcription (Ree@l., 2011). The transcription of
a large number of genes encoding ribosomal proteins (RPs) are similarly regulated by
TOR in yeastArabidopsis, and mouse, suggesting another conserved TOR function that
is central to ribosome biogenesis (Mawtral., 2004; Hubekt al., 2009; Chauviret al.,

2013; Xiong et al., 2013. The S6K is a well-known target of TOR. TOR
phosphorylates and activates S6K, which phosphorylates the ribosomal protein S6.
Ribosomal protein S6 is a key component of the 40S ribosomal subunit, integrating t-
RNA recruitment to mRNA and translation initiation factors, and thus regulating
translation of mMRNAs (Ruvinsky and Meyuhas, 2006). S6 was the first identified
ribosomal protein target of inducible phosphorylation by growth factors and also by the
RPS6 kinase (S6K) (Krieget al., 1988 Franco and Rosenfeld, 199Buvinsky and
Meyuhas, 2006

In conditions where nutrients and energy are available to promote protein
synthesis and growth, TOR acts inhibiting the autophagy process. Autophagy is
responsible for directing cytoplasmic components to vacuoles or lysosomes to be
degraded to generate precursors during starvation periods and in stress conditions
TORC1 is a key inhibitor of autophagy, regulated by multiple upstream factors
including oxygen, amino acids, glucose, and growth factors. In yeast, multiple genes
essential for autophagy (referred to as ATG genes) act downstream of TOR. ATG
proteins are conserved in mammals and function to induce the generation, maturation,
and recycling of autophagosomes. Amabidopsis, the down-regulation of TOR
expression activates constitutively the autophagy process (Liu and Basham,2010).
Chlamydomonas reinhardtii, TOR inhibition by rapamycin similarly induces autophagy

(Pérez-Péreet al., 2010). These results demonstrate that TOR is a conserved negative
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regulator of autophagy not only in photosynthetic species, but also in mammals and
yeasts.

Several lines of evidence also point to a fundamental role of TOR on carbon (C)
and nitrogen (N) balance and its action as an essential regulator of central energy
metabolism (Wullschlegeat al., 2006 Castrilloet al., 2007; Duvekt al., 2010; Reret
al., 2012; Caldanat al., 2013 Xiong et al., 2013). InArabidopsis, the reduction of
gene expression levels or kinase activity of TOR leads to an accumulation of starch,
triacylglycerides (TGA), amino acids, intermediates of TCA and secondary metabolites
(Renet al., 2012; Caldanat al., 2013 Xiong et al., 2013). Additionally, TGA excess
phenotype mainly of polyunsaturated long chain was also observed in TOR-silenced
plants (Caldanat al., 2013) and represents another form to accumulate the excess of C
and energyl(i-Beissoret al., 2013).

Cell wall can serve as a short and long-term structure to store C. However, cell
wall is a C sink and TOR modulates its biogenesis. Letbet. (2010) proposed a
mechanism in which TOR participates in cell wall formation. Trlk& mutant develops
abnormal root hairs since it is an extracellular protein involved in cell wall formation in
this tissue (Baumberget al., 2001; Baumbergeat al., 2003a, 2003bY.0l5 mutant has
been identified as a suppressor of Irx1 (Leieeal., 2010). The functionally similar
ROL5 homolog in yeast was shown to affect TOR signaling. Inhibition of TOR
signaling in that work by using rapamycin led to suppression oflrtkle mutant
phenotype and caused changes to galactan/rhamnogalacturonan-lI and arabinogalactan
protein components of cell walls that were similar to those observediiol Sheutant.

The participation of TOR on C metabolism was also shown by transgenic lines
with reduced TOR and LST8 expression that accumulate high amounts of starch
(Moreauet al., 2012 Caldanaet al., 2013; Dobrenedt al., 2013). Starch is the ma(
storage compound in plants and its abundance correlates negatively with growth
(Sulpiceet al., 2009). The accumulation of starch in TOR-silenced plants is reminiscent
of the fact that the repression of TORC1 in yeast and mammals leads to accumulation of
glycogen, an analogous form of starch (Schmeélal., 2004; Cornuet al., 2013).
Different from animals and yeasts, the influence of TOR kinase on C metabolism in

plants is not yet elucidated.



1.2 - Carbon metabolism in plants

Autotrophic organisms are able to transform light enerdryy éhemical energy
through the photosynthetic process. In the presence of light, photoassimilates are
usually partitionedinto sucrose and transitory starch in the chloroplasts, being the
percentage of each compound variable among plant species. During the night, starch is
remobilized to sustain metabolism and plant growth (Kottingl., 2010; Santelia and
Zeeman, 201)1The synthesis and degradation of transitory starch are finely coordinated
with the day length and the C anticipated necessity for plants in the night period. Starch
is also a long-term storage compound and is accumulated in heterotrophic organs such
as seeds, roots and tubers (Sonnewald and Kossmann, 2013).

Starch is composedf two types of polymers, amylose and amylopectin, which
are assembled in insoluble crystalline granules and are species-specific in number, form
and size (Zeemad al., 2010; Sonnewald and Kossmann, 2013). Amylose is a linear
chain of glucose residues linked wial,4 bonds, while amylopectin is a branched
polymer of glucose linked throughl,6 bonds.

The pattern of starch degradation is essentially linear and starch is consumed in
almost its totality during the night (Gibaet al., 2004). In addition, the rate of starch
degradation can immediately adjust to an unexpected early onset of the night,
suggesting thatrabidopsis plants are able to measure the amount of starch in the leaf at
the end of the day and accurately anticipate the length of the forthcoming nigh&t(Graf
al., 2010). Moreoverthe timing of starch degradation is linked to the circadian clock
because a mutant lacking the LHY and CCA1 clock components exhausted its starch at
the dawn anticipated and become C starved at night éGahf 2010).

Due to its importance, fine-tuning disturbs in the starch synthesis and
degradation pathways affect the metabolism, growth and development of plants (Caspar
et al., 1985; Linet al., 1988; Stitt and Zeeman, 201During dark periods, after leaf
emergence, growth is diminished when the amount of starch is low. This is followed by
rapid and massive changes in metabolism, gene expression and inhibition of growth
until one or two hours of the next day (Pamngtnal., 2011). Conversely, incomplete
remobilization of starch leads to a reduction in biomass as it sequestrates C that could
be used to promote growth of roots and leaves (Weie 2012).

Plants grown in short-day conditions partition more C as starch than plants
grown in long days. It means that the longer is the period without light, the higher is the



amount of starch storage to provide energy during the period of darkness (&taman
2007). Mutations affecting starch metabolism have been important to characterize the
synthesis and degradation pathways as well as the mechanisms that control these
processes. Mutatiairelated to starch metabolism resulted in disturbs and diminution of
growth showing the great importance of the daily turnover of this polymer (Zegman

al., 2007).

1.3 - Biosynthesis of starch

The biosynthesis of starch occurs in the presence of light in chloroplasts of
leaves and in amyloplasts of organs without chlorophylls. The production of starch is
finely regulatedat several levels to control the flow of C from the Calvin-cycle and the
amount of stored starch depends on environmental conditions, mainly the day length
(Zeemanet al., 2007). According to Sttit and Zeeman (2)1the conversion of
photosynthetic products in transitory starch is around 30-5084gioidopsis.

Starch synthesis occurs through the action of several enzymes, being adenosine
diphosphate glucose (ADP-glucose) the main substrate of starch synthases, which are
responsible to catalyze the polymerization of glucose molecules (Sonnewald and
Kossmann, 2013). It has been accepted that the ability of plants to synthesize starch
granules evolved from an ancestral competence to produce glycogen, a polymer of
glucose simpler, branched and soluble (Ball and Morell, 2003). For the occurrence of
polymerization and branching of the starch granules it is necessary a primer in which
starch synthases are able to act. However, there is no confirmed evidence for the ability
of starch synthases to produce glycan chains from ADP-glucose, being necessary the
presence of an acceptor of glycan. Possibly, the beginning of starch granule formation
in plants is under genetic control, different from mammals and yeasts, where the
molecules of glycogen are initiated through the glycogenin enzyme without the need of
a primer acceptor (Zeemahal., 2007).

ADP-glucose is directly linked to the Cavin-Benson cycle through several
enzymatic steps. The trioses phosphates produced in this pathway are substrates for
aldolases, originating fructose-1,6-bisphosphate, which is then dephosphotbyated
fructose-1,6-biphosphatase in fructose-6-phosphate. This last sugar is converted in
glucose-6-phosphate and subsequently in glucose-1-phosphate through the action of



phosphoglucose isomerase (PGI) and phosphoglucomutase (PGM), respectively (Stitt
and Zeeman, 2012).

