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Dissertation: Amino acid metabolism under drought stress in Arabidopsis thaliana

Abstract

Due to climate change, drought periods will occur more frequently in the future. They
will have a strong negative impact on crop yields. Drought stress leads to an osmotic
imbalance and causes the closure of stomata to reduce water loss of transpiration.
However, this reduces photosynthesis and ultimately leads to the formation of oxygen
radicals, which may damage cell structure and function. If drought stress continues, a
dramatic lack of energy is caused, which threatens plant life. To prevent irreversible
damage, plants adapt their entire metabolism to resist drought stress at an early stage.

This dissertation is dedicated to the adaptation of plants upon drought stress and the
specific contribution of amino acid metabolism during this process. An in vitro experiment
was performed to investigate the implications of a short but severe water deficit
(Chapter 2.1). The Arabidopsis seedlings showed a strong decrease in protein content
within 24h and at the same time a strong accumulation of the amino acids L-proline and
GABA. Proteome analyses revealed that the aromatic amino acids were primarily used for
the synthesis of stress mitigating secondary metabolites, such as flavonoids and
anthocyanins, which are known to scavenge reactive oxygen species. Furthermore, a
general induction of amino acid catabolism was observed, which provides sufficient
amounts of L-glutamate for the synthesis of L-proline and GABA. Simultaneously, the
catabolic pathways could represent an alternative source of reduction equivalents, which
may fuel mitochondrial ATP production under carbon starvation conditions.

In soil experiments were performed to investigate the plant drought stress response in a
more physiological context (Chapter 2.2). In both, the in vitro and the in soil system, the
plant stress response can be divided into distinct phases. The osmotically active amino
acids, L-proline and GABA, are already produced in early phases of the water deficit and
allow keeping the cellular water content constant for several days. Shortly before plants
become irreversibly impaired by drought, a massive protein degradation takes place. This
marks the beginning of the severe stress phase. Based on the proteome data and
theoretical considerations, an experimental strategy was developed, which allows
calculating absolute contents, concentrations and even copy numbers of individual
proteins per leaf cell. As a result, the dynamic interconnection of protein homeostasis
and amino acid homeostasis could be monitored and quantified on absolute scales. Our
approach reveals the energy content of the released amino acids and indicates that their
complete oxidation would cover the energy demand of the plant for several hours.

In a review article, the regulatory properties of amino acids during the plant stress
response were summarized and discussed (Chapter 2.3): Amino acids can be used as
signal molecules, e.g. for inducing stomatal closure, as sensors of the nutrient content of
cells or regulators for inducing their own catabolism. Our findings contribute to a general
understanding of the effects of drought stress on the plant metabolism and shed light on
the versatile and important roles of amino acids beyond their role in representing building
blocks for protein biosynthesis.

Keywords: drought stress, amino acid metabolism, proteomics, Arabidopsis thaliana
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Zusammenfassung

Aufgrund des Klimawandels werden zuklnftig vermehrt Trockenperioden auftreten.
Diese Phasen werden die Ertrdge unserer Nutzpflanzen stark beeintrachtigen.
Trockenstress fihrt zu einem osmotischen Ungleichgewicht und zur SchlieBung der
Spaltoffnungen der Blatter, um den Wasserverlust durch Transpiration zu reduzieren.
Dies verringert die Photosynthese-Leistung und fuhrt letztendlich zur Entstehung von
Sauerstoffradikalen, die Zellstrukturen beschddigen und nur unter Energieaufwand
beseitigt werden konnen. Halt der Trockenstress an, fihrt dies zu einem sukzessiven
Energiemangel. Um irreversible Schaden zu verhindern, passen Pflanzen ihren
kompletten Stoffwechsel bereits friih an den Trockenstress an. Welche Anpassungen in
welchem Ausmald induziert werden und welche Rolle der Aminosdurestoffwechsel dabei
spielt, war das Hauptthema dieser kumulativen Dissertation. Mithilfe eines in vitro
Experiments wurde ein kurzes, aber unmittelbares und sehr starkes Wasserdefizit
erzeugt (Kapitel 2.1). Die Arabidopsis Keimlinge zeigten eine starke Abnahme des
Proteingehalts innerhalb von 24h und gleichzeitig eine starke Anreicherung der
Aminosauren L-Prolin und GABA. Eine Proteomanalyse ergab, dass die aromatischen
Aminosauren primar fir die Synthese von hilfreichen Sekunddrmetaboliten, wie
Flavonoiden und Anthocyanen benutzt werden, um oxidative Schaden vorzubeugen.
Weiterhin zeigte die Proteomanalyse, dass der Aminosaurekatabolismus generell
induziert wurde. Dadurch kann ausreichend L-Glutamat fiir die Synthese von L-Prolin und
GABA bereitgestellt werden. Gleichzeitig konnte der Abbau von Aminosduren eine
alternative Quelle fir Reduktionsaquivalente darstellen, um die ATP Produktion der
Mitochondrien wahrend einer Kohlenhydratmangelsituation anzutreiben. Um die in vitro
identifizierten Anpassungen der Pflanzen in einen physiologischen Kontext einordnen zu
kdnnen, wurde ein progressives Stressexperiment in soil durchgefihrt (Kapitel 2.2). Der
Stressverlauf konnte auf Basis der beiden Experimente in Phasen eingeteilt werden. Die
osmotisch aktiven Aminosduren L-Prolin und GABA, werden bereits in der frihen
Trockenstressphasen produziert und konnten den zellularen Wassergehalt flr einige
Tage konstant halten. Erst wenige Stunden bevor die Pflanzen irreversibel ausgetrocknet
waren, wurde ein massiver Proteinabbau detektiert, welcher den Beginn der
schwerwiegenden Stressphase einleitet. Basierend auf den Proteomdaten wurde eine
Berechnungsmethode entwickelt, die es ermoglicht, den absoluten Gehalt, die
Konzentrationen und die Anzahl der in einer Zelle vorhandenen Molekdile fir individuelle
Proteine abzuschatzen. Somit konnte die Dynamik zwischen der Proteinhomd&ostase und
der Aminosaurehomdostase analysiert werden. Wir konnten die freigesetzte
Aminosauremenge abschatzen und berechnen, dass diese die Energieversorgung der
Pflanze fUr einige Stunden decken konnten. In einem abschliefenden Review-Artikel
wurden die neusten Erkenntnisse zur Rolle der Aminosduren als Signalmolekile bei der
Anpassung des Stoffwechsels an abiotischen Stress zusammengestellt (Kapitel 2.3). In
Stresssituationen wirken Aminosauren als Signalmolekile, um z.B. Spaltdéffnungen zu
schlieRen, um die Pflanze Uber den Nahrstoffgehalt der Zellen zu informieren oder um
den eigenen Katabolismus zu induzieren. Unsere Erkenntnisse tragen zum generellen
Verstandnis der Auswirkungen von Trockenstress auf den pflanzlichen Stoffwechsel bei
und beleuchten gleichzeitig die vielseitigen und bedeutsamen Rollen des
Aminosauremetabolismus.

Schlagworte: Trockenstress, Aminosauremetabolismus, Proteomik, Arabidopsis thaliana
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Abbreviations

Table 1: Explanation of relevant terms and acronyms used in this dissertation.

Abbreviation Explanation

2-0B 2-Oxobutanoate

2-0G 2-Oxoglutarate

2-PG 2-Phosphoglycolate

3-MOB 3-Methyloxobutanoate

3-MOP 3-Methyloxopentanoate

3-PG 3-Phosphoglycerate

4-MOP 4-Methyloxopentanoate

AAA Aromatic amino acids

ABA Abscisic acid

Ala L-Alanine

AlaAT Alanine aminotransferase

APS Adenosine-5-phosphosulfate
Arg L-Arginine

Asn L-Asparagine

Asp L-Aspartic acid

BCAA Branched-chain amino acids
Cit Citrulline

Cys L-Cysteine

Cysn Cystine

D2HGDH D-2-Hydroxyglutarate dehydrogenase
DW Dry weight

EAA Essential amino acids

ETC Electron transport chain

ETF Electron-transfer flavoprotein
ETFQO Electron-transfer flavoprotein ubiquinone oxidoreductase
GABA y-Aminobutyrate

GABA-T y-Aminobutyrate transaminase
GDH Glutamate dehydrogenase

Gln L-Glutamine

GLS Glucosinolates

Glu L-Glutamic acid

Glx Glyoxylate

Gly Glycine

GOGAT Glutamin-Oxogulatarate aminotransferase
GS Glutamine synthetase

His L-Histidine

v
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Table 1: Continued.

