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Abstract

The study of primary carbon metabolism in plants concerns different aspects of plant physiology
and plant-environment interactions. Since carbon metabolism starts with CO, fixation, it involves
one of the biggest process regarding living beings on Earth. Photosynthesis produce carbohydrates
that are, directly or indirectly, consumed by the autotrophic organisms and release the oxygen
necessary for aerobic production of energy. Thus plants as primary producers are responsible for
two fundamental processes for life.

In my 3-year PhD several aspects of plant carbon metabolism have been studied. In vitro
characterization of recombinant enzymes highlighted biochemical and regulatory features, while in
vivo analysis on Arabidopsis thaliana pinpointed new functions for enzymes through the
development and in response to stress.

The phosphoribulokinase from the plant Arabidopsis thaliana and the green algae Chlamydomonas
reinhadrtii has been characterized from a structural and biochemical point of view. The
crystallographic structure of both enzymes has been solved, providing the first structural
information on redox-sensitive phosphoribulokinase from plants. Both enzymes share a conserved
homodimeric structure with 18 strands forming a [3-sheet and the two catalytic sites positioned at
the edges of the dimer. New hypothesis on the structural base of redox regulation have been
inferred. Further characterization has been carried out analyzing enzymes structure in solution by
size exclusion chromatography coupled with small angle X-ray scattering and redox properties, like
midpoint redox potential and thioredoxin reactivation.

A second in vitro study has been performed on the a-amylase 3 (AtAMY3) from Arabidopsis
thaliana. This enzyme is not necessary for normal starch degradation in mesophyll cells but is
important for starch degradation under osmotic stress (Thalmann et al., 2016) and guard cell
functionality (Horrer et al., 2016). AtAMY3 has been found target of glutathionylation in vitro by
western blotting and the three glutathionylation sites have been identified by mass spectrometry.
Assaying enzymatic activity after incubation with oxidized glutathione showed an inhibitory effect,
afterwards the recovery of AtAMY3 functionality upon incubation with reduced glutathione,
glutaredoxins and thioredoxin have been investigated. The analysis highlighted different reactivity
with these three agents and the possibility of concomitant redox modification, i.e. glutathionylation
and disulfide bond, occurring after the exposure to glutathione.

In the last two chapters the focus moved to the in vivo function of carbon metabolism enzymes. In
particular in Chapter 4 Arabidopsis thaliana T-DNA lines have been identified and studied to
understand which metabolic pathways are involved in carbon mobilization and osmotic stress

adaptation. After a preliminary screening, T-DNA lines for SPSA2 (Sucrose-phosphate Synthase



A2), SUS1 (Sucrose synthase 1), GWD2 (Glucan, Water Dikinase 2) emerged as interesting. On
these lines carbohydrate and amino acids content, especially proline, has been monitored during
stress treatment highlighting severe impairments in the accumulation of several sugars and proline.
This reduction could affect the recover of osmotic balance and metabolic processes leading to
incomplete or weaker stress response. Thus SPSA2, SUS1 and GWD2 resulted important for
metabolic adaptation to stress, even if further analysis are needed to understand their specific role.

In Chapter 5 the role of the three dikinases from Arabidopsis thaliana have been investigated in
plant development, focusing on seed formation. Among these three, GWD1 is the most known and
studied, despite its role out of mesophyll cells and tubers is not known. The other dikinases, PWD
and GWD2, have been poorly studied and the in vivo function of GWD?2 is still unknown. The
analysis of T-DNA lines carrying insertions in the corresponding dikinase genes showed same
developmental defects and a new role in seed development can be suggested for GWD2 and PWD.

On the whole, several sides and features of carbon metabolism in plants still remain to be
understood, even for a 70-year topic like the Calvin-Benson cycle, making stimulating the study of

a process of primary importance for the life on our planet.
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Thesis summary

During the years of my PhD, plant carbon metabolism has been approached with two different
focuses: study the biochemistry of enzymes in vitro and understanding the physiological role of
enzymes in vivo. In both cases physiological and stress conditions were considered.

The Chapter 1 is a comprehensive introduction on primary carbon metabolism, passing from the
collection of light energy and carbon fixation to starch and sucrose metabolism. In addition, two
insights are provided on carbon metabolism under abiotic stress and regulation of carbon
metabolism, i.e. Calvin-Benson cycle, starch metabolism, sucrose metabolism.

Starting with the entry of carbon in the living world, an enzyme of Calvin-Benson cycle has been
characterized. In Chapter 2, the crystallographic structures and regulatory properties of
phosphoribulokinase from the green algae Chlamydomonas reinhadtii and the plant Arabidopsis
thaliana have been studied. The structure have been solved in collaboration with the Dr. Simona
Fermani of Department of Chemistry "G. Ciamician" (University of Bologna) and Dr. Stephane D.
Lemaire (CNRS - Paris).

Then in Chapter 3 the regulation of the a-amylase 3 (AtAMY3) of Arabidopsis thaliana by
glutathione has been characterized. AtAMY3 is involved in starch mobilization for guard cells
movement and in response to osmotic stress. The chapter focuses on glutathionylation, a post-
translational redox modifications which can occur when oxidative stress raises inside cellular
compartments.

The last two chapters illustrate two studies on Arabidopsis thaliana plants. In Chapter 5 the
adaptation of carbon metabolism to osmotic stress has been investigated using T-DNA lines for
enzymes involved in carbon metabolism which are not essential for normal plant physiology.

In the last chapter, Chapter 6, the focus went back to physiological conditions and three T-DNA
lines for the three Arabidopsis dikinases have been studied. One of these enzymes, GWD1, has been
examined several times and in different species starting from the '90s. However, the other two,
PWD and GWD?2, remained poorly studied. In this analysis, the development of plants carrying T-
DNA insertions has been monitored and different parameters on seeds and plants have been

evaluated to understand the function of GWD1, PWD and GWD?2 along the plant life cycle.






1. Introduction

1.1 Carbon and life

Life is based on organic molecules, made of carbon backbones bound to different functional groups.
Forming different bonds carbon can produce a wide range of molecules with distinct size and
features, like nucleic acids, proteins and carbohydrates. Furthermore, the possibility to react with
different elements (hydrogen, oxygen, nitrogen, phosphorus and sulphur) and these reactions can
occur in water, making carbon-based molecules suitable for the Earth.

Different strategies evolved among living beings to satisfy the carbon demand. In autotrophy, the
organic compounds are produced using inorganic sources from the environment. Reducing power
to fix carbon is obtained from the energy of light (photoautotrophs) or oxidation of inorganic
compounds (chemoautotrophs). In heterotrophy, carbon is directly obtained from organic sources.
For these reasons, the first organisms are called producers and the latter consumers. The
photosynthesis fix 1/6 of the atmospheric carbon (Ciais et al., 1997), allowing a massive entry of
carbon in the living world. Among the photosynthetic producers land plants, together with algae and

cyanobacteria, are the main participants in the entry of carbon into the biosphere.

1.2 Photosynthesis and carbon

The oxygenic photosynthesis evolved on the Earth 2.4 billion years ago (Hohmann-Marriott and
Blankenship, 2011), introducing a novel pathway to obtain reducing power and energy and
completely modifying the atmosphere of the planet. These great changing allowed the evolution of
the life as we know it (Payne et al., 2009). Nowadays, the oxygenic photosynthetic organisms are
the most abundant producers and as such extremely important for human beings. Oxygenic
photosynthesis takes advantage of the light energy to split water in oxygen, protons and electrons,
leading to the production of NADPH and ATP (Figure 1.1). Thus, the chemical energy (ATP) and
the reducing power (NADPH) are consumed by the Calvin-Benson cycle in order to produce sugars
from CO, (Figure 1.2).

Depending on the organism, the photosynthetic process has different localization. In cyanobacteria,

the carbon fixation is localized in specialized structures called carboxysomes and the photosynthetic



electron transport (PET) occurs in specialized portions of membranes called thylakoids. In algae
and land plants, photosythesis is conducted in chloroplasts, specialized organelle originated by
cyanobacteria through endosymbiosis. Chloroplasts are characterized by two membranes that
delimit an intermembrane space. Inside the inner membrane, the stroma contains the enzymes for

the Calvin-Benson cycle and the thylakoids.

1.2.1 Photosynthetic electron transport

The PET makes available the energy of light as chemical energy for the biochemical reactions that
are necessary for carbon fixation. The electrons released by the photo-oxidation of water go through
a series of protein complexes generating a proton gradient and ending up with the NADP" reduction
(Figure 1.1). Two different types of protein complexes are responsible for the harvest of light, both
need pigments for their functioning. The smaller complexes are the Light-Harvesting Complexes
(LHCs) containing chlorophylls and carotenoids. Whereas, the photosystem I and II (PSI and PSII)
are the larger complexes. Both LHCs and PSs interact each other and localize in the thylakoid
membranes. The pigments in LHCs collect the electromagnetic radiation of light, resulting in
excited electrons. The excitation could be transferred between the nearest pigments by dipole-dipole
interaction until it is caught by the PSs. If the energy of the excitation move from a pigment to
another, it is called Forster resonance energy transfer, otherwise according to the Redfield theory,
initially the excitation can oscillate between the donor and the acceptor pigments and then result in
the energy transfer (Renger, 2010).

PSs consist of an antenna system and a reaction centre, the antenna system collects the excitation
energy and drives it to the reaction centre. In the reaction centre a special pair of chlorophylls is
present, which catalyzes the photochemical reaction, consuming the energy of light to release an
electron. The special pair are named P700 for PSI and P680 for PSII. The first photochemical
reaction occurs inside the PSII, which exists in dimeric and monomeric form in vivo (Takahashi et
al., 2009) containing chlorophylls, pheophytins and carotenoids (Guskov et al. 2009). The main
structural domains are the transmembrane reaction centre, where is located the special pair P680,
the two proteins CP43 and CP47 forming the inner light-harvesting antenna, and a set of proteins
associated to the reaction centre in the luminal part of the thylakoids. The Oxygen-Evolving
Complex (OEC) is connected to the reaction centre and performs the essential reaction of photo-
oxidation of water, releasing O and producing 4 electrons and 4 H" ions.

The excitation energy is directed through the inner antenna to the P680 which release an electron
(P680* — P680" + e* Bricker and Frankel, 2002). The electron is transferred through cofactors
(pheophytin, quinones) inside the PSII and reaches the plastoquinone (PQ). After the reaction, the

4



special pair (P680") is neutralized thanks to an electron provided by water. An additional energy
transfer to the P680 completes the reduction of PQ to plastoquinol, picking up 2 protons from the
stroma (PQH;; Satoh, 2008).

PQH. interacts with another transmembrane protein complex, the Cytochrome bgf (Cyt bgf). The Cyt
bsf has 3 binding sites, one for PQH,, another PQ and the third for plastocyanin (PC). The PQH, is
oxidized by the Cyt bef, one electron reduces PC and the other an oxidized PQ, after two oxidation
two PC are completely reduced, one plastoquinone is reduced and 4 H" are released in the thylakoid
lumen. The release of protons contributes to the formation of a proton gradient across the thylakoid
membranes. The reduced PC leaves the Cyt bsf binding site and enter in the binding site of the PSI.
PC is a 10 kDa soluble protein containing a copper ion and belonging to the cupredoxin family

(Sigfridsson, 1998), it acts as electron carrier between the Cyt bgf and the PSI in the lumen.
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Figure 1.1 Photosynthetic electron transport chain. From left to right: PSII, photosystem II; PQ, oxidized plastoquinone; PQH2,
reduced plastoquinone; Cyt bgf, cytochrome bgf; PC, plastocyanin; PSI, photosystem ; Fd, ferredoxin; FNR, ferredoxin-NADP+
reductase.

The PSI exists as monomeric complex in plants, diatoms, green and red algae (Gardian et al., 2007;
Veith and Buchel, 2007; Germano et al., 2002; Amunts et al., 2007). On one side of the PSI the
LHCI interacts with the core, in which more than 100 chlorophylls and 15 carotenoids collect the
light energy and transfer it to the reaction centre (Amunts et al., 2007). The PC binds PSI on the
luminal side whereas binding site for the terminal acceptor, the Ferredoxin (Fd), is localized on the
stromal side of the complex (Busch and Hippler, 2011). The electron emitted by the P700 passes
through a series of pigments and iron-sulfur clusters and reduces the ferredoxin (Fd). The positive
charge on P700" is neutralized by reduced PC. In turn, the Fd is oxidized by FNR (Ferredoxin,
NADP+ Reductase), a FAD-enzyme conserved in all the photosynthetic organisms, and NADP" is
reduced to NADPH.



The pathway above described is known as Linear Electron Flow (LEF), because the electrons are
transferred from the PSII straight to the PSI leading to NADPH production. However, another
pathway occurs inside the electron chain. Indeed the PSI electron flow can be directed to the Cyt bsf
thanks to the PGR5-PGRL1 complex resulting in a Cyclic Electron Flow (CEF; Shikanai and
Yamamoto, 2017). The CEF specifically contributes to the proton gradient formation and does not
lead to NADPH production. Then the gradient is consumed by the F-ATPase on the thylakoid
membrane to produce ATP in the stroma. Therefore, the regulation of LEF and CEF contributes to
the balance between the production of energy, as ATP, and reducing power, as NADPH, in function

of the requirement of the carbon fixation.

1.2.2 The Calvin-Benson cycle

The Calvin-Benson cycle represents the main entrance of inorganic carbon into organic world and is
the only pathway occurs in photosynthetic eukaryotes. The reductive pentose phosphate pathway
comprises 11 enzymes catalysing 13 reactions that lead to the fixation and reduction of carbon
dioxide into triose phosphates (Figure 1.2).

The cycle is classically divided in 3 stages, carboxylation, reduction and regeneration. During these
stages the energy and the reducing power provided by PET are consumed to obtain organic carbon.
The carboxylation is catalyzed by RuBisCO, acting as carboxylase. RuBisCO is found in
eukaryotes and prokaryotes, it is a oligomeric enzymes consisting of 2 types of subunit, the large
subunit (50-55 kDa) and small subunit (12-18 kDa), organized in a hexadecameric structure with 8
large and 8 small subunits (Andersson and Backlund, 2008). During the carboxylation, the CO, is
added to C-2 of a 5-carbon molecule, the ribulose-1,5-bisphosphate (RuBP), which spontaneously
splits in two molecules of 3-phosphoglycerate (3-PGA).

Entering in the reduction stage, the two molecules of 3-PGA are phosphorylated by the 3-
phosphoglycerate kinase (PGK) consuming ATP producing 1,3-bisphosphoglycerate (1,3-BPGA).
Then NADPH is oxidized by the photosynthetic isoform of glyceraldehyde-3-phosphate
dehydrogenase to reduce 1,3-BPGA yielding glyceraldehyde-3-phosphate (G3P). The carbon fixed
by the photosynthesis is mainly provided to the cell metabolism as triose phosphates, G3P or its
isomer dihydroxy-acetone-3-phosphate (DHAP). During the day, the triose-phosphate/phosphate
translocator (TPT) exports triose phosphates in exchange with inorganic phosphates. TPT is the
most abundant integral protein in the chloroplast inner envelope (Fliigge et al., 1991). Once in the
cytosol, triose phosphates enter in the central metabolism and take part of gluconeogenesis and

glycolysis.
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Figure 1.2 The Calvin-Benson cycle. Enzymes: RuBisCO, ribulose 1,5-bisphosphate carboxylase/oxygenase; PGK,
phosphoglycerate kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TPI, triose phosphate isomerase; ALD, aldolase;
FBPase, fructose bisphosphate phosphatase; TK, transketolase; RPE, ribose phosphate epimerase; SBPase, sedoeptulose bisphosphate
phosphatase; PRK, phosphoribulokinase. Intermediates: RuBP, ribulose bisphosphate; 3PGA, 3-phosphoglycerate; 1,3-BPGA,
bisphosphoglycerate; G3P, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; FBP, fructose bisphosphate; F6P,
fructose 6-phosphate; E4P, erythrose 4-phosphate; SBP, sedoeptulose bisphosphate; S7P, sedoeptulose 7-phosphate; Xu5P, xylulose
5-phosphate; R5P, ribose 5-phosphate; ribulose 5-phosphate. Figure inspired by Michelet et al. (2013).
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The regeneration stage is the longest of the cycle and provides the initial substrate, RuBP,
allowing the cycle progression. Since the regeneration starts with 3-C molecules and ends
with 5-C ones, the aim of the last stage is to rearrange carbon skeletons, thus 5 triose are
necessary to yield 3 RuBP. The triose phosphate isomerase interconverts G3P in dihydroxy-
acetone-3-phosphate (DHAP), which is condensed with another G3P by the aldolase
resulting in a molecule of fructose-1,6-bisphosphate (FBP). The fructose-1,6-bisphostatase
hydrolyzes the phosphate group on the C1 of FBP, then fructose-6-phosphate (F6P) is
substrate of the transketolase (TK). The TK reaction transfers a 2-C unit from F6P to a third
G3P molecule producing xylulose-5-phosphate (X5P) and erythrose-4-phosphate (E4P).
Aldolase catalyzes a second reaction in the regeneration stage, E4P is condensed to a fourth

G3P and sedoheptulose-1,7-bisphosphate (SBP) is produced. At this point another
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phosphatase comes in to play and hydrolizes the phosphate group on the C1 of SBP, the
sedoheptulose-7-phosphate produced is the second substrate of the TK. A 2-C unit is moved
to a fifth G3P, in this way the TK produces ribose-5-phosphate (R5P) and another X5P. R5P
is isomerised by ribose-5-phosphate isomerase (RPI), whereas the two X5P obtained so far
are epimerized by ribulose-5-phosphate epimerase (RPE), both reactions release ribulose-5-
phosphate (Ru5P). The phosphoribulokinase (PRK) catalyzes the last reaction of the

regeneration stage consuming ATP to produce RuBP from Ru5P.

1.2.3 Adaptations to improve CO, fixation

RuBisCO has double activity, as carboxylase participates of the carbon fixation through the Calvin-
Benson cycle, but a side-reaction occurs in which the enzyme acts as oxygenase. The oxygenase
activity leads to the production of 2-phosphoglycolate (2PG) and (3PG) and is facilitated by a
variety of condition, e.g. high temperature (Jordan and Ogren, 1984). 2PG has not metabolic
function and the photosynthetic organisms evolved a specific pathway to scavenge this compound
and prevent its accumulation, the photorespiration. The photorespiration, so-named because
consumes O, and releases carbon dioxide (and NHs), probably represents the second most important
metabolic flux of the biosphere, after the photosynthesis itself (Bauwe et al., 2010). The
photorespiratory reactions involve about 10 enzymes located in chloroplasts, peroxisomes,
mithocondria and cytoplasm.

In order to limit the oxygenation of RuBP, some organisms evolved CO, concentrating mechanisms.
In this way, the carboxylation reaction is promoted due to the accumulation of its substrate. Three
different strategies of CO, concentration were adopted to minimize photorespiration: 1) C4 plants,
adapted to hot environments; 2) Crassulacean Acid Metabolism (CAM), adapted to dry
environments, and 3) CO, pumps, a strategy adopted by aquatic photosynthetic organisms.

In hot environments, the concentration of CO, lowers more than the O, concentration (Sage, 2013),
promoting the oxygenation reaction of RuBisCO. To avoid the side-reaction, C4 plants close in
RuBisCO from the surrounding environment and concentrate CO,. Indeed the peculiarity of C4
plants is the spatial separation between the site of CO, intake and the site of carbon fixation. In
mesophyll cells the carbon dioxide (as bicarbonate ion HCO3) is bound to phosphoenolpyruvate
(PEP) by the PEP-Carboxylase (PEPC) producing oxalacetate (OAA). These cells are more exposed
to the atmosphere and so exposed to higher oxygen concentration. OAA is then converted to malate
or aspartate, by malate dehydrogenase or aspartate aminotransferase respectively, and transported

through the mesophyll to specialized cells in the inner part of the leaf, the bundle sheath cells. These



cells evolved a thicker and suberised cell wall, which becomes almost waterproof and all the
exchanges are controlled by diffusion through the plasmodesmata (von Caemmerer and Furbank,
2003). In the bundle sheath aspartate or malate are converted to pyruvate releasing CO», that is fixed
by the Calvin-Benson cycles while pyruvate returns to the mesophyll cells where is phosphorylated,
producing PEP. By means of the C4 strategy plants achieve a 90% reduction of photorespiration
(Sage, 2013).

CAM plants adapted to hotter environments than C4 plants. In fact their metabolism takes the name
from plants adapted to desert, where the carbon fixation during the day would lead to massive water
loss. For these reason CAM plants evolved a mechanism based on PEP caboxylase concentration of
CO, but implemented with a temporal separation between the intake of carbon and its fixation. The
stomata, which allow gas exchange between plant and environment, are open during the night,
when the temperatures are lower. Stomata opening allow CO, diffusion in the photosynthetic tissue,
where is bound to PEP by PEPC and accumulate in the vacuole as malate. During the day, the
stomata are closed preventing water loss and malate is decarboxylated releasing CO. that is fixed
consuming NADPH and ATP produced by the PET. Thanks to this temporal separation CAM plants
lose 5-10 times less water than C4 and C3 plants (Taiz and Zeiger, 2010).

1.2.4 Other pathways for carbon fixation

Although all the economically relevant plant species fix CO, through the Calvin-Benson cycle,
other five carbon fixation pathways are known to occur in different organisms (Ljungdahl, 1986;
Buchanan and Arnon, 1990; Berg et al., 2007; Huber et al., 2008; Zarzycki et al., 2009).

Hydrogen (Hedderich and Forzi, 2005; Heim et al., 1998), sulphur, hydrogen sulphide (Friedrich et
al., 2005) or sodium gradient are the most common sources of reducing power, while ATP is
provided by a variety energetic reactions (Heise et al., 1989; Fuchs, 2011). The five cycles of CO,
fixation take advantage of acetyl-CoA as molecule for carbon uptake, and then utilize it in different
ways with different carbon yields and energy costs (Figure 1.3; Fuchs, 2011).

The reductive Coenzyme A pathway (also named Wood-Ljungdahl Pathway, WLP) is present in
acetogenic bacteria and produces acetyl-CoA from CO, (Schuchmann and Miiller, 2016). CO; is
converted into methyl group and carbon monoxide, which are condensed to the acetyl group
(Ragsdale and Pierce, 2008). Acetogens do not perform just WLP to sustain their growth because it
is uncompetitive if compared to other metabolisms so it is probably integrated with other pathways
(Schuchmann and Miiller, 2016). Acetogenic bacteria are found in different kind of environments

like soils, mammalian and termites gastrointestinal tracts, and high salt and temperature



environments (Simankova et al., 2000; Gossner et al., 1999; Kiissel et al., 2001; Kamlage et al.,
1997; Graber and Breznak, 2004; Kiissel et al., 2000).

Green phototrophic sulfur bacteria are obligate anaerobe and fix CO, through the reductive citric
acid cycle (RCA) generating acetyl-CoA. Irreversible steps of the Krebs cycle are catalyzed by
enzymes with different activity, working in the reductive direction. For example, fumarate reductase
replaces succinate dehydrogenase and 2-oxoglutarate dehydrogenase by 2-oxoglutarate synthase
(Evans et al, 1966; Aoshima et al., 2007).

Anaerobic and microaerobic Archaea members of Thermoproteales and Desulfurococcales fix
carbon via dicarboxylate/4-hydroxybutyrate cycle. The reactions are divided in two parts, the first
utilize acetyl-CoA, CO and bicarbonate to produce succinyl-CoA, which is converted to 4-
hydroxybutyrate in the second part, then yielding two acetyl-CoA molecules (Ramos-Vera et al.,
2009; Ramos-Vera et al., 2011).

In the Archaea order Sulfolobales, isolated in aerobic and microaerobic conditions, the 3-
hydroxypropionate/4-hydroxybutyrate cycle converts two molecules of bicarbonate to acetyl-CoA.
First the bicarbonate ions are fixed to 3-hydroxypropionate, which is processed leading to succinyl-
CoA, further processing leads to acetyl-CoA release (Auernik et al., 2008; Ramos-Vera et al., 2011).
The last acetyl-CoA utilizing cycle is the 3-hydroxypropionate bi-cycle (Herter et al., 2002;
Zarzycki et al., 2009). In the first branch of the cycle glyoxylate is produced from acetyl-CoA and
bicarbonate, then the second branch consumes propionyl-CoA produced by the first branch together
with glyoxylate yielding pyruvate and again acetyl-CoA.

It is important to highlight how these five pathways are not the only ones possible, and other ways
to fix carbon can still be discovered. An interesting example is the reductive hexulose-phosphate
pathway (RHP) recently discovered in Methanospirillum hungatei by Kono et al. (2017). The RHP
contains both archaeal RuBisCO and PRK allowing fixation of CO, and regeneration of the initial
substrate. The newly fixed carbon is released as formaldehyde during the reactions in the
regeneration phase, which are different from Calvin-Benson cycle. Final steps of the regeneration
stage are catalyzed by 6-phospho-3-hexuloisomerase producing hexulose-6-phosphate and D-
arabino-3-hexulose-6-phosphate synthase, producing Ru5P then phosphorylated by PRK.

Despite these procaryotic metabolisms do not largely contribute to the global fixation, those
reactions are important for new biotechnological applications and in biological niches, in particular
anaerobic niches where primary producers like plants and cyanobacteria cannot live (Friedrich et al

2005; Montoya et al., 2012).
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Figure 1.3 Schematic representation of carbon fixation pathways in prokaryotes. Combination of paths from 1 to 5 results in all the fixation
pathways. Combining path 1 and 5 results in the reductive citric acid cycle. The combination of path 1 and path 3 yields the dicarboxylate/4-
hydroxybutyrate cycle. Path 2 and 3 result in the 3-hydroxypropionate/4-hydroxybutyrate cycle, and combining path 2 and 4 generates the first
cycle of the 3-hydroxypropionate bi-cycle, which requires an additional cycle for glyoxylate assimilation. The path 6 represents the reductive acetyl-
CoA pathway, which requires the path 1 for the assimilation of acetyl-CoA. Oxygen-sensitive enzymes/reactions are represented by red arrows. The
figure is adapted from Fuchs (2011).

1.3 The metabolism of starch in leaves

The CO, fixation in oxygenic photosynthetic organism is a light-driven process, meaning that from
the dark onset until the next day the metabolism need to rest on a different carbon source. For this
reason, freshly fixed carbon follows two different directions. Sugars can be immediately consumed
to supply biosynthetic and energetic reactions, or they can be transiently immobilized in storage
compounds that will be used during the night.

Depending on the plant species, a certain variability in transient carbon storage can be observed.
The synthesis of starch in the chloroplast stroma during the day is a conserved feature in land plants
(Weise et al., 2011). However, although species like Arabidopsis thaliana, sugar beet and soybean
accumulate starch (Zeeman and ap Rees, 1999; Fondy et al., 1989; Upmeyer and Koller, 1973)
other species, like Phaseolus vulgaris and spinach, store sucrose (Fondy et al., 1989; Stitt et al.,
1983) and cereals and grasses can accumulate oligosaccharides such as fructans and raffinose
(Pollock and Cairns, 1991; Bachmann and Keller , 1995; Zeeman et al., 2007).

Generally, starch granules are composed by 70-90% of amylopectin and 10-30% of amylose (Tester
et al. 2004), which are both polymers of a-D-glucose but with different structural features (Figure
1.4). Amylopectin is made up of a-1,4-linked glucose units forming long chains with regularly

arranged a-1,6 branching points. While amylose consists of a-1,4 glucose chains without branching
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points. The linear chains are packed in double helices, producing a crystalline insoluble structures
defined lamellae. Lamellae alternate with branching points that are grouped in amorphous regions

(Santelia and Zeeman, 2011).

(0

—_—
Amylose Amylopectin Amylopectin double helices  Altemating amorphous and — Growth-ring structure
and crystalline lamellas crystalline lamellaee of starch granule

Figure 1.4 The structure of starch granule. Figure adapted from Pfister and Zeeman, 2016.

Starch granules are stored both in leaves and storage organs, like tubers and roots, and in seeds, like
in grain crops as maize, rice and wheat. However, starch is always stored in plastids: chloroplasts in
the leaf, amyloplasts in storage organs. Starch granules have always the same structure but the
turnover changes depending on the organ, while leaf starch is degraded at night, starch from
storage organs is degraded in specific conditions (e.g. in response to gibberellin during

germination).

1.3.1 Diurnal starch biosynthesis

Transitory starch is synthetized in the daylight from photoassimilates. Then during the night, leaf
starch content is almost depleted to fuel plant metabolism. Starch biosynthesis starts with F6P
released by the FBP during the Calvin-Benson cycle (Figure 1.5). F6P is converted in glucose-6-
phosphate (G6P) by the hexose phosphate isomerase (PGI). The phosphate group on C6 is then
transferred on C1 by phosphoglucomutase (pPGM).

pPGM is crucial for starch biosynthesis and ppgm knock-out (KO) mutants are described almost
starchless (0.3% of wild-type level) and, if starch granules are found, they are tiny compared to
wild-type ones (Caspar et al., 1985; Hanson and McHale, 1988; Streb et al., 2009). Many data agree
considering pPGM as the main gate for the carbon flux into starch biosynthesis.

Another important enzyme in the biosynthetic pathway is the ADP-glucose pyrophosphorylase
(AGPase), an heterotetramer made up of two large subunits, with regulatory function, and two small
catalytic subunits, that catalyzes the formation of ADP-glucose from ATP and glucose-1-phosphate,
releasing pyrophosphate (PPi) (Streb et al., 2009; Ragel et al., 2013). PPi is then hydrolyzed by
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chloroplast pyrophosphatase promoting the synthesis of ADPglucose (ADPglc). Indeed the
pyrophosphatase was shown to be essential for chloroplast central metabolism (George et al., 2010).
ADPglc is the building block of starch thanks to Starch Synthases (SSs), which add glucose units to
the non-reducing end of glucans. In land plants five isoforms of SS have been found (Ball and
Morrel, 2003). The Granule-Bound Starch Synthase (GBSS) is the unique starch synthase
responsible for amylose synthesis. Indeed gbss knock-out mutants from several species show a full-
amylopectin starch (Pfister and Zeeman, 2016). GBSS is embedded in the granule during starch
biosynthesis and is not present in soluble form in the stroma (Denyer et al., 2001).

Contrary to GBSS, the other four SS are soluble enzyme. Three of them seem to act mainly on an
already existing granule, thus contributing to the growth and the architecture of the starch granule.
SS1, SS2 and SS3 elongate amylopectin chains, in contrast SS4 appears to play a crucial role in
starch granule initiation, producing glucan primers afterwards elongated by the others SSs. Indeed,
ss4 KO lines have one or no starch granule in contrast to 5-8 granules of the wild-type, and
accumulate almost 200-fold more ADPglc than wild-type plants (Roldan et al., 2007; Crumpton-
Taylor et al., 2013; Ragel et al., 2013). Overall, these data reveal how the other SSs have extremely
low activity without SS4.

In two recent papers (Seung et al., 2015; Seung et al., 2017) a new protein family named Protein
Targeting to Starch (PTST) has been identified by phylogenetic analysis. PTSTs are characterized
by coiled-coil domains and Carbohydrate Binding Module 48 (CBM48). First evidences suggest
PTSTs support the activity of SSs enzymes, probably providing them substrates. The coilded-coils
allow direct interactions with SSs while substrates are bound by PTSTs thanks to a CBM48 domain.
In Arabidopsis thaliana 3 PTSTs have been found (Seung et al., 2015; Seung et al., 2017). PTST1
interacts with the unique GBSS, facilitating its amylose-elongating activity (Seung et al., 2015). KO
lines for ptst2, and in part for ptst3, showed normal starch content. However, starch granules in
ptst2 are bigger and their number is lower (Seung et al., 2017), moreover these plants accumulate
ADPglc at high levels, even if less than ss4 KO. Considering all the available data, the initial model
for PTST2 and 3 function hypothesize that PTST2 interacts with SS4 and provides malto-
oligosaccharide subsequently elongated consuming ADPglc, in turn PTST3 binds PTST2 helping its
activity. In Seung et al. (2017) was also hypothesised that PTST2 could improve the specificity of
SS4 reaction recognising helical glucan chains, since SS4 seems to have no preference for malto-
oligosaccharides (Cuesta-Seijo et al., 2016).