ADP-glucose pyrophosphorylase (AGPase) catalyzes the first committed step in
the pathway of starch synthesis. The higher plant enzyme is a heterotetramer that
contains two regulatory large (51 kD) and two slightly smaller (50 kD) catalytic
subunits. AGPase forms ADP-glucose from glucose-1-phosphate and ATP, releasing
inorganic pyrophosphate (PPi). Starch synthases (SSs) catalyze reactionaRiRing
glucose to builda-(1,4)-linked linear glucosyl chains. Branching enzymes (BEs) are
responsible to introduce branch linkages by cleaving an inter(tg4) linkage and
creating a newr-(1,6) linkage by transferring the released reducing end to a C6
hydroxyl. Starch-debranching enzymes (DBEs) hydrolyze bem¢higure 1.2).
Multiple SS, BE, and DBE isoforms exist in all plant species, and their strong
evolutionary conservation suggests that each isoform class functions uniquely in starch
metabolism. Five distinct SS classes are known in all plants based on amino acid
sequence similarities: granule-bound SS (GBSS), SSI, SSllI, SSllI, and SSIV/V. Genetic
analyses in plants that accumulate storage starch indicate that at least three of the SS
classes are essentials in starch biosynthesis: GBSS (&haire1983 Klosgenet al.,

1986); SSIII (Gacet al., 1998 Caoet al., 1999); and SSII (Craigf al., 1998 Morell et
al., 2003 Zhanget al., 2004)

In storage organs, such as endosperm of seeds and potato tulsigrtiséarch
synthesis is provideftom the cytoplasm. It has been accepted that depending on the
species, glucose-6-phosphate or glucose-1-phosphate could be imported for the
amyloplast through the action of a transporter of hexose phosphates (Sonnewald and
Kossmann, 2013).

It has been questioned whether there is only one starch biosynthetic pathway
becausgpgml mutant (absence of phosphoglucomutase)aaigd (absence of the small
subunit of AGPase -AP$hre able to produce starch, even in small quantities when
compared to wild type. This implies that probably in every mutant the metabolism of
chloroplast or importation are sources for precursors of starch synthesis. Importation of
glucose-1-phosphate for the chloroplast might explain any content of starch present in
the pgml mutant. The content of starch found in gl mutant can be due to a
residual activity of AGPase, eventually enough for the synthesis of starch even in low
guantities. Despite the possibility of new routes for starch synthesis, the one mediated
by AGPase is the most importantAnabidopsis (Stitt and Zeeman, 2012).


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1150387/#bib30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1150387/#bib20
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Figure 1.2 lllustrative scheme of the pathway of starch synthesis and degradatian leaves ofArabidopsisthaliana.
Adapted from Stitt and Zeeman, 2012.

1.4 - Starch degradation

The degradation of transitory starch in leaves occurs during the night and the
main products exported from chloroplast are maltose and glucose. Glucose-1-phosphate
may be generated and possibly used in chloroplast or exported to cytosol (Stitt and
Zeeman, 2012). The first steps for starch mobilization are catalygdtle enzyme
glucan water dikinase (PWD) and phosphoglucan water dikinase (PWD), which
phosphorylate glucose residues at C6 and C3 positions, respectively. PWD is able to act
only after the phosphorylation performbg GWD. Subsequentlio the action of these
enzymes, a destabilization in the granule surface occurs facilitating the binding of other
hydrolases. - amylases (BAMshre responsible to hydrolyze a-1,4 glycosidic bonds
between glucose residues generating maltose, the main product of starch breakdown in
Arabidopsis. The branching points in starch structure are hydrolymedebranching
enzymes, o-amylases and pululanases (Stitt and Zeeman, 2012; Sonnewald and
Kossmann, 2013



In Arabidopsis, the generated maltose is exported from plastids through a
maltose transporter (MEX1) and further metabolizég the cytosolic de-
proportionating enzyme (DPE2), producing glucose and heteroglycans that serve as
intermediates for C storag€&igure 1.2) (Sonnewald and Kossmann, 2013). The exo-
amylolytic activity is impairedby phosphate groups, thus phosphate residues are
removed from starchy two specific phosphatases, starch excess 4 (SEX4) and like sex
four2 (LSF2) to ensure complete degradation. SEX4 hydrolyzes phosphate bonds at
both C3 and C6 positions, while LSF2 preferentially breaks bonds at C3 positions in
glucose molecules. Therefore, during the starch degradation process the granule surface
is primarily destabilizedby phosphorylation, subsequently degrad®ad hydrolytic
enzymes and then finally dephosphoryldig SEX4 and LSF2(Sonnewald and
Kossmann, 2013).

1.5 - Regulation of starch metabolism

Studies related to starch synthesis and its regulation were primarily focused in its
integration with the Calvin-Benson cycle and sucrose synthesis. During light periods
when photosynthesis is supposed to occurs, photoassimilates areeprddonever,
the syntheses of starch and sucrose are competing reactions. In other words, the
synthesis of sucrose down-regulates starch synthesis and vice-versa (Taiz and Zeiger,
2010. The most important factors controlling the partition of fixed C between starch
and sucrose synthesized in the stroma of chloroplasts and cytosol, respectively, are
trioses phosphates generated after photosynthetic process and orthophosphate (Pi)
(Figure 1.3.

In the inner membrane of the chloroplast, there is an integral membrane protein
known as triose phosphate translocator. The phosphate translocator catalyzes the
movement of Pi and triose phosphate in opposite directions between chloroplast and
cytosol. A low concentration of Pi in the cytosol limits the export of triose phosphate
from the chloroplast through the translocator, thereby promoting the synthesis of starch.
Conversely, an abundance of Pi in the cytosol inhibits starch synthesis within the
chloroplast and promotes the export of triose phosphate into the cytosol, where it is
converted to sucrose (Fliiggeal., 1989).

10



Chloroplast

ADP-glucose < Gl 1-phosphate Gl 6-phosphats Hexose phosphate
" DP-ci Ay Phosphoglicomutase \fmmwa&
Starchsynthase d””ﬂhmh“'?h" Fructose-6-phosphate
N e Calvin-cycle (m)
'~ PO Fructose-1,6-biphosphatase
Starch > l
H,0
Triose phosphates — 3 Fructose-1,6-bisphosphate

Aldolase
Pi translocator
g
= m
b )
Triose phosphates Ner R ""s,,‘
-
== ————— Sucrose phosphate phosphatase
Aldolase e s 27 S
P N —— ~
’ N
v “w-.,_______ Sucrose phosphate
Fructose-1,6-bisphosphate ‘ e
ARE RS 5
Fructose-1,6-biphosphatase ,I' UTP b Sucrose phosphate synthase

Hexose phosphate isomerase Phosphoglucomutase

Fructose-6-phosphate = Glucose-6-phosphate —)Glucose—l—phosphaé% }:) UDP-glucose
e -glucose o

eis pyrophasphorylase

Figure 1.3 - Syntheses of starch and sucrose are competing premes that occur in chloroplast and cytosol,

respectively.
When the cytosolic Pi concentration is high, chloroplast triose platsps exported to the cytosol via the
translocator in exchange for Pi, and sucrose is synthesized. Whayttiselic Pi concentration is low, trios
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Pi and triose phosphate control the activity of several regulatory enzymes in the

sucrose and starch biosynthetic pathways. The chlotaplEszyme AGPase is one of

the most important in the regulation of starch synthesis from glucose-1-phosphate. This

enzyme is stimulated by 3-phosphoglycerate and inhibiteli.og high concentration
ratio of 3-phosphoglycerate i is typically found in illuminated chloroplasts that are
actively synthesizing starch. Reciprocal conditions prevail in the dark (Zeemnahn
2007; Taiz and Zeiger, 2010

Fructose-2,6-bisphosphate is a key molecule that controls the increase and

decrease of sucrose synthesis in the light and dark, respectively. It is located in the

cytosol in low concentrations and exerts a regulatory effect on the cytosolic

interconversion of fructose-1,6-bisphosphate and fructose-6-phosgtigtee( 1.4).

Increased cytosolic fructose-2,6-bisphosphate is associated with decreased rates of
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sucrose synthesis because fructose-2,6-bisphosphate is a powerful inhibitor of cytosolic
fructose-1,6-bisphosphatase and an activator of the pryophosphate-dependent (PPi-
linked) phosphofructokinase.

" —_—
/ Glycolysis S \
\ l Activated by:
Pi

Fructose-1,6-bisphosphate Fructose-6- Fructose-6-phosphate
Activates phosphate-2-

@ bosssonrronmnnsa,, ¥ Inhibited by:
W kinase Dihydroxyacetone phosphate
\ l \ 3-phosphoglycertae

PP-fructose- Frictose1:6
6-phosphate Pl S - o - Fructose-2,6-bisph Fructose-6-phosphati

3 bisphosphatase _ ...~ it
75&: isp {‘ € Tohibits \ ,

Fructose-2,6- Inhibited by:

v
Fructose-6-bisphosphate

\ Sucrose synthesis <«@ Cytosv

Figure 1.4 - Regulation of the cytosolic interconversion of frucse-6-phosphate and fructose-1,6-bisphosphate
The regulatory metabolite fructose-2,6-bisphosphate regulates the inengionvby inhibiting the phosphatase ai
activating the kinase, as shown. The synthesis of fructose-26ebjspate itself is under strict regulation by tl
activators and inhibitors shown in the figure. Adapted from Taiz and ZelyE0, 2

. i
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Fructose-2,6-bisphosphate is synthesized from fructose-6-phosphate by a special
fructose-6-phosphate 2-kinase and is degraded specifically by fructose-2,6-
bisphosphatase. Recent evidence suggests that, as in animal cells, both plant activities
reside on a single polypeptide chain. The kinase and phosphatase activities are
controlled byPi and triose phosphate. Pi stimulates fructose-6-phosphate 2-kinase and
inhibits fructose-2,6-bisphosphatase, whereas triose phosphate inhibits the 2-kinase.
Consequently, a low cytosolic ratio of triose phosphatei faromotes the formation of
fructose-2,6-bisphosphate, which in turn inhibits the hydrolysis of cytosolic fructose-
1,6-bisphosphate and slows down the rate of sucrose synthesis. A high cytosolic ratio of
triose phosphate t®i has the opposite effect (Neuhaus and Stitt, 1990; $tait,

1995).