Abbreviation Explanation

iBAQ Intensity-based absolute quantification
lle L-Isoleucine

IVDH Isovaleryl-CoA dehydrogenase

Leu L-Leucine

LFQ Label free quantification

LS Large subunit

Lys L-Lysine

MDH Malate dehydrogenase

Met L-Methionine

MS Mass spectrometry

MW Molecular weight

NEAA Non-essential amino acids

OA Oxaloacetate

OST1 Open stomata 1

Oorn Ornithine

P5C Pyrroline-5-carboxylate

PAL-4 Phenylalanine ammonia lyase 4

PEG Polyethylene glycol

Phe L-Phenylalanine

PRM Parallel reaction monitoring

Pro L-Proline

Pyr Pyruvate

RBOHD Respiratory burst oxidase homolog D
ROS Reactive oxygen species

RubisCO Ribulose-1,5-bisphosphate carboxylase/oxygenase
SAM S-adenosyl methionine

Ser L-Serine

SnRK Sucrose non-fermentation-related kinase
SSA Succinic semialdehyde

TCA Tricarboxylic acid cycle

Thr L-Threonine

TOR Target of rapamycin

Trp L-Tryptophan

TRX Thioredoxin

Tyr L-Tyrosine

Val L-Valine

WHO World Health Organization
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1.1 Plant amino acid metabolism

1 Introduction

People know amino acids as nutritional parts of their food or of animal feed. Due to
promotion by food companies, amino acids are nowadays connected to a healthy and
responsible lifestyle. Amino acids are added to food products to improve their nutritional
value and the attractiveness for consumers. Especially, athletes and hobby sportsmen like
to supplement their diet with amino acids to achieve optimal nitrogen supply and muscle
growth. Twenty different amino acids are needed for protein biosynthesis. They are
called proteinogenic amino acids and are divided into two subcategories: the essential
amino acids (EAA) and non-essential amino acids (NEAA) (Figure 1).

Proteinogenic amino acids (20)

Figure 1: Overlap of the endogenous amino acids of humans and plants. Humans are only capable of
building eleven amino acids (non-essential amino acids, NEAA), while plants are also synthesizing the
missing nine proteinogenic amino acids (essential amino acids, EAA).

In contrast to humans, plants and fungi are capable of synthesizing all twenty amino acids.
During early evolution, a wide variety of eukaryotes such as animals and parasites lost the
feature of EAA synthesis, because they existed in a nutrition-rich environment and
evolved the ability to feed on other organisms (Payne and Loomis, 2006). These
eukaryotes could save the energy required for EAA synthesis but had to take them up
through their regular diet (e.g. plant- or animal-source foods). During food digestion, EAA
and NEAA are released and transported via the blood stream to serve the protein
biosynthesis of the cells. A long-term unbalanced diet or malnutrition can result in EAA
deficiency causing health problems such as vomiting, emotional disorders, insomnia and
anemia (Hou and Wu, 2018). In 2010 the World Health Organization estimated that about
167 million children in developing countries suffered growth retardation caused by
postnatal protein-deprived malnutrition (Onis et al., 2012). Although this number is
decreasing since 1990, the increase of the global temperature and the changing climate
however may severely impair agricultural yield and aggravate food shortage in
developing countries again. In the past years, plant scientist addressed these problems
by genetically modifying crop plants to increase drought tolerance and EAA content
(Martignago et al., 2019; Yang et al., 2020). However, the complexity and the tight
regulation of amino acid metabolism posed some challenges in increasing single amino
acid contents. Despite several recent contributions, regulation mechanisms of the amino
acid network under drought-stress remain widely elusive. The following chapters
describe background information about the amino acid metabolism in plants and the
general consequences of drought stress for plants. After that, the research topic of this
dissertation will be addressed by discussing the major functions of the amino acid
metabolism during drought stress. Thereby, the findings of the two research publications
and the review article are summarized and set into context.



1.1 Plant amino acid metabolism

1.1 Plant amino acid metabolism

Nitrogen is an essential macronutrient for plants, and is required as a component of
secondary metabolites, nucleotides, amino acids and thus proteins. The availability of
nitrogen and the biochemical processes of nitrogen uptake and assimilation are
important for plant growth (Hirel et al., 2007; Liu et al., 2011). In brief, ammonia or nitrate
from the rhizosphere can be imported through low and high affinity transporter systems
(Krapp, 2015). Nitrate and ammonia can be metabolized in roots, but are mainly
transported and loaded into the xylem. Within the leaf cells, nitrate is reduced and
incorporated into amino acids. All amino acids contain an amino group (NHz) and a
carboxyl group (COOH) plus individual functional groups. These side chains confer various
biochemical properties to amino acids like size, polarity, charge and reactivity. Amino
acids are further classified into proteinogenic and non-proteinogenic amino acids. The
group of non-proteinogenic amino acids is vast (>700) and diverse (Hunt, 1985). These
amino acids are rather low abundant and some of them function as precursor for the
proteinogenic amino acids of the primary metabolism. However, they are mostly specific
to the plant species and are often used as stress defense compounds or toxins. In
contrast, the proteinogenic amino acids, are less in number (20) but highly abundant. This
thesis focuses on the proteinogenic amino acids and their functions during drought
stress. Amino acids are the constituents of proteins but they also accumulate in free
pools. The free amino acid pool sizes depend on (1) protein homeostasis (proteostasis),
(2) free amino acid homeostasis and (3) the demand for amino acids as precursors for the
synthesis of secondary of metabolites (Figure 2).

Pools of free amino acids
M H
A e F L synthesis Secondary
L "
degradation S, C T ) ot (2) Metabolites
A E L S ————
Proteins (1) Q) A\« P ) et
- W \F_l/ 1\ .
synthesis v (D K degradation Nitrogen/
) S 3) iy
D c (Y - aroon
W Ao synthesis

Figure 2: Three metabolic equilibria affect the concentration of free amino acids in a plant cell. Pool sizes
increase by protein degradation or de novo amino acid synthesis. Pool sizes decrease by protein synthesis,
synthesis of secondary metabolites and amino acids degradation.

1.1.1 Glutamate related amino acids

Glutamate (Glu) can be considered as precursor of all other amino acids. The de novo
amino acid synthesis starts when cytosolic nitrate is reduced to nitrite via nitrate
reductase. Nitrite is subsequently imported into the plastids where it is further reduced
to ammonia by nitrite reductase. The chloroplastic isoform of glutamine synthetase
facilitates the actual assimilation of ammonia by condensing ammonia with Glu to
Glutamine (GIn). The amino group of GIn is transferred to a 2-oxoglutarate (2-OG)
molecule yielding two Glu molecules. This transamination step is catalyzed by glutamine-
oxogulatarate aminotransferase (Forde and Lea, 2007; Lea and Miflin, 2011). Another
glutamine synthetase isoform in the cytoplasm is in charge of re-assimilating ammonia
released by other metabolic pathways such as protein degradation (Thomsen et al.,
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2014). Most of the characterized aminotransferases (18 out of 25) generate or use Glu as
amino group donor (Liepman and Olsen, 2004). Figure 3 gives an overview of the amino
acid metabolism focusing on Glu.

Spermine

Spermidine

—> Putrescine

Figure 3: Metabolism of glutamate-derived amino acids. Proteinogenic amino acids are highlighted in grey.
Arrows may stand for multiple enzymatic steps (Figure from Hildebrandt et al., (2015), modified). Orange
caption show further metabolic connections (2-OG: 2-Oxoglutarate; TCA cycle: Tricarboxylic acid cycle).

Glu decarboxylase decarboxylates Glu to y-aminobutyrate (GABA), a non-proteinogenic
amino acid that plays an important role in abiotic stress defense. It can be further
transaminated by the GABA transaminase, which transfers the amino group of GABA to
pyruvate or glyoxylate to produce either Ala or Gly and succinic semialdehyde.
Subsequently, succinic semialdehyde is oxidized to succinate, which can enter the
tricarboxylic acid cycle (TCA cycle) to generate reducing equivalents. This connection
highlights the central role of Glu. An ubiquitous and especially important enzyme is Glu
dehydrogenase (GDH). It regulates the Glu and 2-OG homeostasis and is therefore
important for the TCA cycle (export of 2-OG), the nitrogen assimilation and the
production of Glu as precursor for stress relevant amino acids such as Proline (Pro)
(Lehmann et al., 2010). Under optimal conditions, the content of free Pro is low.
Interestingly, Pro accumulates in the cytosol and in chloroplasts under osmotic stress
several hundred folds. Pro synthesis starts with the reduction of Glu to Glu-semialdehyde,
followed by a spontaneous conversion to pyrroline-5-carboxylate (P5C). Finally, P5C is
reduced to Pro catalyzed by the P5C-reductase. The catabolic enzymes ProDH and P5CR
are located in mitochondria, facilitating the use of recovered reduction equivalents, like
NADH and FADH to fuel the respiratory electron transport chain (Schertl and Braun,
2014).

Another Glu-derived, but non-proteinogenic amino acid is Ornithine (Orn). Orn is only
present in low cellular concentrations. Majumdar et al. (2013) suggested that Orn is
primarily an intermediate of the synthesis of more abundant amino acids such as Pro,
Arginine (Arg) and also polyamines. In line with this, the Orn-transcarbamylase as well
catalyzes the conversion to Citrulline (Cit), another non-proteinogenic amino acid, which
is in turn precursor of Arg (Winter et al., 2015).