For proper amylopectin formation the activity of branching and debranching enzymes (BE and

DBE, respectively) are required (Zeeman, Kossmann and Smith, 2010). DBEs hydrolyze a-1,6-
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linkages and release linear chains. They can be divided in two classes: isoamylases (ISAs) and

limit-dextrinase (LDA).
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Figure 1.5 Transitory starch biosynthesis. ADPglc, ADP-glucose; AGPase, ADP-glucose Pyrophosphorylase; BE, Branching
Enzyme; F6P, Fructose-6-phosphate; G1P, Glucose-1-phosphate; G3P, Glyceraldehyde-3-phosphate; G6P, Glucose-6-phosphate;
GBSS, Granule-Bound Starch Synthase; ISA, Isoamylase (Debranching Enzyme); PGI, Phosphoglucoisomerase; pPGM, plastidial
Phosphoglucomutase; PTST, Protein Targeting to Starch; SS, Starch Synthase.
In Arabidopsis ISA1 and ISA2 are involved in amylopectin elongation, while ISA3 and limit-
dextrinase (LDA) are primarily involved in starch breakdown (Myers et al., 2000; Pfister and
Zeeman, 2016). BEs cleave an a-1,4 glucan chain and transfer the cut to another chain, producing
a-1,6 bond. BESs are grouped into two classes according to sequence similarities (Pfister and
Zeeman, 2016). Branching activity is required for amylopectin synthesis, albeit BEs are not the sole
determinants for the synthesis of crystallization-competent glucans (Pfister and Zeeman, 2016).
Simultaneously to BE action, DBEs trim the excess of branching point, allowing SS to elongate just
correctly localized branches. In fact, by abolishing the activity of DBEs, the formation of starch
granules is impaired due to the impossibility of proper packing of amylopectin (Delatte et al., 2005;
Wattebled et al., 2005).
The concurrent action of all these proteins contributes to the production of insoluble and highly

ordered starch granules, two important features to improve compactness and allow accumulation of

carbohydrates without affecting the osmotic balance.

1.3.2 Starch degradation at night
The breakdown of leaf starch has been mostly characterized in Arabidopsis thaliana, where the key
reactions and enzymes have been discovered (Figure 1.6). Transitory starch degradation retains

common features with the starch degradation in storage organs and non-photosynthetic tissues
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(Zeeman et al., 2007). In fact the first step of the pathway is the phosphorylation of glucan chains
on the granule surface. An enzyme called a-glucan, water dikinase (GWD1), initially found in
potato and Arabidopsis (Nielsen et al., 1994; Yu et al., 2001), is responsible for this reaction. The
phosphorylation occurs at low rate during day and at higher rate during the night (Ritte et al., 2004)
and represents a crucial step for the subsequent glucan degradation (Edner et al., 2007). The
reaction catalysed by GWD1 starts with the initial phosphorylation of a water molecule, resulting in
a release of inorganic phosphate, then the [-phosphate of the ATP is transferred on the C6,
preferentially, or on the C3 of the glucose units belonging to a glucan chain (Ritte et al., 2002).
Another dikinase is involved downstream GWD1 and phosphorylates amylopectin exclusively in
C3 position of C6-phosphorylated glucans, for this reason it has been called phosphoglucan, water
dikinase (PWD; Kétting et al., 2005; Baunsgaard et al., 2005). The role of phosphorylation has still
to be demonstrated, but a disrupting effect on amylopectin packing has been hypothesized (Yu et al.,
2001). The disruption should be due to the hydrophilic properties of phosphates, as consequence
glucans in starch become more soluble and accessible to degrading enzymes (Blennow and
Engelsen, 2010).

Despite their essential role for glucan accessibility, phosphate groups inhibit the activity of glucan
hydrolases involved in starch degradation (Fulton et al., 2008). For this reason, two phosphatases,
Starch excess 4 (SEX4) and Like Sex Four 2 (LSF2) evolved to remove phosphate groups from C6
and C3, respectively (Kotting et al., 2009; Meekins et al., 2014; Santelia et al., 2011).

The [-amylases (BAMs) are responsible for most of the transitory starch degradation, they are exo-
amylases that start degrading starch from the non-reducing end of linear glucans releasing [-
maltose. In Arabidopsis thaliana BAM3 and BAM1 are the two main amylases. Their function is
partially redundant, as highlighted by the double KO mutant bam1bam3 which showed a stronger
starch excess (sex) phenotype compared to single KO mutants (Fulton et al., 2008). Apparently the
roles of the two BAMs do not overlap under stress conditions, BAM1 takes part to osmotic stress
response (Zanella et al., 2016) while BAM3 to cold stress response (Kaplan and Guy, 2004).

Since BAMs cannot hydrolize glucan chain at the branching point, debranching enzymes are
required. ISA3 and LDA hydrolize the branching points (Wattebled et al., 2005; Delatte et al., 2006)
allowing the BAMs to continue. LDA seems to have a minor role in the debranching activity, as
highlighted by Ida KO lines, which do not display a sex phenotype (Streb et al., 2012).

The pathway for degradation of storage starch, like that in cereal endosperm and tubers, is different
and typically performed by a-amylases (Lloyd and Kossmann, 2015). To clarify if a-amylases could
have a role also in transitory starch degradation AMY3, the unique plastidial Arabidopsis o-

amylases, has been frequently studied. In Yu et al. (2005) emerged as Arabidopsis plants lacking
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AMY 3 have no alteration of leaf starch content and only minor variations in the sugar amounts. In
any case, AMY3 could release phospho-oligosaccharides from leaf starch in vivo, demonstrating
that AMY 3 attacks starch granules but is not essential for starch degradation (Kotting et al., 2004).
Horrer and colleagues (2016) demonstrated that BAM1 and AMY3 have a specialized role in
stomata opening, catalyzing the release of carbon in guard cells linked to the opening of stomata
pores. On the whole, these data suggest a marginal role of BAM1 and AMY3 in starch degradation
at night.

The product of debranching enzymes and a-amylase lead to linear and soluble glucans. Soluble
glucans are further degraded by BAMs and by glucan phosphorylase, producing G1P (Smith et al.,
2005). Glucan phosphorylase plays a secondary role in the overall degradation, whereas BAMs are
the principal enzymes for transitory starch degradation.

The maltose released by BAMs activity is then exported in the cytoplasm by means of MEX1, a
maltose transporter localized in the inner membrane of the chloroplast envelope (Niittyla et al.,

2004).
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Figure 1.6 Transitory starch degradation. From left to right: GWD1, Glucan, Water Dikinase 1; PWD, Phosphoglucan, Water
Dikinase; SEX4, Starch Excess 4 (phosphatase); LSF2, Like Sex Four 2 (phosphatase); ISA3, Isoamylase 3 (Debranching enzyme);
AMY3, a-amylase 3; DPE1; Disproportionating Enzyme 1; BAM1, -amylase 1; BAM3, f-amylase 3; MEX1, Maltose Excess 1
(transporter); DPE2, Disproportionating enzyme 2; PHS2, Glucan Phosphorylase 2.
Since BAMs are not active on glucans shorter than 4 glucose units, maltotriose is also produced as
byproduct. Maltotriose is hydrolized by the chloroplast disproportionating enzymes (DPE1), an a-

1,4-glucanotransferase (Critchley et al., 2001). DPE1 hydrolizes maltotriose into glucose and
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maltose. While glucose is exported via glucose exporters, the maltose unit is transferred to another
maltotriose molecule (Weber et al., 2000).

Variation on the turnover pathway are possible depending on the species, and homologous enzymes
without a clear phenotype in Arabidopsis could have relevant role in other plants (Zeeman et al.,

2007).

1.3.3 The cytosolic metabolism of starch-released sugars

Maltose and glucose are the end-products of the starch degradation in leaves, both are exported in
the cytoplasm for further processing (respiration, biosynthetic reactions) and transport in other
tissues. While the glucose can directly enter in the cell metabolism, maltose needs additional
hydrolysis (Figure 1.6). In the cytoplasm two enzymes are responsible for the hydrolysis of maltose
to glucose, exploiting cytosolic heteroglycans that act as a sugar buffer, i.e. as donor and acceptor of
sugar units. The heteroglycans consist of glucose, galactose, arabinose, mannose, rhamnose and
fucose with different abundance and kind of linkages (Lu and Sharkey, 2004; Fettke et al., 2005a).
The maltose-processing enzyme is DPE2, a cytosolic isoform of the chloroplast disproportionating
enzyme. DPE2 is an a-1,4-glucan transferase which transfers a-1,4-linked glucan from one glucan
to another (Chia et al., 2004; Lu and Sharkey, 2004). In the current model maltose is splitted in two
glucosyl residues, one is transferred to a heteroglycan while the other contributes to the glucose
pool (Fettke et al., 2006). Then, the phosphorylase PHS2 (or PHOZ2) uses orthophosphate as
acceptor molecule of a glucosyl residue from the heteroglycan, releasing glucose-1-phosphate
(G1P). The PHS2 reaction is reversible, so it is possible that depending on metabolic conditions of
the cell PHS2 catalyses heteroglycan elongation (Fettke et al., 2005b). Glucose molecules are
phosphorylated by hexokinase to glucose-6-phosphate (G6P) while G1P can be isomerized to GE6P
and vice versa by cytosolic phosphoglucomutase (PGM). Additionally, PGI catalyses the
interconversion of G6P to F6P. As active sugars, all these hexose phosphates can take part of the
cellular metabolism.

G1P could be also converted to UDP-glucose by UDP-glucose pyrophosphorylase (UGPase) (van
Rensburg and Van den Ende, 2018), replenishing biosynthetic pathways, like cell wall biosynthesis,
although the physiological role of UGPase is still unclear (Meng et al., 2009).

The fate of the hexose pool relies on the metabolic requirements of cell/tissue, typically hexoses are
consumed by sucrose synthesis or channelled through the central metabolism via glycolysis, Krebs

cycle for biosynthesis or for energetic demands.
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1.4 Sucrose metabolism

In photosynthetic tissues, triose phosphates deriving from diurnal carbon fixation and hexoses
deriving from starch degradation at night converge in sucrose biosynthesis. Sucrose is transported
through the phloem from source tissues (old leaves, storage tissues) to sink tissues (roots,
meristems, fruits, flowers and young leaves). In sinks sucrose is degraded fuelling cell metabolism
and tissue development providing carbon for the respiratory pathway, biosynthetic reactions and
regulating gene expression by itself or through its degradation products by means of sugars sensors

and sugar-responsive elements (Li and Sheen, 2016; Koch, 1996; Sheen et al., 1999).

1.4.1 Sucrose biosynthesis in photosynthetic tissues

Leaves constitute the primary carbon source, inside leaves the coupled action of two cytosolic
enzymes produce sucrose for sink tissues (Figure 1.7, upper part). Sucrose phosphate synthase
(SPS) condenses UDP-glucose and F6P to sucrose-6-phosphate subsequently hydrolyzed to sucrose
by the sucrose-phosphate phosphatase (SPP). Another enzyme category can yield sucrose, starting
from UDP-glucose and fructose, the sucrose synthase (SUS). Nevertheless it is generally accepted
that SPS is responsible for synthesis and SUS preferentially catalyzes the breakdown of sucrose.
Indeed several tissues mainly express just one of the two enzymes, but in some cases co-expression
has been observed (Huber and Huber, 1996). Co-expression of SPS and sucrose degrading enzymes
could lead to sucrose futile cycle which can help in tuning carbon partitioning (Nguyen-Quoc and
Foyer, 2000; Ruan, 2014).

Plant SPSs are classified in three evolutionary groups: A, B and C (Langenkdmper et al., 2002).
From a phylogenetic point of view, specific isoforms for each group are found in dicotyledon and
monocotyledon plants (Lutfiyya et al., 2007). The major isoform in tobacco leaves is SPSC (Chen
et al.,, 2005), as well as in Arabidopsis thaliana, in which also SPSA1 acquired a relevant role
(Volkert et al., 2014). In Arabidopsis all SPS have overlapping roles and, depending on the isoform,
they can completely or partially compensate the absence of the other. In any case, different spatial

and temporal expression patterns have been observed (Bahaji et al., 2015).

1.4.2 Phloem loading and sucrose transport
The link between source and sink tissues is the phloem, a vascular tissue constituted by specialized
living cells. In flowering plants, the functional unit of phloem are sieve elements and companions

cells. The sieve elements are stacked one over the other and connected internally, they contain an
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endoplasmic reticulum, rudimentary plastids and mitochondria but no cytoskeleton and nucleus.
Being without nucleus they depend on companion cells for maintenance of cellular components.

Companion cells are tightly linked to sieve elements through plasmodesmata, providing essential
elements like proteins and contributing to the phloem loading. Inside the sieve elements flows the

phloem sap, which is loaded by source tissues and delivers nutrients and signals to sink tissues.
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Figure 1.7 Sucrose metabolism and transport. Sucrose is synthetized in source tissues (e.g. mesophyll cells) by concerted activity
of sucrose phosphate synthase (SPS) and sucrose phosphate phosphatase (SPP). Then sucrose is exported into sieve tube elements
(pale yellow) via apoplasmic loading thanks to coupled action of sucrose faciliators (SWEET) and sucrose/H ™ symporter (SUT) or
via symplasmic loading through plasmodesmata. Phloem sap flows delivering sucrose to sink cells, where sucrose uptake occurs
thanks to plasmodesmata (symplasmic unloading) or transporters (SWEETs and SUTs). Sucrose degradation is then performed by
Cytosolic Invertases (CINV), Cell Wall Invertases (CWINV) and Sucrose Synthases (SUS).

Sucrose produced in leaves is massively loaded in phloem following two possible mechanism:
apoplastic and symplastic loading (Figure 1.7, upper part). In apoplastic loading sucrose is first
exported in the apoplast and then is loaded into the phloem against the concentration gradient. It is
generally found in herbaceous species and it is the most studied because of agricultural interest

(Zhang and Turgeon, 2018). The symplastic loading occurs by diffusion thanks to plasmodesmata
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directly linked to the sieve elements of the phloem. Symplastic loading is generally ascribed to trees
like poplar (Zhang et al., 2014). The two strategies are not exclusive and the same plant can load
phloem in different ways depending on cell and tissue type or developmental stage (Slewinski et al.,
2013). In Arabidopsis and crops, like rice, phloem is loaded from the apoplast through SWEET
uniporters (Sugar Will Eventually be Exported Transporters) and sucrose/H™ symporters (SUT -
Sucrose Transporter). The first exports sucrose in the apoplast (Chen et al., 2012; Eom et al., 2015),
then the latter is localized on sieve elements membranes and loads sucrose together with a proton,
consuming the energy of the proton gradient (Julius et al., 2017). SWEET uniporters were recently
identified as a family of sugars transporters conserved in plants and animals (Chen et al., 2010), the
clade 3 of SWEET family was demonstrated to be the key facilitator of sucrose efflux in the
apoplast (Chen et al., 2012). SUTs are divided in 5 evolutionary clades (Kiihn and Grof, 2010).
SUT1 clade is specific of dicotyledons whereas SUT3 and 5 of monocotyledons, clades 2 and 4 are
common of both groups of plants. Different affinities have been measured on these transporters,
reflecting different plant- and tissue-related physiological role (Kiihn and Grof, 2010). SUT1 has
the highest affinity, SUT3 has intermediate values and together with SUT5 they localize in source
tissues on plasma membrane of phloem elements. SUT2 showed the lowest affinity as well as
SUT4, both localize on plasma membrane in sink tissues, but SUT4 is found in plastid and vacuole
membrane inside the cell (Kiihn and Grof, 2010). Apparently phloem loading from apoplast is an
energy demanding process but transporters different from SUTs have been found, for example in
legumes sucrose facilitators localize on sieve element membranes acting in pH- and energy-

independent manner and suggesting variations on the classical model (Zhou et al., 2007).

1.4.3 Phloem unloading and sucrose degradation

Due to massive loading in source tissues, the concentration of solutes in sieve elements is higher
enough to lower the osmotic potential of phloem in source tissues, in this way water moves into the
sieve elements thanks to aquaporins passively driving the sap flow to sink organs, where the
osmotic potential is higher as result of phloem unloading (Zhang and Turgeon, 2018). Two models
illustrate the unloading process, the apoplasmic and the symplasmic unloading, and a combination
of the two was also detected (Figure 1.7, lower part). The two strategies depend more on tissue type
than plant type, in fact apoplasmic unloading occurs in stems and roots, and consists of transfer of
sucrose from phloem to the apoplast and subsequent transfer into the sink cell. Usually a sucrose
facilitator, like AtSWEET11 and 12 (Le Hir et al., 2015), permits sucrose efflux from sieve
elements and an active transporter catalyzes the uptake of sucrose into the cell, for example SUT1

in Arabidopsis and SUC1 in Zea mays (Carpaneto et al., 2005; Sivitz et al., 2008). In the
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symplasmic unloading the sucrose is directly delivered inside the sink cell through plasmodesmata,
this latter case is found in meristems, tubers and root tip (Milne et al., 2018).

Once sucrose is exported, two enzymes are responsible for its degradation, invertases (INV) and
sucrose synthases (SUS). INVs catalyze the hydrolysis of sucrose to fructose and glucose. INV are
classified on the basis of their subcellular location. Cell wall INVs (CWINV) was demonstrated to
be involved in the sucrose breakdown in sinks where the apoplasmic unloading takes place (Ruan,
2014). Apoplast degradation of sucrose leads to lower sucrose concentration, that drives the phloem
unloading, and hexoses release. Cytosolic invertases (CINV) could be implicated in sucrose
degradation during the symplasmic unloading, although SUSs reaction (see above, Paragraph 1.4.1)
are more likely involved in cytosolic sucrose breakdown and are generally considered a marker of

sink strength (Koch, 2004).

1.5 Carbon fluxes under abiotic stress

Importance of characterizing plant metabolism under abiotic stress is undoubted. Beyond its
relevance for fundamental knowledge, understanding how plants set up their metabolism in adverse
conditions is also crucial to select useful traits for crop resistance in challenging environments.
Rearrangements in carbon metabolism are not equally studied for all stress conditions and so far
most of the available information are from analysis on primary carbon metabolism under
drought/osmotic stress. For this reason and for further interest in the thesis work, this paragraph will
focus mainly on water deficiency and, when available, further details on other stress will be
discussed.

Hummel and colleagues (2010) carried out an extensive survey on metabolites, enzymes and
physiological traits in Arabidopsis thaliana under water deficiency. When Arabidopsis plants are
exposed to moderate or severe drought (water potential equal to -0.6 MPa and -1.1 MPa
respectively) they did not observe significant decrease of net photosynthesis or increase in
respiration. Data on CO fit well with data on enzyme activities from main carbon pathways like
Calvin-Benson cycle, starch metabolism, sucrose metabolism and tricarboxilic acids cycle. Indeed,
monitoring all enzymatic activities in optimal catalytic conditions, enzymes levels were globally
stable or just slightly increased (Hummel et al., 2010; Bogeat-Triboulot et al., 2007; Pinhero et al.,
2001). Underlining how metabolic response does not need massive changes but more definite and
distinctive adaptations (Yu et al., 2003; Bogeat-Triboulot et al., 2007). At the same time enzymes

activities can be modulated without affecting enzymes content, for example in Trifolium
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subterraneum RuBisCO activity is decreased by drought, indicating some inhibitory effect induced
by the stress (Medrano et al., 1997).

Transitory starch, deriving from recently fixed carbon, is emerging in the last few years as carbon
source for abiotic stress response (Thalmann and Santelia, 2017), in addition to its role in carbon
metabolism in the night. Indeed, in several challenging conditions transitory starch degradation has
been reported in green algae, mosses, cereals and woody plants (Villadsen et al., 2005; Pressel et al.,
2006; Goyal, 2007; Damour et al., 2008; Hummel et al., 2010). However, it is should be noted that
other studies reported increased starch accumulation under abiotic stress (Kaplan and Guy, 2004;
Cuellar-Ortiz et al., 2008; Siaut et al., 2011; Wang et al., 2013). It is still unknown if the balance
between starch synthesis and degradation is typical of each stress or it depends more on specific
experimental conditions (Thalmann and Santelia, 2017). Despite all, several studies reported a
positive correlations between stress tolerance and starch degradation (Nagao et al., 2005; Cuellar-
Ortiz et al., 2008; Gonzalez-Cruz and Pastenes; 2012; Zanella et al., 2016; Thalmann et al., 2016).
Yano et al. (2005) reported a concerted action of GWD1 and BAMS3 in transitory starch
mobilization in Arabidopsis plants exposed to cold stress.

Starch degradation pathway under stress does not necessarily follow the canonical pathway (see
section 1.3.2). In fact under osmotic stress several experiments showed the importance of BAM1
and AMY 3, which gene expression is driven by ABA signalling, typically activated under water
stress (Zeller et al., 2009; Valerio et al., 2011; Zanella et al., 2016; Thalmann et al., 2016).
Moreover a role for a-glucan phosphorylase PHS1 was suggested under drought and high salinity
(Zeeman et al., 2004). These three enzymes are not essential for normal transitory starch
degradation at night. It is noteworthy that selection of particular enzyme isoforms is not just a
matter of gene expression and distinct biochemical properties should make BAM1 and AMY3
adapted to stress conditions. Indeed both the enzymes are activated by disulphide bond reduction in
vitro, suggesting increased activity in the day, and also pH optima are shifted to more alkaline
values, similar to stromal pH at light (Sparla et al., 2006; Seung et al., 2013).

When water levels are reduced Arabidopsis plants change the growth pattern of the rosette. The
rosette expansion is distributed along both day and night, with almost 50% of expansion occurring
at night. Under water deficiency the rosette expansion is 40% faster at day and inhibited at night
(Hummel et al., 2010). In addition also leaf emergense-expansion rate is lower. In this way plants
improve growth during the day when energy and carbon are available and store sources at night for
the next day.

Although the rosette growth is decreased, the photosynthesis is not impaired thus a surplus of

carbon is generated. Compounds with low molecular mass raise and are probably exported in roots,
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since 30% more root mass is observed (Hummel et al., 2010). Raise of sugar content is observed
also in maize kernels and seems to be of central importance for drought tolerance (Yang et al.,
2018). Accumulation of compounds like sugars can help adjusting the osmotic balance in leaves
(Xu et al., 2007; Hagemann and Pade, 2015), but also protect membranes and scavenge reactive
species under cold, temperature and salt stress (Garg et al., 2002; Janska et al., 2010; Yuanyuan et
al., 2009; Krasensky and Jonak, 2012). In fructan accumulating species, fructants provide freeze
resistance thanks to their high solubility (Livingston et al., 2009; Pomerrenig et al., 2018). Sugars
are also substrates for sugar alcohols synthesis, typically produced to enhance drought tolerance and
scavenge ROS (Smirnoff and Cumber, 1989; Pomerrenig et al., 2018). The accumulation of sugars
could be a consequence of several factors like reduced growth of photosynthetic tissues (Hummel et
al., 2010), impaired catabolism in sinks and reduced sink strength (Quick et al., 1992) or reduced
phloem sap flow due to compensatory water transfer from phloem to xylem (Sevanto et al., 2014).
In response to drought Hummel et al. (2010) also describe accumulation of amino acids, fumarate,
proline and sucrose, with more fumarate under severe drought. These metabolites are not simply
accumulated and stored to recover the osmotic balance, they are also available to plant metabolism.
In fact a clear decrease is observed at night for proline, malate and soluble sugars, probably
consumed when other carbon sources are not available.

Since drought stress lead to water loss, Hummel et al. (2010) calculated the concentrating effect on
osmolytes observed in Arabidopsis and reported that the 66% of the osmotic potential generated by
the plant under stress is obtained thanks to the decrease in water content. Anyway, metabolic
processes need physiological water levels to work properly and the plant synthesized osmolytes to
further counteract the water loss. The osmolytes accumulation is responsible for the 33% of the
osmotic potential generated under drought.

Considering the energetic balance of the whole plant, the carbon cost is estimated to be 1-3% of the
daily photosynthesic yield (without considering the ATP consumed for biosynthetic reactions), so
osmotic adjustment does not need high carbon cost or even lead to carbon depletion (Hummel et al.,

2010).

1.6 Regulation of carbon metabolism

In absence of stress, plants manage their carbon to maximize growth (Rasse and Tocquin, 2006). In
order to achieve this aim almost all the transitory starch fixed during the day is linearly degraded

during the night (Smith, 2012). The nearly depletion of starch ensure the best exploitation of carbon
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sources but excessive degradation speed would lead to carbon starvation at the end of the night.
Environmental clues and circadian rhythms are complemented to control carbon mobilization and
avoid starvation (Lu et al., 2005; Graf et al., 2010; Troein et al., 2009; Farre and Weise, 2012).
Management of carbon sources takes place during all the day and is adjusted on the length of the
photoperiod. For example, Arabidopsis plants grow preferentially during the light period, but 50%
of growth is observed at night under 6 hours photoperiod (Sulpice et al., 2014). Not only the
mobilization of carbon is modulated, in the case of starch the biosynthesis is more responsive in
short daytime and suddenly starts at the beginning of the day, to ensure maximal exploitation of
light energy, whereas when light is not limiting a lag in starch synthesis is observed (Sulpice et al.,
2014). Several regulatory strategies are adopted to control carbon metabolism, regulation by redox

modifications, circadian control, sugar-sensing and phosphorylation are the most known.

1.6.1 The redox regulation

The sensitivity of enzymes to the redox state of the cell is an important factor, especially in carbon
fixation. The redox state is directly linked to the availability of reducing power in the plant and so to
the energetic status of cell, tissue or organism. Redox regulation in proteins involves cysteine
residues and its reaction with other thiols or reactive species of oxygen and nitrogen (ROS and
RNS, respectively), only for RNS regulation other protein residues seem to be involved (Sevilla et
al., 2015).

Protein cysteines form disulphide bonds, bind metal ligands, coordinate substrates, have catalytic
functions and could be subjected to different post-translational modifications. The sensitivity to
redox modifications lies on higher reactivity of specific cysteines, given by lower ionization
constant (pKj). Indeed if compared to free cysteines (pK; = 8.3) reactive cysteines have more acidic
constant and propensity to unprotonated form. Several features in the microenvironment determine
a lower pK,, like the presence of charged amino acids stabilizing unprotonated thiol, hydrogen
bonds or dipole effect, often generated by N-terminal position of the reactive cysteine residue in a-
helix (Couturier et al., 2013).

For what concerns primary carbon metabolism, it is fundamental to couple the photosynthetic
energy production to carbon fixation and storage, avoiding energy waste and detrimental reactions.
The synchronization is performed by the thioredoxin (TRX) system, which represents the first form
of redox regulation discovered (Geigenberger et al., 2017). Further importance is given by the
ability redox regulatory systems to react under developmental and stress conditions allowing carbon

metabolism to set up in function of internal or external stimuli.

24



1.6.1.1 The thioredoxin system and NADPH-thioredoxin reductase in chloroplast

The basic principle of the TRX regulation is the possibility of thiol groups inside proteins to form
reversible disulphide bonds. Regulatory thiols are localized in specific positions of enzymes and
once oxidized typically inhibits catalytic activity, but one case of activation has been reported
(Wenderoth et al., 1997; Giitle et al., 2017). The regulatory effect is obtained by closing the active
site or preventing the access of substrates to the catalytic residues. Among the different ways to
control enzyme activity the reversible formation of disulfide bond makes possible a fast control of
the enzyme and avoids energy-demanding mechanisms like alternation of degradation and synthesis

(Brandes et al., 2009).
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Figure 1.8 Thioredoxin system in chloroplast. Alternative electron flow to the Ferredoxin-Thioredoxin Reductase (FTR) allow
reduction of thioredoxins. In turn thioredoxins control several targets in chloroplasts, in particular the carbon pathways like Calvin-
Benson cycle and starch metabolism. From left to write: PSII, photosystem 2; PQ, oxidized plastoquinone; PQH2, reduced

plastoquinone; Cyt bgf, cytochrome bef; PC, plastocyanin; PSI, photosystem 1; Fd, ferredoxin; FNR, ferredoxin-NADP™ reductase.

In chloroplasts, TRXs and NADP-depedent thioredoxin reductase C (NTRC) are the main redox
regulators. Reduction of TRX is light-dependent through the small electron chain composed by
ferredoxin (Fd), ferredoxin-thioredoxin reductase (FTR) and TRX (Figure 1.8). Plastidial classes of
TRX are f, m, x, y and z, the first two are mainly involved in regulation of carbon metabolism
enzymes (Geigenberger et al., 2017). The reduction of NTRC is light-independent, being a
bimodular enzyme formed by a NTR module, containing FAD as cofactor, and a TRX module at the
C-terminal domain of the enzyme. As a result, NTRC is reduced by NADPH and interacts directly

with the target enzymes (Bernal-Bayard et al., 2012)

25



1.6.1.2 Redox modification by glutathione and oxygen and nitrogen reactive species

Redox modifications include also the glutathionylation and modifications by reactive oxygen and
nitrogen species, ROS and RNS respectively, but functions of reactive sulphur species are emerging
in the last years (Couturier et al., 2013; Kasamatsu et al., 2016).

Electron transport chain lead to reactive oxygen species production, indeed excited electrons and
low redox potential carriers can react with molecular oxygen forming ROS (Mittler, 2017), RNS are
instead produced as byproduct at enzymatic levels (Apel and Hirt, 2004; Umbreen et al., 2018).
ROS are essentially hydrogen peroxide (H,0,) superoxide radical (O,"), hydroxyl radical (OH’), and
singlet oxygen ('0,). RNS instead are especially nitric oxide and other derived molecules like
nitrogen dioxide (NO,), dinitrogen trioxide (N,O;) and peroxynitrite (ONOO") (Couturier et al.,
2013). NO can alter protein function by metal nitrosylation of cofactors, tyrosine nitration or S-
nitrosylation (Sevilla et al., 2015). S-nitrosylation occurs especially on cysteines modifying protein
conformation, activity, localization and interaction (Sevilla et al., 2015). Both ROS and RNS effects
depend on concentration, in sub-toxic amounts they work as signalling molecules, like secondary
messengers, involved in plant physiology, immunity and development (Couturier et al., 2013;
Farnese et al., 2016) or stimulating plant adaptation to stress condition (Foyer and Noctor, 2009). In
stressing environments, production of ROS overcome the scavenging systems leading to an excess
of radicals and cells, tissues or the entire organisms are subjected to oxidative stress. As
consequence fundamental macromolecules are damaged by radical reactions and peroxidation, like
proteins and lipids (Mgller et al., 2007).

The glutathionylation is the formation of a mixed disulfide bond between a molecule of glutathione
and a reactive thiol in a protein, the reaction is spontaneous and occurs without enzymatic catalysis.
However the removal of glutathione needs an enzymatic reaction catalyzed by glutaredoxins,
oxidoreductases belonging to the TRX family, and TRX (Zaffagnini et al., 2012).

Glutathionylation protects reactive cysteines from ROS over-oxidation to sulfinic and sulfonic acids
that are irreversible thiol modifications (Zaffagnini et al., 2012). Considering the glutathionylation
as a ROS-mediated process, alternating glutathionylation and deglutathionylation was also
suggested as a ROS scavenging strategy performed by glutaredoxins (Zaffagnini et al., 2012). A
signalling/regulatory function of glutathionylated proteins was also suggested (Zaffagnini et al.,
2012), for example TRX f of Arabidopsis thaliana and Chlamydomonas reinhardtii is
glutathionilated with possible consequences on carbon fixation enzymes (Michelet et al., 2005).
Glutathione is a tripeptide with a glutamate y-bound to a cysteinylglycil dipeptide. Specificity for
glutathionylation is still unclear and it is unknown if it depends on accessibility, cysteine reactivity,

physico-chemical properties of the microenvironment or a combined effect of them (Winterbourn
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and Hampton, 2008). Reduced glutathione (GSH) is the glutathionylating form and also the most
abundant under physiological conditions. As redox couple, GSH and oxidized glutathione (GSSG)
they act as redox buffer inside cell compartments like mitochondria and plastids (Foyer and Noctor,
2005). Perturbations in glutathione redox state are reported in different stress conditions such as
ozone, pathogen attack, chilling and drought (Jubany-Mari et al., 2010; Vanacker et al., 2000; Mou
et al., 2003; Bick et al., 2001). GSH scavenges reactive species in excess (Foyer and Noctor, 2011),
heavy metals (Cobbet and Goldsbrought, 2002) and xenobiotics (Edwards et al., 2000), and as
consequence the GSSG level rises.