Light regulates the concentration of these activators and inhibitors through the
reactions associated with photosynthesis and thereby controlling the concentration of
fructose-2,6-bisphosphate in the cytosol. The glycolytic enzyme phosphofructokinase
also functions in the conversion of fructose-6-phosphate to fructose-1,6-bisphosphate,
but in plants it is not appreciably affected by fructose-2,6-bisphosphate. The activity of
phosphofructokinase in plants appears to be regulated by the relative concentrations of
ATP, ADP, and AMP (Taiz and Zeiger, 2010

12



The synthesis of starch occurs when C fixation exceeds sucrose synthesis (Stitt
and Zeeman, 2012). When the rate of sucrose synthesis exceeds the demand of sink
organs, it is believed that sucrose accumulates in the mesophyll cells. High levels of
sucrose serve as a signal to stimulate starch synthesis and to adjust the photosynthetic
activity for other needs of the plant (Sonnewald and Kossman, 2013).

The regulation of AGPase also occurs through the ferredoxin-thioredoxin
system. The inactivation of AGPase by this systemstpkece when sulfur groups of
cysteine residues from the C-terminal domain of the small subunit become oxidized,
forming a disulphide bond between two subunitslight periods or in the presence of
sugar, mainly sucrose, the disulphide bond is broken resulting in activation of AGPase
(Zeemanet al., 2007; Stitt and Zeeman, 2012). The activated and inactivated states of
the enzyme change during the day/night cycle being partially activated along the day
and deactivated at night. This mechanism prevents the flow of metabolites in the
direction of starch synthesis overnight (Zeenetual., 2007). The degree of AGPase
activation via reduction seems to be sensitive to metabolic changes. Whereas AGPase
light-dependent activation is mediated by the ferredoxin-thioredoxin system, the
sucrose-dependent activation is performed by the double function of NADPH-
thioredoxin (Stitt and Zeeman, 2012).

AGPase has been proposed as a target of the metabolite trehalose-6-phosphate
(T6P), as incubation of isolated chloroplasts with up to 1 mM T6P promoted the redox
activation of this enzyme (Kolbet al., 2005). In additionArabidopsis mutants that
constitutively overexpress the enzyme trehalose-phosphate synthase (TPS), and thus
possess high T6P levels, showed greater redox activation of AGPase and higher starch
levels in comparison to control plants (Schluepmeinal., 2003; Kolbeet al., 2005;
Wingler et al., 2012). Due to the fact that T6P acts as a sucrose signaling molecule to
regulate several steps of metabolism, it could provide an explanation for the linkage
between starch and sucrose, possibly indicating the C status of the plant(lalnn
2006; Stitt and Zeeman, 2012; Yadsal., 2014).

However, there is conflicting evidence concerning the effect of T6P on the redox
activation status of AGPase and its role in regulating starch synthesis. Although it was
shown that the redox status of AGPasdiinbidopsis rosettes changes in parallel with
diurnal fluctuations in sucrose content and T6P (Lunn et al., 2006), this might be an
independent response to sucrose as plants carrying an ethanol-inducible TPS construct

that generated a 2 to 3-fold increase in the level of T6P did not support this hypothesis
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(Martins et al., 2013). However, Figueroet al. (2016) showed that increased T6P
levels in these induced plants were accompanied by a transient 20-30% decrease in
sucrose content but only a slight increase in starch content was observed in the induced
plants compared to the control. Furthermore, the estimated cytosolic concentration of
T6P in the light is reported to be substantially below the range of concentrations used by
Kolbe et al. (2005). Finally, some studies called into question whether the redox
modulation of AGPase is really relevant for the starch synthesis and in which
conditions. Mutagenesis of a residue that impairs the formation of the disulphide bound
had surprisingly little effect on the rate of starch synthesis, except under short-day
conditions at low irradiance (Hadrich al., 2012). Moreover, post-translational redox
modification of AGPase in response to light was shown not to be the main determinant
of fine regulation of transitory starch accumulatiorAmabidopsis (Li et al., 2012). In
conclusion, AGPase can exert negligible control over flux through the pathway of starch
synthesis imArabidopsis depending on the growth condition and there is little evidence
that T6P on its own could play a dominant role in regulating the redox status of
AGPase.

In Arabidopsis, T6P is a strong inhibitor of SNF1-related kinasel (SnRK1), a
central integrator of stress and energy signalling, which regulates anabolism and
catabolism. Nunest al. (2013) uncoupled tissue sugar content from growth and
demonstrated a correlation between T6P and sucrose levels under sink limited
conditions in several treatments, and also a strong increase in starch content. In
addition, elevated T6P levels led to a decrease in SnRk1 activity aseayed. It is
hypothesized that high levels of sucrose would lead to SnRK1 inhibition by T6P and
thereby starch synthesis would outperform starch degradation leading to a substantial
increase in starch content. This has been shown in transyeticlopsis plants with
elevated T6P content, which showed an increased starch level @@n@009).

The precise timing of starch degradation has implicated the circadian clock in
the regulation of degradation. Transcriptional analyses of genes involved in starch
breakdown showed high and coordinate daily changes, which are directed by the
circadian clock. The rate of starch degradation is immediately diminished or increased
when plants are placed in anticipated night or extended day, respectively (Lu and
Sharkey, 2005; Grad al., 2010; Sulpiceet al., 2019.These results show that the rate of
starch breakdown during the night is influenced by the previous photoperiod length
(Zeeman and Smith, 2007).

14



The mechanisms controlling starch degradation are not completely understood
but several evidences of transcriptional control, feedback inhibition, redox regulation
and protein phosphorylation have been emerged recently. It is known that interruption
of exportation or addition of sugars in leaves growing in darkness result in low rate of
starch degradation. This could involve both stimulus for starch synthesis or inhibition of
its degradation (Stitt and Zeeman, 2012). There are many post-translational mechanisms
that possibly regulate enzymes of starch degradation. First, accumulation of
intermediates of starch pathway could impair the release of glucan from starch granules.
Furthermore, the enzymes involved in starch breakdown are regulated by
phosphorylation. The mutation in two phosphatases (SEX4rotein-tyrosine
phosphatase kinase interaction sequence and DSRAl-specificity phosphatase 4)
leads to a reduction in starch degradation and consequently a starch excess phenotype
(Sokolovet al., 2006; Kottinget al., 2009. Plants grown in short-day conditions, low-
light intensities and low Cfconcentration synthesize proportionally higher quantities
of starch during light periods and degrade this polymer slowly overnight. Consequently,
a few quantity of starch is still found at the end of night (M&#l., 2001; Giboret al.,

20049). Since plants are subjected to continuous chang€ssupply it is necessary to
adjust their daily starch turnover with the diminution of C used in respiration and
growth processes. Mutants of starch biosynthesis pathway illustrate the importance of
the balance between availability of C sources during the day from photosynthesis and
during the night from starch breakdown. These mutants are not able to grow in a
light/dark cycle because the content of C becomes limited along night, leading to
growth inhibition (Sulpicest al., 2009).

1.6 - Evidences for the influence of TOR on starch metabolism

All organisms, including plants, have developed the capacity to ameliorate the
use of available nutrients and adapt their metabolism for growth and survival. Plants are
sessile and subjesrd to different environmental conditions, and thus need to be able to
monitor precisely sudden environmental changes to guarantee their abuamig
adaptation, maintaining growth and biomass production. As in other eukaryotes, TOR
has emerged as one of the most important signalling pathways in plants, responsible for
integrating external signals with metabolic adaptations and growth (Doletak|
2013).
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Several pieces of evidence suggest that TOR has an influence on C and N
metabolism. InC. reinhardtii, N starvation leads to accumulation of starch and
triacylglycerides (TGAs) (Balét al., 2011). It has been reported that plants affected on
N assimilation accumulate highcontent of starch (Dobrenet al., 2013). These
results point clearly to a starch control in response to N availability. In N starvation
conditions, growth is reduced and the major part of C is redirected to the pathway of
starch instead of being used in cell wall synthesis or energy production (Dcdiranel
2013). Conditional silencing of TOR gene An thaliana using micro artificial RNA
induced for estradiol showed a starch and TGA excess phenotype (Caldana013).
Transgenic lines with reduced LST8 (TORC1 component) expression also accumulate
high amounts of starch (Moreatal., 2012).

Inhibition of TOR activity leads to glycogen accumulation in muscular cell of
mammals and yeasts (Schmelaal., 2004; Corntet al., 2013). Under normal growth
conditions, TORC1 phosphorylates TAP42 that dephosphorylates the transcription
factor Msn2p. In contrast, under starvation, TOR is inactivated and precludes TAP42
phosphorylation, allowing Msn2p phosphorylation and consequently, translocation to
the nucleus. In the nucleus, Msn2p binds to stress response element (STRE) regulatory
sequence located in the promoter region of glycogen synthesis-encoding genes resulting
in a glycogen excess phenotype (Franebial., 2012). In muscular cells of mammals,
PKB/AKT proteins are responsible to inhibit the action of glycogen synthase Kiase3
(GSK3) in cells where TOR is active. In contrast, repression of TOR leads to
phosphorylation of PKB/AKT in 308 threonine and 473 serine residues. B&K3
phosphorylated at 9 serine residues becoming inactive, and consequently, releasing the
active form of glycogen synthase which, proesmlycogen synthesis and accumulation
(Bentzingeret al., 2008). Furthermore, it has also been reported that the gene encoding
for the glycogen phosphorylase, responsible for the glycogen breakdown into glucose, is
down-regulatedRigure 1.5 (Bentzingeret al., 2008). Opposite to muscular and yeast
cells, in liver the glycogen excess phenotype is not observed when the TOR pathway is
disrupted. Non-starved liver cells reduce blood glucose levels via consumption
(glycolysis) or conversion of glucose to glycogen (glycogenesis) or triglyceride
(lipogenesis). Genetically modified mice with defective mTOR presents decreased
glycogen content. Lipogenesisvitro is activated through the transcription factor sterol
regulatory element-binding protein (SREBP). mTORC1 mediates maturation of

SREBP-1 in an S6K1-dependent manner to stimatevo lipid synthesis. However
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MTORCL1 also stimulates SREBP-1 expression in an S6K-independent manner, which
involves the mTORC1 substrate phosphatidic acid phosphataselipin-1, a negative
regulator of SREBP-1 activity. In response to nutrients and growth factors, mTORC1
directly phosphorylates lipin-1, preventing its translocation into the nucleus, thereby
allowing SREBP transcriptional activity (Coretal., 2013).
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Figure 1.5— Repression of TOR gene by rapamycin leads to glycogen excphenotype in yeast and in muscle
mammal cells but the opposite is observed for liver cells

The participation of TOR on glycogen metabolism in yeast andmadsrhas been established at the transcriptional
level as exposed in the scheme above. Adapted from Benteraje(2008) and Francoit al.(2012).