Arg is synthesized in plastids and is the amino acid with the highest nitrogen to carbon
ratio (4N : 6C). This makes Arg an efficient nitrogen store. However, Arg can also be used
as precursor for the cytosolic polyamine synthesis. Polyamines, like putrescine (diamine),
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spermidine (triamine) and spermine (tetraamine) are linear molecules of two or more
amines and categorized as secondary metabolites (Alcazar et al., 2010; Planchais et al.,
2014). For degradation, Arg is transported into mitochondria. The catabolism leads to the
release of Cit and urea, which is finally hydrolyzed to ammonium and carbon dioxide by
an Urease (Witte, 2011).

1.1.2 The aspartate family

Like GIn and Glu, the main tasks of Asparagine (Asn) and Aspartate (Asp) are the
distribution and storage of nitrogen. Asn is especially efficient, because of its high
nitrogen to carbon ratio (2N : 4C). Asn was the first molecule, which was classified as an
amino acid when it was isolated from the sap of asparagus plants in 1806 (Wisniak, 2013).
The Asp metabolism is the origin of the essential amino acids: Lysine (Lys), Threonine
(Thr), Methionine (Met) and Isoleucine (lle), and is further connected to Glycine (Gly),
Serine (Ser) and Cysteine (Cys) (Figure 4). This anabolic pathway involves particularly
many enzymatic steps, that are regulated by feedback inhibition of the initial Asp
phosphorylation. Deriving metabolites and amino acids, like Lys, Thr or s-
adenosylmethionine inhibit the activities of all three Asp kinases (Jander and Joshi, 2009).
Asp is found in especially high concentrations in plant cells, because of its central function
as precursor for the other amino acids mentioned above. The Asp aminotransferase
generates Asp by transferring the amino group of Glu to oxaloacetate (OA). Therefore,
Asp is the third amino acid by which nitrogen is mainly assimilated. Besides GS, also Asn
synthetase can facilitate the assimilation of ammonia using Asp to form Asn in the cytosol
(Coruzzi, 2003). Starting from Asp there are two branches leading to either Lys or Thr,
Met and lle. Free Lys is found in low concentrations, probably due to its cell toxicity
(Batista-Silva et al., 2019). Its degradation starts with the condensation of Lys and 2-0OG
to form saccharopine, which is subsequently oxidized to aminoadipate. Thompson et al.
(2020) proposed that the GABA transaminase transaminates aminoadipate to 2-
oxoadipate. 2-oxoadipate is subsequently converted to hydroxyglutarate by a newly
characterized Hydroxyglutarate synthase. A second path was recently described by Ding
et al. (2016), where Lys serves as a precursor of hydroxyl pipecolic acid, which is an
important signal molecule for the induction of systemic acquired resistance upon
pathogen attack (Hartmann and Zeier, 2018).

Proceeding from Asp, the second main branch splits into the anabolic pathways of Met
and Thr, which both derive from o-phospho-homoserine (Lee et al., 2005). Thr is used as
a precursor for the branched-chain amino acid lle and can also be cleaved to form Gly. O-
phospho-homoserine can also be conjugated with Cys by cystathionine-y-synthase to
form cystathionine. Cystathionine is further converted to homocysteine, which is the
direct precursor of Met. It also represents the entry into the Met-SAM (s-adenosyl
methionine) cycle. The Met-SAM cycle is closely linked to the Met salvage cycle. Together
they provide SAM for several methylation reactions of the cell and simultaneously recycle
the side product methylthioadenosine to Met (Sauter et al., 2013). SAM provides methyl
groups for several stress related pathways like the ethylene biosynthesis, polyamine
biosynthesis, glucosinolate metabolism, Cys synthesis and DNA methylation (Mé&kinen
and De, 2019).

Met and Cys are the only two proteinogenic amino acids carrying sulfur. The synthesis of
Cys completes the sulfur assimilation process in plants. In brief, sulfate is taken up by the
roots and loaded into the xylem. Driven by transpiration, it is transported to the shoot.

10
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After the import into the cell, sulfate can be stored in vacuoles or directly transported
into the chloroplast, where it is activated by conjugation with ATP. Adenosine-5-
phosphosulfate is formed and in further consecutive enzymatic steps it is reduced to
Sulfide using reducing power of glutathione and ferredoxin. Sulfide is finally assimilated
with o-acetylserine to Cys by the o-acetylserine-(thiol)-lyase (Hell and Wirtz, 2011). O-
acetylserine originates from Ser, an amino acid known to be involved in the recycling of
carbon during photorespiration.

There are three processing routes of Cys in different compartments. (1) In mitochondria,
it can be transaminated to 2-Mercaptopyruvate by an unknown Cys aminotransferase,
and subsequently detoxified to pyruvate and thiosulfate. (2) Ubiquitous Cys desulfyrases
can use the reduced sulfur to assemble Fe-S clusters, producing Alanine as by product.
(3) In the cytosol, Cys can be desulfhydrated by another class of Cys desulfhydrases
producing ammonia, pyruvate and hydrogen sulfide (Hildebrandt et al., 2015). An
additional Cys sink may be the formation of a cysteine dimer called cystine (Cysn). So far,
there are no enzymes known, which catalyze this dimerization. However Jones et al.
(2003) reported the first cystine lyase, catalyzing the cleavage of cystine into thiocysteine
and pyruvate. The spontaneous generation of disulfide bonds may be affected by
environmental stressors and part of sensing the redox state of the cell (Pivato et al.,
2014).

Asn N-Hydroxy pipecolic acid
g —
LL™ @ ——> 2-0G, Acetyl-CoA
ASB J v ——5 SAM —> Ethylene
L _) — > Glucosinolates
I =~ L 2-0B + Methanethiol

-

—> 2-0B —> 3-MOP ——> Propionyl-CoA

|

—> Pyr + Thiosulfate

—(@
i—T

Glycolate —> Glx <—>—> co,

Malate

Sulfur
2UlTU
i rodiictinn
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Figure 4: Metabolism of aspartate family amino acids. Proteinogenic amino acids are highlighted in grey.
Arrows may stand for multiple enzymatic steps (Figure from Hildebrandt et al., (2015), modified). Orange
caption show further metabolic connections. OA: Oxaloacetate, 2-OG: 2-Oxoglutarate, 2-OB: 2-
Oxobutanoate, HSer: Homoserine, HCys: Homocysteine, Cysn: Cystine, 3-MOB: 3-Methyloxobutanoate,
Glx: Glyoxylate, Pyr: Pyruvate, 2-PG: 2-phosoglycolate, 3-PG: 3-phospoglycerate).
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1.1.3 Aromatic amino acids

Aromatic amino acids (AAA) possess aromatic rings as functional groups and are rather
less abundant in plant cells. A reason for that may be the energy-consuming biosynthesis
of the aromatic structures. Aromatic amino acids are mainly used as precursors for
secondary metabolites like flavonoids, glucosinolates, terpenes, hormones or alkaloids,
but are also building blocks for proteins (Figure 5). In plants, the aromatic amino acids
Tryptophan (Trp), Tyrosine (Tyr) and Phenylalanine (Phe) derive from chorismate, which
originates from the shikimate pathway located in plastids (Maeda and Dudareva, 2012).
Chorismate is catalyzed to prephenate and is either oxidized to 4-hydroxyphenylpyruvate
(Tyr precursor) or oxidized to phenylpyruvate (Phe precursor). Corresponding
intermediates can subsequently be amminated to Tyr and Phe, catalyzed by the
respective transaminases. The transamination reaction can also happen first, forming
arogenate directly from prephenate. Arogenate can be used for the synthesis of both
amino acids, and is subsequently oxidized to either Tyr or Phe (Rippert et al., 2009).
Similar to the Asp-related amino acid metabolism, also AAA levels are regulated by
feedback inhibition (Maeda and Dudareva, 2012).

The AAA biosynthesis is primarily induced when there is a need for secondary
metabolites. In the course of this, an important enzyme is the Phe ammonia lyase, which
converts Phe to cinnamate. Cinnemate is hydroxylated to p-coumaroyl-CoA by cinnamate
4-hydroxylase. A similar but unverified biochemical route to p-coumaroyl-CoA is
proposed for Tyr. P-coumaroyl-CoA is a central intermediate of the phenylpropanoid
pathway, which is the source of diverse compounds like coumarins, flavonoids, lignin,
isoflavonoids, suberins, stilbenes, cutins, anthocyanins, phenylpropenes, acylated
polyamines and other alkaloid derivatives (Fraser and Chapple, 2011). Trp is synthesized
by six enzymatic steps also starting from chorismate. Many metabolic routes to
secondary metabolites are proposed, but rarely investigated in Arabidopsis.
Furthermore, the catabolic route of Trp is also not known to date.