Crosstalk between glutathionylation and reactive species is also found, in fact GSH modification is
usually promoted by ROS like hydrogen peroxide and S-nitrosylation is often catalyzed via trans-
nytrosilation from nitrosoglutathion (Sevilla et al., 2015). THe nitrosoglutathione is formed when
NO and GSH react. The interplay between the ROS and RNS is also observed, since a common

reactive species is peroxynitrite, formed by reaction of NO and O, (Besson-Bard et al., 2008).

1.6.2 The circadian clock

Given the predictability of the changes linked to the day cycle, living beings evolved circadian
regulation to coordinate molecular events and environmental rhythms. Since plant nourishment is
deeply linked to environmental conditions plants evolved a tight circadian system, indeed in
Arabidopsis plants approximately one third of gene transcripts oscillate with a circadian phasing
(Covington et al., 2008). Circadian regulation allows plants to optimize biomass production and
adapt under different climates (Bohlenius et al., 2006; Dodd et al., 2005; Kloosterman et al., 2013).
Most of the plant clock characterization has been done in Arabidopsis thaliana, but homologue
genes have been found in several cultivated crops (Hsu and Harmer, 2014).

The circadian regulation is based on three components: a self-sustaining central oscillator, i.e. the
real clock; input signalling pathways to integrate the clock with the environment; output pathways
to control biological processes. The oscillator is formed by interlaced loops of transcription and
translation (Figure 1.9). Three sets of transcription factors generate the feedback loops, with
alternated temporal expression during the day, morning-, day- and evening-phased. The morning
components are two MYB-like transcription factors called CCA1l and LHY (Circadian Clock-
Associated 1 and Late Elongated Hypocotyl, respectively), which are extensively transcribed in the
morning and form homo- and heterodimers with each other, the heterodimeric form is more
efficient (Lu et al., 2009; Yakir et al., 2009). CCA1 and LHY act as repressors and their main target
is Time of CAB1 gene (TOC1), encoding an evening component of the clock. Other evening genes

are repressed by CCA1 and LHY, like GIGANTEA, LUX, BOA, ELF3 and ELF4 (Dai et al., 2011;

27



Lu et al., 2012; Nagel and Kay., 2012). When expressed, TOC1 in turn regulated the expression of
CCAl and LHY, this interlocked regulation represents the first feedback loop discovered in the
clock (Hsu and Harmer, 2014). Evidences emerged for an activating function of LHY and CCA1,
indeed expression of day-phased genes like PRR7 and PRR9 (Pseudo-Response Regulator) is
enhanced by these two morning components (Nagel and Kay, 2012). PRR9 is expressed as first day
component, is found immediately after dawn, followed by PRR7, PRR5 and PRR3 (Farre and Liu,
2013). A second feedback loop is now activated, because PRR5, together with PRR7 and PRRO,
represses the expression of CCAI, LHY and RVE8 (REVEILLES), an evening-phase component
(Nakamichi et al., 2010; Nakamichi et al., 2012). Then RVE transcription factors are involved in
dawn signalling and participate of the afternoon regulation of the clock in a feedback loop with
PRRs (Rawat et al., 2011). Once expression of CCA1 and LHY is finished, TOC1 and other evening
components like LUX, ELF3 and ELF4 are expressed, the last three form the so-called evening
complex (Dixon et al. 2011; Helfer et al.,, 2011; Herrero et al.,, 2012). The evening complex
represses PRR9 and enhances the expression of CCA1. BOA, a LUX homologue, can also form a
complex with ELF3 and ELF4 promoting the expression of CCA1 (Daj et al., 2011). Regulation by
TOC1 and PRR proteins ensures that LHY and CCA1 expression occurs in a small window at the
beginning of the day (Gendron et al., 2012; Pokhilko et al., 2012).

Promoters of circadian components are enriched of sequences called Evening Elements that allow
repression or activation of expression depending on the specific interactor (Hsu and Harmer; 2014).
Control on clock pathway goes beyond transcriptional control and involves different levels of
regulation. Several transcripts undergo alternative splicing (James et al., 2012), protein-protein
interaction influence functioning and degradation (Baudry et al., 2010; Mas et al., 2003). Looking at
post-translational modification, several clock components are subjected to ubiquitination and
SUMOylation (Fujiwara et al., 2008; Mehra et al., 2009), while phosphorylation was observed on
PRR proteins (Wan et al., 2010). Taken together all the regulatory levels work to guarantee the
right functioning of the feedback loops inside the clock.

External inputs keep the clock synchronized with the environment. Two kind of inputs have been
mainly studied: light and temperature. The light in particular has been demonstrated to influence
gene transcription, RNA and protein stability and translation rates (Staiger and Green, 2011). Light
sensors are ZTL, a circadian photoreceptor for blue light which regulates TOC1 stability.
Phytocromes (red and far-red light receptors) and cryptocromes (blue light receptors) are also
involved in phasing the clock (Fankhauser et al., 2002). The clock is more temperature-tolerant and

several temperature of physiological interest do not affect the clock (Salome et al., 2010), but
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several clock genes are cold-responsive (James et al., 2012). Cold also triggers alternative splicing

for all main clock components, i.e. CCA1, LHY, PRR3, PRR5, PRR7, PRR9 and TOCI.

Figure 1.9 Central elements of circadian clock in Arabidopsis thaliana. LHY-CCA1 complex forms the morning loop, which
control expression of day and evening elements. PRRs proteins constitue the second feedback loop, expressed during the day, while
LUX-ELF3-ELF4 are the evening complex controlling the third feedback loop.

What makes the clock a circadian regulator for plant gene expression is the regulatory ability of
each components, in fact transcription factors like TOC1, PRR5, PRR7 and RVE8 do not only
regulate other clock genes but act as regulators for several plant genes. In this way, regulating each
other they also give the timing of biological processes (Huang et al., 2012; Liu et al., 2013;
Nakamichi et al., 2012).

1.6.3 Carbon metabolism controls growth by sugar sensing

Plant development relies on metabolic and environmental conditions. Since metabolic conditions
rely on environmental availability of light and nutrients, signals from metabolism integrate the
overall condition of the plant. In particular plants need carbon to synthesize new biomass, then
pathways evolved to transmit signals of carbon availability and stimulate or inhibit growth as
function of the overall metabolic status. Indeed signals from different metabolites are integrated, for
example the response of the plant to sugar levels is influenced by nitrate and phosphate
concentration (Martin et al., 2002; Miiller et al., 2007).

Sugar signalling in plants is mainly performed by sucrose and glucose (Figure 1.10). Sucrose is the
main carbon source transported toward sink tissues and its levels are proportional to carbon
availability. Sucrose signalling is not performed by sucrose itself, in this regard another
disaccharide, trehalose, carries out the sucrose signalling function and is found in extremely low
amounts in plants (UM range, Zhang et al., 2009). The signalling is mediated by trehalose-6-

phosphate (T6P), an intermediate of trehalose biosynthesis, which levels are proportional to sucrose
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levels (Figueroa and Lunn, 2016). Trehalose biosynthesis is a two step pathway, analogous to
sucrose biosynthesis, in which a Trehalose-6-Phosphate Synthase (TPS) uses UDP-glucose and G6P
to synthesize T6P. Then Trehalose-6-Phosphate Phosphatase (TPP) hydrolyzes the phosphate group
releasing trehalose, that can be degraded by the trehalase. From a metabolic point of view, T6P is a
direct sensor of catabolic and anabolic reactions inside the cell, indeed UDP-glucose is the building
block of polysaccharide biosynthesis, including cell wall and callose, whereas G6P is the starting
point of energetic metabolism.

T6P relationship with sucrose has been studied in Arabidopsis thaliana at different developmental
stages (Nunes et al., 2013; Wahl et al., 2013) and its levels undergoes ample fluctuations following
sucrose levels (Lunn et al., 2006; Carillo et al., 2013). The same nexus between T6P and sucrose
has been found in several plant species like cucumber (Cucumis sativa; Zhang et al., 2015), potato
(Solanum tuberosum; Debast et al., 2011) and cereals like maize (Zea mays; Henry et al., 2014) and
wheat (Triticum aestivum; Martinez-Barajas et al., 2013), reflecting how T6P signalling is a
conserved mechanism at least in angiosperms.

However, the relationship between T6P and sucrose is not one-way and a T6P feedback inhibits
sucrose biosynthesis (Yadav et al., 2014) working as a switch between carbon export and local
biosynthesis. When sucrose levels exceeds the demand of sink tissues, T6P levels raise inhibiting
sucrose synthesis and redirecting carbon toward biosynthetic pathways through tricarboxilic acid
pathway, amino acid biosynthesis (Figueroa et al., 2016) and the anaplerotic reaction of PEPC
(phosphoenolpyruvate carboxylase; O'Leary et al., 2011) yielding oxalacetate. In parallel, nitrate
reductase, the final step of nitrogen assimilation, is activated allowing rise in amino acids synthesis
(Figueroa et al., 2016). Moreover, T6P can have a strong impact on rates of starch degradation at
night (Martins et al., 2013) tuning carbon release in function of the demand of sink tissues. Under
high T6P levels a drop in maltose content is observed, pointing out as the inhibition should occur in
the first degradation steps, maybe involving glucan dikinases or phosphatases. Despite it does not
seem to influence diurnal starch biosynthesis in the leaves, it is worth to mention that artificial TGP
levels activate carbon incorporation into starch (Kolbe et al., 2005; Zhang et al., 2009), probably
acting on NTRC or other proteins upstream AGPase redox activation. In this scenario, T6P seems to
coordinate, directly or indirectly, the allocation of carbon and nitrogen.

A crucial element of T6P signalling is the SnRK1 kinase (Sucrose-non-fermenting Related Kinase
1), which provides signals about nutrient and environmental status to regulate the growth (Radchuk
et al., 2010). SnRK1 is specifically activated when the cell experience low energy, it inhibits
biosynthetic processes and push catabolic reactions for energy production. In sink tissues, T6P

stimulates growth by inhibiting SnRK1 (O'Hara et al., 2013; Delatte et al., 2011). The inhibition is
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not direct and requires an intermediate factor (Zhang et al., 2009). Several processes are regulated
by both T6P and SnRK1, like flowering (Wahl et al., 2013), starch metabolism (Kolbe et al., 2005;
Lunn et al., 2009), senescence (Wingler et al., 2012) and anthocyanin biosynthesis (Baena-Gonzalez
et al.,, 2007). So globally sucrose set plant metabolism and timing of development through the

interaction between T6P and SnRK1 regulatory pathways.
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Figure 1.10 Sucrose and glucose signalling. Activation (Red arrows) and inhibitory (T-bar line) effects due to increase in carbon
availability and consequent raise of sucrose and glucose levels.

Unlike sucrose, glucose levels are directly detected by hexokinases (HXKs). HXKs are conserved
enzymes that in plants constitute a multigene family with proper HXKs and HXK-like proteins,
some of these have both glucose sensor and catalytic function and other are just the latter (Dai et al.,
1999; Veramendi et al., 2002; Cho et al., 2009; Kano et al., 2013; Kim et al., 2013; Li and Sheen,
2016; Aguilera-Alvarado and Sanchez-Nieto, 2017). In glucose signalling it is possible to
distinguish direct and indirect HXK signalling. The direct signalling has been suggested to involve
conformational movements, linked to glucose binding but not to phosphorylation, determining the
interaction with signalling partners and even translocation into the nucleus (Moore et al., 2003;
Feng et al., 2015). In the case of Arabidopsis thaliana, following high glucose concentration, HXK1
has been found in a repressor complex inside the nucleus with the subunit B of the atipical vacuolar
H'-ATPase and the 19S regulatory particle of the proteasome (c). This complex binds CAB and
CAA genes promoter repressing transcription, in this way high glucose levels affect
photomorphogenesis and seedling development (Cho et al., 2006). HXKs sensors work as
repressors or activators, probably depending on alternative interactors, and can repress genes
involved in catabolism or anabolic reactions (Sheen, 1990; Graham et al., 1994; Jang and Sheen,
1994) but also upregulate genes expressing MYB transcription factors and glucosinolate
biosynthesis genes (CYP, Miao et al., 2016). HXK can stimulate ABA signalling to control stomatal
closure and lower water loss (Kelly et al., 2013; Lugassi et al., 2015).

HXK activity can regulate the metabolic flux through glycolysis, oxidative pentose phosphate
pathway, nucleotides production, starch and fatty acid synthesis (Claeyssen and Rivoal, 2007).

Indeed, metabolites downstream the G6P produced by HXK can be signals of the energetic status of

31



the cell and represent the indirect glucose signalling through HXK, independently of HXK as
sensor. The most known influence of HXK indirect signalling is on the TOR pathway, which is
regulated by glycolytic intermediates (Price et al., 2004; Villadsen and Smith, 2004; Xiong et al.,
2013). TOR pathway then controls developmental transition and growth in function of the energy
and metabolites supply (Xiong et al., 2013).

The global scenario is a complex net of sugar signals that allows coordination between
photosynthetic and heterotrophic tissues of the plant. Thanks to diverse sugar sensors, localized in
different tissues and subcellular environments, the metabolic status of the organism is monitored

and the development regulated compatibly with carbon sources.

1.7 Regulation of Calvin-Benson cycle

The fixation of carbon dioxide is a process of fundamental importance for photosynthetic
organisms, as such it is highly regulated by concomitant mechanisms following the day/night
alternation.

RuBisCO is the key enzyme of the cycle and is responsible for the entry of carbon in the organic
word. For this reason, RuBisCO activity is tightly regulated in different ways. Rubisco re-activation
at light is catalyzed by the RuBisCO activase, a chaperon-like AAA+ ATPase which promotes the
transition to the catalytically active carbamated state and the release of the 2-carboxyarabinitol-1-
phosphate inhibitor (Zhang et al., 2002; Portis, 2003; Carmo-Silva et al., 2011). In turn, RuBisCO
activase is regulated by ADP and ATP/ADP ratio and, depending on the isoform, it contains a redox-
sensitive extension regulated by TRX f (Zhang and Portis, 1999; Zhang et a., 2001). Both
mechanisms link the activase activity to the availability of ATP and reducing power in the
chloroplasts, thus to the presence of light.

Since NADPH and ATP to fix CO, are provided by PET, the synchronization of PET and Calvin-
Benson cycle is crucial. Different concerted mechanisms act to permit this process. A first way is
the increase of both stromal pH to ~8 and Mg** concentration. Both conditions are directly linked
to enzymes activity, indeed several enzymes of the cycle have alkaline pH optimum and RuBisCO,
kinases and phosphatases activities need magnesium ions to work properly.

TRX-mediated redox regulation take part to the synchronization activating several enzymes during
the day. Usually TRXs reduction make accessible the active site to substrates, indeed in vitro and in
vivo studies demonstrated that GAPDH, FBPase, SBPase and PRK are activated by reduced TRXs
(Bassham, 1971; Wolosiuk and Buchanan, 1978; Jaquot et al., 1995; Baalman et al., 1996; Jaquot et
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al., 1997; Dunford et al., 1998; Sparla et al., 2002). For GAPDH two redox regulation have been
found. The isoform A of GAPDH is indirectly redox regulated by the formation of an inhibitory
complex with oxidized PRK (inactive), thanks to the intrinsically unfolded protein CP12 (Wedel
and Soll, 1998; Trost et al., 2006), which works as scaffold for the assembly of the complex (Del
Giudice et al., 2015). Furthermore, CP12 has been proposed to protect GAPDH and PRK from heat
and oxidative stress (Erales et al., 2009; Marri et al., 2014), and stabilize PRK under physiological
conditions (Lépez-Calcagno et al., 2017). The isoform B of GAPDH forms A,B, heterotetramers
with the subunit A and is directly regulated by TRX due to a C-terminal extension containing the
two regulatory cysteines (Baalman et al., 1996; Sparla et al., 2002). Once oxidized, A.B;
heterotetramers oligomerize in AgBs complexes in which the GAPDH activity is inhibited (Pupillo
and Piccari, 1973). The C-terminal extension in B isoform is probably generated by a fusion of
GAPDH-A gene with CP12 gene (Baalman et al., 1996), as highlighted by sequence homology.
Reactive cysteines inside Calvin-Benson cycle enzymes allow other redox modifications, like
glutathionylation and nitrosylation. As mentioned above (section 1.6.1.2), glutathionylation have a
protective function under stress. Proteomic studies pointed out all the Calvin-Benson cycle enzymes
as putatively glutathionylated in Chlamydomonas reinhardtii (Zaffagnini et al., 2012; Zaffagnini et
al., 2013). This result has been demonstrated in vitro for A,--GAPDH, PRK, PGK, RPI and TPI in C.
reinhardtii and FBPase in A. thaliana (Ito et al., 2003; Zaffagnini et al., 2007; Michelet et al., 2008;
Zaffagnini et al., 2012; Zaffagnini et al., 2013). Thus cysteines modifications can interact and the
same Calvin-Benson cycle enzyme can be modificed by TRX, glutathione and nitrosylation
(Lindemayr et al., 2005; Romero-Puertas et al., 2008; Abat et al 2008; Abat and Deswal, 2009;
Zaffagnini et al., 2013).

Contributing to the intricate regulatory network of carbon fixation there are at least other three
factors: calcium, phosphorylation and circadian clock. Calcium is a second messenger in all
eukaryotes (Berridge et al., 2000; Clapham, 2007). In plants the number of calcium sensor proteins
has increased, probably contributing to specificity and flexibility of signalling (Rocha and
Votchnecht, 2012). Free calcium concentration has day/night fluctuations in the stroma, from 150
nM in light up to 5-10 pM in the dark, and can contribute to enzyme regulation (Johnson et al.,
1995; Ettinger et al., 1999; Sai and Johnson, 2002). Accordingly, FBPase and SBPase showed
activation at low calcium concentration and inhibition when calcium raises (Charles and Halliwell,
1980; Herting and Wolosiuk , 1983; Chardot and Meunier, 1990).

Phosphorylation and circadian regulation are still poorly studied on Calvin-Benson enzymes.
Phosphorylation sites are found in Rubisco activase (C. reinhardtii; Lemeille et al., 2010) and PGK

(A. thaliana, Reiland et al., 2009, Roitinger et al., 2015; O. sativa, Facette et al., 2013; Z. mays,
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Baginsky, 2016). Interestingly, the main isoform of TK in Arabidopsis (TKL1) is subjected to
calcium-dependent phosphorylation, with consequent loss of activity (Rocha et al., 2014).

Day/night control on Calvin-Benson cycle proteins has been highlighted by proteomic profiling
done by Fox and colleagues (2015). The study reported that protein levels of PRK, GAPDH-B,
RuBisCO activase and aldolase are lowered in quadruplet phytochrome and cryptochrome mutant
(phyA,phyB,cryl,cry2). This downregulation correlates with lowered CO, fixation under high light
conditions.

To conclude, different simultaneous mechanisms participate of CO, fixation cycle regulation in
plants, the result is the integration of several information linked to internal and external factors to

modulate CO, fixation.

1.8 Regulation of leaf starch metabolism

In physiological conditions, transitory starch represents both a carbon sink during the day and a
carbon source during the night. Regulatory mechanisms for starch follow this distinctive trait

determining the double behaviour of starch during the day-night cycle.

1.8.1 Regulation at protein level

Phosphorylation and phosphate (P;) concentration have been involved especially in the biosynthetic
pathway (MacNeill et a., 2017; White-Gloria et al., 2018). PGI, pPGM, SS2 and two subunits of
AGPase resulted phosphorylated from phosphoproteomic analyses (Grimaud et al., 2008; Reinland
et al., 2009). Interestingly SS2 phosphorylation is found only at the end of the light period
(Reinland et al., 2009). The effects of phosphorylation are not known for starch enzymes in
chloroplast, but in amyloplast starch synthase phosphorylation regulates the formation of a complex
with debranching enzymes (Tetlow et al., 2004).

P; levels are directly linked to ATP availability and TPT activity. When triose phosphates levels
raise, due to high photosynthesis or reduced TPT activity, Pi levels lower (MacNeill et al., 2017).
As consequence 3-PGA level raises and stimulates AGPase activity while low P; releases allosteric
inhibition from AGPase allowing concomitant activation of starch biosynthesis (Iglesias and Preiss,
1992; Sivak and Preiss, 1995).

Several enzymes of starch metabolism are redox regulated by TRX f and m in Arabidopsis plants,

i.e. AGPase, BAM1, AMY3, SS1, GWD1 and SEX4 (Fu et al., 1998; Mikkelsen et al., 2005; Sparla
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et al., 2006; Seung et al., 2013; Silver et al., 2013; Skryhan et al., 2015). Instead, SS3, ISA1/2/3,
BAM3 and LDA have been suggested as redox regulated (Glaring et al., 2012).

AGPase is regulated by means of a single reactive cysteine conserved in all plants except for the
monocot endosperm isoform (Ballicora et al., 1999). Oxidation of cysteine residue results in
dimerization of AGPase tetramers and consequent inhibition (Fu et al., 1998; Ballicora et al., 2000;
Tiessen et al., 2002). The reactivation is catalysed both by TRX f and m in vitro (Fu et al., 1998).
Redox sensitivity of AGPase could be modulated by sugar-sensing since supplying T6P to isolated
chloroplast results in upregulation of AGPase activity (Kolbe et al., 2005). Since reduction drives
the activation of enzymes, both from synthetic (AGPase, SS1, SS3; ISA 1/3) and degradation
(GWD1, BAM1/3, AMY3, SEX4, ISA2, LDA) pathways, redox properties of starch enzymes
appear controversial. To clarify this aspect the importance of redox cysteines in starch enzymes has
been investigated two times in vivo, for AGPase and GWD1. AGPase KO mutant has been
transformed with a redox-insensitive AGPase gene, resulting in higher starch accumulation in long-
days photoperiod (Hédrich et al., 2012). Surprisingly, AGPase protein level was lower than wild-
type protein levels and suggesting protein turnover is affected by redox regulation. On the other
hand, when gwd Arabidopsis plants are transformed with redox-insensitive GWD1 no difference is
observed if compared to plants complemented with redox-regulated GWD1 (Skeffington et al.,
2014).

Protein complexes usually can modify and control enzymatic activity, complexes in leaf starch
metabolism are still unknown. Anyway several enzymes in the biosynthetic and the degradation
pathways contain putative coiled-coil domains (Lohmeier-Vogel et al., 2008), which often mediate
protein-protein interactions. The unique example of complex involves the two isoamylases ISA1
and 2, found in potato and Arabidopsis plants (Bustos et al., 2004; Wattebled et al., 2005). When
one of the two ISA genes is knocked out the level of the remaining isoform are lowered due to

protein instability or reduced gene expression (Delatte et al, 2005).

1.8.2 Time-dependent regulation of starch metabolism

In Arabidopsis thaliana, genes involved in starch metabolism in leaves have circadian expression.
Circadian pattern is known for BAM1/3/4, PHS1, GWD1, PWD, AMY3, DPE1 and ISA1/2/3 (Smith
et al., 2004; Lu et al., 2005; Covington et al., 2008). Despite this, when protein levels are analyzed
no circadian fluctuations are observed, thus post-trascriptional and post-translational mechanisms
could be involved in further regulation of enzyme activity (Kotting et al., 2010).

Regarding timing, a fundamental feature of starch degradation is the constant degradation rate at

night (Smith and Stitt, 2007), which implies prediction of the night length and quantification of
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starch amounts. How plants integrate information about time of the day and starch levels is still
unknown but models have been hypothesised. Circadian clock should provide information about
timing, in fact Arabidopsis double mutant lacking the morning loop (ccal lhy) have a faster clock
timing and also a faster starch degradation in a 24 hours light-dark cycle (Graf et al., 2010).
Connection between clock and starch is underlined by plants exposed to short day and long night,
which store more photoassimilates into starch avoiding carbon starvation in the dark period (Gibon
et al.,, 2004). Anyway how plants can measure starch is still unknown, Scialdone et al. (2013)
hypothesised different possible theoretical mechanisms and proposed PWD as key player in starch
sensing. The loss of PWD leads to reduced starch degradation as well as other mutants for enzymes
in the starch degradation pathway, but it interesting that pwd is the only mutant unable to lower the
rate of degradation when exposed to an unexpected night. So PWD appears essential for the
adaptation of degradation rate to unexpected night onset and could be involved in signalling starch
amounts to set the right degradation rate.

Summing up the information available so far, our current knowledge of strategies to control leaf
starch metabolism probably is just the tip of the iceberg and new players are emerging in the last
few years. An example are non-enzyme proteins, which have been poorly considered so far. PTSTs
together with MFP1 and MRC (MAR Binding Filament-Like Protein 1, Myosin-Resembing
Chloroplast Protein) have been recently demonstrated to be important for starch granule initiation
and growth (Seung et al., 2015; Seung et al., 2017; Seung et al., 2018). Other examples are proteins
like BAM4, BAMS8 and ESV1 that are supposed to have regulatory rather than catalytic function but
their exact role is still unclear (Fulton et al., 2008; Soyk et al., 2014; Feike et al., 2016; Malinova et
al., 2018).

1.9 Regulation of sucrose metabolism and phloem transport

Regulation of sucrose metabolism occurs at different levels in plants: controlling sucrose production
in source tissues, sucrose loading, unloading and transport in the phloem and sucrose degradation in
sink tissues. In apoplastic-loading species sugar transporters are regulated whereas in symplastic-
loading species sink strength is the common regulatory strategy (Slewinski and Braun, 2010). In the

first case, working at protein level in source tissues, is thought to allow faster regulation.
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1.9.1 Sucrose-phosphate synthases are regulated at different levels

SPSs are the key enzymes of sucrose synthesis and as such SPSs are regulated by metabolic signals,
like activation by G6P and inhibition by P;, and environmental stimuli like osmotic stress and light
(Huber and Huber, 1996). Early studies suggested a time-dependent regulation of SPSs activity,
which peaks in the middle of the light-period and 12 hours later both in tomato and soybean plants
(Kerr et al., 1985; Jones and Ort, 1997). Three phosphorylation sites have been found in SPSs,
notably each isoform acquired variations in the phosphorylation site sequences allowing different
kinase specificity (Huang and Huber, 2001; Chen et al., 2005). SPS also interacts with different
isoforms of 14-3-3 proteins in a phosphorylation independent-manner (Bornke, 2004). Moreover,
sucrose production is efficiently performed thanks to metabolic channelling through SPS and SPP,
which interact in vivo in Arabidopsis plants (Maloney et al., 2015).

Hence SPSs appear to be highly regulated enzymes, tuning the sucrose production in response to

developmental and environmental cues.

1.9.2 Control of sucrose transporters

SUT transporters are finely regulated at gene, transcript and protein level while regulation of
SWEET sugars transporters is still largely unknown (Roblin et al., 1998; Ransom-Hodgkins et al.,
2003; Nuhse et al., 2004; Niittyla et al., 2007, Fan et al., 2009, Eom et al., 2015). The only
information concerning SWEET regulation regard the long non conserved C-terminal region (Eom
et al 2015). This extension is phosphorylated in response to sucrose addition to the medium
(Niittyl4 et al 2007) and involved interactions with other proteins (Eom et al., 2015).

SUTs have been studied for the last 10 years highlighting the post-transcriptional regulation acts on
transcripts shortening the turnover to 60-130 minutes, as shown by He et al., 2008 and Liesche et
al., 2011. In this regard, translational control is obtained by mRNA binding proteins for StSUT2 and
4 in Solanum tuberosum (He et al., 2008). The same regulation is probably conserved in
Arabidopsis SUC2 and SUC4, which are the only two transporter family that are not regulated by
miRNA (Lu et al., 2005; Kiihn and Grof, 2010).

Also in sucrose transporters a sensitivity to redox state is found. Potato SUT1 dimerizes in
oxidizing conditions and increasing of 10-fold the V.. Dimerization is found also in SUT2 and 4
in Solanum licopersicum (Reinders, 2002), while the distribution of SISUT1 depends on redox
conditions. It is homogeneously localized in reducing environment and under oxidizing conditions
is found in highly localized areas of the membrane (Kriigel et al., 2008).

A wide network of protein interaction is characteristic of SUT transporters (Kriigel and Kiihn 2013).

SISUT1 putative interactors include protein disulfide isomerase, pyrophosphatases, aldehyde
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dehydrogenase and proteins for targeting. Malus domestica SUT1 and Arabidopsis SUC4 interact
with cytochromes b5 negatively affecting germination (Fan et al.,, 2009; Li et al., 2012).
Furthermore, StSUT2 and 4 probably have regulatory rather than catalytic function, in fact they
showed low affinity for sugars and have inhibitory effect on StSUT1 (Chinciska et al., 2008; Kiihn
and Grof, 2010).

Phosphorylation occurs also for SUCs in Arabidopsis, despite the role of the modification is still

unknown (Niihse et al., 2004; Niittyla et al., 2007; Durek et al., 2010).

1.9.3 Regulation of sucrose degradation

INVs and SUSs are generally considered part of the sucrose degradation pathway since usually
localize in sink tissues. Thus controlling INV and SUS activities the plant can modulate sink
strength and carbon flux.

Expression of SUS genes is controlled by metabolic factors like carbon starvation and hypoxia
(Zeng et al., 1998; Koch, 1996; Koch et al., 2000), in these conditions mRNAs from SUS genes are
preferentially loaded onto ribosomes increasing SUS protein translation and helping plant to survive
(Clancy et al., 2002).

SUS proteins are subjected to phosphorylation by SnRK and likely other kinases (Purcell et al.,
1998). Indeed all SUS proteins contain two conserved phosphorylation sites, the first enhances
enzymatic activity depending on sugar levels (Huber et al., 1996; Zhang et al., 1999; Cheng et al.,
2002) while the second site is phosphorylated depending on the first site and address to ubiquitin-
dependent degradation (Hardin et al., 2003; Halford et al., 2003). The degradation can be blocked
by the binding of ENOD40 protein, that stabilizes SUSs phosphorylated on the first site and
contributes to vascular functioning and phloem unloading (Kouchi et al., 1999; Varkonyi-Gasic and
White, 2002).

INVs are controlled mainly by transcriptional regulation and enzyme inhibitors. INV genes are
responsive to environmental stimuli like gravity, water availability and pathogens infection (Long et
al., 2002; Trouverie et al., 2003; Roitsch et al., 2000; Roitsch et al., 2003). In Vitis vinifera CWINV
promoters have wound responsive elements, MYC recognition site, Sucrose-responsive element 1
(SURE1) and ABA-responsive (ABRE) element influencing gene expression (Hayes et al., 2010).
Other evidences suggest circadian regulation of invertase gene lin6 by CCA1-LHY, the morning
loop of clock, in tomato plants (Proels and Roitsch, 2009). Transcripts are then controlled by
increased turnover, indeed rice VIN1 and AtVINV2 mRNAs are destabilized by downstream
elements and transcript decay is accelerated by glucose in Arabidopsis (Feldbrugge et al., 2002;

Huang et al., 2007).
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At protein level, enzymatic activity of CWINV and VIN is affected by inhibitor proteins (Ruan,
2014). Inhibitors are involved in senescence occurrence in tobacco plants (Lara et al., 2004; Jin et
al., 2009). As SUSs, INVs are regulated by phosphorylation, for instance 14-3-3 proteins bind
CIN1 after its phosphorylation in Arabidopsis, this process leads to a general increase in invertase
activity in roots during the day (Gao et al., 2014).