However, it remains to be elucidated the participation of this pathway on starch
metabolism in plants Since the metabolism of starch is very complex,
compartmentalized and interacts with other pathways, this polymer is subject to several
levels of regulation. We are currently investigating some possibilities in which TOR
could play a role in modulating directly or indirectly the starch metabolism. It is not yet
known whether the starch excess phenotype in TOR-silenced plants is due to increased
starch synthesis, diminished degradation or both. Furthermore, maximal catalytic
activity of key enzymes in TOR-impacted plants and a study consideringtenort-
TOR-repression have never been assessed to identify putative mechanisms of the starch
excess phenotype. In addition, some studies pointed out to the possibility of a link
between starch, sucrose and the level3a#, because this latter molecule influences
the relative amounts of sucrose and starch that accumulate in leaves during the day, and
regulates the rate of starch degradation at night to match the demand for sucrose
(Figueroaet al., 2016). It has also been proposed that T6P influences plant growth and
development via inhibition of the SnRK1. Therefore, there are many possibilities in
which TOR could modulate primary metabolism and it is expected that the results
obtained in this work may contribute to a better understanding of the crosstalk between
this pathway and C and storage compounds metaboligathaliana.
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2 - Objectives

The main goal of this study was to characterize the influence of the Target of
Rapamycin (TOR) kinase on starch metabolism in the plant mAdsabidopsis

thaliana. For this purpose, specific objectives were established:

- Development of a hydroponic system to facilitate the administration of AZD-8055
(TOR-inhibitor)to plants;

- Investigation of starch accumulation kinetics during the diel cycle to determine if the
starch excess phenotype described in previous works was due to increased synthesis,
diminished degradation or both;

- Measurement of metabolites related to starch and sucrose metabolism;

- Enzymatic assays, gene expression and western blot analyses of AGPase, the
regulatory enzyme of starch synthesis;

- Determination of cellular redox potential;
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3 - Material and Methods
All experiments in this work were performed at the Brazilian Bioethanol Science

and Technology Laboratory (CTBE) in the group of Molecular Plant Physiology,

located in Campinas Séo Paulo in 2015.

3.1 - Chemicals

All chemicals and reagents were obtained from Sigma-Aldrich Brasil Ltda,
Merck Brasil or Roche Diagnostica Brasil Ltda, unless stated otherwise. Enzymes for
starch and glutathione measurements were purchased from Roche Diagnéstica Brasil
Ltda and Sigma-Aldrich Brasil Ltda, respectively. Molecular kits were obtained from
Qiagen Biotecnologia Brasil Ltda. Affinity purified rabbit antibodies raised against the
A. thaliana AGPase small subunit and anti-rabbit IgG horse radish peroxidase

conjugated were obtained from Agrisera (Sweden).

3.2 - Plant material and growth conditions

Seeds ofArabidopsis thaliana ecotype Columbia (Col-0) were surface sterilized
under agitation using 70% ethanol for 3 minutes, subsequently incubated for 5 minutes
in a solution of 10% sodium hypochlorite containing Tween20, followed by 6 washes
with autoclaved distilled water. After sterilization, seeds were stratified at 4°C in the
dark for 5 days to synchronize germination and placed at the hydroponic system.
Seedlings were cultivated in a growth chamber with 75% of humiditypifs0 m2 s?
of irradiance, 12 h day (21°C)/ 12 h night (19°C). The growth of the seedlings was
accompanied until the stage of 1.02 - 2 cotyledons and 2 expanded leavese{Bbyes

2001). At this stage, the plants were subjected to the assays described below.

3.3 - Hydroponic system forArabidopsis seedlings

To establish a hydroponic system of growth, tip boxes of 200 uL, reagents for
culture medium (MS and MES), scotch tape, autoclaved distilled water and plastic cake
boxes were used. The complete protocol will be presented in details at the results

session.

3.4 - Inhibition of the Target of Rapamycin (TOR)by AZD-8055

The AZD-8055 was diluted in dimethylsulfoxide (DMSO) to a final

concentration of 21tM per box and subsequently applied at the bottom of the boxes
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where the roots are immersed. As control, DMSO in a concentration of 0.05% (v/v) was
used. When plants reached the stage 1.02, a fresh liquid media containing AZD or
DMSO was replacenhto the hydroponic containers either at the end of day or at the end
of night. Five pools of 35 seedlings each were collected per time point, immediately
frozen in liquid nitrogen and stored at -80°C. To unravel the role of TOR in starch
metabolism, harvest was performed in the following time-points: every 6 hours, 2 hours
up to 12 or 24 hours as stated at the results section.

3.5 - Qualitative determination of starch content by lugol iodine

Lugol iodine has been used to qualitatively monitor the content of starch in
plants treated with M AZD-8055 or 0.05% (v/v) DMSO. To this aim, seedlings were
immersed in 80% (v/v) ethanol for 5 minutes at 95°C for pigment extraction and
diafanization of the leaves after harvest according to the methodology of Lunn and
Furbank (1997). Afterwards, samples were washed with distilled water and stained with
lugol solution (iodine and potassium iodide). Finally, leaves were once again washed
with distilled water and photographed in stereomicroscope Discovery V20, using the
program Axio Vision 4.8, and the objective lens 0.63X, approximated 20X and
magnitude 7.5X for comparison of the starch accumulation pattern from the color
intensity between AZD-8055 and DMSO treated plants.

3.6 - Quantification of starch by enzymatic assay

Frozen samples were ground to a fine powder in liquid nitrogen and aliquots of
about 20 mg were prepared. The quantification of starch content was performed using
the protocol describetdly Hendrikset al. (2003). Soluble sugars were extracted with
250 pL of 80% (v/v) ethanol at 80°C for 20 minutes. Subsequently, samples were
centrifuged at 20,00Q and the supernatants removed. This procedure was repeated
three times. In order to destabilize the structure of the granules of starch and facilitate
the action of starch degrading enzymes, 400 pL ofM0.NaOH were added to the
resulting pellet and incubated at 95°C for 30 minutes. After cooling at room temperature
(RT), the extracts were neutralized with 0.5 M HCI containing 0.1 M acetate NaOH pH
4.9 (final pH around 6). Afterwards, 40 puL of each extract were digested with
amyloglucosidase (0.17U/welénd a-amylase(0.24U/well) in 50 mM acetate-NaOH
(pH 4.9) overnight at 37°C. After centrifugation at 4,@or 2 minutes at RT, aliquots
of 40 pL of the supernatant were transferred to another microplate and 160 pL of
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glucose quantification solution was added (100 mM HEPES/KOH, pH 7.0), 3 mM
MgCl>,2.5 mM ATP and 1 mMNADP".

Determination of glucose released by the enzymatic digestion of starch was
determined spectrophotometrically at 340 nm coupling the reduction of NA®P
NADPH in a microplate reader (Stigt al., 1989). The amount of glucose was
calculated from comparison with a calibration curve—(@0 — 40 — 80 nmols of
glucose). Absorbance at 340 nm was monitored for abontid&ies. For each sample
it was considered the absorbance average of two technical replicates and reactions that
were completed when the absorbance did not changed more thann® @3erancg
from the previous measurement cycle. Data were normalized according to plate internal
concentration standards, volume and sample weight. Starch content was modelled with
the help of linear model function, adding time, drug and the interaction effects
sequentially to the statistical model. For each effect addition, the resulting model was
compared with the previous one with the help of anova function. It was chosen the
model with best fit to the observed data. All statistical analysis was performed in R

software version 3.2.0 (R Core Team, 2015).

3.7 - Quantification of primary metabolites

Primary metabolites were extracted from approximately 20 mg of fresh weight
following the methodology described by Giavaligtal. (2011). This extraction allows
the separation between polar and non-polar phases. Aliquots of 150 pL of the polar
phase were dried in a vacuum concentrator and derivatized for analysis by gas
chromatography (7890N, Agilent) coupled to Time-of-flight (TOF) mass spectrometry
(Pegasus HT, Leco) (Lisetal., 2006). Acquisition parameters of chromatograms were
identical to those described for Weckwesttal. (2008). Chromatograms were exported
from Leco Chroma TOF (version 3.25) program to R 2.12.2 program. Detection of the
peaks, the retention times alignment and searching in libraries were made by using the
package Target Search of the Bioconductor (Cuadros- Inostraza2009).