Histidine (His) appears to be a special case in amino acid research. While the synthetic
pathway is completely known in Arabidopsis, neither the degradation nor the conversion
to secondary metabolites have been revealed in any plant. His derives from ribose 5-
phosphate and has connections to folate and the purine metabolism (Stepansky and
Leustek, 2006). The synthesis of His is energy-intensive, involving eleven reactions, eight
enzymes and requiring 41 ATP molecules (Swire, 2007). In humans, the first two steps of
histidine degradation are catalyzed by a histidase (NM_001258333) and an urocanase
(NM_144639). So far, alignment studies of both proteins failed to find corresponding
homologs in Arabidopsis. The closest homolog, with 29% identity, turned out to be the
phenylalanine ammonia lyase-4 (PAL-4). However, a His-catalyzing activity of Arabidopsis
PAL-4 was not confirmed yet. Reports of a histidase-like enzyme of the algae
chlamydomonas and an urocanase-like enzyme of white clover were not reproducible
and should be reviewed (unpublished data).
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Figure 5: Metabolisms of aromatic amino acids. Proteinogenic amino acids are highlighted in grey. Arrows
may stand for multiple enzymatic steps (Figure from Hildebrandt et al., 2015, modified). Orange caption
show further metabolic connections.

1.1.4 Alanine and the branched-chain amino acids

The oxidation of pyruvate represents the entry to the TCA cycle. However, pyruvate is
also linked to amino acid metabolism by being precursor of Ala (Figure 6). Within a single
reaction, the Ala aminotransferase (AlaAT) catalyzes the reversible transamination of
pyruvate and Glu to Ala and 2-OG (Liepman and Olsen, 2004). Therefore, AlaAT may be
seen as a switch valve for balancing the pyruvate availability for the generation of
reduction equivalents through the TCA cycle and the intermediate flux to synthesize
other amino acids like the branched-chain amino acids. This feature becomes important
during hypoxic situations, when pyruvate accumulates and sensible regulation of the
energy- and amino acid metabolism is required (Miyashita et al., 2007).

Isoleucine (lle), Valine (Val) and Leucine (Leu) are known as the branched-chain amino
acids (BCAA), the name originates from the characteristic aliphatic side-chains. While 2-
oxobutanoate is the initial substrate for lle, Val and Leu are deriving from pyruvate (Figure
6). A transamination step, catalyzed by a BCAA aminotransferase (BCAT) completes the
synthesis (Binder, 2010). In this step, the amino group of Glu is transferred to the
individual precursor, resulting in the respective amino acid: 4-Methyloxopentanoate (4-
MOP) to Leu, 3-Methyloxobutanoate (3-MOB) to Val and 3-Methyloxopentanoate (3-
MOP) to Ile. The initial degradation step is also catalyzed by a BCAT but is located in
mitochondria. There are six BCAT isoforms in Arabidopsis, located in mitochondria and
plastids, but their individual roles are not completely understood. Laborious effort was
put into the identification of the rather complex BCAA degradation pathways, which
could recently be updated (Latimer et al., 2018; Gipson et al., 2017; Schertl et al., 2017).
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Leu

Ala I —— > 4-MOP ——— Acetoacetate + Acetyl-CoA
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Figure 6: Simplified metabolisms of branched chain amino acids. Proteinogenic amino acids are highlighted
in grey. Arrows may stand for multiple enzymatic steps (Figure from Hildebrandt et al., (2015), modified).
Double arrow symbolizes single, but reversible transamination step. Orange caption show further
metabolic connections. (Pyr: Pyruvate, 3-MOB: 3-Methyloxobutanoate, 4-MOP: 4-Methyloxopentanoate,
3-MOP: 3-Methyloxopentanoate, 2-OB: 2-Oxobutanoate).

1.2 Physiological and metabolic consequences of drought stress

Under optimal conditions, the average water content is about 80% to 90% of the plant’s
total weight (Heinemann et al., 2020). Plants need a high water content to generate a
sufficient cellular turgor, which enables the expansion of the leaves. The permanent
pressure promotes cell proliferation and enhances general stability of plants (Kroeger et
al., 2011). A controlled evaporation of water through the stomata on the downside of the
leaves creates a water stream from the roots to the shoot, which enables the transport
of nutrients as nitrogen and sulfur, which are taken up from the soil. Furthermore, the
stomata ensure a sufficient gas exchange between the leaves and the surrounding air, so
that carbon dioxide can be fixed in the Calvin cycle. In the initial step, RubisCO is binding
carbon dioxide to Ribulose-1,5-bisphosphate. The resulting phosphorylated six-carbon
intermediate decays into two molecules of 3-phosphoglycerate (3-PG). These molecules
are used for the production of glucose molecules, which fuel the energy demand of the
plants to build up macromolecules. Remaining glucose is stored as starch for the energy
supply during night.

There are several environmental conditions such as lack of rainfalls, high temperatures,
high light intensities or dry winds that can reduce the availability of water for plants and
can lead to drought stress. When plant roots sense a lowered water content of the soil,
the production of the endogenous plant hormone abscisic acid (ABA) is induced. ABA is
loaded into the xylem and transported to the leaves (Jiang and Hartung, 2008). The
increased ABA level triggers the closure of stomatal cells to avoid additional water loss
through transpiration (Figure 7). This is an important adjustment, because plants
transpire up to 97% of the water taken up from the soil (Raven and Edwards, 2001).
However, closed stomatal cells in turn inhibit the gas exchange of the underlying
mesophyll cells. The ongoing light reaction accumulates oxygen (0;), while less
atmospheric CO; reaches the mesophyll cells. Therefore, the oxygenase side-reaction of
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1.2 Physiological and metabolic consequences of drought stress

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) happens with increasing
frequency. The fixation of O, generates the unfavorable intermediate 2-phosphogycolate
(2-PG), which needs to be recycled to 3-PG. This happens partly in the peroxisomes
because the process produces hydrogen peroxide (H20), which then in turn needs to be
detoxified. The whole process is a complex series of carbon recycling and detoxification
reactions and designated as photorespiration. Under high energy consumption
photorespiration is able to recover 75% of the carbon of 2-PG into 3-PG and is releasing
the residual 25% in form of carbon dioxide (Peterhansel et al., 2010). Although the
oxygenase activity is reducing the photosynthetic efficiency, the dissipation of plant-
available energy in the photorespiration is however useful to prevent the overreduction
of the electron transport chain under drought stress for example.

The Calvin cycle usually uses NADPH generated by photosystem | as reducing power to
produce triose phosphates for the sugar synthesis. In this process, NADP*is recycled and
can take up new reducing power (electrons) from the light reaction. As water deficit
reduces the photosynthetic efficiency, which implies that simultaneously fewer
carbohydrates are produced, less NADPH is needed and less NADP* can be regenerated.
At some point, the plastidic NADP*/NADPH equilibrium is overreduced, causing a backlog
of electrons at the photosystems. The electrons start to reduce O3 as alternative electron
acceptor, generating reactive oxygen species (ROS) (Figure 7).

High concentrations of ROS are harmful for cells, because they can lead to oxidative
damages of cellular structures (e.g. photosystems, protein complexes and membranes).
Stressed cells need to invest additional energy into the production of ROS scavenging
antioxidants and the induction of ROS detoxifying pathways to mitigate the oxidative
stress level (Laxa et al., 2019).
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Figure 7: Consequences of drought stress for the plant. Left: Photosynthesis under sufficient water supply
leads to fixation of CO, and results in the production of carbohydrates. Right: Drought-induced stomatal
closure enhances photorespiration. Missing electron acceptors (CO,) lead to an overreduction of the
photosystems and oxidative stress. This causes a significant energy lack and triggers defensive adjustments
of the cell. 3-PG: 3-Phospoglycerate, 2-PG: 2-Phosphoglycolate, ABA: Abscisic acid, ROS: Reactive oxygen
species. Schematic illustration: stomata are at the underside of a leaf.
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1.3 Drought prevention and cellular counteractions