The intersection of regulatory mechanisms for SPSs, sugar transporters, SUSs and INVs allows fine
control of carbon partitioning adopting sugar metabolism and distribution to diurnal light cycle,

developmental stage, environmental stimuli and stress.
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2. Photosynthetic CO, assimilation: the last gap in the structural proteome is
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2.1 Abstract

Photosynthetic CO, fixation supports life on Earth and is a fundamental source of food, fuels and
chemicals for human society. In the vast majority of photosynthetic organisms, carbon fixation is
operated by the Calvin-Benson (CB) cycle, a pathway that has been extensively studied at
physiological, biochemical and structural level. It consists of 13 distinct reactions catalyzed by 11
enzymes (Michelet et al., 2013). In land plants and algae, the CB cycle takes place in the
chloroplast, a specialized organelle operating the photosynthetic process. Despite decades of efforts,
one last enzyme, the phosphoribulokinase (PRK), remains uncharacterized at atomic-scale while the
structure of the other ten enzymes have been solved or confidentially modeled by close homology
from the structure of isoforms found in other pathways. PRK together with ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) enzyme, is exclusive of the CB cycle. In
opposition to RuBisCO, whose structure has been solved from diverse sources, the structure of PRK
remains unknown despite its characterization is crucial to better understand and control
photosynthesis.

Here, we report for the first time the crystal structures of redox-sensitive PRK from two model
species: the green alga Chlamydomonas reinhardtii (CrPRK) and the land plant Arabidopsis
thaliana (AtPRK). The enzyme is an elongated homodimer characterized by a large central (3-sheet

of eighteen strands, extending between the two catalytic sites positioned at the dimer edges. The
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structure was also studied in solution through the combination of size exclusion chromatography
and small-angle X-ray scattering (SEC-SAXS) and no appreciable differences were found.
This study completes the description at atomic level of the 11 CB cycle enzymes providing a

rational basis for catalytic improvement of carbon fixation in chloroplasts.

2.2 Results and Discussion

The challenge of support 9 billion people requires a multidisciplinary approach. Looking at food
production only, several studies suggest that a 70-100% increase will be necessary by 2050
(Godfray et al., 2010). Different approaches have been made to improve crop yield trying to fill the
gap between agricultural output and agricultural demand. Among them, the increase of
photosynthetic carbon assimilation through the improvement of the efficiency of the CB cycle is
regarded as a promising strategy and positive results have been obtained (Long et al., 2015). The
CB cycle consists of 13 distinct reactions involving 11 different enzymes. By consuming ATP,
phosphoribulokinase (PRK) catalyses the regeneration of the five-carbon sugar ribulose-1,5-
bisphosphate (RuBP), exclusively used by Rubisco for CO, fixation.

So far, PRK is the only missing structure of the CB cycle enzymes. To fill this gap, the crystal
structures of CrPRK and AtPRK have been determined at 2.6 A and 2.5 A, respectively.
The enzyme is a dimer of two identical monomers related by a 2-fold non-crystallographic axis
(Figure 2.1). Each monomer contains a nine-stranded mixed -sheet (1—-f39) surrounded by height
a-helices (al, a3-a9), four additional -strands (f1°-f4’) and one helix a2 (Figure 2.2). The active
sites (one for each monomer) are located in an elongated cavity at the edge of the dimer (Figure
2.1). Despite the exclusive role of PRK in photosynthesis, putative PRK sequences are also found in
autotrophic organisms. Phylogenetic analysis performed on 69 PRK sequences including 31 from
non-photosynthetic prokaryotes, clearly show a first evolutionary separation between Bacteria and
Archaea (Figure 2.13 in Addendum).

A single structure of PRK from the photosynthetic bacterium Rhodobacter sphaeroides (RsPRK;
PDB ID 1A7J], Harrison et al., 1998) and one from the non-photosynthetic Archaea
Methanospirillum hungatei (MhPRK; PDB ID 5B3F; Kono et al., 2017) have been reported. Both
Rs and MhPRK sequences are shorter compared to photosynthetic PRKs and they all share a very
low sequence identity making impossible to infer reliable structural models for Cr and At enzymes
(Figure 2.12 in Addendum).

Most of PRKs from bacteria (type I PRKSs), including phototrophic ones, are octamers of about 32
kDa subunits allosterically activated by NADH and inhibited by AMP (Martin and Schnarrenberger,
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1997; Kung et al., 1999). A third clade emerging from the Archaea, contains all cyanobacterial and
eukaryotic PRKs. Archaea, cyanobacteria and cyanobacterial-derived (i.e. Plant-type) PRKs are

dimers of about 40 kDa (type II PRKs; Martin and Schnarrenberger, 1997; Kono et al., 2017).
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Figure 2.1 Crystal structure of photosynthetic PRK. Overall crystal structure in cartoon representation of reduced phosphoribulokinase (PRK)
from a, Chlamydomonas rehinardtii and b, Arabidopsis thaliana. The two monomers are differently colored. The P-loop is highlighted in green and
light-blue and the clamp-loop in orange and yellow. Each monomer contains two pairs of cysteines, one at the active site (Cys16 and Cys55 for
CrPRK and Cys15 and Cys54 for AtPRK) and one at the dimer interface close to the C-terminal end of the protein chain (Cys243 and Cys249).
Cysteine residues are indicated and represented as sticks. In AtPRK a pair of the C- terminal cysteines forms a disulfide bond. CrPRK binds two
sulfate ions (one for each monomer) represented as spheres, coming from the crystallization solution. Arg64 represented as stick, is one of the
residues stabilizing the anions.
While little is known about the regulation of dimeric and non-photosynthetic PRK, a fine tuning of
photosynthetic PRK activity is achieved by the thioredoxin-dependent interconversion of a specific
thiol-disulfide bridge (Porter et al., 1988; Porter and Hartman, 1990). The pair of cysteines involved
in redox regulation and corresponding to Cys15/16 and Cys54/55 in At and CrPRK, are located into
the P-loop (Walker A; responsible for ATP binding) and at the C-terminal end of strand 2 (Figure
2.1 and 2.3), respectively. Both stick out from the catalytic cavity showing a considerable

accessibility to facilitate thioredoxin interaction (Table 2.1).
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Figure 2.2 Topology and structures of
PRK monomers. Topology diagram of
CrPRK and AtPRK (a and ¢
respectively);  the  monomer s
composed by a mixed (3-sheet of nine
strands, by nine o-helices and four
additional small B-strands indicated by
B’. b and d, Cartoon representation of
the monomer structure of CrPRK and
AtPRK, respectively; the central (-
sheet is sandwiched between helices
o3, o4 and o6 and helices al, a7, a8
and 9. Strand 7 is involved in dimer
interface, while the four additional -
strands (1’ to f4’) form the edge of the
dimer.

Figure 2.3 Active site of photosynthetic PRK. Catalytic
cavity of a, CrPRK and b, AtPRK. The distance between
the regulatory cysteines is higher than 13 A, for both
proteins. Catalytic cavity electrostatic surface potential of

in CrPRK than in AtPRK. A negative potential region
observed in both proteins on the left side of the cavity,
could be involved in the correct positioning of TRX close
to regulatory cysteines.



Table 2.1 Accessibility values for cysteine residues and a strictly conserved arginine.

Residue (Cr/At) ASA (A%)*
CrPRK AtPRK

A B A B
Cys16/15 14.5 8.5 7.6 10.6
Cys55/54 10.6 10.6 6.3 9.5

Cys61 55.9 58.7 / /
Cys243 26.6 37.8 53.4 14.8
Cys249 42.4 31.1 14.8 50.6
Arg64/63 51.4 88.7 82.6 88.2

*Radius of the probe solvent molecule 1.4 A

In addition, the similar midpoint redox potential (-312 + 3 mV for CrPRK and -330 mV for AtPRK;
Marri et al., 2005) and the slightly acidic pKa values (6.95 + 0.13 for AtPRK and of 6.79 + 0.01 for
CrPRK) denote a similar susceptibility to redox-regulation for both PRKs (Figure 2.4). Retracing
back the phylogenetic tree, the pair of cysteines involved in thioredoxin regulation appears from

Cyanobacteria (Figure 2.13b in Addendum).
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Figure 2.4 pK, of the catalytic cysteine in photosynthetic PRK. The pK a of catalytic relevant cysteine (Cys15/16) of a, AtPRK and b, CrPRK,
was determined by measuring the IAM-mediated inactivation as a function of pH. Values are reported as mean + SD calculated considering 3
experimental replications.

However, ancient photosynthetic PRKs (i.e. Cyanobacteria) are deprived of an unstructured amino
acid stretch (here named clamp-loop), compared to the most modern PRKs (i.e. Plant-type; Figure
2.13 in Addendum). The clamp-loop connects ol and B2 (Figure 2.1, 2.2 and 2.3), the two
secondary-structure elements close to the regulatory cysteines, whose thiol groups lie at more than
13 A (Figure 2.3). Thus, the formation of a disulphide bond necessarily requires conformational
changes in the active site supposedly feasible thanks to the clamp-loop (Figure 2.5a).

The electrostatic surface potential of the catalytic cavity reveals an elongated positive region at the
bottom and a negative portion on the side (Figure 2.3c,d), the former suitable for binding the
phosphate groups of substrates, i.e. ATP and Ru5P, and the second relevant for recognition and

positioning of thioredoxin as proposed for fructose-1,6-bisphosphatase (Mora-Garcia et al., 1997;
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Giitle et al., 2016). Compared to TRX-m, TRX-f2 is more efficient in the reductive activation of

both At (Marri et al., 2009) and PRKs (Figure 2.5b).
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Figure 2.5 TRX-dependent
regulation of photosynthetic
PRK. a, Schematic representation
of the proposed clamp-loop role
and conformational changes
occurring in chloroplast PRK, upon
TRX interaction. b, Activation
kinetics of CrPRK by plastidial C.
reinhardtii TRX-f2 and m, and
DTT.

Accordingly, the crystal structure of CrTRX-f2 (unpublished results) and the structural model of

AtTRX-f1 show that the catalytic cysteines are surrounded by a large positive region, less extended

or alternated with a negative one in TRX-m (Figure 2.6), suggesting that the stages of approaching

and pairing between TRX and PRK are mainly governed by electrostatic interactions between

exposed portions of the two proteins.

Figure 2.6 Structure represented as ribbon and
electrostatic surface potential of the homology model of
Arabidopsis thaliana TRX-f1(a, ¢) and TRX-m2 (b, d). The
crystal structures of Spinacia oleracia TRX-f and -m (PDB ID
1FAA and 1FB6) 60 have been used as template to model
Arabidopsis thaliana TRX-f1 and TRX-m2, respectively. The
sequence homology of Arabidopsis thaliana TRXs with
spinach enzymes is 59% and 75% for TRX-f1 and TRX-m2,
respectively. The homology modelling was performed with
SWISS-MODEL 61 .

However, it has been demonstrated that the oxidized-state of the target protein is an essential feature

for TRX-target interaction, mainly because of the entropic contribution deriving from the reduction
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of the disulfide bridge in the oxidized target (Palde and Carrol, 2015). Indeed, the disulfide bond
between the two distant regulatory cysteines introduces a significant conformational restriction,
decreasing the overall PRK’s entropy.

Therefore, a favourable entropic contribution is proposed to be the main driven-force for TRX-
targets interaction. The comparison of the atomic structures of the four PRKs known to date,
provide useful information about how environmental conditions, like the climate and the ecological
niches, shaped the chemistry and structure of these enzymes. Compared to Rs and Mh enzymes
both Cr and At PRKs show a quite small dimer interface (545.6 and 560.3A, respectively)
exclusively formed by strand 7 (Figure 2.1, 2.2a,c). This strand is absent in RsPRK, while in

MhPRK the dimer interface is formed by two consecutive [3-strands (Figure 2.14 in Addendum).
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Figure 2.7 Inactivation temperatures and pHs of photosynthetic PRKs. The enzyme activity of a, c, AtPRK and b, d, CrPRK, was evaluated at
different pHs (upper panels) and temperatures (lower panels). Values are reported as mean + SD calculated considering 3 experimental replications.
Following the evolution, it appears that PRK has undergone a decrease of the structural constraints.
From Bacteria to Archaea deep changes in PRK quaternary structure occurred (e.g. from octamers
to dimers) as well as the allosteric regulation was lost. Reasonably, temperature and acidity of the
ancestor environment (Nisbet and Sleep, 2001; Gaucher et al., 2008) likewise the modern habitats

of most Archea, did not require a specific regulation but rather functioning enzymes under extreme
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conditions. Then, the activity of CrPRK in a wider range of temperature and pH compared to
AtPRK (Figure 2.7) may be a heritage from the ancestor PRK.

Moreover, most of the Archaea are not photoautotrophic or at least they do not perform CB cycle,
being depleted of genes encoding transketolase, sedoheptulose-1,7-bisphosphatase and ribulose-5-
phosphate 3-epimerase (Kono et al., 2017). Consequently the harmonization of the two stages of
photosynthesis would not be necessary. The structural evolution described above, is accompanied in
photosynthetic PRK by an increase of exposed random coiled regions (Table 2.2). Certain of that,
are characterized by a poor or absent electron density, thus being flexible and disordered. Two
regions are common to algae and plant enzyme, while a third one is exclusive to AtPRK (Figure

2.8).

Table 2.2 Secondary structure element content in the structurally known PRKs.

PRK Quaternary structure Helix content (%) Sheet content (%) Other (%)
C. reinhardtii Dimer 31.2 21.9 46.9
A. thaliana Dimer 32.3 21.9 45.8
M. hungatei Dimer 50.0 22.2 27.8
R. sphaeroides Octamer 41.2 16.9 41.9

The long loop lasting from helices a5 and a6 (Figure 2.8) contains strictly conserved residues as the
catalytic Asp160 or Arg159 and 164 involved in Ru5P binding (Charlier et al., 1994; Runquist et al.,
1999). A second flexible region, corresponding to the loop between strands 7 and (38, contains
Cys243 and Cys249 (Figure 2.2a,c and 2.8). In both PRK structures this portion is so flexible that
the two thiol groups are far in one monomer and closer in the other, but differently from AtPRK
they never get oxidized in CrPRK (Figure 2.1 and Figure 2.9), in agreement with the observation
that in Chlamydomonas the disulfide bond between Cys243 and 249 occurs uniquely through a thiol
disulfide exchange reaction with the small unstructured protein CP12 (Thieulin-Pardo et al., 2015).
This interaction is an essential step of the assembling process between PRK and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) leading to the regulatory complex GAPDH/CP12/PRK
(Graciet et al., 2003; Marri et al., 2008; Del Giudice et al., 2015).
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a Figure 2.8 Flexible and disordered regions in
159 - 178 photosynthetic PRKs. C, trace of a, CrPRK

242 - 253

——

and b, AtPRK. The trace thickness is
proportional to the atomic B factor. AtPRK
shows a higher number of flexible regions
compared to CrPRK. The residues belonging to
the flexible regions are reported.
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Figure 2.9 Electron density of the C-terminal cysteine pair. 2F o -F c electron density map contoured at 1.2 s and associated to Cys243 and
Cys249 in a, CrPRK subunit A b, CrPRK subunit B ¢, AtPRK subunit A and d, AtPRK subunit B. In CrPRK, both C-terminal cysteines are reduced

even if in subunit B the thiol groups are only 3 A apart. A disulfide bond is instead observed in subunits B of AtPRK, while the thiol groups of the
other cysteine pair (subunit A) lie very distantly.

In CrPRK, in analogy to Rs and Mh PRKs, a sulphate ion coming from the crystallization solution
is observed in the active site and stabilized by the side chains of Arg64, Arg67, Tyr103 and the main
chain carbonyl group of His105 (Figure 2.10). Except for Arg67, all others residues are strictly
conserved in PRKs and they form the binding site for phosphate groups of Ru5P (Brandes et al.,
1996). The catalytic role of the invariant Arg64 was also confirmed in C. reinhardtii (Avilan et al.,

1997). In addition, it was found that Arg64 plays a major role in the association of PRK and
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GAPDH, in ternary complex formation (Avilan et al., 1997). Consistently, Arg64 faced out at the far
end of the dimer (Figure 2.1; Table 2.1).

a b p Figure 2.10 Binding site of the sulfate ion in
, CrPRK. The interactions between a sulfate ion

= \ . H105(8) coming from the crystallization solution, and

& H1i05(A) Y103(A) _ ; protein residues in a, subunit A and b, subunit B,

36 S0 b ‘ , . 30 are represented. Salt-bridges are formed with Arg64

' - & 34 and Arg67, while hydrogen bonds with Tyr103 and

\ 2%”!‘ ) -‘\) @32 \vioe) Hisios,
C % ¥ g

|- ,;? - . a
1{ El

4

RET(A}

RE7(B)

The AtPRK crystal structure confirmed the elongated shape of the oxidized protein previously
obtained by SAXS analysis (Del Giudice et al., 2015), but it appears less bent and screwed.
Structural information of CrPRK in solution obtained by SEC-SAXS analysis provide a single
recognizable species having an R, value of 3.5 + 0.1 A and an estimated MW around 70 kDa
(Figure 2.15 and Table 2.3 in Addendum).

The SAXS scattering profile well superimpose to the theoretical one calculated from CrPRK
crystal structure (Figure 2.11a) allowing us to conclude that no relevant conformational change of
the protein occurs in solution (Figure 2.11b).

In conclusion, our results provide the last structure of the 11 enzymes of the CB cycle, paving the

way for a future improvement of the kinetic bottleneck within the CB cycle.

a

Log ()

o
=]
n
-
-
&
(¥}
N
o

Figure 2.11 SAXS analysis of CrPRK. a, Superimposition between the experimental SAXS scattering profile (black) and the theoretical SAXS
curve (red) calculated from CrPRK crystal structure (upper graph). The lower graph shows the residuals calculated by the difference of experimental

and calculated intensities. b, Comparison between the ab-initio model (surface representation) and the crystal structure (ribbon representation) of
CrPRK chnwino an exrellant asreement hetween the twn madelc
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2.3 Materials and methods

2.3.1 Protein expression and purification

Recombinant AtPRK and CrPRK were expressed in E. coli BL21(DE3) strain harboring the pET-28
expression vector (Novagen) containing the cDNA sequence of the mature form of both enzymes
(Figure 3.12, 3.4 Addendum). AtPRK was expressed and purified as previously described (Marri et
al., 2008). The cDNA coding for CrPRK was put in frame with a His-Tag and a thrombin cleavage
site at the 5’ end of the nucleotide sequence in order to purify the recombinant enzyme through a
single chromatographic step performed loading the supernatant of the cellular lysate onto a
Chelating Sepharose Fast Flow (GE Healthcare) column, following the manufacturer instruction.
Immediately after elution, CrPRK was desalted in 30 mM Tris-HCI, 1 mM EDTA, pH 7.9 by PD-10
Desalting Columns (GE Healthcare). The His-Tag was removed by overnight digestion with
thrombin protease. Samples purity was checked by 12.5% SDS-PAGE and purified proteins were
quantified by absorbance at 280 nm (Nanodrop; Thermo Scientific) and stored at -80 °C.

When required, oxidized and reduced AtPRK and CrPRK were prepared by incubation at 25°C for
2/3 h in the presence of 40 mM trans-4,5-dihydroxy-1,2-dithiane (oxidized DTT) or 1,4-
dithiothreitol (reduced DTT). Following incubation, samples were desalted in 30 mM Tris-HCI, pH
7.9, 1 mM EDTA through NAP-5 column (GE Healthcare) and brought to the desired concentration

either by dilution or by concentration through Amicon-Ultra device (Millipore; cut-off 10 kDa).

2.3.2 Activity assay and determination of pH- and temperature-dependence

Phosphoribulokinase activity was measured spectrophotometrically (Cary 60 Uv-Vis; Agilent) as
previously described (Roesler and Ogren, 1990). The pH dependence of purified enzymes was
determined in Britton-Robinson buffer for pH values ranging from 4.0 to 8.5. For pH ranging from
9 to 10, 100 mM Glycine buffer was used. Activities were measured on two independent protein
purifications and are expressed as percentage of the highest measured activity. Temperature-
dependence was evaluated on aliquots of AtPRK and CrPRK incubated for 20 min at temperatures
ranging from 20° to 60°C. Following incubation the activity was assayed at 25°C. Activities were
measured on two independent protein purifications and are expressed as percentage of the highest

measured activity.
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2.3.3 Thioredoxin specificity and redox titration

Thioredoxin specificity was evaluated through the activation rate of oxidized CrPRK (2 pM) by 0.2
mM reduced DTT and thioredoxin f2, m, x, y and z (5 pM each), as previously described (Marri et
al., 2009). At different incubation times, PRK activity was measured. To determine the midpoint
redox potential of CrPRK, three independent redox titrations were performed. Briefly, a mixture
containing pure recombinant CrPRK (0.5 mg ml™), commercial E. coli thioredoxin (1 mg ml™) and
20 mM DTT, at different reduced to oxidized ratios, were incubated for 3 h at 25°C before
measuring PRK activity. The obtained curves were fitted by non-linear regression (CoStat, Co-Hort

Software) to the Nernst equation.

2.3.4 Determination of the pK, values of the catalytic cysteines

The determination of pK, values for both CrPRK and AtPRK was performed as previously
described (Bedhomme et al., 2012). Briefly, PRK activity was measured on reduced PRK samples
(2 uM) following 20 min of incubation at 25°C in presence or in absence of 0.2 mM iodoacetamide
(IAM). Incubations were performed in different buffers within a 4.5-10 pH range. Ten-20 pl
aliquots were used to measure PRK activity in 1 ml of assay mixture. The residual activity was
expressed as percentage of inhibition between IAM-treated and untreated samples, and expressed as
a function of pH. The obtained curves were fitted by non-linear regression (CoStat, Co-Hort

Software) to modified Henderson-Hasselbalch equation.

2.3.5 Crystallization and data collection

Reduced CrPRK and AtPRK were both concentrated at 10 mg ml™ in 30 mM Tris-HCI, pH 7.9, 1
mM EDTA, and 25 mM potassium phosphate buffer solution, pH 7.5, 20 mM reduced DTT,
respectively. They were crystallized by the vapor diffusion method at 293 K with sitting drop for
CrPRK and hanging drop for AtPRK. A protein solution aliquot of 2 pl was mixed to an equal
volume of reservoir, and the prepared drop was equilibrated against 900 (CrPRK) and 750 (AtPRK)
pl of reservoir.

CrPRK crystals appeared as elongated prisms and were obtained in different conditions of the
Extension Kit from Hampton Reasearch (solutions 22: 12 % w/v PEG 20K, 0.1 M MES, pH 6.5;
26: 30 % w/v PEG MME 5K, 0.1 M MES, pH 6.5, 0.2 M ammonium sulfate; 30: 10% w/v PEG 6K,
5% v/v MPD, 0.1 M HEPES, pH 7.5) and Structure screen 1 from Molecular Dimension (MD1-01-
CF, solutions 35: 30 % w/v PEG 4K, 0.1 M Tris-HCl, pH 8.5, 0.2 M lithium sulfate; and 50: 15 %
w/v PEG 8K, 0.5 M lithium sulfate). The conditions were optimized and the best diffracting crystal
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grew in about 10 days, from 22 % w/v PEG MME 5K, 0.1 M MES, pH 6.5, 0.2 M ammonium
sulfate.

AtPRK crystals showed a bipiramidal morphology and grew in three or five weeks from a reservoir
solution containing 1.4 — 1.7 M sodium malonate, pH 5.0. The best diffracting crystal of AtPRK
was obtained in 1.5 M sodium malonate, pH 5.0.

Crystals were mounted from the crystallization drop into cryo-loops, briefly soaked in a cryo-
protectant solution containing 30 % w/v PEG MME and 20 % v/v PEG 200 for CrPRK and 1.7 M
sodium malonate, pH 5.0, and 30% v/v glycerol for AtPRK, then frozen in liquid nitrogen.
Diffraction images were recorded at 100 K using a synchrotron radiation at Elettra (Trieste, beam
line XRD1) for CrPRK and at the European Synchrotron Radiation Facility (Grenoble, beam line
ID14-4) for AtPRK. Data collection parameters are reported in Table 3.4, 3.4 Addendum. The data
at a resolution of 2.5 A for both CrPRK and AtPRK were processed using XDS (Kabsch, 2010) and
scaled with SCALA (Evans, 2006). The correct space group was determined with POINTLESS
(Evans et al., 2006) and confirmed in the structure solution stage. Data collection statistics are

reported in Table 3.5, 3.4 Addendum.

2.3.6 Structure solution and refinement

CrPRK structure was solved by molecular replacement using the program PHASER (McCoy et al.,
2007) from PHENIX (Adams et al., 2010). The coordinates of PRK from Methanospirillum
hungatei (PDB code 5BF3; Kono et al., 2017) deprived of sulphate ions and water molecules, were
used as search probe. The protein chain was traced by Autobuilt from PHENIX (Adams et al., 2010)
and Buccaneer (Cowtan, 2006) from CCP4 package. The refinement was performed with REFMAC
5.8.0135 (Murshudov et al., 1997) selecting 5% of reflections for Re. The manual rebuilding was
performed with Coot (Emsley and Cowtan, 2004). The residual electron density map showed the
position of a sulphate ion for each monomer coming from the crystallization solution, which was
added to the model. Water molecules were automatically added and, after a visual inspection, they
were conserved in the model only if contoured at 1.0 o on the (2F, — F.) map and if they fell into an
appropriate hydrogen bonding environment. The structure of CrPRK without sulfate ions and
waters, was used as probe to solve the AtPRK structure by molecular replacement using MOLREP
(Vagin and Teplyakov, 2010). The refinement was performed as described for CrPRK. The
refinement statistics are reported in Table 2.5 (2.4 Addendum). All structure figures were prepared

using PyMOL (The PyMOL Molecular Graphics System, Schrédinger, LL.C).
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2.3.7 Small angle X-ray scattering data collection

Small angle X-ray scattering (SAXS) data were collected at the BioSAXS beamline BM29 (Pernot
et al., 2013) at European Synchrotron Radiation Facility (ESRF, Grenoble) and the data collection
parameters are reported in Table 2.4 (Addendum). A Size Exclusion Chromatography (SEC)-SAXS
experiment was performed using a HPLC system (Shimadzu) directly connected to the measure-
ment capillary. A volume of 100 pl of reduced CrPRK (6.1 mg ml™) was loaded onto a Superdex
200 10/300 GL column (GE Healthcare) pre-equilibrated in 50 mM Tris-HCI, pH 7.5, 150 mM KCI.
The sample was eluted at a flow rate of 0.5 ml min™ and SAXS frames obtained by 1 s exposure
were collected continuously. The automatic pipeline for SEC-SAXS data analysis implemented at

BM?29 was used to assess the quality of the collected data (Brennich et al., 2016).

2.3.8 Small angle X-ray scattering data analysis

Afterwards, a classification of the collected frames as buffer (0-14 ml) or protein frames (14-17.75
ml) was performed on the basis of the SAXS intensity trace (Figure 2.16, Addendum 2.4). Statist-
ical test implemented in CorrMap (Franke et al., 2015) aided by visual inspection, was used to
choose the superimposable buffer intensity profiles. The averaging of the buffer profiles, the sub-
traction of the averaged buffer intensity from the protein data and an automatic analysis of the sub-
tracted protein profiles was performed with a Matlab script. The script used the tools of the ATSAS
package (Petoukhov et al., 2012) to automatically obtain from the subtracted intensity 1(q): (i) the
I(0) and the gyration radius (R,) via the Guinier approximation (Guinier, 1939) I(q) = I(0)-exp[-
(qR)*/3]; (ii) the pair-distance [p(r)] function, from which the maximum particle dimension (Diax)
was estimated, in addition to an independent calculation of I(0) and R,. Estimates of the MW were
also determined both from the Porod invariant (Porod, 1982) as 0.6 times the Porod volume (V) for
roughly globular particles (Petoukhov et al., 2012) and by the invariant volume-of-correlation
length (V.), through a power-law relationship between V., R, and MW that has been parametrized
(Rambo and Tainer, 2013). The protein frames giving constant R, values were scaled to the intensity
of the elution maximum and averaged in order to obtain a single representative scattering profile

with good signal to noise ratio, presented in the results and used for modelling.

2.3.9 Modelling from SAXS data

The experimental SAXS profile of the CrPRK dimer was fitted with the theoretical profile calcu-
lated from the atomic coordinates using CRYSOL3 (Franke et al., 2017) with default parameters. In
addition, low-resolution models of the CrPRK dimer based on the SAXS profile were built using

the ab-initio program GASBOR (Svergun et al., 2001). The sequence and the homodimeric state of
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CrPRK were given as inputs in GASBOR and a 2-fold symmetry was imposed in the calculations. A
series of 10 models was generated. The similarity of the structures obtained by repeated calculations
was checked by DAMAVER (Volkov and Svergun, 2003) in which the superposition is performed
by the SUPCOMB code (Kozin and Svergun, 2001).