Metabolites have been quantified for peak intensity of a selected mass, which
was normalized for the fresh weight of the samples and total ion count (TIC), and a
logarithmic transforrad on base 2. A t-test was used to determine significantly

differences in metabolite levels between treatments.
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3.8— Gene expression analysis

The relative gene expression analysis was performed in order to monitor marker
genes of TOR - L25a, L19, 5.8S-I, 5.8S-ll, CNP10a, EFTua, L14, ATG9, ATG18
(Tatematstet al., 2005), TOR (Caldane al., 2013) and AGPase subunits (Mugfatd
al., 2014). Primer sequences are Table 1, supplemental material. Total RNA
extraction, cDNA synthesis and analylisreal time PCR were carried out as described
by Caldanaet al. (2007) and Czechowskt al. (2005). Total RNA has been extracted
from a pool of 3 biological replicates (35 plants/replicate) with RNeasy Plant Mini Kit
(Qiagen) according to manufacturer's instructions. Contamination with genomic DNA
has been removed through treatment with Turbo DNA-free DNAse (Ambion). RNA
integrity was assessed by agarose gel electrophoresis and Bioanalyzer prior to cDNA
synthesis.

The relative expression analysis was analyzed in 384 well optical plates through
the system “ViiATM7 Real-Time PCR system” (Applied Biosystems), using SYBR
green PCR master mix (Applied BiosystemgHold stage 50°C 2 min, 95°C 10 min;
PCR stage 95°C 15 sec, 60°C 1 min for 40 times; Melt curve stagel8s«e, 60°C 1
min, 95°C 15 sec).. Relative quantification was done with 3 biological replicates using
ubiquitin and PDF2 as housekeeping genes (Czechosvsldi, 2005). The relative
expression was calculated by subtracting the CT value of the gene of interest from the
geometric mean of CT values of the reference genes, resultingTn A t-test was
performed to verify if there were significantly differences in relative gene expression

between treatments.

3.9 - Maximal catalytic activity of ADP-glucose pyrophosphorylase (AGPase)

Soluble proteins were extracted from 20 mg of leaves in buffer containing 10%
(v/v) glycerol, 0.25% serum bovine albumin (w/v), 1% (v/v) TriterX100, 50 mM
HEPES/KOH pH 7.5, 10 mM Mggl1lmM EDTA, 1 mM EGTA, 1mM benzamidine, 1
mM aminocaproic acid, 1mM methyl sulfonyl fluoride, 10 mM leupeptin and 0.5 mM
dithiothreitol (Gibonet al., 2004).

ADP-glucose pyrophosphorylase was assayed in the reverse direction by
measuring the PPi-dependent production of ATP from ADP-glucose, in optimized
conditions of substrates, cofactors, activators and pH (Gebah 2004). Extracts and
standards (ATP ranging from 0 to 1 nmol) were prepared in the extraction buffer and
incubated in a medium containing 50 mM Hepes/KOH, pH 7.5, 5 mM Mdal.mL?
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glycerokinase (obtained by heterologous expression of the glycerokinase-encoding
GUT1 gene fromPichia farinosa according to Gibort al., 2009), 0 (blank) or 1 mM
(maximal activity) ADP-glucose, 5 mM 3-phosphoglycerate, 1.5 mM sodium fluoride,
and 120 mM glycerol. The reaction was started by the addition of PPi to a final
concentration of 2 mM. The reaction was stopped with 20 pL of 0.5 M HCI. After
neutralization with 20 pL of 0.5 M NaOH, glycerol-3-P was measured as described in
Gibon et al. (2002), in the presence of 1.8 U.rthiglycerol-3-P oxidase, 0.7 U.rmiL
glycerol-3-P dehydrogenase, 1 mM NADH, 1.5 mM Mg@hd 100 mM Tricine/KOH,

pH 8.0. The absorbance was red at 340 nm until the rates were stabilized and rates of
reactions were calculated as the change in the absorbance (Op ntrtest was used

to determine significantly differences in enzyme activity between treatments.

3.10 - Immunoblotting analysis of ADP-glucose pyrophosphrylase (AGPase)

Prior to enzyme extraction, 30 mg of fresh weight were pre-treated with 10
volumes of trichloroacetic acid 16% in dietyleter (fresh weigh/v) to avoid the
conversion from dimeric to monomeric form and incubated at -20°C overnight.
Subsequently, samples were centrifuged at 4°C for 5 minutes at @@a000vashed 3
times with 800uL of cold acetone (Hendriket al., 2003). After centrifugation at
20,00@, pellets were dried in speed-vacuum for 30-45 minutes. Ten volumes of sample
buffer (Laemmli) (fresh weight/v) were added. A non-reducing SDS-polyacrylamide gel
(10%) was prepared and 28&. of the extracts were loaded. The running buffer was
composed of 25 mM Tris, 200 mM glycine and 0.1% SDS. Electrophoresis was
performed for 1 h at 200 V. AGPase was detected using a primary rabbit antibody
raised against the small subunit frofn thaliana (AS111739 Agrisera, 1:3000 in
blocking buffer), followed by anti-rabbit IgG horse radish peroxidase conjugated
(AS09602 Agrisera, 1:15000 in blocking buffer). Immunoreactive proteins were
detected by incubation of the immunoblots with luminol/enhancer solution and peroxide
solution (1:1) (Cyanagen), usingn Image Quant LAS 500 (GE Healthcare) CCD

imager.

3.11 - Measurement of reduced and oxidized glutathione
Samples were extracted and measured exactly as described by Queval and
Noctor (2007). Aliquots (50 mg) were extracted with 0.5 ml of 0.2 N HCI, well mixed

ard centrifuged at 16,0@0for 10minutes at 4°C. The samples were neutralized with
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20 ul of 0.2 M NaH2PQy (pH 5.6), followed by the stepwise addition of 0.2 M NaOH,
and the final pH was between 5 and 6.

Glutathione determination relies on the glutathione reductase-dependent
reduction of 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB, Ellman’s reagent), monitored
at 412 nm. Without preeatment of extracts, the method measures “total glutathione”,
reduced glutathione (GSH) plus oxidized glutathione GSSG. Specific measurement of
GSSG was achieved by pre-treatment of extract aliquots with 2-vinylpyridine (VPD), as
described by Griffith (1980).

To measure total glutathione, triplicate aliquots ofill@eutralized extract were
added to plate wells containing 0.1 ml of 0.2 M Ne&: (pH 7.5), 10 mM EDTA,
10l of 10 mM NADPH, 10 pl of 12 mM DTNB, and 60 pl of water. The reaction was
started by the addition of 0.187 U gluthatione reduct&$®.(The increase idu12 was
monitored for min. Standards (0 to 1 nmol GSkkre run concurrently in the same
plates as triplicate. Rates were calculated over the 5 minutes and in all cases were
corrected for GSH-independent reduction of DTNB by subtraction of the mean value of
triplicate blank assays (0 GSH). GSSG was measured by the same principle after
incubation of 0.2 ml neutralized extract witunlVPD for 30 minutes atRT to complex
GSH. To remove excess VPD, the derivatized solution was centrifuged once (10
minutes at 10570 r.p.m. and triplicate @Daliquots of the final supernatant were
assayed as described above. GSSG standards (0 to 80 pmol) run concurrently were
subjected to the same VPD derivatization as the extracts. Rates were calculated as for
total glutathione and corrected by subtraction of the blank. A t-test was used to
determine significantly differences in glutathione levels between treatments.
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4 - Results and Discussion

4.1 - Establishment of a hydroponic growth system to investigate the role of TOR
on Arabidopsis seedlings

The use of chemical inhibitors has been proved to be a useful tool to dissect TOR
function in plants. These new TOR inhibitors, including AZD-8055, are ATP
competitive because they target the ATP-binding site of the kinase domain (Deivling
al., 2010). However, its application must be regarded with caution as a balance between
toxicity and efficacy must be achieved to prevent the use of high concentrations of
inhibitors, which could trigger secondary effects on plants. A previous work from our
research group aimed to evaluate the best AZD-8055 dose to efficiently inhibit the TOR
complex without causing severe toxicity. The results from this work suggested that a
concentration of 2 uM AZD-8055 was required to inhibit 50% of growtho)l&fter 3
days and therefore this concentration was chosen to be used in the present work (data
not shown).

Generally, assays using chemical inhibitors are performed in liquid medium to
ensure the contact between plants and solution. To characterize the dynamics of starch
synthesis and degradation in TOR-inhibited plants, seeds tfaliana Col-0 were
grown in solid medium until they reached stage 1.02 (Bogesal., 200J)
(approximately 11 days), and then transferred to Erlenmeyer’s containing liquid
medium with the chemical inhibitor or DMSO (as control). Samples were harvested
every 4 hours for a period of 24 hours in an experiment starting at the end of day. It has
been shown in the literature that the starch conter. ithaliana increases linearly
during the day and diminishes linearly along the night in a diel-cycle of 12 h light/12 h
dark Figure 4.1 A (Gibonet al., 2004). In our assay, the pattern of starch content even
for the control (DMSO) did not follow the pattern shown in the literature. In addition,
the levels of this polymer were very similar in seedlings treated with AZD-8055 and
DMSO (Figure 4.1 B). Furthermore, this result disagree with the findings that TOR-
silenced plants present a starch excess phenotype in comparison to control @loreau
al., 2012 Caldaneet al., 2013; Dobrenedt al., 2013).
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Figure 4.1 - Pattern of starch content in a diel-cycle shown in thiierature and in our assay in seedlings of
Arabidopsisthaliana treated with AZD-8055 (TOR-inhibitor) and DMSO (Control).