1.3 Drought prevention and cellular counteractions

Some plant species have adjusted their leaf anatomy and developed biochemical
mechanisms to improve water usage and photosynthesis efficiency to occupy arid
landscapes (Sage, 2004). They were classified as Cs plants and crassulacean acid
metabolism (CAM) plants (Brautigam et al., 2017; Brautigam and Gowik, 2016). Without
going into details, there are three major adjustments. (1) Pre-fixation: Both classes
initially bind CO; into the 4-carbon molecule oxaloacetate (OA) in the mesophyll cells, but
export these molecules via the OA/malate shuttle into the bundle sheath cells. (2) Spatial
arrangement: In C4 plants, RubisCO is not located in the mesophyll cells, but in bundle
sheath cells. Imported malate is degraded and CO; is released in proximity to RubisCO,
promoting its carboxylation reaction. The whole process prevents energy loss due to
photorespiration and enables lower stomatal conductance, which can save water more
efficiently. (3) Timing: CAM plants open their stomatal cells at low temperatures during
the night day to accumulate C4 metabolites, which can be used for photosynthesis during
the day. The adjustments prevent water loss and allow plants to exist in dry habitats.
However, about 95% of the land plant biomass is represented by Cs plants (Sowjanya et
al., 2019). Like Arabidopsis thaliana, these plants directly fixate CO, by RubisCO in the
mesophyll cells. Their photosynthetic efficiency is highly dependent on an adequate gas
exchange and sufficient water availability. The photosynthetic electron transport chain is
regulated by the linear and cyclic electron transport. While the linear pathway generates
both NADPH and ATP, the cyclic pathway only contributes to the proton gradient for ATP
generation. In brief, when PS | receives electrons from the plastoquinone pool, it transfers
them to ferredoxin, which omits the electron transfer to the Ferredoxin-NADP reductase
but interacts with the NADH dehydrogenase—like complex. The electrons are redirected
into the plastoquinone pool, where electron transfer reactions are coupled with pumping
protons into the thylakoid lumen (Yamori and Shikanai, 2016). The drought-induced
overreduction is counteracted by the induction of the cyclic electron transport to
maintain the photosynthetic ATP production. Oxidative stress is sensed by the ubiquitous
thioredoxin (TRX) system. TRX are disulfide reductases, which regulate enzyme activity
and transcription factors and are involved in redox signaling (Vieira Dos Santos and Rey,
2006). TRX activates the NADPH-dependent malate dehydrogenase (MDH). This special
MDH reduces oxaloacetate (OA) to malate by oxidizing NADPH and triggers the
translocation of malate from chloroplasts to mitochondria via the reversible malate/OA
shuttle. This process is known as light malate valve (Selinski and Scheibe, 2019). In
mitochondria, imported malate is oxidized with NAD* to OA and NADH. With this
mechanism, the overreduction of the plastidic NADP*/NADPH equilibrium can be shifted
to the mitochondrial NAD*/NADH pool, where it can enter the ETC. In case of the
overreduction of the mitochondrial ETC, alternative oxidases and uncoupling proteins can
dissipate the excess electrons. However, the plastidic NADP*/NADPH pool makes just
10 % of the mitochondrial NAD/NADH pool and neither the malate shuttle nor the cyclic
electron transfer can compensate the energy loss of the inhibited photosynthesis under
severe drought stress (Noctor et al., 2006). Symptoms of drought stress are a decreased
water content and a reduced cellular turgor. Without a sufficient turgor, cell division and
cell expansion are inhibited, leading to an arrested growth of the whole plant. Therefore,
the plant accumulates high amounts of osmotically active compounds to stabilize the
water content as long as possible. The efficiency of the photosynthesis is inhibited leading
to carbon starvation and the generation of ROS. Total biomass of the shoot decreases,
while energy is invested into the root system to optimize water uptake. Consequently,
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1.4 Major functions of amino acid metabolism during drought stress

prolonged drought stress is a multidimensional stress situation, which leads to energy
deprivation and oxidative stress. However, plants have developed a sophisticated stress
network of stress responses to partially compensate and longer withstand drought stress.
The amino acid metabolism plays an important role in drought tolerance as it is a target
of major metabolic. The key functions of these changes will be described in the following
paragraphs supported by experimental findings of the three research publications of this
thesis.

1.4 Major functions of amino acid metabolism during drought stress

Weather continuously affects a plant’s life cycle. Since plants are sessile, they need to
develop strategies to overcome temporary stress situations. During drought periods,
plants sense the water deficit, evaluate the severity and respond in an energetically
appropriate way. They have to adjust their metabolism constantly and accurately,
because progressive drought becomes more critical and the energy resources are limited.
As mentioned in earlier chapters, the consequences of prolonged drought stress are
oxidative stress and energy deprivation caused by the water deficit and the excess of
sunlight. When stress effects overload the plant’s defensive strategies, desiccation will
be irreversible. Therefore, surviving demands drastic cellular adjustments.

The general metabolism is shifted towards energy saving and stress defense, which leads
to an arrest of growth and development. Plants start to invest their energy resources into
the production of protective secondary metabolites and osmolytes to counteract the
effects of drought stress. As precursors, alternative respiratory substrates and osmolytes,
some amino acids represent useful compounds during this emergency. The role of the
amino acid metabolism during drought stress was addressed by three publications. They
focus major on functions of amino acids during drought stress (Figure 8).
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Figure 8: Roles of free amino acids during drought stress and contributions by the three publications of this
thesis. Chapter 2.1: The role of amino acid metabolism during abiotic stress release, Chapter 2.2: Estimating
the number of protein molecules in a plant cell: A quantitative perspective on proteostasis and amino acid
homeostasis during progressive drought stress, Chapter 2.3: The role of amino acid metabolism in signaling
and metabolic adaptation to stress induced energy deficiency in plants.
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1.4 Major functions of amino acid metabolism during drought stress

1.4.1 Experimental approaches to study drought stress in Arabidopsis

Drought stress is a widespread problem that is becoming increasingly important with
climate change. Therefore, many data sets of drought stress experiments are available in
literature. However, there is no standard experimental procedure for drought treatments
and very different approaches were used, often lacking a detailed description of the
parameters. This makes it difficult to compare data sets of drought stress experiments.
Especially, the aspect of physiology is sometimes a matter of interpretation and always a
compromise between the validity of the scientific outcome and the controllability of the
experimental parameters. Drought stress effects can be investigated by using field
experiments, soil-based phytochamber experiments, in vitro approaches and even by
drying separated leaves. These setups have their own benefits and drawbacks regarding
the physiology, stress consistency and the experimental controllability. A consistent
drought stress application to a larger plant group in soil can be quite challenging, but
reveals physiological stress effects and plant responses. Plants of all developmental
stages can be tested. /n vitro approaches are rather artificial and less physiological, but
enable the accurate adjustment of distinct water potentials or other osmotic treatments.
The growth media can be quickly replaced, enabling the investigations of heavy short-
term stress phases. The same applies for releasing the stress or the influence of a
treatment, making in vitro setups suitable approaches for the investigation of stress
release situations. However, the sizes of the in vitro containers limit the plant material to
young seedlings.

Here, in vitro and in soil experiments were designed to examine the drought stress
responses from different angles (Figure 9). The first publication mainly focused on the
effects of low water content (Ws =-1 MPa) on young Arabidopsis plants (Batista-Silva et
al., 2019). Seedlings were grown on sieves on MS media for 14 days. The sieves holding
the seedlings were transferred into liquid media supplemented with polyethylene glycol
(PEG). PEG was used to reduce the water availability in the growth media. With this
approach, we could rapidly apply severe drought conditions. Samples of control, 24h
stress and stress release situations were taken to investigate the behavior of the amino
acid metabolism and other stress relevant parameters in the seedlings.

The second experimental approach of this thesis focused on the physiological
investigation of the balances between proteostasis and amino acid homeostasis during
progressive drought stress (Heinemann et al, 2020). The experiment started by
saturating the pots of two weeks old soil-grown Arabidopsis plants with water. After that,
water was withhold and the pot positions were daily rotated within the long-day
phytochamber (16h light/8h darkness). This procedure enabled an equal desiccation
across all plants. After ten days without water, growth arrested and the first group was
harvested (S1). To test plant viability at each harvesting time point, three additional plants
were re-watered to see, whether they can recover from the applied drought stress.
Subsequently, plants were grouped according to their stress phenotype (number of
wrinkled leaves) and harvested until recovery was no longer possible. We collected seven
stressed sample groups (S1-S7) ranging from moderate to very severe drought stress.

To face the full picture of the amino acid metabolism, the free amino acid contents of
both experimental approaches were quantified by HPLC, while the enzymes involved in
amino acid metabolism were monitored by shotgun mass spectrometry proteome
analysis. The proteome analysis also provided an overview of other stress-adjusted
metabolic pathways. Changes of the amino acid metabolism and the free amino acid
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1.4 Major functions of amino acid metabolism during drought stress

pools revealed the dimensions of the stress-relevant purposes of individual amino acids.
Other parameters as the total protein content and the relative water content were
additionally measured, as they are also affected by drought stress. We combined the
results to describe the order of adjustments to successive drought stress. Two major
phases became visible, which nicely correlated with the impression of the stress
phenotype (Figure 9). An extended period of moderate drought stress, where plants
manage to maintain their water content, was followed by a short phase of severe drought
stress, in which the plants lost a significant amount of water and died, if not re-watered.
At first, the growth was arrested and a slight decrease of the relative water content was
observed, indicating that the stomatal cells were already closed to stop further water
loss. In the early phase of drought the accumulation of cellular osmolytes such as free
sugars, Pro and GABA was induced. The osmolytes stabilized the water content for several
days during moderate drought stress conditions. When all leaves were wrinkled, the
water content dropped again and a massive protein degradation was detected.
Consequently, free amino acids accumulated, and there was a particularly strong increase
in Pro and the normally low abundant amino acids BCAA and Lys. According to the
proteome data, the catabolic pathways of these amino acids were also strongly induced
during drought stress. This supports the assumption, that their degradation provides
alternative respiratory substrates during severe stress situations. These aspects will be
discussed in more detail below. The effects of severe drought stress were also observed
after 24h PEG treatment in vitro, confirming the treatment to induce severe drought
stress with the respective PEG concentration.
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102 mg - g* DW 21 pmol - g* DW
83% RWC \
61 mm 61mg- g+ DW
® 59 mm
4.5 umol - gt DW
17% RWC
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Figure 9: Experimental systems, which were used for the investigation of drought stress effects.
A. Arabidopsis seedlings were grown on sieves in vitro and treated with PEG for 24h to induce drought
stress. B. Soil-grown Arabidopsis plants were subjected to progressive drought stress by withholding the
water. (Control —S7) and the effects on growth, relative water content (RWC), protein content and selected
amino acid contents. Original data can be found in Heinemann et al. (2020).
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1.4.2 A quantitative angle on amino acid metabolism during drought stress