All programs used for SAXS data analysis and reconstruction, belong to the ATSAS package 2.7
(Petoukhov et al., 2012). The graphical representations of the obtained three-dimensional models

were built by using PyYMOL (The PyMOL Molecular Graphics System, Schrédinger, LLC).
2.3.10 Data availability

Atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB) under

accession codes 6H7G and 6H7H for Cr and AtPRK, respectively.
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Addendum to Chapter 2
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Figure 2.12 Sequence and structural alignment of the four structurally known PRKs. The alignment has been performed by Espript
(http://espript.ibcp.fr) 58 using the sequence and the structure of AtPRK (Uniprot accession code P25697 and PDB ID 6H7H); CrPRK (Uniprot
accession code P19824 and PDB ID 6H7G); RsPRK (Uniprot accession code P12033 and PDB ID1A?7J, Harrison et al., 1998) , MhPRK (Uniprot
accession code Q2FUB5 and PDB ID 5B3F, Kono et al., 2017). The sequence of both photosynthetic PRKs is much longer (349 and 344 residues
for AtPRK and CrPRK, respectively) than bacterial (290 residues) and Archae (323 residues) PRK. Sequence identities among considered PRKs are:
75% for AtvsCr; 35% for AtvsMh; 32% for CrvsMh; 22% for AtvsRs; 24% for CrvsRs. The sequence identities have been calculated by Clustal O
(Bienert, S. et al.; 2017).
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M. liminafans  -====cersrrrerrr s e m s s r v e MDTPVFRDLISG-- |
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luminescens E FSRTHIN S----NPFSAKAMPSLD--E
amylovora GINFETEFSRTHINFERV----------- VETS- - - -NPFAARGEPSLD- -E
flexneri EVNWFSRTHLN% ——————————— 5- -——NPFAA PSLD--ESgVWI
medicae FSLTRYINFERVgI----------- §----NPFI PTPA--ESILVI

meliloti FSLTYTNFRVET - - - - -~ - - - - - 5- ---NPETAGWHPTPA- -ESILVI
necator N FSRTHVN c ----------- S- ---NPFISEEMPAPD- -ESMVVI

rubrum VgL ----------- 5- - - -NPFVARHVP SAD- - ES[gVVI
sphaeroldes FsQ VgV ----------- 5----NPFL PTAD--ESVWVI

yptum ﬁ ﬁ ﬁv %% ----------- %S- ---NPFI&:IPTAD--ESIWI
flavus FTE IN , ----------- 5----NPFV PTPD--ESMVVI
hamburgensis mﬂﬂ FAE , ——————————— S----NPFL PTPD--ESMVVI
vulgaris FAE IN RVElll----------- 5----NPFI PTPD--ESMVVI
palustris DXi H FAE %% ——————————— E%‘TFS— ---NPFL PTAD--ESMVVI
palustris Bis WHWFGETWINFE ——————————— VTS - - -NPFIAGWEPTPD- -ESMWVI
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polyedrum  FSARVOEGKADQEVILRYERS----------- D GL----PYLH II:IQKKG-- PPI
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parvum VVLFSDL-I------- DPEPTG - - -KF LKL MTKNNL - KHISPA
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lutheri FDARVAZRANG ﬁQ ------- [BAEG - - - KF LREFBQKAGL - DLIKAP
tauri FDAFVDKEH EVLEOL - IP--- - -- NEG - - -KIL MKENV - ENgDAP
commoda FDEFV KQ VLEIOL - IP- - - - - - %NEG---KILE!MKEG‘J ENFDAP
sitchensis FDA ------ EENEG- - - KVLREEMVMKEGY - NFgNPV
patens  FDAGMDEKO YR VRSV LEIOL - IP--- - -- D[ENEG - - - KV LR{MVMKEGY - PFIZEPYV
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Syn echocystis sp ———————— E[KES - - - KL LRJL VQKEGY - KFZEPA
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Cyanothece sp EE Vi LGN - TE- - - - -- KES - - -KIL QKEGI - EN[gOPY
5. elongatus EﬁRGWH ------ ER - - -WL?“QRE GR-DGZEPA
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F. placidus I( Dl KIY|gSSLESTERISTLLGME- - - -EMY FTNLS-FELDHV
A. profundus E % % mKIL ESSIQSTERIKYLVESRE - - -EVY LKKTD-IPLESV
A. veneficus Kl D KI KIF@IALQSVERITYLTEAPP - - -ELYK] LKSGDFVPTEPI
M. harundinacea E KI DEALGAPSF— ---LEDPG- - —EF{YSIII:IQE\.' LE-AGPSAV
M. concilii ﬁKLﬁVDIﬂKIYﬂQI.KIQDSRF HPSL- -LDSQSTL - - - DWYS{EL MMET ME - HPVSEV
M. thermophila K MEMKIQDSRI - PPEWTEIARGSAR- - -EKYS{ESIMQQILD-HPLDEV
M. hungatei @F%R | ISYSSYGKE------ EGEKR- - - NWYRMLSMPAQE - YC[gEDT
Methanolinea sp EIGFSRFGRD--- - -- LGWKK - - -NIYRSILQTATS -CSMDHI
M. boonel IMRIGYSKYGKD--- - - - LGPAK- - -NVYSISLLQNPMD - QAVRNT
M. limicola ENFV EISDSSFDSP--- - -- SLKDR- - -GVYKITLYQKRLD- KTVKNI
M. petrolearia ENEVH IRmISKSR‘f AD------ IMNER- - -GVYRVLYQKKQD -RTIRNI
M. palustris HORFRAROKYRVVRVRFSKY GRE- - - - - - RGIRE- - -KIYQESLSQNRIT -KSIEDV
M. marisnigri CL RIAFSKYGRD- - - - -- VSEKR- - -NVYRTLCQSRLD - KSIGDV
M. liminatans WRA RIACSGY--------- GEEASEERNVYRETILQKKLL -QQMVEL |
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IMINESEENS = =<=c==ccc=ccccscsccscssoscrssmero=== LAMEMIMIPLVQRLLEGGKIS - - - -
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flavus = = c--mm e LAMOELLPLIMELMDRKRRAG- - -
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vulgaris =  -------mmmm e e LAMQEILYPLILQLIERKKRA - - - -
palustris DX -------ccsv-mmmr o s e LAHE thLI MQLIDRKRSVK---
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capsulatus = -----------emm LAMEIIFRPILERMMADREKG - - - -
Terrooxidans ---------s--c-reemmrm e oo YAMEMILGPRIERMLEDMHLTI- - -
M. oxyfera -LAMEEILAPIVHIMIENKLKA- - --
denitrificans -FAMERILAPLIQDMIANKKK- -- --
vinosum FAMEIILQPIIERMMDARRY- ----
lunula DQLKEIEENLEGLAGS - PGEL TEAMT KLRSSPGS! TAMEVREVYERLTAKY |
polyedrum AQLKEI EDNLEGLPSKTPGELTEAWKLKSSPGSMM FREVYEKLTGGK
natans EELFFIEERLSNTNTKYFGEL TKQML KNKAAPGSGI LVAL@MRE SYERFTGRT
gracilis KEGLYVEKFLHNTGAKEFGEL TQELL KGQNSPGGI F LAALPIREIYERATGE-
parvum EELIYVESQLCNTGTKYYGEL TEQMVNNKAS PGSE[[ES[EMF I I CARJIREAFEAT TA- -
theta DEMMWEKQFASTGSKFVGEITKKMLEYEGQPGSN“:ﬂITM'\JREWEGIAKVK
pseudonana QELVYVESNLGNTNSKFYGEVTQAML SLADSPGSN LAAFAIRE LYNKK SAAA
sinensis QELVYVESQLSNTSTKFYGEL TQAMLKLADAPGSN LAAFATIRE LYEKKAAAA
tricornutum QELWVESALSNTKTKFYGEHTQAHLALATAPGSN“ELMFAIRD IYEKKTAAA
lutheri DELIYVESALTNTGAKFYGEL TQQILKNKDAVGSD{IEINEFFVpyL CSHEIREAYEKATGKT
tauri EELIYVESHLSNTSSKFYGEI TQQMLKY(QNGPGSN FROQIVGLU@VREVYERT SGKE
commoda EELIWESHLSNTSTKFYGEITQQHLKYQNGPGSN“%LCG RELYERI SEKE
sitchensis EELIYVESHLSNISTKFYGEVTQQMLKHADFPGSN IVGLIRDVYEQLISQT
patens DELIYVESHLSNISTKFYGEI TQQMLKHADFPGSN ICGLEIRSVYERI LANQ
oleracea
thaliana

DELIYWVESHLSNLSTKFYGEVTQQML KHQNF PGSN FENIIGLATRD LFEQLVASR
DELIYVESHLSNLSTKFYGEVTQQMLKHADFPGSN IVGL@IRDLYEQL IANK
moellendorf. DELIYVESHLSNISTRFYGEITQQMLKHADFPGSN IVGLEIRDVFERI TSKQ

aestivum DELIYVESHLSNLSTKFYGEV TQQMLKHADF PGSN TVGLGTRDLYEQI TAER
trichocarpa  DELIYVESHLSNISTKFYGEVTQQMLKHADFPGSN TVGLETRDLFEQTVASR
crystallinum DELIYVESHLSNLSTKFYGEVTQQMLKHQDFPGSNSISEF NI TG LFIRD LFEQL IASK
sativum DELTYVESHLSNLSSKFYGEVTQQML KHADF PGS IEReF N TVG L TRD LFEQT VAS-
variabilis EELIYMESHLSNTSAKFYGEITQQHLKNSSFPGSNM%WG%REWERITQK-
reinhardtii  EELTYVESHLSNTSAKFYGE ITQQMLKNSGFPGSN TVGLFVREVYERT VKKD
carteri EELTYVESHLSNTSAKFYGET TQQMLKNSGFPGSN TVGLFVREVYERT VKKD

sulphuraria  EELIYIESHLNNTSTKFYGEITQQLLRNSSAPGSNEIEERFNVL TALPMRQLYEELTGKS
kilaueensis  DDSPELEQKLRNTSETRFGELASLILKHTDYPGSRO{EQEEFFNVLIGLEFRS IYEALIAQS

violaceus EDSPELEEKLRNTSETRYGELASLILKHTDY PGSROEIEFFEVLMSLEFRATYEAL TAQL
elongatus DELIYIESHLSNTSTKHYGEVTELLLKHRDY PGS LTGL@MRATYERLTSRD
Syn echocystis sp EEMVYVENHLSKTGTKYYGEMTELLLKHKDYPGTI LVGLEMRKVYEQL TAEA

M.

aeruginosa EEMIYIESHLSKTGTKYYGEMTELLLKHKDY PGST|J[SYEERFVL Y GLMRE TYEKL MAAE

Cyanothece sp EEHIYIEQHLSRTGTKWGEHTHLLQQHKD‘I"PGSN“%L\"G MRETYEILTSV-

5. elongatus EEMIYVEGHLSKTDTQYYGEL THLLL QHKDY PGSN LTGLEMRAAYERL TS() -
A. variabilis EEVIYIETHLSNTSTKYQGEL TQLLLQHREY PGSN LTGLEMRAAYERL TAKE
M. spumigena DE\."IWEFHLSKTSTKYEGEHTHLLLQHREYPGSN“%LTG MRAAYERLTTK- =
A. boonei - ------HEAIDSLERRIMEY TGFENYILER SKYV{ERQ TANL LY AWYFVEMMNN IFREL

F. placidus - --VEIFESLLDALRDETGYKVRW- - - - - EAR IEvAKLLLCNNLvEIIKMKG— --
A. profundus - --VDIFKSLFDSLRKEIGDG- - - - - EIKVES TEFSKLLVCWIELVEVLKHSLR - -
A. veneficus - --VELFSTLLDILKKEVGADVEWKMNT- - - - - YWIATEVAKLLVCWRFLELTKFRLEAE
M. harundinacea SMVEGVEAKLKSLAG------ STAPICDRAGGDRYT SIEMAFLLL SWRLLEKLQLHLDKA

M. concilii @ ------ QSMISDLEKKLGESLGTDGMISDRREEYV(UAL[EMANL IL TWNCVEKLDYLLQEE
M. thermophila  TMIKDLERKLCDFLGRDVPSVTEG--CQEDHGS El ILIWRFLEKIANLAW- -

M. hungatei —  ------ PDTIHKIERQIEFQTGISPINIFRGQEHI DEVRLILSWQIINGRIALSNHL
Methanolinea sp ------ REMAGDLRRKIEEQT GTQPADMFRGNAMVT AJDMVRLIVSWRIINHLANLA- - -
M. boonei = @ ------ YDTVRNLELSIEHQTGIHPI EMFAGRKWVYTPINIVILLL SWRIINRRIFLQDHR
M. limicola DVIRCLELNIEEQTG- - --- - -VSPVSLFEGRDYVT AJJEMI[LLL SWRITNRRIQMES- -

M. petrolearia ------ HEWWSLLEKGIEMQT GIGPYVSVYSDRSYVT AJJEMVELILSWRIINRRMDMKYGS
M. palustris  ------ TRMVKRLETSIEEQTQVRPISDFHDHDYMT AEVVILIL AWRTTHQRVF LERCL

M. marisnigri = ------ DAVARKLERNIEIQTQVEPIDLSQDSDYLTAGDMANLIL AWRIINRRIFIESAP

M. liminatans  ------ ASAIRRLART IGRETRSEAVNLFADRQYVTAGEIAELILAWRILNRWHVLEAAR -
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Figure 2.13 Sequence alignment and phylogenetic tree of 69 PRKs. a, The sequences annotated as phosphoribulokinases were retrieved from
Uniprot and aligned using the phylogeny webserver suite (www.phylogeny.fr, Robert and Gouet, 2014) . Blue areas in the “Gblocks” line define the
conserved areas, later used by the software to determine the phylogeny. The alignment was performed by MUSCLE and curation by Gblocks.
Annotations used are as follow: black boxes within the sequences indicate conservation of the residue in more than 70% of the sequences. Walker A
(P-loop) and Walker B motives are represented by a red or green area, respectively, and the “Clamp loop” is highlighted by a yellow area. Bars (|) or
Hashtags (#) denote residues implicated in RuSP or ATP binding, respectively (Harrison et al., 1998) . Plus sign (+) indicates two Aspartate residues
shown to be crucial for catalysis by mutagenesis in R. sphaeroides (Brandes et al., 1996) . Star signs (*) indicate Cys residues implicated in disulfide
bridges (C16 with C55; C243 with C249) 24 , numbers bellow are for C. reinhardtii PRK. Blue and red bars on the right side indicate clusters of
bacterial and archeal PRK, respectively, while the green one indicates the cluster of eukaryotic and the purple one is for the cyanobacterial PRKs.

Species names in bold are indicating the 4 species with known structure. Uniprot accessions numbers and other details, for all protein sequences are

reported in Table 2.6 (2.4 Addendum). b, The phylogeny was built with PhyML and the tree with TreeDyn. The visual was obtained with iTOL

(http://itol.embl.de/, Sievers et al., 2011) . Bootstrap values superior to 0.7 are represented by black circles with a radius proportional to the value.

Branch lengths are represented by straight lines at indicated scale, while dashes are presented for the sake of clarity. The clades are colored in

function of their kingdom (Bacteria in blue, Archae in red and Eukaryotes in green) except Cyanobacteria clade which is in purple. Photosynthetic

species are in bold indicated by a yellow circle while the others are italicized. Species for which the PRK has a known structure, i.e. R. sphaeroides
(Harrison et al., 1998) , M. hungatei (Kono et al., 2017), C. reinhardtii and A. thaliana, are represented in the color of their kingdom.

67



Figure 2.14 Dimer interface of bacterial and Archaea PRKs. Dimer interface of a, octameric Rhodobacter sphaeroides PRK (PDB ID 1A7J) 6
and b, dimeric Methanospirillum hungatei PRK (PDB ID 5B3F) 7 is highlighted by a red box. The dimer interface of bacterial PRK is formed by
three b-strands and one a-helix while in Archaea enzyme by two b-strands. The calculated dimer interface areas are 1667 and 1695 A 2, respectively.
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Figure 2.15 Parameters determined by SEC-SAXS analysis of CrPRK. a, I(0) trace (dots) and R g determined by the Guinier approximation
(diamonds) and R g calculated from the P(r) function (squares). b, I(0) trace (dots) and MW estimated from the Porod volume (diamonds) and from
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Figure 2.16 UV trace of the chromatogram profile of CrPRK analyzed in SEC-SAXS mode. Frames collected as buffer (from 0 to 14 ml) are
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69



Table 2.3 SEC-SAXS data analysis of reduced CrPRK.

Concentration (mg ml™)

6.1 (injected)

Structural parameters®

q interval for Guinier linear fit (nm™)
I(0) [from Guinier approximation]

R; (nm) [from Guinier approximation]
q interval for Fourier inversion (nm™)
I(0) [from P(R)]

R, (nm) [from P(R)]

Dinax (nm)

Porod volume estimate (nm?®)
DAMMIN excluded volume (nm?)
Dry volume calculated from sequence (nm?®) (v=0.735 cm® g*)

0.12-0.38
42.0x0.1
3.43+£0.01
0.12-3.5
42.4 +£0.06
3.55+£0.01
11.2+0.5
115+ 10
138+1

95

Molecular mass (kDa)
From I(0)

From Vc*

From Porod invarian
From Porod volume (x0.625)*
From excluded volume (x0.5)*
From sequence

t60

70
70
85
72
69
77.8

* Maximum Dy allowed by the minimum q vector included, according to Dyu= 1/qmi (data truncated at low q).

Table 2.4 X-ray (CrPRK and AtPRK) and SEC-SAXS (CrPRK) data collection parameters.

CrPRK AtPRK CrPRK SEC-mode
Detector Pilatus 2M ADSC Quantum Q315r Pilatus 1M
Beam geometry (mm?) 0.1x0.1 0.1x0.1 0.7 x0.7
Wavelength (A) 1.240 0.939 0.990
Capillary diameter (mm) / / 1.8
Sample-to-detector distance 239 85 393.43 2872
(mm)
Ao (°) 0.5 0.7 /
q range (nm™) / / 0.033-4.9
Exposure time (s) 5 5 1
Flow (ml/min) / / 0.5
Temperature (K) 100.0 100.0 277.15

* q = 4 sin(0)/A, where 20 is the scattering angle and A is the X-ray wavelength.
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Table 2.5 X-ray data collection and refinement statistics.

CrPRK

AtPRK

Data collection

77.68, 83.55, 133.15,

116.30, 116.30, 106.81, 90.00,

Unit cell (A) 90.00, 90.00, 90.00 90.00, 90.00
Space group P2,2,2, 14,
Resolution range* (A) 44.39 - 2.50 (2.61 — 2.50) 82.23 -2.47 (2.58 — 2.47)
Unique reflections 30406 (3329) 24824 (3107)
Completeness* (%) 99.4 (98.0) 97.6 (99.6)
Rinerge™ 0.082 (1.194) 0.091 (0.435)
I/o(I) * 12.2 (1.1) 11.2 (2.3)
Multiplicity* 5.1 (5.2) 6.9 (6.5)
Refinement

Resolution range* (A) 39.86 — 2.60 (2.69 - 2.60) 46.77 — 2.47 (2.57 — 2.47)
Reflection used 27162 (2666) 24672 (2786)
R/Rjree* 0.227/0.262 0.226/0.281
rmsd from ideality (A, °) 0.004, 0.915 0.011, 1.128
N° atoms

Non-hydrogen atoms 5360 5385

Protein atoms 5319 5355

Solvent molecules 31 30

Hetero atoms 10 /

B value (A?)

Mean 62.4 78.4

Wilson plot 59.0 52.5

Protein atoms 62.3 78.4

Hetero atoms 56.2 70.3

Solvent molecules 85.5 /
Ramachandran plot (%) §

Most favoured 91.1 91.4
Allowed 7.4 6.0
Disallowed 1.5 2.7

*Values in parentheses refer to the last resolution shell

§ As defined by MolProbity (Bienert et al., 2017)
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3. Glutathionylation of Arabidopsis thaliana AMY3 and regulation by

glutaredoxins and thioredoxin in vitro

3.1 Brief Introduction

In the last decades starch metabolism has been deeply studied and its biosynthetic and degradation
pathways have been detailed, especially for leaf starch (Zeeman et al., 2010; Stitt and Zeeman,
2012). Several enzymes emerged as fundamental for starch turnover and when their genes are
knocked out plants showed starchless or starch excess phenotypes (Yu et al., 2001; Fulton et al.,
2008; Kotting et al., 2005; Kotting et al., 2009; Streb et al., 2009; Crumpton-Taylor et al., 2013).
Another set of enzymes have been found which could potentially be involved in degradation
pathway, however lack of these enzymes did not lead to any starch-related phenotype (Zeeman et
al., 2004; Yu et al., 2005; Fulton et al., 2008). Their role is now being discovered studying plants
exposed to abiotic stresses like drought, osmotic and salt stress (Zeeman et al., 2004; Zanella et al.,
2016; Thalmann et al.,, 2016; Thalmann and Santelia, 2017). Indeed the demand of carbon
backbones in adverse conditions can be fulfilled activating alternative enzymes to release sugars
from starch (Thalmann and Santelia, 2017; MacNeil et al., 2017).

In Arabidopsis thaliana the a-amylase 3 (AtAMY3), together with the B-amylase 1 (AtBAM1),
takes part to osmotic stress response (Valerio et al., 2011; Zanella et al., 2016; Thalmann et al.,
2016). AtAMY 3 is the unique chloroplast-localized a-amylase encoded by Arabidopsis genome and
is not required for normal starch breakdown (Yu et al., 2005). It is regulated by thioredoxins (TRXs)
and activated under reducing conditions in vitro (Seung et al., 2013). The same feature is shared
with other starch-related enzymes like GWD1, SEX4 and BAM1 (Mikkelsen et al., 2005; Sparla et
al., 2006; Silver et al., 2013). Since reduction by TRXs occur during the day, thanks to the light-
driven electron transport, the reductive activation of enzymes for transitory starch degradation is
apparently in contrast with the typical nocturnal degradation pattern. However reductive activation
perfectly fits the additional demand of carbon required under stress conditions during the day
(Thalmann and Santelia, 2017; MacNeil et al., 2017; Pomerrenig et al., 2018). AtAMY 3 expression
is induced by osmotic stress and stimulated by ABA (Thalmann et al., 2016), a typical drought
stress hormone (Galldock et al., 2011; Vishwakarma et al., 2017; Kuromori et al., 2018). Moreover

AtAMY 3 is required for starch degradation in guard cells (Horrer et al., 2016), a central process for
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stomata movement during the day and under water deficiency (Daloso et al., 2017; Santelia and
Lawson, 2016).

While TRXs turn on several enzymes at the onset of the day, under stress conditions proteins can be
subjected to other redox post-translational modifications. Cellular processes, like respiration and
photosynthesis, generate reactive oxygen species (ROS, Noctor et al., 2018). ROS production can
raise in stress conditions and as consequence cysteine residues could undergo uncontrolled
oxidation and loss of their functionality (Poole, 2015). Oxidation of cysteine thiols is usually carried
out by H,O,, which is the ROS with the longest half-life in cellular compartments and for this
reason has a widespread physiological role in living cells (Mittler, 2017; Khan et al., 2018). The
thiol oxidation occurs in 3 different steps, passing from thiol to sulphenic acid, then to sulphinic
acid and at the end to sulphonic acid (Roos et al., 2013). The last two stages are not reversible and is
not possible to recover proper functioning without synthesize new protein. In this regard,
glutathionylation evolved to protect protein thiols from irreversible oxidation. The glutathione
(GSH) is a cysteine-containing tripeptide which can form mixed disulfide bonds with cysteine
residues inside proteins (Zaffagnini et al., 2012). Glutathione can be enzymatically removed by
glutaredoxins (GRX) and TRXs restoring enzymatic activity (Zaffagnini et al., 2012). Glutathione is
one of the cellular redox buffers, together with ascorbate and a set of ROS-scavenging enzymes,
and contributes to maintaining redox homeostasis of cellular environments (Foyer and Noctor,
2016). In fact raise of H.O, concentration in the cell causes accumulation of oxidized glutathione
(GSSG) due to scavenging, GSSG is then accumulated in subcellular compartments like
chloroplasts (Smith et al., 1985; Queval et al., 2011). The GSSG concentration reaches values of
about 0.5 mM under stress conditions (Smith et al., 1985; Queval et al., 2011). These levels are high
enough to allow protein glutathionylation by thiol-disulfide exchange with GSSG, preventing
adverse reactions with reactive species. Glutathionylation can also regulate protein function
influencing enzymatic activity, oligomeric state, and regenerating functional enzymes thanks to
redox reactions (Michelet et al., 2005; Noguera-Mazon et al., 2006; Tarrago et al., 2009).

When plants are exposed to osmotic stress the photosynthesis is impaired producing higher amounts
of ROS (Chaves et al., 2009; Farooq et al., 2009). Several proteins can be protected by
glutathionylation in chloroplast (Ito et al., 2003; Dixon et al., 2005; Michelet et al., 2005; Zaffagnini
et al.,, 2007), an important site of ROS production together with mithocondria and peroxisomes
(Noctor et al., 2018). AtAMY 3 is required under osmotic stress for mobilization of carbon skeletons
in the mesophyll cells and its activity should be regulated to control stomata movement.
Considering the possible exposure to reactive species, recombinant AtAMY 3 was expressed and its

biochemistry studied. The aim of the present set of experiments was to characterize the sensitivity
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of AtAMY3 to glutathione and hydrogen peroxide and the effect on its activity. Mechanisms to
control the enzymatic activity via glutathionylation were studied together with the recovery of

activity mediated by GSH, GRX and TRX.
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3.2 Materials and Methods

3.2.1 Expression and purification of recombinant AMY 3 from Arabidopsis thaliana

The expression vector pET-21 (Novagen) containing the cDNA coding for mature form of a-
amylase 3 of A. thaliana cloned upstream a 6-histidine tag was kindly provided by Dr. D. Santelia
(University of Ziirich). Chemically competent E. coli BL21 (DE3) cells have been transformed by
heat shock at 42 °C for 45 seconds. Cells were then cooled for 2 minutes on ice and then grown in
shaking for 1 hour at 37 °C. After growth the culture was plated on agar/LB medium in presence of
100 pg/ml ampicillin and incubated overnight (o0.n.) at 37 °C. Bacterial stock was prepared using a
sample of o.n. grown culture from a single picked colony and stored at - 80 °C in LB medium plus
5% glycerol.

For protein expression, o.n. culture from bacterial stock was transferred to fresh growth medium
supplemented with 100 pg/ml ampicillin and grown in 120 rpm shaking at 37 °C until 0.6
absorbance at 600 nm was reached. Then expression of AtAMY 3 was induced by addition of 1 mM
isopropyl-thiogalactoside (IPTG) and the culture was grown o.n. at 20 °C under 120 rpm shaking.
The next day cells were collected by centrifugation at 10,000 rpm (JA 14, Beckman) for 20 minutes
and stored at - 80 °C.

In order to purify the protein, the bacterial pellet was resuspended in 30 ml of Binding buffer (20
mM Tris pH 7.9; 5 mM imidazole; 0.5 mM NaCl) and sonicated with 5 cycles of 2 minutes pulses
with 8 pm amplitude and 1 minute cooling on ice. Cellular debris were removed by spinning the
lysate for 30 minutes at 15,000 rpm and 4 °C. The supernatant, containing soluble AtAMY 3, was
loaded into a column containing nickel-bound Chelating Sepharose Fast Flow resin (GE
Healthcare). After complete loading, the flow-through was reloaded to ensure complete binding of
His-tagged AtAMY 3. Then the resin was washed with 8 column volumes of Binding buffer and 10
column volumes of Wash buffer (20 mM Tris pH 7.9 , 60 mM imidazole, 0.5 mM NaCl). AtAMY3
was eluted by loading 5 column volumes of Elution buffer (20 mM Tris pH 7.9, 500 mM imidazole,
0.5 mM NaCl) and desalted in 100 mM Tricine-NaOH pH 7.9 through PD-10 Desalting Columns
(GE Healthcare). Protein purity was verified on 12.5% SDS-PAGE. For protein quantification the
absorbance at 280 nm was measured on Nanodrop system (Thermo Fisher Scientific). Extinction
coefficient at 280 nm and molecular weight were calculated in silico using ProtParam (ExPASy,
https://web.expasy.org/protparam/, Gasteiger et al., 2005) and were 179,470 M cm™ and 93,691.9

g/mol respectively.
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3.2.2 Biotinylated GSSG assay

Biotinylated GSSG (BioGSSG) assay was performed to verify AtAMY 3 glutathionylation in vitro.
GSSG biotinylation was obtained incubating for 1 hour at room temperature (RT) 16 mM GSSG
with 24 mM biotinylating agent (EZ-Link Sulfo-NHS-Biotin, Thermo Fisher Scientific) in 50 mM
potassium phosphate buffer pH 7.2. The reaction was stopped by adding NH,HCO; to a final
concentration of 155 mM.

Reduced AtAMY 3 was obtained by 4 hours incubation at RT with 40 mM dithiothreitol (DTT) and
desalted on a NAP-5 column (GE Healthcare) pre-equilibrated in 100 mM Tricine-NaOH pH 7.9.
BioGSSG assay was performed incubating 2 pM reduced AtAMY 3 in presence of 2 mM BioGSSG
at 25 °C. After 1 hour of incubation the sample was split in two, half sample was treated with 80
mM DTT for 30 minutes to assess reversibility of reaction, while the second part of the sample was
transferred in a tube containing SDS-PAGE loading buffer without reducing agent (60 mM Tris-HCI
pH 6.8, 2 % (w/v) SDS, 0.025 % (w/v), Bromophenol Blue, 10 % glycerol), 100 mM iodoacetamide
(IAM) and 20 mM N-ethylmaleimide (NEM) to block free cysteine thiols. Control samples were
incubated with 100 mM IAM and 20 mM NEM before incubation with 2 mM BioGSSG.

All samples were further divided in two and loaded by denaturing non-reducing 12.5% SDS-PAGE.
One gel was stained with Coomassie brilliant blue R-250 and the other was transferred to
nitrocellulose membrane and analyzed by western blot using 1:3800 diluted monoclonal anti-biotin
antibodies (Sigma-Aldrich, B7633). Peroxidase-conjugated secondary antibodies were diluted

1:2000 and detected by enhanced chemiluminescence following manufacturer's instructions.

3.2.3 MALDI-ToF Mass Spectrometry

Pre-reduced AtAMY3 (see below) was analysed by MALDI-ToF mass spectrometry at the
Functional Genomics Center Ziirich (http://www.fgcz.ch/). The protein was incubated in presence
of 5 mM GSSG for 90 minutes at 25 °C. Before the analysis, samples were desalted in 100 mM
Tricine-NaOH, pH 7.9 using NAP-5 columns (GE Healthcare). Protein samples were digested
mixing 3 pl of sample with 20 pl of Tris-HCI pH 8.2 containing 0.1 pg of trypsin. Digestion was
performed in the microwave for 30 minutes. Peptide digests were desalted using a CisZipTip
(Millipore, Billerica, MA, USA) and spotted onto the MALDI target (MTP 384 target polished
steel TF, Bruker Daltonics, Bremen, Germany) with a-Cyano-4-hydroxycinnamic acid in 50:50:0.1

AVN/H,0O/TFA (5 pg/ pl) for subsequent MALDI-TOF measurements.
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3.2.4 AtAMY3 activity assay and oxidative treatments

AtAMY 3 activity was assayed using artificial substrate p-nitrophenyl maltoheptaoside (BPNPG?7)
following manufacturer's instructions (Megazyme, Ireland). A 4 pM concentration of AtAMY 3 was
used in each assay.

All oxidative treatments were performed on fresh and fully reduced AtAMY3 obtained by
incubation with 40 mM DTT at 37°C for 90 minutes. Samples were then desalted on a NAP-5
column (GE Healthcare) pre-equilibrated with 100 mM Tricine-NaOH pH 7.9 and the absorbance
was quantified as in 3.2.1. The protein was then brought to 20 pM concentration through Amicon-
Ultra device (Millipore; cut-off 10 kDa). GSSG, H,O, and H,O, plus GSH treatments were
performed by incubating reduced AMY 3 at 25 °C in the absence (control) or in the presence (treated
samples) of 50 pM, 0.25 mM, 1 mM or 5 mM GSSG for 30 min; 0.1 mM, 0.5 mM or 1 mM H,0,
for 60 minutes; 1 mM H,O, and 5 mM GSH for 60 minutes. The reversibility of the oxidative
treatments was tested by incubating the samples (both control and treated) with 80 mM DTT for an
additional 30 minutes at 25 °C. After treatments, enzymes were diluted 5 times and the activity
assayed. Data are plotted as percentage of control sample activity incubated under the same

condition.

3.2.5 Determination of cysteines pK,

pK, determination was performed as described in Bedhomme et al., (2012). In brief, 8 pM AtAMY 3
was incubated at different pH values from 4 to 12 in different buffers (100 mM Na-Citrate pH 4,
100 mM Na-Acetate pH 5.0-5.5, 100 mM MES pH 6.0-6.5, 100 mM Tris pH 7.0-8.5, 100 mM
Glycine pH 9.0-10). For each pH point the protein was incubated with 10-fold excess of alkylating
reagent (IAM) in respect to the total thiol content. After 20 minutes incubation samples were 5-fold
diluted and the activity assayed. The activity was expressed as percentage of inhibition between
[IAM-treated and untreated samples and plotted as function of pH values. The pK, value was
obtained by fitting experimental data to a derivation of Henderson-Hasselbalch equation (Gallogly

et al., 2008):

10pH—pKa

remaining activity =100—100 X ( L+ 107K
+

3.2.6 Reactivation of glutathionylated AtAMY3 by GSH, GRX and TRX

Freshly reduced AtAMY 3 (see 3.2.4) was incubated in with 5 mM GSSG for 90 minutes at 25°C.
GSSG-incubated samples were desalted in 100 mM Tricine-NaOH pH 7.9 through NAP-5 column
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(GE Healthcare). AtAMY3 was brought to 20 pM by concentrating (Amicon-Ultra device,
Millipore, cut-off 10 kDa).

Reactivation experiments of glutathionylated AtAMY 3 were performed by incubating 30 minutes at
25 °C in presence of 50 pM, 0.2 mM, 1 mM, 2 mM, 5 mM and 7 mM GSH. Samples were then
diluted 5 times and the activity assayed. Reactivation was also performed in presence of
Arabidopsis thaliana GRX S12 and C5, and E. coli TRX (Sigma-Aldrich, T0910). GRX-dependent
reactivation was assayed incubating 20 pM glutathionylated AtAMY3 in presence of 2 mM GSH
with or without 5 pM GRXs for 5, 15 and 30 minutes. For TRX-mediated reactivation 20 uM
glutathionylated AtAMY 3 was incubated in presence of 0.2 mM DTT with or without 10 pM E. coli
TRX for 5, 15 and 30 minutes. GRX S12 and C5 were kindly provided by N. Rouhier (University
of Lorraine, France).

To assay if GRX and TRX act on different sites and their concerted action can lead to additional
activation, samples were incubated 2 mM GSH plus 5 pM GRX S12 for 30 minutes. Once the
activation plateaued, an additional incubation with 0.2 mM DTT with or without E. coli TRX was
performed for 5 minutes. Upon incubation, enzyme samples were 5-fold diluted and the activity
assayed. The activities are expressed as percentage of reduced sample obtained by incubating

glutathionylated AtAMY 3 in presence of 80 mM DTT for 30 minutes at RT.
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3.3 Results

3.3.1 AtAMY3 is target of glutathionylation in vitro

In order to investigate post-translational redox modification of AtAMY 3 two approaches have been
used: BioGSSG assay and mass spectrometry. Both techniques allow to visualize glutathionylation
on proteins of interest. The binding of glutathione in vivo pass from an intermediate oxidized state
of protein thiol (Noctor et al., 2012; Zhang et al., 2018b). Typically after H,O, reacts with cysteines,
reduced glutathione (GSH) forms a disulfide bond with the oxidized cysteine. In vitro protein
glutathionylation is usually performed using the oxidized form of glutathione (GSSG).