(A) Pattern of starch content in a diel cycle of 12 h light/12 h gegkented in the literature (Gibenal, 2004);(B)
Pattern of starch content in our assay. AZD-8055 (red line) &8 (blue line) were administrated in 11 day-old
plants at the end of day and samples were harvested everyrihg the night (grey bar) or (yellow bar) for 24 h.
Values shown are mean + SE of 5 biological replicates containing 3 plach.

During seedlings shift from solid to liquid medium, mechanic manipulation was
imposed. Although the seedlings were transferred carefully, we cannot totally exclude
mechanical damage due to the number of seedlings handled, what might affect the
starch content. It has been shown that plants very often accumulate starch due to
impaired growth in stressed conditions and that the content of this polymer is negatively
correlated with growth (Sulpicet al., 2009). Since starch metabolism is sensitive to
stress conditions, we hypothesized that the lack of a typical starch profile pattern in a
diel cycle could be attributed to the growth system.

To evaluate if seedlings were stressed after transference, starch content was
qualitatively measured after transferring the seedlings from solid to liquid media using
iodine-lugol method (Lunn and Furbank, 1997). Lugol, a compound formed by
elemental and potassium iodide, is able to complex with amylose and amylopectin
molecules belonging to the structure of starch, resulting a blue and red color,
respectively. Sincé\. thaliana plants consume starch in almost its totality during the
night, it is expected a low content of this polymer at the beginning of day in unstressed
plants (Giboret al., 2004). The high starch staining at the beginning of day in seedlings
of Arabidopsis after transference confirmed that the normal kinetic of starch was
impacted as a consequence of manipulation and transference between medium
(SupplementaryFigure S1 A).

To overcome the stress caused by transferring the seedlings, a hydroponic system

was developed using 200L tip boxes to facilitate the drug administration, avoid
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mechanical injuries and allow application of any chemical treatment in large scale
Figure 4.2 illustrates the workflow of the hydroponic system. Tip boxes were
autoclaved and the top of the boxes inverted onto adhesiveFRigipee( 4.2 A) where

200 pL of solid medium containing %2 MS + MES + Agarose 0.8% were aétpdd

4.2 B). Subsequently, 350 ml of liquid culture medium containing %2 MS + MES were
placed at the bottom of the bokigure 4.2 Q. After medium solidification, adhesive
tapes were removed and surfaced-sterilizethaliana seeds were placed at the top of
the tip box Figure 4.2 D and B. The top and bottom of the tip box were assembled
inside plastic packing boxes to maintain a high humiditgyre 4.2 F. Plastic packing
boxes were placed into a growth chamber with 75% of humidity,ub86 m? s? of
irradiance, and equinoctial conditions (12 h light/21°C, 12 h dark/19°C). Plant growth
was monitored until the stage 1.02 (Boyasal., 2001) with 2 cotyledons and 2
expanded leavesigure 4.2 G.

Figure 4.2 - Workflow for a hydroponic system to growArabidopsisthaliana seedlings.
(A) First, adhesive tape was attached to the upper tip boxe8nadlid %2 MS medium containing MES was added.
Then,(C) liquid medium containing ¥2 MS + MES was added to the botibthe box andD, E) seeds were placed
in the orifices of the upper part of the box@s) The boxes were placed in plastic packing boxes to maintain a high
humidity. (G) Seedlings after growing for 11 days-old in hydroponic system

In this system, germination of seeds and seedling growth rates followed the same
developmental pattern as observed in Petri dishes. To evaluate if plant growth in
hydroponic system would affect the starch content, a fresh medium containing AZD-
8055 or DMSO was replaced on the end of the dark period when seedlings reached 11
days after seeding (DAS). Starch content was monitored qualitat&epplementary
Figure S1 B and quantitativelyKigure 4.3), at the time points 0, 12 and 24 hours after

treatment. As showim Supplementary Figure S1 B starch content followed the same
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pattern as observdeigure 4.1 A regardless of the treatment, indicating that seedlings
seem to be unstressed when they were transferred to a fresh medium in the hydroponic
system. Likewise, starch quantification in a diel-cycle showed a similar linear pattern of
synthesis and degradation as already observed in previous Wilee(4.3).
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Figure 4.3 - Starch content from seedlings grown in our hydrponic system.
Samples of 11 days-old plants were harvested every 4h durirdayh@ellow bar) and every 4h during the night
(grey bar) for 24h. Values shown are mean * SE of 5 biologiphtates containing 35 plants each.

Next, the uptake of the AZD-8055 by the seedlings in the hydroponic system
was monitored using a UPLC-MS/MS analysis. The results revealed that AZD-8055 is
already translocated into the shoots after 1 hour of treatment (data not shown). This data
is in agreement with the observation that 30 minutes after AZD-8055 treatment is able
to trigger autophagy in leaves (Metl., personal communication).

The identification of the exact moment in which TORC is molecularly inhibited
by AZD-8055 is crucial to find out its direct targets. In most eukaryotic species, the
major readout of TOR activity is the phosphorylation of the S6K at the protein level.
However, the levels of this protein are very low in plants, precluding the detection with
antibodies. Attempts to the identification of other direct targets revealed a possible role
of TOR in regulating the transcription of genes encoding for components of ribosome
biogenesis (Hay and Sonenberg, 2004; Beal., 2011). Therefore, the expression of
selected genes involved in ribosome biogenesis (ARP, CPN10A, EFTu, L14, L19, L35)
was tracked using gRT-PCR (Tatemagsal., 2005). The expression profile of those
genes was monitored at 15, 30, 60, 120, 240 and 360 minutes after treatment (AZD-
8055 or DMSO). As shown ifigure 4.4, the relative abundance of transcripts of all
genes testeavas lower in TOR-inhibited plants after 240 minutes of treatment when
compared with the controlhese results provided further evidence that the inhibition of

TOR complex occurred within the first 4 hours of treatment.
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Figure 4.4 -Gene expression analysis of ribossome biogenesis-related gene&4-8055 and DMSO treated
plants.

Gene expression analysis of ARP, CPN10A, EFTu, L14, L19 86d was determined by gRT-PCR from samples
in which AZD or DMSO was applied at the end of night. Relative abwsda transcripts was calculated by
subtracting the €of the targets for the geometric mean @ two housekeeping genes (PDF2 and UBQ). Values
shown are mean + SE of 5 biological replicates containing 35 pladits Red lines: AZD-8055-treated plants; Blue
lines: DMSO-treated plants; Yellow bar (light); Significant differences betweeAZile8055 and DMSO treated
plants, using Student’s t-test, are indicated by asterisks * (P < 0.05).

4.2 - TOR-inhibited plants have increased starch synthesis

As autotrophic organisms, plants are particularly attuned to the diurnal light-dark
cycle due to their dependence on sunlight for photosynthesis, and their circadian clock
helps to integrate processes such as gene expression, metabolite and enzyme levels, and
growth to the diurnal rhythm in C and energy supplies (Gi&toa., 2006; Harmer,

2009; Grafet al., 2010). Prior to starch analysis, TOR gene expression pattern in a diel-
cycle was evaluated. This analysis could provide a hint if TOR is regulated by a diel-
cycle. As shown irFigure 4.5 TOR-gene expression tends to increase during the day
and decreases during the night. Preliminary results from our group indicated that the
protein level of TOR follows the same dynamics as the transcripts (data not shown).
During the day, in conditions where photosynthesis is occurring, several anabolic
processes (macromolecules biogenesis, translation, etc) take place as a consequence of
available energy. Since TOR is responsible to integrate energy status promoting growth

through several biological processes, the result presentgdure 4.5is in accordance
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with the pattern of energy production during the day and its sensing by signaling

proteins, this being representegthe increase in TOR-expression along the day.
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Figure 4.5 - Pattern of TOR-gene expression in a diel-cycle.

Gene expression analysis of TOR gene was determined by gRT-PCR&naptes harvested every 6 hours during
24h. Relative abundance of transcripts was calculated by subtracting tfieh@ targets for the geometric mean C
of two housekeeping genes (PDF2 and UBQ). Values shown arein®&frof 5 biological replicates containing 26
plants each. Yellow bar (light); grey bar (dark).

Previous works have shown that plants in which genes encoding for TOR
complex are silenced display a starch excess phenotype (Ma@g2012; Caldanat
al., 2013; Dobrenekt al., 2013). However it remains to be elucidated whether this
phenotype is triggered by an increase in synthesis, impaired degradation or both.
Furthermore, starch-related phenotypes are very common to occur in mutants with
impaired growth, as it is the case of the ones from the TOR complex. Therefore, a
kinetic analysis of starch upon AZD-8055 treatment would also allow identifying if the
starch metabolism is a direct target of the TOR complex. To address these questions,
two assays were performed: AZD-8055 and DMSO (control) were applied at the end of
night (EN) or at the end of day (ED) and in both cases samples were harvested every 6
hours during 24 hours and this polymer was enzymatically quantified.

To evaluate the differences in rates of starch synthesis and degradation, a linear
regression was performed to verify the effect of drug application over time. Visually,
differences between treatments can be observed by the angle and distance formed
between the red (AZD-8055) and blue (DMSO) lines. The bigger is the distance and the
angle between lines, the most prominent is the difference between treatRiguts (

4.6).