Data sets of proteome-, metabolome- or genome-wide changes are often given as fold-
changes to express the difference between two samples. Interesting changes are
instantly visible, no prior calibrations are necessary and the relative values are easy to
calculate. However, by using relative values the quantitative context is lost. That makes
the comparison of fold-changes across different protein or metabolite species less
conclusive. Furthermore, enormous fold-changes of a compound might be interpreted as
highly important. Fold-changes can be misleading as the absolute abundance might be
just very low in one sample.

Therefore, we were interested in the quantitative analysis of the proteome of Arabidopsis
during drought stress. We developed a calculation method to estimate absolute contents
of individual proteins, based on the shotgun proteome data set. This enabled us to
combine the results of the proteomic composition, the total protein content and the
contents of free amino acids and to put the drought stress roles of the amino acid
metabolism in a larger physiological context.

Shotgun MS proteome analysis requires equal amounts of extracted protein. It does not
take into account, how much leaf material has been used for protein extraction and thus
provides only relative protein abundances, which is not ideal when studying leaves of
severely stressed plants with a much lower protein content than control leaves (Figure
10a). Considering these circumstances, we had to exclude the use of “label free
guantification (LFQ) intensities”, which are usually provided by the MS data evaluation
software (MaxQuant). LFQ intensities are normalized relative protein intensities and they
are usually used to compare the abundance of individual proteins in two samples by
building LFQ ratios. However, LFQ intensities can be biased during massive proteolysis.
For example, a relative increase could have two reasons: (1) the protein is induced by de
novo synthesis or (2) all other proteins decrease more strongly in abundance and
artificially elevate the abundance of the protein of interest. Besides that, we were
interested in absolute protein amounts, which were necessary to calculate the absolute
amount of protein bound amino acids. Therefore, a calculation method was established
using individual intensity based absolute quantification (iBAQ) values, the molecular
weight and the total protein content of the plant. With these parameters, it was possible
to calculate absolute contents of individual proteins (mg protein - g1 DW).

The accuracy was verified by the quantification of the RubisCO large subunit (LS) in a
separate experiment as proof of concept. In brief, isotope-labeled unique peptides of the
RubisCO LS were spiked into the existing MS samples. A targeted parallel reaction
monitoring (PRM) MS analysis showed that our theoretical quantification method covers
82% of the total protein mass. In other words, the absolute amounts of the detected
proteins were overestimated by 18%. This is caused by the summed protein mass of many
low abundant proteins (e.g. signaling molecules, transcription factors), which were below
the detection limit of our MS detector (Heinemann et al., 2020). However, the results still
provide realistic impressions of the proteome. This method enabled the estimation of
absolute amounts and molar concentrations of the 1400 most abundant proteins, which
were identified in our shotgun MS analysis of the Arabidopsis leaf proteome. To further
increase the understanding of the cellular dimensions, we related the protein
concentrations to single cells and even individual subcellular compartments (Figure 10b).
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Figure 10: Calculation of absolute amounts of individual proteins.

A. Schematic example of the two approaches for the interpretation of a proteomic MS dataset. (1) The
relative abundance of individual proteins in the protein extracts used for MS analysis can be calculated
based on LFQ ratios. However, LFQs are not suitable when the total protein content is drastically changed.
(2) iIBAQ values, the molecular weight of the individual protein and the total protein content of the plant
can be used to calculate absolute amounts of individual protein to monitor their dynamics during
proteolysis. LFQ: label-free quantification, iBAQ: intensity-based absolute quantification, MW: molecular
weight. B. Calculated protein copy numbers of an average mesophyll cell of Arabidopsis thaliana. Copy
numbers represent the sum of protein molecules present in all chloroplasts (ca. 100; Kéniger et al., 2008),
mitochondria (300-450; Preuten et al., 2010), or peroxisomes in the cell. Copy numbers for all individual
proteins detected in our MS approach are given in Heinemann et al., (2020), Supp. Dataset S1.
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1.4.3 Proteostasis and amino acid homeostasis during progressive drought stress

The absolute individual protein contents were categorized according to their cellular
functions and merged to so-called “PROTEOMAPS” to visualize the quantitative
composition of the leaf proteome under control conditions and severe drought stress
(Figure 11a). The most abundant protein of Arabidopsis thaliana and on our planet is the
large subunit (LS) of RubisCO (Bar-On and Milo, 2019). We could support that fact with
our proteomic data set, where RubisCO LS takes a share of 16% of the total protein
content. It even remains the most abundant protein after the massive proteolysis during
severe drought stress as the complete photosynthesis-related protein fractions still
dominate the proteome. We observed that severely drought-stressed plants decreased
their total protein content by 40%. All protein categories, except the proteases, decrease
in absolute abundance. However, when comparing the relative compositions, several
categories seem to be less degraded than others. The plant cell has two independent
systems to control concentrations of individual proteins, either by regulating the gene
expression or by inhibiting the degradation of proteins. For example by selective
autophagy of subcellular compartments or the induction of specific proteases (Wang and
Schippers, 2019). We investigated, whether the bulk degradation is a non-selective
process to accumulate free amino acids or still a regulated recycling procedure of the
least essential proteins by comparing the proteome data sets of the sample groups of the
progressive drought stress experiment. We calculated degradation rates of all identified
proteins and used gene expression data, retrieved from the GENEVESTIGATOR database,
to perform enrichment analysis. With this approach, we found different degrees of the
drought-induced proteolysis in respect to compartments and protein categories.

Our results showed that mainly plastidic, cytosolic, membrane proteins were degraded,
while extracellular and mitochondrial proteins were potentially protected. This can be
explained by considering the high abundance of the photosynthetic apparatus, which is
impaired under drought stress and rather causing oxidative damages. Plants might
mitigate the constant ROS formations at the plastidic ETC, by recycling the photosystems
and damaged proteins.

Gene expression of enzymes involved in secondary metabolism, stress signaling, protein
degradation, amino acid degradation and lipid degradation was actively induced, which
counteracted the proteolysis and lead to an increase in relative abundance during
drought stress. In contrast, the gene expression of the biosynthetic pathways of lipids and
chlorophyll were down regulated, while the proteins were additionally degraded.
Interestingly, gene expression of mitochondrial ETC components was not regulated. Their
protein abundances remained stable during stress and thus increased in relation to the
overall decreasing total protein content. This observation is in accordance with our
hypothesis that the mitochondrial ETC must remain active, even during the drought-
caused carbon starvation.

By combining the absolute changes of the proteome with the amino acid sequences of
the identified proteins, we were able to calculate the protein-bound amounts of amino
acids (Figure 11b). Together with the contents of the free amino acids, we could analyze
the changes of the total amino acid composition of the protein-bound and free amino
acids during the stress phase. Deduced from that, we calculated the individual amounts
of the proteinogenic amino acids, which were released and degraded during the drought
stress. The largest part of this proteolysis is the degradation of the highly abundant
RubisCO LS. Consequently, this protein represents the main source of released amino
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acids and therefore biases the sizes of the free amino acid pools. Interestingly, drought-
stressed plants showed a different composition of the free amino acid pools than
calculated from proteolysis (Figure 11C). Correlating to the proteolysis, a sudden increase
of free Pro was observed (Figure 9). Therefore, we hypothesize, that the released amino
acids are primarily degraded for the Pro production. However, about 28% of the
theoretically released amino acids were missing. They must have been converted to
secondary metabolites or degraded as an alternative energy source during the drought
period. The fact that pool sizes of free amino acids did not change according to the
calculated amino acid composition released by proteolysis indicates a tight regulation.
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Figure 11: Interconnection of amino acid pools during progressive drought stress. A. Proteomaps: Proteins
are shown as polygons whose sizes represent the mass fractions. Proteins involved in similar cellular
functions according to MapMan (Thimm et al., 2004) are arranged in adjacent locations and by colors. B.
Aminomaps: Pool sizes and compositions of the free (orange colors) and protein-bound (blue colors) amino
acid pools. Polygons represent the molar fractions. C. Effect of proteolysis on free amino acid homeostasis.
The quantitative composition of the degraded proteins were used to calculate the theoretical composition
of the free amino acid pool (grey bars) that would result from massive proteolysis during drought stress
without any metabolic conversion of the amino acids produced. The actual free amino acid profiles in the
leaves of control plants (green bars) and of severely stressed plants (red bars) were analyzed by HPLC.
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1.4 Major functions of amino acid metabolism during drought stress