To assess glutathionylation in vitro biotin-labeled GSSG (BioGSSG) was incubated with pre-
reduced AtAMY3 and after immunoblotting the binding of BioGSSG was displayed using anti-
biotin antibodies. As expected, no signal was observed in the negative control, prepared treating the
sample with thiol-alkylating agents before BioGSSG treatment. On the contrary, protein treated
with BioGSSG showed a clear signal removable by incubation with reduced DTT (Figure 3.1).

AtAMY3 Figure 3.1 Glutathionylation of
AtAMY3 in vitro. Pre-reduced
. AtAMY3 treated with biotinilated-
BioGSSG 4 4 4+ GSSG (BioGSSG) and detected with
anti-biotin antibodies. Reversibility
D-rrred - + - of reaction was assessed by 30
minutes incubation with reduced
IAM/NEM + DTT (DTTrq). As negative control,
- - samples were alkylated before

Coomassie incubation with BioGSSG.

Anti-biotin

-
To identify the glutathionylation sites MALDI-ToF mass spectrometry experiments were performed
on AtAMY 3 after GSSG treatment. Three tryptic peptides showed a shift of 305.1-306.1 Da in the
GSSG-treated sample (Table 3.1), these masses are compatible with the binding of a glutathione
molecule (306.32 Da). The peptides contain the cysteine residues 310, 499 and 587.

Cysteine Residue  Peptide Mass (Da) Mass after treatment (Da) Shift (Da)
310 NIVSIETDLPGDVTVHWGVCK 2282.1 2587.2 305.1
499 ISSGTGSGFEILCQGFNWESNK 2361.1 2666.2 305.1
587 VLGDAVLNHRCAHFK 1679.9 1986.0 306.1

Table 3.1 MALDI-ToF analysis on tryptic digestion of GSSG-treated AtAMY3.

Cys310 is found in the AtAMY3 N-terminal region lacking in the other a-amylases, its role is
unknown despite a slight decrease in AtAMY 3 activity is observed when Cys310 is mutated (Seung
et al.,, 2013). Cys499 is not conserved and, together with Cys587, is important for catalysis and
responsible for regulatory disulfide bond formation (Seung et al., 2013). In addition, Cys587 is
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conserved in several plant a-amylases and found glutathionylated when recombinant barley AMY1

is purified from yeast (Sggaard et al., 1993; Juge et al., 1996).

3.3.2 Determination of catalytic cysteine pK,

The possibility to form a disulfide bond, especially if reversible, is not common to all protein thiols.
Cysteines involved in reversible bonds are generally exposed on protein surface and conserved only
in closely related organisms (Cremers and Jakob, 2013). This position allows thiols to be modified
by cellular components. Cysteine residues need to be deprotonated to be reactive and perform the
nucleophilic attack at the basis of the disulfide formation. The propensity of a thiol group to be
deprotonated is highlighted by acidic pK.. Most of the cysteines have pK, value around 8.5, similar
to free cysteine, and are not suitable for disulfide bond (Roos et al., 2013). Reactive cysteines have
peculiar microenvironments stabilizing the deprotonated form, e.g. hydrogen bond donors, proximal
alkaline residues and N-terminal position in a-helix dipole (Poole, 2015), leading to a decrease in
pK.. IAM is an alkylating agent which binds cysteine thiols, if cysteines residues are present in the
active site or directly involved in catalysis the alkylation can inhibit the activity. Since IAM
specifically reacts with thiolate anione (-S°), assaying the inhibitory effect at different pH values

allows to determine the pKj, of catalytic relevant cysteines.
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Figure 3.2 pK, of AtAMY3 cysteine involved in catalysis. Incubation of AtAMY3 with or without alkylating agent (IAM) at different pH ranges.
The percentages of activity were determined comparing the activity with and without IAM. Data are reported as mean * standard deviation (n=3).

In Figure 3.2 the pH dependency of IAM inactivation is shown. The fitting of experimental points
resulted in a pK, of 7.2 for AtAMY 3 thiol, this value is significantly lower than that of free cysteine
pK. (Paulsen and Carroll, 2013) indicating that a specific microenvironment is affecting the state of
a cysteine important for catalysis. pK, compatible with cysteine reactivity was in part expected since
both Cys499 and 589 are important for both AtAMY 3 activity and regulatory disulfide (Seung et al.,
2013).
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3.3.3 Glutathione protects AtAMY3 from irreversible oxidation and inhibition
Glutathionylation, even if can lead to inhibition, has the advantage of being reversible and avoids
irreversible oxidation of thiols, acting like a protective cap which can be removed when the
physiological reducing environment is restored (Zaffagnini et al., 2012).

AtAMY 3 is not required for normal starch turnover in mesophyll cells but it is involved in osmotic
stress response and stomatal opening (Yu et al., 2005; Horrer et al., 2016; Thalmann et al., 2016).
Especially under osmotic stress ROS production can exceed the scavenging ability of plants
(Chaves et al., 2009). For this reason AtAMY3 was incubated at different concentrations of H»O,
and the activity was assayed (Figure 3.3). Interestingly AtAMY 3 showed low susceptibility to H,O,
if compared to other enzymes (Liu et al., 2008; Bedhomme et al., 2009; Zaffagnini et al., 2016),
being completely inactivated at high concentration of H,O, (1 mM) and long incubation times (60
minutes).

Since glutathionylation is considered a protective modification against cysteine overoxidation, the
protective role of GSH was tested on AtAMY 3 incubated with 1 mM H,0O, (Figure 3.3). After the
incubation, AtAMY 3 showed inhibition of activity but also a complete recovery upon incubation
with reduced DTT. Reversibility of inhibition strongly suggests that AtAMY3 is glutathionylated
after the incubation with GSH and H.0O,, supporting the hypothesis of a protective role of

glutathionylation on AtAMY3 in oxidizing environment.
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Figure 3.3 AtAMY 3 sensitivity to hydrogen peroxide. Incubation at different concentrations of H,O, for 1 hour. Strong and irreversible inhibition
is observed in presence of 1 mM H,0,. Presence of reduced glutathione (GSH) restore the reversibility of the inhibition, presumably inducing
glutathionylation. Data are reported as mean * standard deviation (n=3).

GSSG was then used as glutathionylating agent and its effect on activity was tested. Incubating pre-
reduced AtAMY 3 with GSSG led to inhibition of activity in 30 minutes (Figure 3.4). The inhibition
is proportional to GSSG concentration and the addition of DTT after GSSG reaction completely
restore the enzymatic activity. Considering the proportional effect of GSSG it is possible to
speculate that AtAMY 3 is regulated by changing in GSH:GSSG ratio, typically altered under stress

conditions.
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Figure 3.4 Inhibition of AtAMY3 by GSSG treatment. Effects of increasing concentrations of oxidized glutathione on AtAMY3 enzymatic

activity. Recovery samples were treated with DTT 80 mM to verify the reversibility of the inhibition. Data are reported as mean #* standard
deviation (n=3).

To better understand the effect of glutathionylation on AtAMY3 a structural model was obtained
(Figure 3.5) by homology modeling thanks to I-TASSER online server (Zhang, 2008) using the
barley AMY1 structure as template (PDB: 1AMY, Kadziola et al., 1994). The model contains only
the carboxy-terminal catalytic domain (residues 441-832), which is conserved among all plant
amylases. The amino-terminal region (residues 1-440) is specific for AtAMY3 and contains a
family 45 carbohydrate-binding module (CBM45) putatively involved in glucan recognition and
binding (Seung et al., 2013). Surprisingly the two cysteines involved in the disulfide bond are
distant (27.9 A), underlining broad structural rearrangements upon oxidation. The inhibitory effect
of glutathionylation can be ascribed to Cys589, which is near the highly conserved catalytic
aspartate Asp666 (Figure 3.5).

Figure 3.5 Structural model of AtAMY3 catalytic domain. Cysteine residues, Cys499 and Cys589, identified by MALDI-ToF spectrometry as
targets of glutathionylation are showed as spheres. The conserved catalytic aspartate residue (Asp666) is showed as sticks. The model by homology
modelling with Hordeum vulgare AMY1 (PDB: 1AMY, homology 46%) was obtained using I-TASSER online server (Zhang, 2008).
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Indeed, it is possible to hypothesize that glutathionylation of Cys589 results in steric hindrance,
reducing the substrate accessibility to Asp666. It is difficult to predict the role Cys499 and Cys310
glutathionylation, but since Cys310 is inside the CBM45 it could prevent the binding of the glucan

chain. Anyway no structural informations are available on Cys310.

3.3.4 GSH reactivates glutathionylated AtAMY3 and redoxins speed up the process

In plants GSH is the main glutathione form and just small amounts of GSSG are found inside the
cell. Under normal conditions, GSH is the main glutathione form and is continuously regenerated
from GSSG consuming reducing power. High GSH/GSSG ratio contributes to the antioxidant
ability of the cell (Rouhier et al., 2015). However under stress conditions concentration of both
forms can be altered and often a decrease in GSH/GSSG ratio is observed (Noctor et al., 2012;
Hasanuzzaman et al., 2017). GSH constitutes one of the reducing agents of the cell, in this regard
the effect of GSH on glutathionylated AtAMY3 was tested. Increasing concentration of GSH allow
an almost complete reactivation of AtAMY3 (Figure 3.6), suggesting that AtAMY3 can be
effectively regulated by modification of GSH/GSSG ratio.
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Figure 3.6 Release of glutathionylation inhibition by GSH treatment. Glutathionylated AtAMY 3 was incubated with increasing concentrations
of reduced glutathione (GSH) to assess the recovery of catalytic activity. Activity are expressed as percentage of samples recovered after 30 minutes
incubation with 80 mM DTT. Data are reported as mean * standard deviation (n=3).

In the redoxin family, two class of proteins have the ability to catalyze the reduction of disulfide
bonds, thioredoxins (TRXs) and glutaredoxins (GRXs). TRXs act efficiently on protein disulfides
but can reduce also mixed disulfides (Jung and Thomas, 1996; Lemaire et al., 2007; Ghezzi and Di
Simplicio, 2007), whereas GRXs have been identified as specific for protein-glutathione disulfides
(Meyer et al., 2008). The ability of GRXs and TRXs to revert inhibition of AtAMY3 after GSSG

treatment have been verified assaying catalytic activity upon incubation with Arabidopsis GRX S12
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and GRX C5 plus GSH or E. coli TRX plus DTT (Figure 3.7). Both in presence of TRX or GRXs, a
5 minutes incubation is enough to obtain 2-2.5-fold higher activation than control samples, near to
the reactivation obtained with GSH after 30 minutes (Figure 3.6). In addition, no preference for
GRX type was observed in the recovery. Even if GSH/GSSG ratio can regulate AtAMY 3 activity,

GRXs and TRX allow faster response, underlining the importance of catalyzed recovery.
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Figure 3.7 Glutathionylation inhibition is recovered incubating with GRXs and TRX. Glutathionylated AtAMY 3 was incubated with GSH and
GRXs or DTT and TRX for 5 minutes, a faster rescue of the activity is observed. Activity are expressed as percentage of samples recovered after 30
minutes incubation with 80 mM DTT. Data are reported as mean * standard deviation (n=3).

3.3.5 Both GRX and TRX are required for complete recovery of AtAMY3 activity

Notably, neither GRXs nor TRX were able to fully recover the activity of AtAMY3 (Figure 3.7),
resulting in 80% and 60% reactivation respectively. Since mixed disulfide could spontaneously
evolve into a disulfide bridge, as observed for the small scaffold protein CP12 and for the CxxC
GRXs (Marri et al., 2013; Gallogly et al., 2009), glutathionylated AtAMY 3 was first incubated with
GRX S12 and GSH and, when activation plateaued (~ 30 minutes), TRX and DTT were added
(Figure 3.7).

The activity of AtAMY3 was completely restored only after incubation with both redoxins,
supporting the hypothesis of the coexistence of both post-translational modifications (i.e.

glutathionylation and disulfide bond).
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Figure 3.7 Glutathionylation inhibition is released after combined action of GRX and TRX. Glutathionylated AtAMY 3 was incubated for 30
minutes with 2 mM GSH and GRX S12, then 0.2 mM DTT and E. coli TRX were added and a complete recovery is observed. Activity are
expressed as percentage of samples recovered after 30 minutes incubation with 80 mM DTT. Data are reported as mean * standard deviation (n=2).
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3.4 Discussion and concluding remarks

Despite the low sensitivity to H,0O,, the reactivity of AtAMY3 to post-translational redox
modifications is higher and different mechanisms are possible to modulate its activity in vitro. As
highlighted by incubations with increasing concentrations of GSH and GSSG (Figure 3.3, Figure
3.5), AtAMY 3 glutathionylation is responsive to concentrations of both forms of glutathione. Since
environmental stimuli altering photosynthesis, respiration and photorespiration as well as other
ROS-generating systems modify the GSH:GSSG ratio and also total glutathione pool (Foyer and
Noctor, 2003; Noctor et al., 2012), it is reasonable to hypothesize that AtAMY 3 could directly react
to these alterations being inhibited or activated. Then AtAMY3 activity can be restored faster by
GRXs if required, and TRXs can recover its activity both after disulfide bond formation and
partially after glutathionylation (Figure 3.7). In this regard, it is noteworthy that both redoxins are
required for complete recovery of amylase activity (Figure 3.8), suggesting the formation of intra-
protein disulfide bond. Since 3 glutathionylation sites are found (Table 3.1) and considering the
propensity of Cys499 and 587 to form a disulfide bond and their importance for catalysis, it can be
assumed that these residues are also involved in glutathione-induced disulfide bond. In this case two
models could be hypothesized: the whole protein sample was both glutathionylated (on Cys310)
and contained a disulfide bond (between Cys499 and Cys587) or alternatively two distinct
populations were present, a great amount of protein was glutathionylated on the three sites while a
smaller part had the disulfide and a single glutathionylation (Figure 3.8). These two parts can be
assumed as 80% and 20%, considering the recover of the activity after GRXs and GRX + TRX
incubations.

AtAMY 3 is mainly involved in starch degradation during the day in guard cells (Horrer et al., 2016)
and in response to osmotic stress (Thalmann et al., 2016). Considering that ROS are generated both
under osmotic stress conditions and in stomata physiology (Chaves et al., 2009; Singh et al., 2017)
it is not surprising that AtAMY 3 is tolerant to H,O, and sensitive only at high levels (Figure 3.4).
Moreover, guard cells are directly exposed to atmosphere and possibly higher oxidizing conditions
affecting the GSH:GSSG ratio. In this hypothesis, AtAMY3 could be regulated or preserved by
glutathione.

Taken together, in vivo and in vitro evidences highlighted a complex regulatory network around
AtAMY3 which converges on two redox modifications, disulfide bridge and glutathionylation.
These two modifications control and protect the activity of AtAMY 3 under physiological and stress
conditions. TRXs, GRXs and the glutathione pool regulate AtAMY3 possibly tuning the activity

depending on cellular requirements.
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Figure 3.8 Model for GSSG inhibition and recovery of AtAMY3. Incubation with GSSG leads to modification of 3 cysteines (C310, C499,
C587). Approximately 80% of AtAMY?3 is glutathionylated on C310, C499 and C587 while the 20% is glutathionylated on C310 and GSSG causes
the formation of a disulfide bond between C499 and C587. In both cases, modification of C499 and C587 could impair the accessibility of substrates
to the catalytic aspartate (D666).
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4. Enzymatic components involved in sugar and proline accumulation under

osmotic stress in Arabidopsis thaliana

4.1 Brief Introduction

Along their life cycle plants have to face a variety of biotic and abiotic stresses. Among all, drought
stress is increasing the mortality of crops and forests (Chaves et al., 2003; Bennet et al., 2015; Ding
et al., 2018). Crop productivity is largely affected by water deficiency and is becoming an
increasingly compelling issue (Farooq et al., 2009). Drought provokes osmotic imbalance caused by
decreased water uptake from the soil. Lower water content increase the concentration of soluble
compounds in the ground counteracting the osmotic potential generated by plants. Drought
tolerance is acquired synthesizing huge amounts of compatible osmolytes to restore the osmotic
balance (Singh et al., 2015). Osmolytes accumulation requires carbon backbones, to satisfy this
demand different strategies have been reported, notably: arrest of shoot growth (Hummel et al.,
2010) and transitory starch mobilization (Villadsen et al., 2005; Zanella et al., 2016; Thalmann and
Santelia, 2017). The metabolism of transitory starch responds to a variety of abiotic stresses
(Kaplan and Guy, 2005; Zanella et al., 2016; Thalmannn et al., 2016; Thalmann and Santelia, 2017;
Loreti et al., 2018), although enzymes involved in stress-induced starch degradation are not
completely known. In Arabidopsis thaliana the [(-amylase 1 (AtBAM1) takes part of starch
mobilization in response to water deficiency (Zanella et al., 2016). In fact AtBAM1 is not necessary
for nocturnal starch degradation and its expression is induced by osmotic stress and ABA (Valerio et
al., 2011; Thalmann et al., 2016). Interestingly, a positive correlation has been reported between the
diurnal degradation of transitory starch by AtBAM1 and proline accumulation in Arabidopsis plants
subjected to osmotic stress (Zanella et al., 2016). Lack of AtBAM1 in the baml mutant leads to
higher starch accumulation at the end of the day and reduced proline production (Zanella et al.,
2016). Proline is a well-known and multi-functional osmolyte whose accumulation is widespread
from bacteria to plants (Szabados and Savoure, 2010).

The partitioning of primary carbon into carbohydrates and nitrogen compounds for osmolyte
production are poorly studied as yet. In order to fill this gap, a screening was performed on
Arabidopsis thaliana T-DNA lines lacking enzymes from carbon metabolism which can potentially
carry backbones from transitory starch to proline biosynthesis. The induction of expression under

drought or osmotic stress was used as selective criteria and verified on eFP browser
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(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi, Winter et al., 2007). Together with gene expression,
oxidative stress levels were evaluated and T-DNA lines with significantly higher oxidation have
been selected'. Knock-out lines lacking the Sucrose-phosphate synthase A2 (spsa2), Sucrose
Synthase 1 (sus1) and Glucan, water dikinase 2 (gwd2) showed high levels of oxidative stress and
have been further characterized.

Sucrose-phosphate synthases (SPS) are master regulators of sucrose synthesis in source tissues
(Winter and Huber, 2000). In Arabidopsis thaliana SPS family counts 4 members (Lutfiyya et al.,
2007), among these SPSA?2 is not necessary for normal growth even though appears to be essential
for nectary secretions (Lin et al., 2014, Volkert et al., 2014; Bahaji et al., 2015). SPSAZ2 is expressed
in roots of young seedlings but no expression was observed in leaves (Sun et al., 2011; Volkert et
al., 2014), furthermore it is the unique SPS gene responding to cold and osmotic stress in
Arabidopsis (Oono et al., 2006; Lehmann et al., 2008; Solis-Guzman et al., 2017). On the contrary,
sucrose synthases (SUS) are generally responsible for sucrose degradation in sink tissues and sink
strength depends on their activity (Koch, 2004). Arabidopsis SUS family is formed by 6 genes
(Baud et al., 2004), SUSI is moderately expressed in physiological conditions and SUS1 transcript
is found in buds, flowers, stems and roots especially in vascular tissues (Bieniawska et al., 2007).
The same expression pattern is found in SUS1 orthologous of Nicotiana tabacum, interestingly one
of these orthologous showed increased expression under drought (Wang et al., 2015). Similarly to
SPSA2, SUS1 is not essential for growth and susl do not show any abnormal phenotype
(Bieniawska et al., 2007). However, SUS1 was reported to be essential for tolerance of hypoxic
stress (Bieniawska et al., 2007).

In dicotyledons the glucan dikinase family is constituted by 3 members (Mahlow et al., 2016). Two
plastidial enzymes (GWD1 and PWD in Arabidopsis) catalyze the fundamental steps of glucan
phosphorylation in the starch degrading pathway (Kotting et al., 2005; Baunsgaard et al., 2005;
Edner et al., 2007). GWD2 is the third member of the family and it has a unique cytosolic
localization (Glaring et al., 2007). Since starch is not present in cytoplasm, the role of GWD?2 is still
controversial and few studies focused on it. Glaring et al. (2007) reported GWD2 phosphorylates
amylopectin on C-6 in vitro and found GWDZ2 expressed in vascular tissues, mature flowers and
siliques. Plants with gwd2 background have reduced flower, silique and seed number and seeds
contain lower lipid storage (Pirone et al., 2017).

In the present study a dissection of different carbon pools have been carried out on spsa2, sus1 and

gwd?2 together with amino acids and proline quantifications. The same experiments have been

1  Primers for selection of homozygous T-DNA lines and lipid peroxidation assay for all the T-DNA lines not further
analyzed are shown in the 4.5 Addendum.
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performed on p5cs1 plants, lacking the enzyme catalyzing the main reaction of proline biosynthesis
under stress (Székely et al., 2008). The analysis of p5cs1 should provide a better understanding of
rearrangements of carbon metabolism in challenging water conditions. All the selected lines showed
significant impairments in carbon and nitrogen pools, suggesting an involvement of SPSA2, SUS1

and GWD?2 in improving tolerance to water deficiency.
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4.2 Materials and Methods

4.2.1 Plant material and growth conditions

Plants carrying T-DNA insertions were grown in ground pots for selection of homozygous
mutations. Seed were sown in pots, vernalized at 4 °C for 3 days and after germination 4-5
seedlings were distributed in each pot. For genomic DNA analysis leaves were harvested 2-3 weeks
after germination.

For osmotic stress experiments, wild type and homozygous T-DNA plants of Arabidopsis thaliana
(ecotype Columbia, Col-0) were hydroponically grown at 22 °C and in a 12 hours light/12 hours
dark cycle. The photosynthetic photon flux density was 120 pmol m™ s™. Seeds were sterilized on
chlorine fumes for 5 hours and then stratified at 4 °C for 3 days in seedholders filled with 0.8%
(w/v) agarose. Seedholders were inserted in dark polyethylene boxes filled with hydroponic
medium (1.25 mM KNOs, 1.5 mM Ca(NOs),, 0.75 mM MgS0O,, 0.5 mM KH,PO,4, 50 uM Fe(II)-
EDTA, 50 pM H3BOs;, 12 pM Na2MoO4, 1 pM ZnSOs, 0.7 pM CuSOs4 0.1 pM Na,SiOs).
Seedholders were obtained cutting out cap and bottom from 0.5 ml test tubes. Osmotic stress
treatment was performed transferring 35-days-old plants in hydroponic medium supplemented with
150 mM mannitol at the end of the dark period. Entire rosettes were then harvested at 12 hours of
light at 0.5 days after treatment (DAT), 4.5 DAT and 6.5 DAT. Control samples were harvested
together with 4.5 DAT samples.

4.2.2 Selection of homozygous lines

T-DNA lines susl (At5g20830, SALK_014303C) and sps2a (At5g11110, SALK_064922C) were
purchased from the European Arabidopsis Stock Centre (NASC, Nottingham, UK). T-DNA
insertion site was confirmed by PCR on 400 ng of genomic DNA extracted from 2-4 leaves using a
T-DNA primer together with gene specific primers (see below, Figure 4.1) designed by means of T-
DNA Express (http://signal-genet.salk.edu/cgi-bin/tdnaexpress).

PCR reactions were performed using Taq LC (Fermentas; 1 U/pl) on Biometra T-gradient
thermocycler in the following conditions: 5 minutes at 94°C and 35 cycles of 30 seconds at 93°C,
30 seconds at 58 °C and 1 minute at 72°C.

gwd2 (At4g24450, SALK_080260C) T-DNA homozygous line was already available in the
laboratory and selected in Pirone et al. (2017, gwd2a). p5cs1 T-DNA homozygous line (At2g39800,
SALK_063517) was kindly provided by Dr. M. Trovato ( "Sapienza" - University of Rome).
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Figure 4.1 PCR products for selection of homozygous insertion on SUS1 and SPSA2 genes. In the left lane the DNA ladder (L) and in the right
lane the genomic DNA sample amplified by PCR (gDNA). Single PCR product between 550 bp and 800 bp reveals homozygous T-DNA insertion in
the respective gene.

Primers for selection of homozygous lines:

T-DNA 5'-ATTTTGCCGATTTCGGAAC-3'

SUSI1 forward (Fd) 5'-CTCAAGAGTGCAAGGATCAGG-3'
SUSI reverse (Rv) 5-~ACGCTGAACGTATGATAACGC-3'

SPSA2 Fd 5-TGCAAGACTTACAAGGTTCGC-3'
SPSA2 Rv 5'-CCAGCTACTCTGAACCGTCTG-3'

4.2.3 Water content measures

In order to measure water content fresh weight (FW) values were taken by weighting single rosettes
harvested at 12 hours of light just after the excision. Dry weight values were obtained by weighting
the same plants after 24-48 hours drying at 80 °C. Water content was determined first as ratio of
DW on FW, since this ratio is equivalent to the percentage of dry matter on the overall weight of the
plant the water content (%) was then obtained using the following formula:

Water Content =(1— m)x 100
Fw

4.2.4 Lipid peroxidation measurements

Total lipid peroxidation was measured to evaluate the oxidative damage and quantified using the 2-
thiobarbituric acid (TBA) assay (Guidi et al., 1999). About 100 mg of leaves were ground in liquid
nitrogen, then vigorously mixed with 3 volumes (vol) of 0.1% (w/v) trichloroacetic acid (TCA).
Samples were spun for 10 minutes at 13,000 rpm in a tabletop centrifuge and 200 pl of supernatant
were added to 800 pl of 20% (w/v) TCA in a screw cap tube. After the addition of 5 pl of 0.5 %

(w/v) TBA the mixture was incubated at 90 °C for 30 min in hot bath. The reaction was stopped in a
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ice-water bath, then samples were centrifuged at 13,000 rpm for 10 minutes and the absorbance of
the supernatants was read at 532 nm and 600 nm with a spectrophotometer (UV-Vis Cary60, Agilent
Technologies). The absorbance of the empty cuvette was measured as blank sample. The
concentration of malondialdehyde (MDA), the main product of lipid peroxidation, was calculated
using an extinction coefficient (€s3mm) of 155 mM™cm™. The amount of MDA expressed on a FW

basis was calculated using the following formula:

( nmol )= A532nm—A600nm _ diluition Xresuspesion volume

MDA —
gFw 155mM FWmg

X1000

4.2.5 Leaf starch quantification

Leaf starch content was quantified from samples of 3-5 rosettes as described in Smith and Zeeman
(2006). In brief, 100-200 mg of leaf ground material were resuspended in 5 ml of 80% (v/v) ethanol
and incubated in boiling water bath for 3 minutes, then spun at 5,000 rpm for 5 minutes at room
temperature (RT). The supernatant was discarded and the ethanol extraction repeated until the pellet
was clear from chlorophylls, typically 3 times. Ethanol was removed from the final pellet by
evaporation. Pellets were then well resuspended in 5 ml of bidistilled water and for each sample 0.5
ml of suspension were transferred in two 1.5 ml tube and gelatinized by heating at 100 °C for 10
minutes. After cooling, 0.5 ml of 200 mM Na-Acetate pH 5.5 were added to each tube. For each
sample 6 units of amyloglucosidase (Roche) and 0.5 units of a-amylase (Roche) were added to a 1.5
ml tube and an equivalent amount of water to an other tube (control), both were incubated at 37 °C
overnight (o.n.).

Tubes were spun at 13,000 rpm for 5 minutes in a tabletop centrifuge and 10 to 200 pl were mixed
with glucose assay mix (100 mM HEPES pH 7.5, 0.5 mM ATP, 1 mM NAD’, 4 mM MgCl,) ina 1
ml cuvette. Background absorbance was measured at 340 nm and 1 unit of hexokinase (from yeast
overproducer, Roche) and 1 unit of glucose 6-phosphate dehydrogenase (from Leuconostoc
mesenteroides, Roche) were added. Absorbance at 340 nm was monitored until plateau was reached.

Then glucose content in the cuvette was calculated using the following formula:

As—Ac
6.22mM ‘cm™!

Glucose (cuvette ,umol )=

with As, absorbance of the sample with enzymes; Ac, absorbance of the sample without enzymes,

and 6.22 mM'cm™is the extinction coefficient at 340 nm of NADH.
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Starch amounts as glucose equivalents were obtained on a FW basis using the following formula:

Glucose [mM | NIV 5, Mg

volume of sampleassayed|ml] FW [mg] w mol

Starch(u g/mgFW )=

with 162 pg/pmol as mass of anhydroglucose.

4.2.6 Proline and amino acids quantifications

Amino acids and proline were quantified performing ninhydrin assay. Samples of Arabidopsis
powders were mixed with 3% (w/v) 5-sulfosalicylic acid aqueous solution in a 1:2 ratio (eg. 100 mg
+ 200 pl). Samples were vortexed every minute for 5 minutes and then spun at 13,000 rpm for 10
minutes in a tabletop centrifuge. Without disturbing the pellet, supernatants were transferred in a
clean tube and spun one more time to ensure complete removal of pellet residues. Then supernatants
were transferred in a second clean tube. For each sample from 5 pl up to 15 pl were used on a 96-
well plate. Typically for each sample two technical replicates of 5 pl and 12.5 pl has been done.
After the addition of 15 pl of Na-Acetate 3 M and 200 pl of ninhydrin reagent (0.15% w/v
ninhydrin dissolved in glacial acetic acid), the absorbance was read at both 352 nm for proline and
540 nm for total amino acid pool. This first value is considered the first time point of the measure
(To) and constitutes the background absorbance. Then the plate was incubated at 50 °C for 12
minutes and allowed to cool for 3 minutes. Measures were repeated just after cooling (T;s) and after
2.5 and 5 minutes (Ti75 and Ta).

Towas subtracted from Tis, Ti75 and T, the average of the three points was compared with standard
curves to calculate proline and amino acids content of samples. The standard solution was 3,8
mg/ml of amino acids mix (5 mM glutamine, 2 mM glutamic acid, 2 mM aspartic acid, 1 mM for all
the other proteinogenic amino acids included proline). Volumes from 2,5 up to 15 pl of standard
solution were utilized to obtain the curve. The same standard curve points were measured at 352 nm

and 540 nm to quantify proline and amino acids, respectively.

4.2.7 Soluble sugar quantification

Total soluble sugars were quantified by means of the anthrone assay. Sugars were extracted by
resuspending 100 mg of Arabidopsis powders from 3-5 rosettes in 200 pl bidistilled water. Powders
were then vortexed for 1 minute then spun at 13,000 rpm for 5 minutes at RT in a tabletop
centrifuge. Supernatants were collected and stored on ice and pellets were resuspended in the same

way other two times. Supernatants for each sample were collected together.
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CTR and 0.5 DAT samples were first diluted 4 times in bidistilled water while 4.5 DAT and 6.5
DAT samples 17 times. Dilutions were incubated at 70 °C for 45 minutes in a thermoblock and
subsequently spun at 13,000 rpm for 20 minutes. Supernatants from all samples were further diluted
10 times and used for the assay. For each sample 350 pl were carefully mixed with 700 pl of
anthrone solution (1 mg/ml anthrone, 96% H,SO,) and incubated 5 minutes
at 100 °C. Blank samples were prepared mixing 350 pl of samples with 700 pl of bidistilled water.
After cooling at RT, the absorbance at 630 nm of samples was measured in 1 ml cuvette on a
standard spectrophotometer (UV-Vis Cary60, Agilent Technologies).

To calculate total soluble sugars a standard curve from 0 to 50 pg/pl of sucrose was assayed with
anthrone. Concentration as pg/pl of sugars in samples was obtained from the standard curve
equation and pg of soluble sugars were derived multiplying by dilutions and volume of sample, then

normalized on FW.