Independently from the time of drug administrati&D(or EN) the rates of

starch synthesis were significantly higher in plants treated with AZD-8055 than in non-
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treated plantsHigure 4.6 A and B. In contrast, there was no effect of drug application

in the rate of starch degradation during the first 12 hours of darkhiggsg 4.6 B).
However, as shown iRigure 4.6 A the difference in the rate of starch degradation was
only observed after periods superiorl2 hours of treatment, indicating that changes in

the rate of starch degradation might be a secondary effect of TOR inhilAiion.
together, these results suggested that the starch excess phenotype observed in TOR-
inhibited plants was due to increase in starch synthesis rate.
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Figure 4.6 - Rates of starch synthesis and degradation of seedlingedted with AZD-8055 and DMSO
(control), sampled every 6 hours for 24 hours.

The effect of2 uM AZD-8055 treatment on starch metabolism was assessed by linesssieg analysis when the
TOR inhibitor was applied at the end of nidi®Y) or end of day(B). 11 day-old plants were harvested everly 6
during the day (yellow bar) and every 6 h during the n{gh¢y bar) for 24 h, in two independent experiments.
Values shown are mean rates of starch synthesis and degradatibioloigical replicates containing 26 plamizch
Student T-test has been performed at the 0.05 level of signifiddaddine (AZD), Blue line (DMSO).

Since the starch excess phenotype was observed after 6 hours of AZD-8055
treatment, we next evaluated the effect of TOR inhibition on starch synthesis in a
shorter time-frame (every 2 hours), following the same procedures described above.
Linear regression confirmed our previous results that TOR does not directly impact the
starch degradatiorFigure 4.7 B). In contrast, changes in starch synthesis were already
detected after 4 hours of TOR inhibition, presentingaverage increase of 20-30% in
their starch content at tHeD when compared to controFigure 4.7 A). These data
confirmed a possible role of TOR regulating starch synthesis.
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Figure 4.7 - Rates of starch synthesis and degradation of seedlinggdted with AZD-8055 and DMSO
(control) sampled every 2 hours for 12 hours.
The effect of2 uM AZD-8055 treatment on starch metabolism was assessed by lineessieg analysis when the
TOR inhibitor was applied at the end of nidi&) or end of day(B). 11 day-old plants were harvested every
during the day (yellow bar) and the night (grey bar) for 12 hamtsyo independent experiments. Values shown are

mean rates of starch synthesis and degradation of 5 biologicahteplzontaining 26 planggch Student T-test has
been performed at the 0.05 level of significance, Red line (AZD¥ Bte (DMSO).

4.3 - Repression of TOR complex impacts metabolites related to starch metabolism

Starch metabolism is very complex, involving many steps of regulation,
compartmentalization, and it competes with other pathways such as sucrose. In order to
assess the impact of TOR inhibition on other pathways related to starch synthesis, the
sucrose, fructose, glucose, mannose, maltose and orthophosphate (Pi) were quantified
by GC-TOF-MS Figure 4.8).

Sucrose and starch are the primary products of photosynthesis, and their
syntheses compete to each other during the day. Sucrose is the major sugar transported
throughout the plant body and has a crucial role in cellular respiration and/or in other
metabolic processes, can be transported to sink organs or stored in the vacuole. The
excess of sucrose regulates negatively its synthesis and positively the synthesis of starch
in the chloroplast (Sulpicet al., 2009). TheFigure 4.8 A1 andA2 show the decrease
of sucrose in TOR-inhibited plants over time and this is in accordance with the
increment in starch levels observed at the same time point®rmal conditions, the
amount of starch begins to increase only when an excess of sucrose is produced (Ruan,
2014). Our results are in agreement with the levels described in the literature for both
sucrose and starch, and pointed out the possibility of an influence of TOR on sucrose

metabolism and not directly on starch metabolism.
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The regulation of photosynthesis, starch and sucrose metabolism occurs in
various ways, involving various sugars and interacting pathways (Goldschmidt and
Huber, 1992). Glucose and fructose are products of sucrose breakdown. Sucrose is not
the only source for the formation of these sugars, but it has a great importance to
maintain their homeostatic levels. These two sugars participate in a wide range of
metabolic processes, mainly in cellular respiration. The levels of glucose and fructose
may regulate photosynthesis and consequently influence starch metabolism. Since the
amount of sucrose decreased in TOR-inhibited plants, an augmentation of fructose and
glucose was expected as it could be confirmeéigures 4.8 B1, B2,C1 and C2,
respectively. Interestingly and in accordance with previous works (Degbralst 2007;
Caldanaet al., 2013), the content of fructose was shown to be always higher in TOR-
inhibited plants in the first 2 hours of TOR inhibition. The same pattern was not
observed for glucose, which levels started to raise only after 6 hours of AZD-8055
treatment Figure 4.8 C2J. These data open a new perspeciivethe study of the
regulation of TOR pathway, but it remains to be elucidated whether the total amount of
glucose and fructose is formed only as a consequence of sucrose breakdown or due to
other interacting pathways as a consequence, for example, of impaired respiration.

Maltose is the main sugar released from the chloroplast after starch breakdown
and is crucial in maintaining plant metabolism during the night (Waiak, 2004). Its
content was greater in AZD-treated plants during the day compared with the control
(Figure 4.8 D. However, during the night, its levels tended to be lower in AZD-treated
plants most probably due to impaired degradation. Interestingly, the maltose pattern
does not follow the expected pattern of starch content during the day. However, the
lower levels of maltose content in the TOR inhibited plaattéhe EN might also
indicate a reduction in starch degradation, probably as a secondary effect of TOR
inhibition.

In light conditions, the synthesis of starch takes place and one of the most
important regulatory enzyme responsible for this process is AGPase (Katvakli
2002). This enzyme is located inside the chloroplast and some metabolites are able to
regulate its activity. The high ratio of 3-PGA/Pi controls positively the activity of
AGPase and high amounts of Pi impair its activity. Levels of Pi inside and outside the
chloroplast are balanced to promote starch and sucrose synthesis (Edwards and Walker,

1983). There are various reactions that use Pi and can reduce its content. For example,
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mannose is a known sugar to be involved in sequestering free-Pi in the cytosol and
promoting synthesis of starch through the allosteric inhibition of AGPase activity
(Herold et al., 1976; Heldtet al., 1977; Hnilo and_Okita, 1989). In TOR-inhibited
plants, the levels of mannodédure 4.8 E1 andE?2) tended to béower after 10 hours

of treatment when compared to the control plants, suggesting a possible reaction of this
metabolite with the cytoplasmiei forming mannose-6-phosphate. Similarly, the levels

of Pi were decreased after 4 hours of TOR inhibitieigre 4.8 F1 andF2). Although

the pattern of mannose ami followed a similar dynamic after TOR inhibition, the
kinetics of their response might suggest that those metabolite changeseamndary

effect of AZD treatment. To corroborate this hypothesis, it would be important to
determine the levels of other sugar phosphates such as mannose-6-phosphate to verify if
short changes in these sugars are observed and link it to the starch excess phenotype

presented in TOR-inhibited plants.

4.4 — Analyses of gene expression, catalytic activity and immunoblotting of ADP-
glucose pyrophosphorylase (AGPase)

One of the first regulatory steps in starch synthesis and also regulated by the
levels of mannose and Pi involves ADP-glucose pyrophosphorylase (AGPase). This
heterotetrameric enzyme is subject to several levels of post-translational regulation
(Morell et al., 1987; Okita etl., 1990).The content of sucrose in cytosol can regulate
the flux into starch due to the allosteric properties of this enzyme. Similarly, high levels
of triose-phosphates in the chloroplast result in high 3-phosphoglyceradehyde J3-PGA
levels, activating the AGPase. Conversely, high Pi levels inhibit AGPase activity
(Geigenbergeet al., 2005; Mugfordet al, 2014).

The genome oA. thaliana has 4 genes encoding for the large subunits (APL1,
APL2, APL3 and APL4) and only one encoding for the small subunit (APS1).
Depending on the its assembled, AGPase can assume different catalytic activities
(Mugford et al, 2014). With the aim of determining if the inhibition of TOR led to
changes in the expression of AGPase subunits, gene expression analysis was performed
in samples collected every 6h for 24h. As showRigure 4.9, significantly differences
in gene expression between treatments occurred only after 18h after drug treatment for
the subunits APL3 and APL4. Whereas APL3 expression was increased, APL4
transcript level was decreased in TOR-inhibited plants compared with the control.

Mugford et al., (2014), showed that large subunits may be differentially expressed in
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response to environmental stimuli. It has been widely reported that repression of TOR
activity mimics a starvation response. Therefore, one could speculate that changes in the
transcript levels of those two large subunits could be triggered as a secondary effect of

the low energy/starvation-like phenotype of TOR inhibition.
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Figure 4.9 - Gene expression analysis of AGPase subunits in AZD-ted plants and non-treated plants.

APL1, APL2, APL3 and APL4 represent large subunits and AP®lsmall subunit of AGPase, respectively.
Relative abundance of transcripts was calculated by subtracting thieti@ subunits for the geometric meand@
two housekeeping genes (PDF2 and UBQ). The values are tie#r®8 (35 plants/5 biological replicates). Red
lines: AZD-8055treated plants; Blue lines: DMSO-treated plants; Yellow bar (light); Grey bar (night)ifi&igt
differences between the AZBB55 and DMSO treated plants, using Student’s t-test, are indicated by asterisks * (P <
0.05).