1.4.4 Amino acids as osmolytes

Pro and the non-proteinogenic amino acid GABA accumulate already during the early
drought stress phase, indicating their importance and reliability as osmoprotectants
(Fig 9, Heinemann et al., 2020). They are not harmful in high concentrations and help the
plant to keep the water content stable for several days, The proteome analysis confirmed
the induction of biosynthetic pathways of GABA and Pro in the in vitro as well as the in
soil approach, while most catabolic pathways of other amino acid were induced
(Heinemann et al., 2020; Batista-Silva et al., 2019). We hypothesize, that other free amino
acids were degraded or converted to Glu to provide precursors for the bulk synthesis of
the osmotically active Pro and GABA. The free Glu content constantly decreased during
the whole stress phase, possibly due to the massive flux to Pro and GABA. GABA also acts
as ROS scavenger, preventing oxidative stress at the plastidic ETC (Liu et al., 2011). Since
drought stress leads to an overreduction of the plastidic NADPH pool, the massive
NADPH-dependent biosynthesis of Pro partly regenerates the NADP* pool, which in turn
releases the electron backlog at the plastidic ETC (Christensen et al., 2017). Interestingly,
the Pro degrading “delta-1-pyrroline-5-carboxylate dehydrogenase” and the GABA
degrading “GABA transaminase” were already induced during stress. This could be
observed in both proteome data sets of the in soil and in vitro approach. However, since
both amino acids were still accumulating, the activity of the anabolic enzymes might
overturn the catabolic enzymes. The early induction of the catabolic enzymes could be
preventive, to avoid high contents of osmolytes during re-watering conditions. This would
probably disturb the recovery process and might cause additional osmotic stress due to
a rapid water influx. During recovery, Pro and GABA contents indeed dropped rapidly,
supporting the hypothesis of a primed degradation. The early adjustment of the amino
acid metabolism is focused on the fast mass production of osmolytes. The Pro production
might be helpful to regenerate the overreduced NADPH pool of the plastids and is
extremely effective in delaying severe stress consequences.

1.4.5 Amino acids as precursors for secondary metabolites

The proteomic analysis further revealed an induction of the secondary metabolism.
Secondary metabolites are small organic compounds, which can have multifunctional
roles in regulating plant growth and stress adjustment processes (Erb and Kliebenstein,
2020). Especially, the pathways of the AAA derived secondary metabolites, like
anthocyanins, lignin and flavonoids were induced by osmotic stress (Batista-Silva et al.,
2019). Flavonoids and anthocyanins are known ROS scavengers, which mitigate oxidative
stress and enhance drought stress tolerance (Nakabayashi et al., 2014). Another group of
stress-relevant secondary metabolites is represented by the Arg-derived polyamines.
Using polyamine-deficient mutants, several research groups could prove their mediating
role during abiotic stress situations (Alcazar et al., 2010). Polyamine contents were not
guantified in this thesis, but proteome MS analysis showed an elevated abundance of
polyamine synthesizing enzymes during both water-deficit and re-watering situation
(Batista-Silva et al., 2019). Similar roles were described for the Met-derived aliphatic
glucosinolates (GLS). The preservation of GLS contents was identified to be important for
drought stress tolerance (Salehin et al., 2019). The authors assume that products of the
GLS degradation are involved in stomatal closure, suspending further water loss. This
assumption is supported by the results of Batool et al. (2018), who demonstrated that
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sulfate, which is a product of GLS degradation, serves as a drought stress signal,
transported from the roots to the stomatal guard cells of leaves. Sulfate is subsequently
assimilated into Cys, which promotes the final step of ABA production in the guard cells.
ABA then finally triggers stomatal closure.

Since the de novo synthesis of the aromatic amino acids is rather expensive for the cell, a
stress-induced degradation does not seem reasonable. Instead, our proteome analysis of
both in vitro and in soil approaches suggest that, the aromatic amino acids are likely used
for the production of secondary metabolites such as ROS scavenging flavonoids and UV
protecting anthocyanins. However, the absolute dimension is not clear and cannot be
rated.

1.4.6 Amino acids as alternative respiratory substrates

Both experimental approaches, in vitro and in soil, showed strong degradation (40%) of
the total protein content. This releases a vast amount of free amino acids and leads to
the accumulation of mostly all proteinogenic amino acids. It was shown that this activates
“sucrose non-fermentation-related protein kinase 1” (SnRK1), which in turn activates the
transcriptions factors, which induce the transcription of the respective catabolic
pathways (Pedrotti et al., 2018). SnRK1 is known to activate autophagy and catabolic
pathways of the primary metabolism to maintain metabolic homeostasis during
disruptive stress situations and to supply precursors for the metabolic stress adaption.
However, the regulatory mechanism, how SnRK1 senses the accumulated amino acids is
still unclear. Especially, the catabolic enzymes of the BCAA and Lys were strongly induced
during our drought stress approaches. Published gene expression data sets of other
energy deprivation situations revealed a conserved response of the same set of enzymes.
This feature helped to identify additional enzymes participating in these pathways. A lot
of work was put into the identification of participating enzymes and in completing these
catabolic pathways in the last years. In our review, we summarized the updates of the
degradation pathways for BCAA and Lys and discussed possible connections to the
SnRK/TOR network (Heinemann and Hildebrandt 2021; Gipson et al., 2017; Schertl et al.,
2017; Thompson et al., 2020).

The degradation of amino acids such as BCAA and Lys can provide alternative respiratory
substrates, serving the stressed plant as additional energy source during the energy
deprivation situation (Araujo et al., 2011). After deamination, the carbon skeletons can
fuel the drought-impaired TCA cycle at multiple entry sites, generating NADH and ATP
along their oxidative degradation (Figure 12). The degradation of complex amino acids,
as the AAA and the BCAA, includes more enzymatic steps and might yield more reduction
equivalents than simpler amino acids. According to that, the amount of net ATP varies
from 2.5 (Gly) to 34 (Tyr) molecules per amino acid molecule (Hildebrandt et al., 2015).
An alternative option, which directly transfers electrons into the respiratory chain is
represented by the electron transfer flavoprotein/electron-transfer
flavoprotein:ubiquinone oxidoreductase (ETF/ETFQO) system (Araujo et al., 2010).
Catabolic amino acid dehydrogenases, such as the isovaleryl-CoA dehydrogenase (IVDH,;
BCAA catabolism) and the D-2-hydroxyglutarate dehydrogenase (D2HGDH; Lys
catabolism) can directly donate electrons to this carrier system. The ETF/ETFQO system
then transfers the electrons to the ubiquinol pool of the mitochondrial ETC. Interestingly,
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the Pro dehydrogenase is also suspected to transfer electrons directly to ubiquinone,
which would represent a rapid and profitable way to recycle the invested energy (Schertl
and Braun, 2014). However, experimental evidence about the dimension of amino acids
as alternative energy sources was rather unclear. As mentioned in earlier chapters, we
were able to estimate the amounts of protein bound amino acids, which were released
during the drought-induced proteolysis. By comparing the actual free amino acid content
with the theoretically released amount, we observed that 28% of the amino acids were
missing, and probably degraded. However, we further calculated that this amount could
only fuel the mitochondrial ETC for seven hours. This lead to the assumption that amino
acids are rather used as precursors for stress mitigating compounds and only used as
alternative energy resource during very severe drought stress, shortly before death.
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Figure 12: Purposes of free amino acids during drought stress. Carbon skeletons (e.g. keto acids) of several
amino acids can enter the tricarboxylic acid (TCA) cycle and provide alternative energy in form of reducing
equivalents. Others can be used as precursors for secondary metabolites. Colors indicate increased (red),
stable (grey) or decreased (blue) amino acid content during drought stress in Batista-Silva et al. (2019) and
Heinemann et al., (2020). 2-0G: 2-Oxoglutarate.
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1.4.7 Amino acids as signaling molecules and cellular benchmarks

The plant free amino acid composition consists of twenty individual pools. The contents
of individual pools vary widely according to the developmental stage as well as the
nutritional status and they respond strongly to environmental stresses. Furthermore,
plants can adjust these pools remarkably by regulating their degradation or de novo
synthesis. Recently, the usually low abundant amino acids Pro, BCAA and Cys have been
discussed as signaling molecules. Signaling molecules need to be tightly regulated during
control conditions, and show distinct changes in their concentration only under specific
conditions, when the signal is required. This characteristic makes several amino acids
suitable as signaling molecules for environmental influences and in general for the
nutritional status of the plant cell.