4.2.8 Reducing sugar quantification

For reducing sugar quantifications samples were extracted as in 3.2.7. CTR and 0.5 DAT samples
were directly used or diluted 2 times while for 4.5 DAT samples were diluted 8 times. 400 pl of
samples were mixed with 600 pl of DNSA solution (1 mg/ml 3,5-Dinitrosalicylic acid, 0.8 M
NaOH, 1.3 M Na-Tartrate dihydrate) or water for blank samples and incubated at 90 °C for 7
minutes. After incubations, samples were spun 10 minutes at 13,000 rpm in a tabletop centrifuge
and absorbance at 550 nm was measured in a cuvette spectrophotometer (UV-Vis Cary60, Agilent
Technologies). Reducing sugars in samples were calculated using a standard curve from 0 to 40
ug/pl of glucose assayed with 3,5-Dinitrosalicylic acid mix. pg of reducing sugars were derived

multiplying by dilutions and volume of sample and normalized on FW.

4.2.9 Glucose and fructose assay

Soluble compounds for glucose and fructose quantification were extracted as in 3.2.7, using 100 pl
each time instead of 200 pl. Extracts were incubated at 70 °C for 45 minutes and spun at 13,000
rpm for 10 minutes. Then supernatant were transferred in a clean tube and kept in ice.

All reagents for the assay were from Sucrose/D-Fructose/D-Glucose Assay Kit (Megazyme) and the
assay was carried on 96-well plate reader (EnSpire Multimode Plate Reader, Perkin-Elmer). To
assay both hexoses 15 pl for CTR and 0.5 DAT extracts, or 3 pl for 4.5 DAT and 6.5 DAT extracts
and 12 pl of water were used. Extracts were mixed with ATP/NADP" solution, bidistilled water and
24x buffer up to 198 pl and absorbance at 340 nm was measured as background value (A packground)-

Then 2 pl of hexokinase/glucose 6-phosphate dehydrogenase mix were added and after 15 minutes
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the absorbance at 340 nm was measured (Ag.). After 15 minutes 2 pl of phosphoglucoisomerase
were added and after 15 minutes the absorbance was recorded, this second value was
comprehensive of glucose and fructose content (Agu). The absorbance of NADH corresponding to

the two sugars were calculated in the following way:

Glucose = Aglu - Abackground 5 Fr uctose = Aglufru - Aglu - Abackground

Sugar concentrations were obtained dividing corresponding absorbances by NADH extinction
coefficient (6.22 mM™cm™). Each concentration was multiplied by sugar molecular weight and

divided by FW, expressing sugars as pg/mg FW.

4.2.10 Quantification of carbohydrates in the cell wall

Cell wall carbohydrates quantification was performed on samples of 50-100 mg of Arabidopsis
rosette powder from 3-5 plants. Powders were transferred in 2 ml tube and washed with 1.5 ml 80%
(v/v) ethanol incubating 10 minutes at 80 °C and then spun at 13,000 rpm for 5 minutes, this wash
was repeated 3 times. A second wash was performed 2 times with 1.5 ml 80% (v/v) acetone at RT
for 10 minutes then samples were spun at 13,000 rpm for 5 minutes. To remove leaf starch from the
insoluble part of the extract, pellets were resuspendend in 0.5 ml of bidistilled water and gelified at
100 °C for 10 minutes in a thermoblock. Samples were spun at 13,000 rpm for 5 minutes,
supernatant were discarded and the pellets were resuspedend in 250 pl of water and 250 pl of 200
mM Na-Acetate pH 5.5. Leaf starch was degraded adding of 0.5 units of a-amylase (Roche) and 6
units of amyloglucosidase (Roche) and incubating o.n. at 37 °C.

After o.n. incubation, samples were kept at 100 °C for 10 minutes in order to denature enzymes and
spun at 13,000 rpm for 20 minutes in a tabletop centrifuge. Supernatants were discarded and pellets
dried at 70 °C. Dry pellets were resuspended in 1 ml of acetic acid:nitric acid (65% v/v):water
(ration 8:1:2) and incubated at 100 °C for 30 minutes. After cooling, samples were spun at 13,000
rpm for 15 minutes. Supernatants were carefully discarded without disturbing the pellet. Then
pellets were washed 1 time with 1.5 ml of bidistilled water and 3 times with acetone, each time
samples were spun at 13,000 rpm for 5 minutes and supernatant was discarded without disturbing
the pellet. Subsequently samples were dried o.n. at RT.

To release sugars from cell wall pellets an acid hydrolysis was performed adding 150 pl 72% (v/v)
H,SO; to dried pellets, vortexing and incubating for 30 minutes at RT. After, samples were vortexed
again and incubated for additional 15 minutes at RT. Hydrolysis was stopped by addition of 600 pl

of bidistilled water. Samples were spun at 13,000 rpm for 10 minutes and supernatants transferred
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to a clean tube. Cell wall sugars quantification was performed by means of the anthrone assay, 100
pl of sample were mixed with 400 pl of anthrone solution (prepared as in 5.2.7) and incubated at
100 °C for 5 minutes. Standard curve samples was prepared in the same way using from 0 to 50 pg
of glucose as standard sugar. After cooling, measurements were carried on 96-well plate reader
(EnSpire Multimode Plate Reader, Perkin-Elmer) pipetting 250 pl for each sample or standard curve

point.

4.2.11 Quantitative Real Time PCR analysis

Total RNA from wild-type plants (Columbia, Col-0) was purified from ground plant material using
RNeasy Plant Mini Kit. DNA contaminations were removed using DNase I RNase-free
(recombinant, Thermofisher). RNA integrity and purity were verified on 1% (w/v) TAE-agar gel.
Samples for gels were resuspended in loading buffer (0.025% w/v bromophenol blue, 0.025 w/v
xylene cyanol FF, 0.025% SDS, 5 mM EDTA pH 8, 95% formamide). Genomic contaminations
were checked performing Polymerase Chain Reaction (Phusion Hot Start Il DNA Polymerase from
ThermoFisher, Deoxynucleotide Kit from Sigma-Aldrich) using primer pair for GWD2 transcript
(see below), designed on intron-exon junction to allow the distinction from genomic DNA and
mature mRNA.

Then, 1 pg of RNA for each sample was retrotranscribed using Easy Script™ Plus cDNA Synthesis
Kit (ABM). Quantitative PCR was performed on optical 96-well plate on CFX Connect™ Real-
Time PCR Detection System (BioRad) using 10 pl reactions with 1.5 pl cDNA, 400 nM of specific

primer and SYBR® Green JumpStart' = Tag ReadyMix — (Sigma-Aldrich) to monitor double strand
DNA synthesis. Reactions were performed in triplicates for each gene on three samples for each
point of the experiment (CTR, 0.5 DAT, 4.5 DAT, 6.5 DAT).

The following cycling profile was used for quantitative Real Time PCR reactions: 2 minutes at
95°C; 40 cycles of denaturation (95°C) for 5 seconds and 30 seconds at 60°C.

The relative expression of GWD2, SUS1, SPSA2 and P5CS1 genes were calculated following the
ACt method and normalized on ACT2 housekeeping gene. For each cDNA sample the average Ct
(threshold cycle) of the reference gene (ACT2) was subtracted from the average Ct of the gene of
interest (ACt). The relative expression was obtained calculating 2% and normalizing on the

expression fold of control samples.

Primers for quantitative Real Time PCR analysis:

GWD2 Fd 5-CGCTCCTGGGTGGCAATTAAGAAG-3
Rv 5'-GTCACCAGAGACCGGATTGTTTGTG-3'
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P5CS1 Fd 5-CGGGGTCGAAGGATTACTTACAACG-3'
Rv 5'-ATGGGAATGTCCTGATGGGTGTAAA-3'

SUS1 Fd5-GGCCTGGTGTTTGGGAATACTTACG-3'
Rv 5'-AGACGCATTGAATGGCTCGAAATCA-3'

SPSA2 Fd 5'-AGTGAAAGATCCCGCTTTGA-3'
Rv 5'-ACCTAAGGGCCTGAGATCGT-3'

Primer sequences were obtained using AtRTPrimer searching for amplicons of 100-200 bp. SPSA2

primer sequences for quantitative Real Time PCR are taken from Volkert et al. (2014).

The primer efficiencies were calculated performing quantitative Real Time PCR on 4 serial dilution
starting from 200 ng of Arabidopsis thaliana (Col-0) genomic DNA, the threshold cycle were

plotted and the slope of the linear fit was used to obtain the efficiency using the following formula:

10((* 1/slope)—1)x 100

100



4.3 Results

4.3.1 Water content under osmotic stress

Plants typically take up water from the ground thanks to a negative pressure generated through the
entire organism by transpiration from stomata. When the water content decreases in the ground,
roots are not able to preserve a physiological uptake of water and the plant undergoes osmotic
stress. In the present set of experiments 150 mM mannitol was used to increase osmolarity of the
hydroponic medium and generate osmotic stress. At this concentration the stress is generally
considered to be mild, because it takes some day to establish and influence the physiology of the
plant.

As showed in Figure 4.2, under osmotic stress conditions all genotypes fail to maintain normal
water content. It is important to notice that water content is the same in all the genotypes analyzed
but p5cs1, which contains 5% more water at 4.5 and 6.5 DAT. Water content is a fundamental
parameter, because data normalized on FW of plants with the same water content can be directly
compared without further calculations. For this reason, all the data in the present study will not be
modified after normalization on FW. In this regard, compounds measured in p5csl should be

considered 5% more concentrated when compared to the other genotypes.
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Figure 4.2 Water content along the treatment. Columns show mean * standard deviation (n = 20). Statistical analysis performed using Student's ¢-
test, * p < 0.05. Plants harvested at 12 hours of light (12hL).

4.3.2 Generation of oxidative stress under osmotic stress
Reduced water content determines stomata closure to contain the loss of water despite the opening
of stomata is essential for the entrance of carbon dioxide inside the leaf. After its entrance, CO,

spreads in the mesophyll and is fixed by the Calvin-Benson cycle. As consequence of stomata
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closure, CO, concentration inside leaves lowers and Calvin-Benson cycle slows down consuming
less ATP and NADPH. Due to reduced regeneration of substrates, excited electrons in PET
accidentally generates reactive species, especially ROS (Chaves et al., 2009). ROS are generated in
low concentration under physiological conditions and contributes to photosynthesis signaling
(Mittler, 2017), but under osmotic stress higher concentrations are produced causing oxidative stress
(Aranjuelo et al., 2011; Wilhelm and Selmar, 2011). ROS reaction with saturated fatty acids results
in peroxidation and malondialdehyde (MDA) production (Hernandez et al., 1993; Fadzilla et al.,
1997).

MDA generation has been quantified to evaluate oxidative stress levels induced by osmotic
treatment. Lipid peroxidation in T-DNA lines was not altered after 12 hours of stress (0.5 DAT) but
raised after 4.5 DAT. At 6.5 DAT peroxidation levels in gwd2 were 40% higher while spsa2
increased to 60% more MDA if compared to wild-type (Figure 4.3). Curiously, in susl lipid
peroxidation had a 40% increase at 4.5 DAT and returned to wild-type values at 6.5 DAT,

suggesting that the mutation is transiently affecting the adaptation to stress.
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Figure 4.3 Oxidative stress levels under osmotic treatment. Oxidative levels are expressed as lipid peroxiodation product malonedialdehyde
(nmol MDA/ g FW). Columns show mean * standard error (n= 3-7). Statistical analysis performed with Student's t-test, * p < 0.05, ** p < 0.01.
Plants harvested at 12 hours of light (12hL).
To note, p5csl showed same amounts of MDA of wild-type plants. Several studies reported a
fundamental role of P5CS1 as master regulator of stress-induced proline biosynthesis (Szabados and
Savouré, 2010). For example, knocking out P5CS1 gene leads to higher oxidative stress after NaCl
exposure (Székely et al., 2008). It is possible that p5csl line adopted different mechanisms to
tolerate stress, considering that P5CS1 is partially required for plant growth (Mattioli et al., 2008)

and 5-weeks old plant could already have activated alternative mechanisms.
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4.3.3 Proline accumulation under stress and amino acids levels

Proline is accumulated under several adverse conditions like after UV and heavy metals exposure or
osmotic, salt and oxidative stress (Saradhi et al., 1995; Yoshiba et al., 1999; Schat et al., 1997;
Choudhary et al., 2005; Székely et al., 2008; Shuang-Long et al., 2009). For this reason proline
accumulation can be assumed as an indication of proper response to stress. Therefore, proline
content was quantified in the attempt to connect the primary carbon metabolism to osmotic stress
response. All genotypes but p5cs1 accumulated proline in response to 150 mM mannitol (Figure
4.4). However, at 6.5 DAT gwd2, susl and spsa2 synthetized 44%, 52% and 57% of wild-type

proline content respectively.
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Figure 4.4 Proline accumulation under osmotic stress. Columns show mean * standard error (n= 3-4). Statistical analysis performed with
Student's t-test, * p < 0.05, ** p < 0.01. Plants harvested at 12 hours of light (12hL).

Proline accumulation, together with proline addition to growth medium, has been correlated with a
reduction in ROS levels and consequent oxidative damage in different organisms (Alia and
Mohanty, 1997; Mehta and Gaur, 1999; Che and Dickman, 2005; Krishnan et al., 2008; Wang et al.,
2009). Two hypothesis have been expressed to explain proline effect, proline can act as direct
scavenger of ROS or can stabilize ROS-scavenging enzymes under stress conditions, but the first is
still a matter of debate (Smirnioff and Cumber 1989; Rajendrakumar et al., 1994; Matysik et al.,
2002; Sharma and Dubey, 2005; Signorelli et al., 2013). In our case, lower proline positively
correlates with higher oxidative stress found in gwd2, sus1 and spsa2. On the other hand the same
correlation was not observed in p5cs1. It is attempting to speculate that adaptation to the absence of

P5CS1 gene could occur leading to a better response to oxidative stress. In fact, P5CS1 is also
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required during the development and, as already said in 3.3.2, given its absence compensatory
mechanisms could come into play (Mattioli et al., 2008).

Lower proline levels could reflect a general impairment in amino acid biosynthesis or in nitrogen
metabolism, to verify this possibility the amino acid pool was measured (Figure 4.5). Amino acids
concentration has been reported to increase in osmotic stress (Gzik, 1996; Thu Hoai et al., 2003;
Hummel et al., 2010), especially branched chain amino acids (Huang and Jander, 2017). Indeed
gwd2, spsa2 and p5cs1 showed an increase in amino acid content equal to wild type, suggesting that
amino acids metabolism is unaltered. Conversely susI had a reduction of 2.1-2.3 pg/mg FW starting
from 4.5 DAT. Considering the lower proline content (~15 nmol/ mg FW = 1,7 pg/mg FW), sus1
had a approximately 4 pg/mg FW less amino acids at 6.5 DAT, underlining a more complex

impairment in amino acids biosynthesis under stress.

mWT

Ogwd2
msusl
mspsal
Wp5esl

Amino Acids (pg/mg FW)

CTR 0.5DAT (12hL) 4,5DAT (12hL) 6.5DAT (12hL)

Figure 4.5 Amino acids accumulation under osmotic stress. Each column represent total amino acids amount except proline. Columns show
mean * standard error (n= 3-4). Statistical analysis performed with Student's t-test, * p < 0.05. Plants harvested at 12 hours of light (12hL).

4.3.4 Transitory starch at the end of the day

In the following set of experiments carbon metabolism has been monitored quantifying a series of
carbon compounds to highlight modification due to osmotic stress.

In the metabolic struggle to overcome stress, transitory starch mobilization is emerging as an
important factor (see section 1.5 Carbon fluxes under abiotic stress). Thus starch accumulation has
been assayed in Arabidopsis rosettes at the end of the day. All T-DNA lines had lower starch content
in control conditions (p<0.05), indeed wild-type plants had 10 mg/g FW while mutant lines have
around 5-6 mg/g FW. During the treatment the ratio between starch and FW did not significantly
change in wild-type, gwd2 and p5cs1 (Figure 4.6). Considering the decrease in water content along

the treatment for all genotypes and the consequent decrease in FW, constant starch/FW ratios
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pointed out that also leaf starch content is lowering along the treatment. Decrement of transitory
starch has been observed in several photosynthetic organisms in response to stress (Nagao et al.,
2005; Villadsen et al., 2005; Goyal, 2007; Zanella et al., 2016).

On the contrary the increased ratio in spsa2 (p<0.05) highlights the influence of the mutation on
starch metabolism, e.g. impaired starch breakdown or increased starch accumulation, probably due

to feedback mechanisms.
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Figure 4.6 Starch levels at the end of the day. Columns show mean + standard error (n = 3-10). Statistical analysis performed with Student's t-test
comparing treated and control samples of each genotype, * p < 0.05. Plants harvested at 12 hours of light (12hL).

4.3.5 Changing in soluble sugar levels

Sugars are central components of energetic and biosynthetic metabolism, but sugars can also be
accumulated contributing to the re-establishment of osmotic balance, protect macromolecules and
scavenge reactive species (Garg et al., 2002; Xu et al., 2007; Janska et al., 2009; Livingston et al.,
2009; Yuanyuan et al., 2009; Krasensky and Jonak, 2012; Hagemann and Pade, 2015; Pomerrenig
2018).

For their central role soluble sugars were assayed, moreover sugar content is particularly interesting
because SPSA2 and SUSI1 catalyze reactions inside sugar metabolism (Bieniawska et al., 2007;
Volkert et al., 2014). Assaying soluble sugars pointed out a significant reduction of soluble sugars in
leaves, passing from 45 pg/mg FW in wild-type to ~20 pg/mg FW in T-DNA lines (Figure 4.7a). In
this regard, lower starch content observed could be due to higher degradation stimulated by general
decrease of sugars for gwd2, susl, spsa2 and p5cs1, however the fate of carbon backbones is not
clear so far. Similar values are obtained for reducing sugars (Figure 4.7b), indicating that in the
current growth condition the main part of soluble sugar pool is constituted by reducing sugars.

Focusing on the two main hexoses of central metabolism, glucose resulted 40% and 70% lower than
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wild-type in gwd2 and in p5cs1 respectively. Whereas glucose in spsa2 was 30-36% less than wild-

type (Figure 4.8a).
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Figure 4.7 Soluble (a) and reducing (b) sugar accumulation under osmotic stress. Columns show mean * standard error (n= 3-7). Statistical
analysis performed with Student's t-test, * p < 0.05; ** p < 0.01; t p < 0.001. Plants harvested at 12 hours of light (12hL).

Fructose content had stronger decrease, reaching 33% of wild-type content both in gwd2 and sus1
and 18% in p5csl (Figure 4.8b). Interestingly gwd2 and p5csl glucose contents were constantly
impaired in CTR and treated samples, while in spsa2 the decrease occurs the last two days of
treatment. Similarly, gwd2, p5cs1 and even susl showed decreased fructose amounts through all the
experiment and spsa2 only at 4.5 and 6.5 DAT. It is relevant to highlight that reducing sugars
content in p5csl1 is similar to wild-type if glucose and fructose are subtracted, indicating that the

two hexoses were the unique sugars affected in p5cs1 line.
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Figure 4.8 Glucose (a) and fructose (b) levels under osmotic stress. Columns show mean * standard error (n= 3-6). Statistical analysis performed
with Student's t-test, * p < 0.05; ** p < 0.01;  p < 0.001. Plants harvested at 12 hours of light (12hL).

4.3.6 Carbohydrate content in the cell wall

The cell wall constitutes another pool of carbohydrates directly linked to central metabolism
through sugar nucleotides, in particular UDP-glucose. Indeed, glucose units forms cellulose, the
load-bearing polymer of the cell wall (Liepman et al., 2010). Cell wall rearrangements have been
reported to take part to adaptation to diverse abiotic and biotic stresses (Moore et al., 2008; Houston

et al., 2016), for this reason carbohydrates in cell wall were monitored during the treatment.
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Cell wall carbohydrates have no alteration if compared to wild-type (Figure 4.9), thus it is possible
to conclude that GWD2, SUS1, SPSA2 and P5CS1 have no influence on cell wall metabolism.
Despite SUS1 could potentially produce UDP-glucose and so be involved cellulose biosynthesis
(Coleman et al., 2009).

—
B
J

BwWT
mgwd2
msusl
mspsa2
Wp5csi

-
(5]
L

-
o
L

cell wall carbohydrates (pg/mg Fw)
o
L

CTR (12hL) 0.5 DAT (12hL}) 4.5 DAT (12hL) 6.5 DAT (12hL)

Figure 4.9 Carbohydrate content in the cell wall. Error bars show standard error (n= 3-5). Statistical analysis performed using Student's t-test
comparing treated and control samples of each genotype. Plants harvested at 12 hours of light (12hL).

4.3.7 Gene expression profile of GWD2, SUS1, SPSA2 and P5CS1

In the present study a parameter to identify enzymes of interest in the path from primary carbon to
proline has been the induction of expression under osmotic stress. As starting point, the expression
of genes of interest has been verified on eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi)
looking at reported expression during osmotic stress (300 mM mannitol) and drought (air stream).
Once gwd?2, susl, spsa2 emerged as interesting lines, the expression profile of corresponding genes
was followed along the treatment to verify the expression pattern in current growth conditions.
Quantitative Real Time PCR experiments on wild-type samples reported 5-fold increase of
expression for SPSA2 (Figure 5.10), confirming the similar trend of expression recently reported in
Solis-Guzman et al. (2017) under osmotic stress. P5CS1 induction varies from 12- to 20-fold,
reflecting the well-known behavior under osmotic and salt stress (Yoshiba et al., 1999; Székely et al
2008; Dai et al., 2018; Maghsoudi et al. 2018).

Differently SUSI and GWDZ2 expression slowly turned off during the treatment, although SUS1
expression is induced in Arabidopsis thaliana and Hordeum vulgare in response to several abiotic
stresses like cold, hypoxia and osmotic stress (250 mannitol; Baud et al., 2004; Barrero-Sicilia et

al., 2011).
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Figure 4.10 Relative gene expression during osmotic treatment. Expression levels of GWD2, SUS1, SPSA2 and P5CS1 in wild-type plants
exposed to osmotic stress and harvested at the end of the day (12hL). Error bars show standard error.

It should be taken into account that gene expression was monitored at the end of the light period and
gene expression could not be distributed uniformly during the day. In any case, considering only the
current data these results are apparently in contrast with the data collected so far, but two
interpretations can fit the actual data set. A first and simple interpretation could be a pleiotropic
effect of the two mutations. Lack of SUS1 and GWD?2 in the period before the treatment can
influence metabolic pathways and then the expression of other genes causing a higher susceptibility
to osmotic stress. The second hypothesis considers that both enzymes could be regulated at protein
level by post-transcriptional modifications more than at gene or transcript level. Indeed it is well
known that transcript levels do not necessarily correlates with protein abundance (Maier et al.,
2009; Vogel and Marcotte, 2012) and further mechanisms regulate protein expression. All sucrose
synthases are target of phosphorylation (see 1.9 Regulation of sucrose metabolism and phloem
transport), regulating protein activity and stability. Phosphorylation of SUS-1 clade enzymes from
Zea mays increase catalytic rate of sucrose-degrading reaction lowering the K,, (Nakai et al., 1998;
Takeda et al., 2017). Cysteines in SUS are target of different regulations, indeed Arabidopsis SUS1
is found glutathionylated in vivo when plants are fed with biotinylated glutathione (Dixon et al.,
2005). These data are in agreement with inhibition of sucrose-degrading activity of wheat germ
SUS by GSSG and oxidized thioredoxin (Pontis et al., 1981). In addition, soybean SUS is thiolated
by ENODA40, producing an inter-protein disulphide and stimulating sucrose-degrading activity
(Rohrig et al., 2004).

For GWD?2 is more difficult to speculate because it is poorly studied and no information are
available on its in vivo function and regulation. However, several studies focused on the chloroplast

homologous GWD1 for its importance in starch metabolism. GWD1 is a highly stable protein in
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vivo with a 1.93 days half-life (Skeffington et al., 2014). Furthermore, GWD1 activity is regulated
both by autophosphorylation (Reimann et al., 2004) and disulphide bond formation (Mikkelsen et
al., 2005).
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4.4 Discussion and concluding remarks

The current analysis aimed to discover enzymatic components involved in osmotic stress response
in the metabolic machinery of Arabidopsis thaliana. Globally a correlation was observed between
higher levels of oxidative stress and lower accumulation of proline and sugars in gwdZ2, susl and
spsa2 genotypes. Lower accumulation of sugar and proline could prevent the re-establishment of
osmotic potential leading to a weak adaptation to water deficiency. Reduced sugar concentrations
mean also diminished carbon availability, slowing or impairing the ability to cope with stress.
Furthermore diminished proline accumulation could overload photosynthetic electron transport
through the reduction of NADP" regeneration, decrease shoot-to-root transfer of reducing power for
root elongation, prevent the protective effect of proline on macromolecules (Rajendrakumar et al.,
1994; Sharma et al., 2005; Szabados et al., 2010; Sharma et al 2011; Signorelli et al., 2013). In this
regard it is interesting that blocking the main step of proline accumulation at P5CS1 level have
severe consequences on carbon metabolism. Indeed quantification of the primary carbon
compounds in p5cs1 highlighted a widespread impairment in starch and soluble sugars (Figure 4.5,
4.6 and 4.7).

Analyzing osmolytes amounts emerged that sugars are the main osmolyte in our set of experiments.
Indeed, considering wild-type plants at 6.5 DAT soluble sugars were 260 nmols/ mg FW, while just
32 nmols/ mg FW of proline were accumulated. These results suggest sugars as the main
determinant of osmotic potential under water deficiency whereas proline could affect stress
tolerance in other ways.

A general phenotype observed among genotypes is the decreased accumulation of reducing sugars
(~50%). GWD?2, SUS1 and SPSA2 should be involved in sugar metabolism, thus a direct effect on
carbohydrate pool could be hypothesized in gwd2, susl and spsa2 lines. Affecting glucose and
fructose levels slows down carbon flux through glycolysis, providing less pyruvate to tricarboxylic
acids cycle and so less precursors for glutamate production and consequent proline biosynthesis.
Understanding phenotype of gwd?2 is complicated by the fact that GWD2 function is still unknown,
but GWD?2 is able to phosphorylate glucans in vitro (Glaring et al., 2007) similarly to its plastidial
homologous GWD1, which is fundamental for glucose release from starch. If GWD2 was involved
in sugar mobilization from carbohydrate chains, which is its substrate in vivo remains unknown.
Among the different substrates phytoglicogen and soluble heteroglycans can be hypothesized
(Fettke et al., 2004; Malinova et al., 2011; Powell et al.,, 2014), as well as starch-like

macromolecules found by Glaring et al. (2007) in companion cells. According to this function,
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Pirone et al. (2017) suggested that GWD2 takes part of partitioning between soluble and insoluble
carbohydrates, which under osmotic stress should tend toward the soluble pool.

SUS enzymes are involved in sucrose degradation in sink tissues, particularly SUS1 expression has
been observed in vascular tissue of mature leaf in Arabidopsis and sink leaves and roots in rice and
maize (Duncan et al., 2006; Bieniawska et al., 2007; Hirose et al., 2008). However SUSI1 is not
essential for sucrose degradation under control conditions (Bieniawska et al., 2007), but its
activation upon osmotic stress can lead to higher sugar release in leaves and vascular tissues
contributing to restoring the osmotic balance and fueling stress response. Biochemical analysis on
SUS family in Arabidopsis reported the highest V.. and among the lowest K, for SUS1
(Bieniawska et al., 2007), ensuring fast sucrose degradation. When SUS1 is lacking, like in susl
line, it could be hypothesized that sucrose cannot be consumed in the rosette and is completely
exported to roots depleting sugars from shoot.

In the same way SPSA2 could be involved in sucrose production, which is then exported in vascular
tissues where it can be degraded or transferred to sink tissues. Data from spsa2 are controversial
due to both slight but significant accumulation of leaf starch and decrease in glucose and fructose
(Figure 4.5 and 4.7). Anyway the increase in transitory starch is too low to be responsible for sugar
decrease. In sps T-DNA lines starch content can increase due to accumulation of degradation
products caused by impaired sucrose biosynthesis (Volkert et al., 2014), but contrary hexoses are
not accumulated in spsa2. Strand et al. (2000) observed a similar decrease in glucose, fructose and
soluble carbohydrates content but also reduced starch levels when SPSA1, one of the two main
isoforms in Arabidopsis leaves, is silenced. Based on further experimental evidences, Strand and
colleagues proposed an alternative way to bypass SPS reaction and avoid metabolic block via PP;
degradation and stimulation of UDP-glucose production. UDP-glucose can be consumed as
alternative substrate for sucrose production. Taken all together, these data and observations
underline the complexity and plasticity of primary carbon metabolism.

For what concerns p5cs1 knock-out, it is possible to speculate that the effect on sugar metabolism is
indirect. Since proline accumulation is impaired, sugars provided for proline biosynthesis lead to
the accumulation of precursors, which have not been assayed in the present set of experiments.
Taking into account the different compounds and pools assayed in the present study, it is important
to notice that a general decrease in carbon content is found. Lower carbon can be simply caused by
accumulation of other molecules that have not been quantified, for example organic acids from
tricarboxylic acids cycle (Hummel et al., 2010) or lipids (Yang et al., 2018), but also alternative
explanations are possible. Higher respiration rates under osmotic stress, when carbon fixation is

reduced, can lead to diminished carbohydrates levels. On the other hand, sugar levels can be
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directly decreased by lower carbon fixation rates. Alternatively, higher sugar export to the root, or
increased root elongation, can deplete carbon from the shoot. All these factors are important and
should be evaluated to guess the function of GWD2, SUS1, SPSA2 and P5CS1 and have a proper

understanding of plant strategies to tolerate water deficiency.
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4.5 Addendum

4.5.1 Selection of homozygous T-DNA lines

Plants carrying T-DNA insertions on A/N-INVB (Acid/Neutral Invertase B), A/N-INVC
(Acid/Neutral Invertase C), APL4 (AGPase Large subunit 4) and SUS3 (Sucrose Synthase 3) lines
were screened for homozygous T-DNA insertion using the same procedure described in 5.2.2 with

the following specific primers (Figure 4.11):

A/N-INVB Fd 5'-CATGGCTTAAAGGGTTTAGGC-3'
Rv 5'-GAGACTCAAATCCAGGCTGTG-3'

A/N-INVC Fd 5-AAACTAACGGAACTGGCAAGG-3'
Rv 5'-TGATTCCGATTCCATTAGCTG-3'

APL4 Fd 5'-CGAATTAGGACCTCAAGGGTC-3'
Rv 5'-GTGATCTCTTATGGCTGCAGG-3'

SUS3 Fd 5-TTGGAGACCAGCGTCTGATAC-3'
Rv 5'-ATCGATGTGTTTGATCCGAAG-3'

an-invb an-invc api4  sus3

L gHA L oA L gMa L oA

5

am
N

Figure 4.11 PCR products for selection of homozygous insertion. In the left lane the DNA ladder (L) and in the right lane the genomic DNA
sample amplified by PCR (gDNA). Single PCR product between 550 bp and 800 bp reveals homozygous T-DNA insertion in the respective gene.
The 1000 bp band in the ladder is marked with *.

4.5.2 Oxidative stress levels in T-DNA lines
Lipid peroxidation has been measured to assay oxidative stress in an-invb, an-invc, apl4 and

sus3 T-DNA lines (Figure 4.12). All these genotypes did not show any significant difference
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of MDA content if compared to wild-type plants, suggesting that lack of the corresponding

enzymes did not alter the response to osmotic stress.
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Figure 4.12 Oxidative stress levels under osmotic treatment. Oxidative levels are expressed as lipid peroxiodation product malonedialdehyde
(nmol MDA/ g FW). Columns show mean # standard error (n= 3). Plants harvested at 12 hours of light (12hL).
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5. The analysis of the different functions of starch-phosphorylating enzymes
during the development of Arabidopsis thaliana plants discloses an unexpected

role for the cytosolic isoform GWD2

The following chapter has been published in Physiologia Plantarum 160: 447-457 (2017) and it is available at
https://doi.org/10.1111/ppl.12564.
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tetrazolium chloride.