Since the main goal of this work is to investigate whether TOR is involved in the
direct regulation of starch synthesis, as next, a kinetics analysis of AGPase activity was
determined by enzymatic assays, which access the maximum catalytic activity, an
essential parameter to understand how enzymes operate in metabolic networks (Stitt and
Gibon, 2014). Since the starch excess phenotype was detected 4h after AZD-8055
treatment, AGPase catalytic activity was first assessed 2h after AZD-8055
administration to investigate early regulatidfigure 4.10 shows that AZD-treated
plants presented significantly lower AGPase activity in the time points of 4 and 24
hours after treatment. Due to the starch excess phenotype presented in TOR-inhibited
plants, we would expect a higher AGPase activity in these plants in case of TOR
regulates the activity of this protein. Although TOR inhibition leads to the changes in
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AGPase activity, these modifications are probably not responsible for the increase in

starch synthesis.
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Figure 4.10 - Catalytic activity of AGPase in AZD-treated plants and nostreated plants
Catalytic activity of AGPase at the time points 2, 4, 6, 10h aftatment during the day (yellow bar) and night (grey

bar).The results are the mean of AGPase activity - (26 plantdfgimial replicates). Significant differences between
the AZD-8055 and DMSO treated plants, using Student’s t-test, are indicated by asterisks * (P < 0.05).

Previous studies have shown that this protein is subject to redox regulation
(Hendrikset al., 2003). The regulatory enzyme is assembled in two small and two large
subunits to compose the heterotetramer.The two small subunits have an intermolecular
disulphide bridge linking the Cys81 residues (Hadetlal., 2012). During the light,
this enzyme is active in its monomeric form (50 kDa), whereas, , during the night or in
dark conditions, AGPase is inactivated by the intermolecular disulphide bridge forming
a dimer (100 kDa) (Hendriket al., 2003). It has been proposed that the ferredoxin-
thioredoxin system, which is influenced by light, has a major participation in the
AGPase redox regulation (Schirmann and Buchanan, 2008). To monitor if TOR
inhibition has an impact in changing AGPase redox state, immunoblotting technique
was used to quantify its monomer or dimer forms (Kurien and Scofield, 2006).

As shown in theFigure 4.11 the amount of AGPase seemed to be different
between AZD-8055 and DMSO-treated plants after 4h and 6h. In addition, the content
of the inactive form (as dimer) tends to be higher in the control plants, indicating that
the AGPase active form is more present in the AZD-8055 treated pRigisg
4.11A,B)
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Figure 4.11 - Immunoblotting of AGPase in AZD-treated plants ad control plants.
Immunoblotting ofAGPaseof AZD or DMSO treated plants aftéf) after 4 h or (B) 6h of thetreatment in ligi).

Upper band (100KDa) and lower band represent the dimeric and redndorm, respectively. The results are the
western from 26 plants/2 biological replicates; Yellow bar (light).

Taking together, these results indicated that TOR inhibition leads to changes in
the redox status of the AGPase. However, these changes do not reflect in the changes of

AGPase activity and consequently in the changes in the rate of starch synthesis.

4.5 — Measurement of reduced and oxidized glutathione and the cellular redox
status

Based on the results of the AGPase activity, one could speculate that TOR could
regulate changes in the general redox status of the cell. Modifications in the redox state
play important roles in modulating signaling linked to developmental processes and
interactions with the environment (Queval and Noctor, 2007). Several biological
processes and the major part of enzymes related to primary metabolism are subject to
regulation mediated by the redox status of the cell (Tiessah., 2002). In other
eukaryotic species, it has already shown that the TOR signaling can control the redox
state. To evaluate if TOR also modulates the cellular redox state in Arabidopsis,
reduced (GSH) and oxidized (GSSG) forms of glutathione were measured in AZD- and
DMSO-treated plants.

Glutathione is considered the major thiol-disulfide redox buffer of the cell
(Noctoret al., 2012). The redox state of a system is usually estimated by taking the ratio
of [GSH]/[GSSG + GSH] or by wusing the Nernst equation (E=-240
(59*0,5)log([GSHF/GSSG). This means that the reduction potential is dependent on the
GSH/GSSG ratio and the absolute concentration of GSH.

As shown inFigure 4.12 A, B total and reduced (GSH) glutathione forms were
increased in TOR-inhibited plants after 12 hours of treatment, respectively. In contrast,
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those levels tend to be similar in the AZD-8055 treated plants and control plants after
24h. The content of glutathione in its oxidized form was significantly different between
treatments only at the time point 24 hours after treatiffegtire 4.12 C).It has been
proved that oxidative stress results in the formation of GSSG at the expense of GSH.
Low ratio of [GSH]/[GSSG] would change the redox state to a more positive potential
and indicates oxidative stress (Schafer and Buettner, 2001). As shéwguia 4.12 D,

there was no significantly differences in [GSH]/[GSSG] ratio between treatments,

indicating absence of oxidative stress after AZD-8055 treatment.
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Figure 4.12 - Measurement of glutathione and the redox status of the cell iAZD-treated plants and non-
treated plants.

(A) Total glutathione; (B) Reduced glutathione;(C) Oxidized glutathione; (D) GSH/GSSG ratio; (E)

GSH/(GSH+GSSG) ratjo(E) Nernst equation. Samples of 11 days-old plants were harvested4éveryring the
day (yellow bar) and every 4h during the night (grey bar) 4br @6plants/4 replicates).
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As shown inFigure 4.12 E, F, there were significantly statistical differences in

the redox state between treatments for the time points 16h and 20h h after treatment by
using [GSH]/[GSSG] ratio and Nernst equation, respectively. However, for every time
point sampled, TOR-inhibited plants tended to have a redox potential more reduced
compared to control. These results pointed to a possible influence of TOR in
maintaining the reduced glutathione form in its homeostatic levels, since changes were
observed for this metabolite after TOR-inhibition and consequently influencing the
redox status of the cell. Due our kinetics analysis, it is likely that the redox state might
not regulate the observed increase in starch synthesis after TOR inhibition. It remains to
be elucidated, however, if those changes in the cellular redox status would regulate
other enzymes involved in the primary metabolism as a secondary effect of TOR

repression.
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5 - Conclusions
In this work, a hydroponic system was established, allowing to investigate the

short-term analysis of TOR repression by chemical inhibitors. This system opened new
perspectives of investigating direct targets of the TOR signaling pathway in plants. As

a proof of concept, this system was used to unravel the starch excess phenotype
commonly found in transgenic lines targeting genes encoding for members of the TOR
complex. Using a combination of diel cycle experiments and chemical inhibition of
TORC, it was possible to verify that TOR inhibition leads to an increase in starch
synthesis right after 4h of drug treatment. In agreement with the starch levels, levels of
sucrose were decreased, whereas the levels of sugars involved in sucrose breakdown,
such as fructose and glucose were increased. Furthermore, decreased in the levels of
mannose and orthophosphate opened the perspective of investigating the role of TOR in
the regulatory properties of AGPase, the first concomitant enzyme involved in starch
synthesis. Although TOR inhibited plants displayed higher content of the active fform o
AGPase (monomer), enzymatic activity assays revealed that changes in AGPase activity
might occur as secondary effect of TOR inhibition and might be not related to the starch
excess phenotype observed 4 hours after AZD-treatment. Reduced and oxidized
glutathione measurement showed that TOR may regulate the GSH content and impacts
the redox status of the cell. Although these results might be important to investigate
others aspects of the primary metabolism responses mediated by TOR, the cellular
redox state seems not to be the main regulation for the observed starch excess
phenotype.

The complex regulation of starch and C metabolism in plants opened the new
perspectives to investigate other pathways where TOR might play a role as it is pointed
in Figure 4.13. For example, enzymatic assays related to sucrose phosphate and other
enzymes belonging to primary metabolism, a possible role played for TOR in

respiration, among others.
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Figure 5.1- Schematic representation for future investigations.
The results obtained in this work raised several hypothesis on how TQdR roodulate the starch synthesis..
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Supplemental data

Table 1: Primers used in this work.

Gene name Forward primer sequence 5' to 3’ Forward primer sequence 5' to 3’
APL1 GTTCCCATTGGAATAGGAGAGAACAC | GACCTATCTGCTTCTTGTATTCCCTC
APL2 TGGTCATAGCGAATGCAGATGGCGTG| AATGGTGGCGTTCTTCAGCACAACGG
APL3 CGGATTGTAAATTCGGTAATCTCAC GCTCCTAACATAAGAGTATCCTGAAG
APL4 GCTAATTTAGCTCTTGTTGAGGAGCG | GGAGGAACCGAGGAGAAGTGTAGAAC
L35a TTCTGAAGGCAACTGCTAATTTCTT TGGCGTCCTTTCACCATTTT

EFTu CCTGTTCGCGTCCTTGACA ACGTCCTTGAATTGAGAAAACATCT
L14 TCTCTTCGCCGCACAATTG TCCACGAATCTCTTAAAACCCATT
ARP GGTTGCCGCTGCTTTCC CAGCAGAAGGATTAGCGTTTCC

L19 AATGAAATGCGGGAAAGGAAA CCTGGAATTGGCCATAGAGATATC
CPN10A ATGGGCATCAATCACATGGA AGATTACGGAAAAGCACAAAATGAG
TOR1 AAGTCCCCCAATTAGCACTGCT TTCGTCAGGCTCAACATCAGC

A Before transference

After transference B &

DMSO 0,05% MOCK

AZD-8055 2uM

Figure S1: Lugol iodine-staining of seedlings treated with AZD- 8055 and DMSO (control) sampled every 12h

for 24h.

(A) lodine staining before and after medium transferefRelodine staining of AZD-treated and non-treated plants.
AZD-8055 2uM and DMSO 0,05% were applied at the end of ni§amples were stained with lugol iodine to

verify qualitatively the content of starch between treatments.
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