5.1 Abstract

The genome of Arabidopsis thaliana encodes three glucan, water dikinases. Glucan, water dikinase
1 (GWD1; EC 2.7.9.4) and phosphoglucan, water dikinase (PWD; EC 2.7.9.5) are chloroplastic
enzymes, while glucan, water dikinase 2 (GWD2) is cytosolic. Both GWDs and PWD catalyze the
addition of phosphate groups to amylopectin chains at the surface of starch granules, changing its
physicochemical properties. As a result, GWD1 and PWD have a positive effect on transitory starch
degradation at night. Because of its cytosolic localization, GWD2 does not have the same effect.
Single T-DNA mutants of either GWD1 or PWD or GWD2 have been analyzed during the entire
life cycle of A. thaliana. We report that the three dikinases are all important for proper seed
development. Seeds from gwd2 mutants are shrunken, with the epidermal cells of the seed coat
irregularly shaped. Moreover, gwd?2 seeds contain a lower lipid to protein ratio and are impaired in
germination. Similar seed phenotypes were observed in pwd and gwdl mutants, except for the
normal morphology of epidermal cells in gwd1 seed coats. The gwd1, pwd and gwd2 mutants were
also very similar in growth and flowering time when grown under continuous light and all three
behaved differently from wild-type plants. Besides pinpointing a novel role of GWD2 and PWD in
seed development, this analysis suggests that the phenotypic features of the dikinase mutants in A.

thaliana cannot be explained solely in terms of defects in leaf starch degradation at night.
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5.2 Introduction

Starch is a polymer of D-glucose that plants accumulate in nearly all organs, where it is synthesized
inside plastids by the coordinated action of several enzymes. Different types of starch are found in
plants: transitory starch in autotrophic tissues and storage starch in heterotrophic tissues. Starch
biosynthesis is directly connected to the Calvin—Benson cycle in chloroplasts of photosynthetic
tissues, whereas in plastids of heterotrophic tissues, starch biosynthesis relies on the cellular uptake
of soluble sugars synthesized in other cells. The morphology of starch granules can vary
significantly according to plant species (from spherical and discoidal in barley, to polyhedral in
rice), but starch granules are invariably composed of two types of polymers: amylose and
amylopectin (Buléon et al., 1998; Wani et al., 2012; Sparla et al., 2014). Amylose is an essentially
linear polymer of several thousand D-glucose units linked by a-1,4-glucosidic bonds. Amylopectin
is a highly branched polymer of D-glucose with a-1,6-glucosidic bonds stemming every 20-25
glucose units. Amylopectin accounts for about 70-90% of starch weight depending on the species
(Ong et al.,, 1994; Roger and Colonna, 1996). Independently from morphology, amylose to
amylopectin ratio and localization within the plant, starch granules are recalcitrant to degradation.
The turnover of starch granules is determined by the ratio between the rates of starch synthesis and
starch degradation. Two main pathways of starch degradation are known to occur in plants, one is
based on the endoamylolytic activity of a-amylases, the other on the exoamylolytic activity of (3-
amylases. In both cases starch needs to be previously phosphorylated in order to increase the
accessibility of the granule surface to amylolytic enzymes (Blennow et al., 2000; Edner et al., 2007;
Santelia et al., 2015). Dephosphorylation of phosphorylated amylopectin is also required to let
amylases proceed freely in the depolymerization of the destabilized glucan chains (Kotting et al.
2009; Santelia et al. 2011). In short-term starch depositories, such as the transitory starch
synthesized during the day in chloroplasts, starch phosphoesterification occurs at the hydroxyl
groups of C-3 and C-6 of glucose monomers of amylopectin (Blennow et al., 2002).
Phosphorylation at C-3 or C-6 has considerably different effects. C-6 bound phosphates have
limited effects on starch granule crystallinity, whereas the C-3 modification significantly changes
the packing of the double helices (O’Sullivan and Perez, 1999; Blennow et al., 2002). Glucan, water
dikinase (GWD) and phosphoglucan, water dikinase (PWD) catalyze the formation of the glucosyl-
phosphate esters by a dikinase mechanism in which the -phosphate group of ATP is transferred to
starch while the y-phosphate group is transferred to water (for a deep characterization of the
catalytic mechanism of GWD, see Hejazi et al., 2012). While GWDs phosphorylates the C-6 posi-
tions (Ritte et al.,, 2002), PWD transfers a phosphoryl residue to the C-3 position of a pre-
phosphorylated amylopectin chain (Baunsgaard et al., 2005; Kétting et al., 2005). In Arabidopsis
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thaliana, GWD1, GWD2 and PWD form a small protein family. GWD1 and PWD are localized in
the chloroplast stroma (Ritte et al., 2000; Baunsgaard et al., 2005) whereas GWD2 is a cytosolic
enzyme mainly expressed in the companion cells of the phloem in an age-dependent manner
(Glaring et al., 2007). Strong experimental evidence supports the essential role of GWD1 and PWD
in leaf starch degradation. Plants lacking GWD1 are unable to degrade leaf starch even after a
prolonged dark period (Lorberth et al., 1998), and are characterized by a strong starch excess (sex)
phenotype. A less severe sex phenotype is typically associated to pwd mutants (Baunsgaard et al.,
2005; Kotting et al., 2005). In agreement with the extra-plastidial localization of GWD2, the lack of
GWD2 gene does not cause the leaf-associated sex phenotype and the mutant appears
indistinguishable from the wild-type (Glaring et al., 2007). It might be noted that GWD?2 is not the
only extra-plastidial enzyme that catalyzes a starch-related reaction. f-Amylase-5 (BAMS5) is an
active B-amylase and is cytosolic as well (Lin et al., 1988; Caspar et al. 1989). Similar to GWD?2,
BAMS is also mainly associated to phloem tissues (Wang et al., 1995) and similar to gwd2, bam5
mutants are also identical to wild-type plants (Laby et al., 2001; Monroe et al., 2014).

Several studies have been conducted on plants with altered expression of genes involved in starch
metabolism (for a recent review see Lloyd and Kossmann, 2015; Mahlow et al., 2016). Much
attention has been paid to severe phenotypes, as those of starch-less mutants (e.g. pgm) or starch-
excess mutants (e.g. sexl). Less attention has been paid to mutations resulting in less severe
phenotypes and most studies covered single developmental stages or specific organs. The aim of the
present study is to analyze different phenotypic traits in single mutants of GWD1 (At1g10760),
GWD?2 (At4g24450) and PWD (At5g26570) during the entire life cycle and in different organs of
A. thaliana. Although gwd1 mutants have been thoroughly characterized already, pwd mutants are
less characterized and almost nothing is known about gwd2 mutants. Our systematic study of the
three GWDs of A. thaliana demonstrates that cytosolic GWD2, and in part also plastidic PWD, play

unexpected roles in proper seed development.
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5.3 Materials and methods

5.3.1 Genotype analysis
T-DNA lines were searched for insertions in Atlgl10760 (SAIL_165_B11), At4g24450

(SALK_152327C; SALK_080260C already used in Glaring et al.,, 2007) and At5g26570
(SALK_110814 already used in Baunsgaard et al., 2005) genes. Stock seeds were purchased from
the European Arabidopsis Stock Centre (NASC, Nottingham, UK; Table 6.1, Supporting
information). Homozygous lines were selected by two independent polymerase chain reaction
(PCR) amplifications on genomic DNA extracted from three to five leaves of T3 plants. One PCR
reaction was performed utilizing a pair of primers both specific for the gene under study, while a
second PCR reaction was performed utilizing a gene-specific primer and a T-DNA left border

primer (Table 5.1).

Gene NASC code Mutant 'LP (5’-3’) RP (5°-3) LB (5°-3°)
Atlgl0760 SAIL_165 B11  gwdl CTGTTCTTGACAGAAGCCGAC CAAAGAAATACTTGGAGGGGC GCCTTTTCAGAAATGGATAAAT
- AGCCTTGCTTCC

At5g26570 SALK_110814 pwd ~ GCTAGGGTAGCCACCGTAAAG TCCGATATGTCCTTTTTCTGG — GCGTGGACCGCTTGCTGCAACT
At4g24450 SALK_152327C gwd2A AGACTCCTCCGTAGAAGCACC GAAACTGGCGTTCTCAGATTG GCGTGGACCGCTTGCTGCAACT

At4g24450 SALK_080260C gwd2B CAAATGTTCCGAATGGAAGAG AGGTTATAAGAGCAGGGCCAG  GCGTGGACCGCTTGCTGCAACT

Table 5.1 Index of Arabidopsis thaliana T-DNA mutants under study. Homozygous lines were identified through two independent PCR reactions
performed on genomic DNA. Utilized pairs of primers were LP+RP and LB+RP. 'LP: gene specific, left border primer “RP: gene specific, right border

primer *LB: T-DNA specific, left border primer.
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Figure 5.1 Selection of homozygous line by PCR analyses. PCR analyses were performed with 400 ng of DNA extracted from 30-day-old plants.
Homozygous lines were selected using specific primers and 35 amplification cycles. Exclusively in homozygous lines, the pairs of primers LB+RP
is expected to amplify a band of known length (typically around 300 bp) while on the same genome the pair LP+RP is expected unable to amplify.

Representative results are reported.

PCR amplifications were performed on a Biometra T-gradient thermocycler under the following
conditions: (1) 5 min at 94 °C, (2) 35 cycles of 30 s at 93 °C, 30 s at 58 °C and 1 min at 72 °C. PCR
products were separated on 0.8% 40 mM Tris-acetate, 10 mM EDTA, pH 8.0 (TAE)-agarose gel and

visualized with ethidium bromide (Figure 5.1). A total of 20—40 plants were analyzed for each T-

118



DNA line. Seeds were collected only from homozygous lines. All experiments were carried out on

the T4 generation.

5.3.2 Plant growth conditions

Wild-type and T-DNA A. thaliana plants (ecotype Columbia) were grown on soil or on half-strength
Murashige—Skoog medium (MS-agar medium; Micropoli, Milan, Italy), in a growth chamber at 22
°C either at a light intensity of 110 pmol photon m —2 s —1 for 12 h day —1 or at a light intensity of
60 pmol photon m -2 s —1 for 24 h day —1 . Seeds grown in 1/2 MS-agar medium were sterilized
with chlorine fumes for 5 h, and then transferred onto square Petri dishes. Cold stratification of
about 4 days in the dark was applied. All experiments were conducted starting from seeds collected
from mother plants grown at the same time and under the same conditions. Once collected, dry

seeds were stored at 4 °C. All experiments were performed on seeds of the same age.

5.3.3 Phenotypic characterization

Leaves starch content was quantified from entire rosettes of 31- to 35-day-old plants and measured
as described in Smith and Zeeman (2006). Starch quantification was performed at 12 h light and 12
h dark on four independent biological replicas. The percentage of germination was calculated by
counting the seeds with radical protrusion 72 h after sowing. Permeability of the seed coat was
tested through 2,3,5-triphenyl-tetrazolium chloride (TZ) assay as described in Wharton (1955).
Briefly, following 15 min of incubation in aqueous solution of 20% (v/v) commercial bleach and
0.1% (v/v) Triton X-100, intact seeds were incubated in a 1% (w/v) aqueous solution of TZ (Sigma-
Aldrich, Milan, Ttaly) at 30 °C in darkness for 48 h. Following incubation, seeds were rinsed with
water and observed under a stereomicroscope (Nikon SMZ1000; Nikon, Firenze, Italy).
Quantification of formazan was performed in triplicate, on pools of about 200 seeds that had been
incubated for 48 h in 1% TZ aqueous solution in darkness at 30 °C. Following incubation, the
supernatant was removed and the seeds were ground with a pestle in 200 pl of ethanol. The
absorbance at 485 nm was measured in a Nanodrop (Thermo Scientific,c Monza, Italy)
spectrophotometer on the supernatants obtained after 3 min centrifugation at 15,000 g of the
smashed seeds. The absorbance was normalized for the seeds weight and the absorbance of boiled
seeds was used as a blank. Detection of mucilage was performed incubating approximately 250
seeds at room temperature for 15 min in an aqueous solution of 0.03% (w/v) ruthenium red. Seeds
were rinsed with water before observation under a stereomicroscope (Nikon SMZ1000). The rate of
primary root elongation was evaluated measuring the root length at regular intervals between 2 and

7 days of growth. The flowering time was defined as the time required by the primary inflorescence
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to reach a height of 10 cm. The number of rosette leaves was taken at the flowering time. The
number of flowers, siliques and seeds pertain to the primary inflorescence only. The seeds density
was evaluated by counting seeds able to cross 100, 80 or 70% glycerol cushions after 15 min

centrifugation at 15,000 g.

5.3.4 Scanning electron microscopy

Samples were dry mounted on stubs using carbon tape and subsequently coated with a 10 nm gold
layer in a QR150R sputter system (Quorum Technologies, East Sussex, UK). Images were collected
using a SEM-FEG Hitachi S4000 Scanning Electron Microscope (Vex = 20 keV; i = pA; Hitachi,
Tokyo, Japan).

5.3.5 Quantification of starch, protein and lipids in seeds

For the quantification of seed proteins and seed starch content, about 30 mg of air-dried seeds were
homogenized in a mortar at room temperature in the presence of three volumes of extraction buffer
[50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), 5 mM MgCl 2, pH 7.5,
1% Triton X-100, 15% glycerol, 2% Sodium dodecyl sulfate (SDS), 1 mM according to the
manufacturer’s instructions. Pellets were washed once with 80% ethanol, three times with water and
starch was quantified as described in Smith and Zeeman (2006). Total lipid quantification was
performed gravimetrically as described in Wingenter et al. (2010) on 100 mg of mature and air-
dried seeds for each genotype. The fatty acids composition of the lipid fraction was determined by
means of base-catalyzed derivatization and gas chromatography-mass spectrometry (GC-MS)

analysis as described in Torri et al. (2011).
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5.4 Results

5.4.1 Isolation of homozygous T-DNA lines and leaf starch quantification

Selection of homozygous lines with T-DNA insertions in GWDI1, PWD and GWDZ2 coding
sequences were carried out by PCR experiments on genomic DNA. Two PCR amplifications with T-
DNA and gene-specific primers were performed (Table 5.1 and Figure 5.1). Only for GWD2, two
independent T-DNA mutants were selected and named gwd2A and gwdZ2B.

Previously described sex phenotypes were confirmed by quantification of leaf starch concentration,
measured at the end of the day and at the end of the night (Figure 5.2). As expected, starch content
in gwd1 was considerably higher than in wild-type plants both at 12 h light and 12 h dark (Yu et al.
2001). A weaker sex phenotype was observed in pwd mutant (Baunsgaard et al., 2005; Kotting et
al., 2005), whereas in gwd2 mutants starch concentration was not statistically different from that of

the wild-type plants (Glaring et al., 2007; Figure 6.2).
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Figure 5.2 Transitory starch content measured at the end of the light (12 h Light) and at the end of the dark (12 h Dark) period in wild-type
and mutant plants. Starch was extracted from entire rosette leaves of 31- to 35-day-old plants. Data are means + SE (n = 4).

Leaves starch wild-type gwd2B
12h L (pmol Glueg g FW?') 409 +4.7 43.0 + 8.8
12 h D (umol Glu,, g FW')  2.3+1.8 6.8 +3.9

Table 5.2 Transitory starch content measured at the end of the light (12 h Light) and at the end of the dark (12 h Dark) period in gwd2B
plants. Starch was extracted from entire rosette leaves of 31- to 35-day-old plants. Data are means + SE (n = 4).

5.4.2 Seeds shape and composition

The effect of the T-DNA insertions was first evaluated on seeds. The 100-seed weight was not
statistically different among lines (Table 5.3). Seed shape was analyzed by measuring the length and

width of mature seeds (Table 5.3, Figure 5.3). Seeds belonging to mutant genotypes were all
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reduced in length in respect to wild-type seeds. Width was reduced in gwd1 and pwd seeds but not

in gwd2.
Seed dimension Seed composition
* Weight Length Width Lipids Proteins Starch
(mg) (um) (um) (g seed”) (ng seed”) (ng seed")
wild-type  2.04 £ 0.07 511+3.2 296 + 1.7 4.70 + 0.07 10.15 + 1.05 5.06 + 1.66
gwdl 1.94+0.04 481 +£39%F 284+1.9** 3.36+0.22%* 7.99 +£0.26 434 + 148**
pwd 1.80£0.06 488 +3.7%* 286+ 1.7** 3.00 +0.29** 7.89+0.13 11.58 £ 7.29
gwd2A 1.82+0.06 483 £ 4.5%* 296 +1.9  3.40 + 0.08** 8.35+0.65 7.14+0.89
gwd2B 2.17+£0.10 474 £ 4.3** 291+24 4.05 £ 0.14* 9.47 £0.43 8.68 £ 5.46

Table 56.3 Characterization of air-dried mature seeds collected from wild-type and mutant plants. Depending from the genotype, 31-52 pools
composed by 100 seeds each were used to calculate seed weights. Seeds length and width were measured on 103-151 seeds (depending from the
genotype) collected from 10 single plants; values are means + SE. Lipids, proteins and starch were quantified from mature seeds of wild-type and
mutated lines; values are means + SD (n = 3). Statistical analyses were performed using Student’s t-test. **P < 0.01. *Weight of seeds is referred to
100 seeds.

Figure 5.3 Appearance of wild-type and T-DNA mutants seeds. Batches of mature dry seeds were microscopic observed. Scale bar: 500 pm.

The very fact that mutant and wild-type seeds were similar in weight but different in size, suggests a
difference in density that was further investigated by centrifugation of seeds on a step gradient of
glycerol. Seeds of all mutants were confirmed to be denser than wild-type seeds (Table 5.4). In
order to assess whether seed density depends on seed composition, the content of lipids, proteins
and starch was evaluated (Table 5.3).

In comparison to wild-type seeds, lipid content (the lightest component of seeds) was statistically
lower in all mutants, although no difference in fatty acid composition was observed (Figure 5.4). No
statistical differences were observed in the protein content, hence the typical protein to lipid ratio of
wild-type seeds (2.2) was slightly higher in mutants (between 2.4 and 2.6). This was apparently the
reason for the difference in seed density. Starch is only a minor component of A. thaliana mature
seeds (protein to starch ratio ~2,000) and differences in starch content could hardly affect seed
density. Nevertheless, it is remarkable that gwd1 seeds contained 90-fold more starch than wild type

seeds, while starch levels in pwd and gwd?2 seeds were similar to wild-type (Table 5.3).
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In sum, all three dikinase mutants make seeds that are slightly smaller and slightly denser than wild-
type seeds because of their higher protein to lipid ratio, but only gwd1 seeds compensate, although

partially, the decrease of lipids with much more starch.
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Figure 5.4 Fatty acid composition of Arabidopsis thaliana seeds lipid fraction of wild-type and mutant lines.

Glycerol level
100% 80% 70%
wild-type 0% 0.8% 6.7%
gwdl 32.2% - -
pwd - 84.4% -
gwd2A 45.7%
gwd2B 42.2%

Table 5.4 Density of wild-type and mutated seeds evaluated by glycerol cushions. The seeds density was evaluated by counting seeds able to cross
il[l)gl'(:/io(’)ni[.)% or 70% glycerol cushions after 15 min centrifugation at 15,000 g. Data are expressed as percentage of the seeds able to cross the glycerol
5.4.3 Seed morphology and permeability

Scanning electron microscopy was used to investigate the morphology of whole seeds and seed coat
details. Wild-type seed coats showed a regular morphology, characterized by the typical hexagonal
epidermal cells with a volcano-shaped central columella. The same pattern was also observed in
gwdl (Figure 5.5). On the contrary both pwd and gwd2 seeds showed thin walled epidermal cells
with a less clear hexagonal profile and irregularly shaped columella (Figure 5.5). In order to assess
whether altered seed coats might affect seed permeability, a TZ assay was performed. This assay is
based on the uptake of TZ by living cells and its subsequent reduction to formazan, a purple and
non-diffusible salt. As shown in Figure 5.6, the uptake of TZ salt was much higher in pwd seeds and
slightly increased in gwd2, as compared with gwdl and wild-type seeds. A correlation between
altered seed coats and the increased permeability was therefore observed. Upon seed hydration,

Arabidopsis epidermal cells release gelatinous material forming a mucilage capsule. Mucilage is
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rich in pectin polymers, and relatively poor in cellulose and xyloglucan (North et al., 2014;
Voiniciuc et al., 2015). Ruthenium red staining highlights the pectinaceous nature of the mucilage
capsule. Upon ruthenium red staining (Figure 5.6) wild-type and gwd2 mutants revealed the typical
pink-stained capsule, with no macroscopic differences between the two genotypes. On the contrary,
the mucilage capsules of gwdl and pwd mutants were less bright, suggesting a different mucilage

composition (Voiniciuc et al., 2015).
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Figure 5.6 Ruthenium red and TZ staining of wild-type and mutant seeds. Measurements of absorbance at 485 nm, corresponding to the
concentration of farmazans are renarted in hrackets as mA mo™ af ceeds

124



5.4.4 Seed viability and primary root growth

Seed viability was measured as the percentage of seeds showing the radical protrusion 72 h after
sowing. The percentage of germination was statistically reduced in pwd and gwd?2, but not in (Table
5.5), suggesting that the differences observed in the epidermal cells morphology and seed
permeability in these two lines could inhibit germination. The rate of primary root elongation during
the linear growth phase (between days 2 and 7) was much lower in all mutants in respect to wild-
type (Table 5.5), pinpointing a positive correlation between lipid content of seeds and root growth
during seedlings development (Table 5.5). Root growth was particularly inhibited in gwdl
seedlings, possibly because of the strong inhibition of transitory starch degradation that is
associated to this mutation. As the seedlings grow and acquire photosynthetic capacity, it is likely
that the inability to mobilize starch synthesized in green cotyledons may further contribute to root

growth inhibition.

Germination (%) Growth rate of primary root (um h)

wild-type 99.0+ 0.2 175+ 2

gwdl 97.9+1.5 76 + 1%*
pwd 89.5 £ 4.9%* 94 £ 3*+*
gwd2A 93.6 £ 3.1%* 94 £ 3*+*
gwd2B 91.7 £ 7.2%* 105 + 3%*

Table 5.5 Seed viability and rate of primary root elongation. The percentage of germination was evaluated scoring the number of germinated
seeds in respect to the number of sowed seeds. Four independent biological replicas, each of which composed by 30 mutant and 30 wild-type seeds
sown on the same %MS-agar plate, were scored. Data are means + SE. Primary root elongation was obtained fitting data within the linear range of
growth rate. Data are means * SE of single seedlings (n = 49 ~ 100). Statistical analyses were performed using Student’s t-test. **P < 0.01.

5.4.5 Transition from vegetative to reproductive growth and plant fitness

The effect of mutations on the transition from vegetative to reproductive growth was evaluated by
measuring the days required to reach flowering, assessed when the primary inflorescence was 10
cm tall. Wild-type plants and pwd and gwd2 mutants reached the flowering time in about 70 days
(Table 5.6), whereas more than 100 days were required by gwd1. Once they reached flowering time,
rosette leaves were counted (Table 5.6). Consistent with the prolonged vegetative phase, an
increased number of rosette leaves was counted in gwdl mutant, while pwd and gwd2A showed a
small but statistically significant decrease (Table 5.6). Flowers, siliques and seeds of the primary
inflorescence were counted in all four genotypes. Compared with wild-type, flowers, siliques and
total seed production were reduced in both pwd and gwd2 (Table 5.6). Interestingly, the gwd1
mutant, characterized by the most severe sex phenotype, did not show a reduced number of flowers

and siliques. And the reduction in seed production was less pronounced than in both pwd and
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gwd2A mutants (—20% in gwd1 vs approximately —40% in pwd and gwd2A; Table 5.6). Fitness was

therefore decreased in all mutants, apparently with no correlation with the severity of the sex

phenotype.
Flowering time | Rosette leaf Flower Silique Seed
(day) (number)
wild-type  69.6 +2.3 21.7+£0.8 344+14 25.7+1.1 596 + 30
gwdl 106.4 + 2.3** 27.0 £ 0.6%* 328+1.1 27.2+0.9 477 + 25%*
pwd 70.7+£2.4 18.9 £ 0.6** 229+ 1.6% 145+ 0.8%* 349 + 25**
gwd2A 72622 19.5 + 0.5* 246+ 1.4% 16.1+0.8** 397 £ 23**
gwd2B 66.7 + 2.2 20.7 £ 0.5 28.3+1.4*% 17.0+0.9%* 355 + 24**

Table 6.6 Time of flowering and number of rosette leaves, flowers, siliques and seeds in wild-type and mutated lines. Plants were grown under
12 h light/ 12 h dark cycle. Time of flowering is defined by the length (10 cm) of the primary inflorescence (n = 60). The number of rosette leaves
was assayed at the flowering time (n = 60). Flowers, siliques and seeds number pertain to the primary inflorescence (n = 80). Data are means + SE.
Statistical analyses were performed using Student’s t-test. **P < 0.01; *P < 0.05.

5.4.6 Rescue by light

Some of the above-mentioned phenotypic traits were also analyzed in plants grown under
continuous low light intensity. The purpose of this experiment was to provide conditions in which
the energy restriction that mutants unable to correctly degrade starch during the night necessarily
experience, might be released. Exposure to continuous light conferred similar phenotypic traits to
all mutants, clearly different from those of wild-type plants (Table 5.7). The rate of primary root
elongation was approximately 70% of the wild-type rate, instead of 40—-50% as observed under 12 h
light cycle (Table 5.5). The time required to reach the transition to the reproductive phase was about
1 week delayed in all mutants compared with the wild-type, and the number of rosette leaves was
about 40% greater in all mutants than in wild-type plants (Table5.7). The appearance of identical
phenotypic traits in all mutants strongly supports the view that transitory starch degradation is not
exclusively restricted to the dark period (Valerio et al., 2011; Hejazi et al., 2014; Zanella et al.,
2016) and that all three GWDs are required for the proper mobilization of sugars, although to

different extent when plants are grown under a normal light/dark cycle.

Growth rate of primary root Flowering time Rosette leaf

(um h!) (day) (number)
wild-type 164 £ 2 48.5+ 1.2 8.3+0.2
gwdl 111 + 6** 54.7 £ 1.4** 11.0 £ 0.3**
pwd 119 £ 6%* 54.6 £ 1.0** 11.8 + 0.3%*
gwd2A 114 + 6%* 52.8 £ 0.9** 11.8 + 0.4**
gwd2B 114 + 5%* 58.8 £ 1.3** 12.1 £ 0.5**

Table 5.7 Rescue by light. Effects of the continuous low intensity light (60 pmol photon m™? s™) on the rate of primary
elongation (n = 30) and on the transition from vegetative to reproductive stage (n = 50). Data are means + SE.

Statistical analyses were performed using Student’s t-test. **P < 0.01.
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5.5 Discussion

In this study, single A. thaliana mutants lacking each of the three GWDs encoded by the
Arabidopsis genome were phenotypically analyzed in parallel. The aim was to describe the
morphological effects caused by such mutations during the entire life cycle of Arabidopsis plants.
The plastidic glucan, water dikinase isoforms, GWD1 and PWD, are important enzymes of starch
metabolism. The third isoform, GWD?2, catalyzes the same reaction of GWDI1, but based on its
extra-plastidial localization and low expression in leaves it was shown to play no role in transient
starch metabolism, in Arabidopsis at least (Glaring et al., 2007). On the other hand, the evolutionary
origin of starch metabolism may explain the existence of a starch-modifying enzyme in the cytosol
of higher plants. Starch metabolism, in fact, has been acquired by plants following the
endosymbiotic event that led to the evolution of modern plastids (Deschamps et al., 2008a;
Comparot-Moss and Denyer, 2009; Li et al., 2012). Although the capacity to synthesize starch was a
feature of the ancestor prokaryotic symbiont, phylogenetic analyses suggest that genes for starch
metabolism were initially transferred to the nucleus of the host cell and only subsequently starch
metabolism was relocated into the newly formed plastid (Deschamps et al., 2008b; 2008c). As a
result, starch metabolism of present-day plants occurs almost exclusively in plastids, but some
enzymes known to catalyze starch-related reactions are (still) located in the cytosol. These include
GWD2, but also the isoform BAMS5 of the family of $-amylases in Arabidopsis (Lin et al., 1988;
Glaring et al., 2007). In the search of a physiological role for GWD2, gwd2 mutants were thus
included in our phenotypic analysis.

Because of the strong sex phenotype associated to the GWD1 mutation, gwdl mutants have been
deeply investigated. The role of GWD1 on nocturnal mobilization of transitory starch is well
established (for a recent review see Lloyd and Kossmann, 2015; Mahlow et al., 2016) and the
knowledge acquired from the model plant Arabidopsis has been already transferred to some crops
(Carciofi et al., 2011; Ral et al., 2012; Weise et al., 2012; Hirose et al., 2013), in some cases with
unexpected results. In wheat, for instance, the endosperm-specific inhibition of GWD homologs by
RNA interference (RNAI) caused the increase in vegetative biomass and grain yield compared with
wild-type plants (Ral et al., 2012; Bowerman et al., 2016). Moreover, the very fact that GWD1-
dependent transitory starch phosphorylation occurs also in the light (Hejazi et al., 2014; Skeffington
et al., 2014) forced some authors to suggest that GWD1 exerts little control on starch degradation.
In fact, a 70% reduction of GWD1 levels did not inhibit starch degradation in Arabidopsis leaves at
night (Skeffington et al., 2014). Our results add further complexity to the general picture. Here we

show that gwd1 mutants have several phenotypic traits that distinguish them from wild-type plants:
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fewer, smaller and denser seeds with less lipids and more starch, slower-growing primary root,
delayed flowering time and increased vegetative growth (more rosette leaves). Many of these traits
were already described in the literature and generally interpreted as the result of night-time
starvation. In fact, these plants cannot mobilize the transitory starch properly to sustain the
heterotrophic metabolism (Yu et al., 2001; Andriotis et al., 2012). According to this view,
continuous light should revert the phenotypic traits of gwdl. We indeed observed a (partial)
reversion of primary root growth inhibition and delayed flowering time in gwd1 plants grown in
continuous light but we also observed that gwdl, pwd and gwd2 behaved the same under these
conditions, and all were different from wild-type plants. Provided that GWD2 should not be
involved in transitory starch mobilization, trying to explain these results exclusively in terms of
energy starvation appears reductive. A complex integration of energetic signals (e.g. the ratio
between starch and soluble sugars) (Lastdrager et al., 2014; Ruan, 2014) with hormonal signals
appears a more reasonable hypothesis that could explain the different development of wild-type
plants vs mutants of GWDs (Li et al., 2014; Ljung et al., 2015).

In comparison to gwdl, less is known about mutants pwd and gwd2 (Mahlow et al. 2016). This is
especially true for gwd2, presumably because of the lack of sex phenotype associated to leaves of
this mutant (Glaring et al., 2007). However, pwd and gwd2 showed several common phenotypic
traits regarding the seeds: fewer, smaller and denser seeds containing less lipids but normal levels of
protein and starch. Moreover, the percentage of germination in pwd and gwd2 was statistically
reduced in comparison to wild-type and gwdl mutants, a phenotypic treat that correlates with the
altered morphology of seeds (shrunken seeds, particularly in gwd?2), the altered morphology of seed
coat epidermal cells and the increased seed permeability evaluated through the TZ assay. Plant
productivity (evaluated as both leaves number and seed production) was also similarly impaired in
pwd and gwd? mutants. Though plants do not contain starch in the cytosol, it may contain
polysaccharides of various degree of polymerization and is tempting to speculate that GWD2 might
favor polyglucans depolymerization. Incidentally, both GWD2 and BAMS5 are particularly abundant
in phloem cells and may well be involved in sustaining the phloem loading of soluble sugars in
source organs. We suggest that GWD2, possibly in concert with BAMS5, may thus contribute to
controlling the ratio between soluble and insoluble polysaccharides in plants, and this parameter
may in turn affect the phenotypic traits that are observed.

Taken together, these data demonstrate that despite their plastidial or extra-plastidial localization, all
three GWDs are required for the proper development of A. thaliana plants, that only partially

depends on the rate of leaf starch degradation at night. The complex phenotypes of the dikinase
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mutants suggest that, besides being more or less impaired in leaf starch degradation at night, these

plants may be altered in signaling pathways in manners that still have to be elucidated.
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