In 2002, a homolog of the “target of rapamycin” (TOR) protein kinase, the central hub for
processing nutrient information and master regulator of growth in mammalians was
identified in Arabidopsis thaliana (Menand et al., 2002). Protein kinases transfer
phosphate groups of ATP molecules to a target protein, (e.g. enzyme or transcription
factor) and can thus change characteristics such as its activity, substrate affinity,
substrate specificities or the protein stability. As in mammalians, the TOR kinase complex
in Arabidopsis activates growth-relevant pathways of the plants metabolism (e.g. amino
acid synthesis, protein synthesis & sugar metabolism). TOR activation is multifaceted and
depends on the availability of nutrients including nitrogen, carbon and sulfur (Fu et al.,
2020). Cao et al. (2019) observed an up-regulated TOR activity in a BCAA over-
accumulating Arabidopsis mutant and assumed increased BCAA concentration as signal
for the protein biosynthesis. In line with that, O'Leary et al. (2020) recently showed that
increased levels of free Ala and Pro can activate their mitochondrial degradation
pathways, which ca be prevented by other amino acids (e.g. Met, lle) via the TOR signaling
pathway. Although the mechanism is unclear yet, amino acids can also be sensed by the
sucrose non-fermentation-related protein kinases (SnRK 1 and 2). They were identified
as having an antagonistic role within the TOR kinase network. Like its homologue in yeast,
SnRK1 is assumed to sense metabolic signals and activate autophagy and amino acid
degradation to maintain amino acid homeostasis and adapt to environmental stress
(Pedrotti et al., 2018). Several basic region/leucine zipper motif (bZIP) transcription
factors, which regulate several enzymes of the amino acid degradation pathways, were
revealed to interact with SnRK1 (Pedrotti et al., 2018). More is known about the role of a
member of the SnRK2 class, also known as Open stomata 1 kinase (OST1) or SnRK2.6.
Batool et al. (2018) demonstrated that sulfate, which serves as a mobile drought stress
signal from roots into the guard cells, is incorporated into Cys. The local increase of Cys
induces the ABA synthesis, which in turn induces the Cys desulfhydrase 1 (DES1) (Chen et
al., 2020; Shen et al., 2020). DES1 catalyzes the production of H,S and promotes the
persufidation of SNRK2.6 and the NADPH oxidase respiratory burst oxidase homolog D
(RBOHD). The persulfidated enzymes then promote stomatal closure. Simultaneously,
SnRK2.6 inhibits the TOR activity, as the TOR kinase continuously phosphorylates ABA
receptors to suppress unwanted stress responses under optimal conditions (Wang et al.,
2018).

As part of this thesis, we reviewed the roles of amino acids as signal molecules for the
plant TOR/SnRK network during stress situations (Heinemann and Hildebrandt 2021).
Therefore, we compiled online-accessible gene expression data on carbon starvation,
drought stress and of plants with manipulated TOR/SnRK mechanisms (Baena-Gonzalez
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et al., 2007; Dong et al., 2017; Pedrotti et al., 2018; Xiong et al., 2013). Interestingly, we
observed that the amino acid catabolism showed an induction during carbon starvation
and in plants with inhibited TOR kinase activity or an overexpressed SnRK1. In contrast,
gene expression of the amino acid biosynthesis pathways was decreased under these
conditions. However, they were up-regulated when the TOR kinase was induced or SnRK1
was knocked out. Especially, enzymes of Lys, Tyr, Met, Pro and BCAA metabolism showed
a conserved co-regulation across the transcriptomic data sets, highlighting their role
during energy deprivation as mentioned in previous chapters of this thesis. However, how
plant cells sense and quantify the free amino acids and how they interact with SnRK and
TOR kinase remains unknown.
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1 | INTRODUCTION
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Abstract

Plant responses to abiotic stress include various modifications in amino acid metabo-
lism. By using a hydroponic culture system, we systematically investigate modification
in amino acid profiles and the proteome of Arabidopsis thaliana leaves during initial
recovery from low water potential or high salinity. Both treatments elicited oxidative
stress leading to a biphasic stress response during recovery. Degradation of highly
abundant proteins such as subunits of photosystems and ribosomes contributed to
an accumulation of free amino acids. Catabolic pathways for several low abundant
amino acids were induced indicating their usage as an alternative respiratory substrate
to compensate for the decreased photosynthesis. Our results demonstrate that rapid
detoxification of potentially detrimental amino acids such as Lys is a priority during
the initial stress recovery period. The content of Pro, which acts as a compatible
osmolyte during stress, was adjusted by balancing its synthesis and catabolism both
of which were induced both during and after stress treatments. The production of
amino acid derived secondary metabolites was up-regulated specifically during the
recovery period, and our dataset also indicates increased synthesis rates of the pre-
cursor amino acids. Overall, our results support a tight relationship between amino

acid metabolism and stress responses.

KEYWORDS

Arabidopsis thaliana, drought, hydroponic culture, proteomics, salinity

stress that can lead to turgor loss. To cope with that, plants react with
stomatal closure, which inhibits CO, assimilation and thus triggers a

Higher plants are sessile and therefore cannot escape adverse envi-
ronmental conditions that are a constant threat throughout their life
cycle. Unfavourable growth conditions such as extreme temperatures
(heat, cold, and freezing), drought (deficient precipitation and drying
winds), and contamination of soils with high salt concentrations are
considered the major abiotic environmental stressors that can not only
limit plant growth and development but they also determine the geo-
graphic distribution of plant species and directly affect agronomical
yield (Krasensky & Jonak, 2012). Early effects of high salinity and
drought on plant metabolism are relatively similar because both
restrict the availability of water to plant cells and impose osmotic

“Willian Batista-Silva and Bjorn Heinemann contributed equally to this study.

chain of events including accumulation of reducing equivalents,
overreduction of plastidial and mitochondrial electron transport chains
and as a consequence increased production of reactive oxygen species
(ROS) which in turn damage proteins, lipids, and nucleic acids.
Prolonged salt stress in addition induces hyperionic stress and second-
ary deficiencies in K* and NO3~ (Chaves, Flexas, & Pinheiro, 2009;
Mahajan & Tuteja, 2005). Under field conditions, this may even be
the predominant factor affecting plant performance (Verslues,
Agarwal, Katiyar-Agarwal, Zhu, & Zhu, 2006).

Plants have evolved different strategies to minimize the adverse
effects of abiotic stress conditions and several of them are connected
to amino acid metabolism (Hildebrandt, 2018; Madhava Rao,
Janardhan Reddy, & Raghavendra, 2006). For instance, osmotic

Plant Cell Environ. 2019;1-15.
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adjustment is achieved by the accumulation of compatible osmolytes
that do not interfere with plant metabolism even at high concentra-
tions and may also act as ROS scavengers such as Pro and GABA.
Pro synthesis is strongly induced during osmotic stress leading to an
accumulation of Pro to high millimolar levels (Verslues & Sharma,
2010). Thus, increased Pro concentrations can be used as a metabolic
stress indicator. Pro content is determined by the balance between
synthesis and degradation, and its accumulation capacity has been
shown to correlate with abiotic stress tolerance (Szabados & Savouré,
2010).

Several amino acids can act as precursors for the synthesis of sec-
ondary metabolites and signalling molecules. Polyamines are derived
from Arg (Alcazar et al., 2006), the plant hormone ethylene is synthe-
sized from Met (Amir, 2010), and immune signalling requires conver-
sion of Lys to N-hydroxy pipecoline (Chen et al., 2018; Hartmann
et al., 2018). A broad spectrum of secondary metabolites with multiple
biological functions and health promoting properties are further
derived from the aromatic amino acids Phe, Tyr, and Trp or from inter-
mediates of their synthesis pathways (Tzin & Galili, 2010). A general
accumulation of free amino acids has usually been observed in differ-
ent plants exposed to abiotic stress (Aleksza, Horvath, Sandor, &
Szabados, 2017; Barnett & Naylor, 1966; Draper, 1972; Ferreira
Junior, Gaion, Sousa Junior, Santos, & Carvalho, 2018; Fougere, Le
Rudulier, & Streeter, 1991; Huang & Jander, 2017; Lugan et al,
2010). Extensive amino acid accumulation in response to drought
stress has been reported for maize, cotton, tomato, and the resurrec-
tion plant (Martinelli et al., 2007; Perez-Alfocea, Estan, Caro, &
Guerrier, 1993; Ranieri, Bernardi, Lanese, & Soldatini, 1989; Showler,
2002). Recent studies also suggested that autophagy and abscisic
acid-induced protein turnover contribute to the increase in free amino
acids (Barros et al., 2017; Hildebrandt, 2018; Hirota, Izumi, Wada,
Makino, & Ishida, 2018; Huang & Jander, 2017). In situations of insuf-
ficient carbohydrate supply due to a decrease in photosynthesis rates
that usually occur during stress conditions, plants can use amino acids
as alternative substrates for mitochondrial respiration (Aratjo, Tohge,
Ishizaki, Leaver, & Fernie, 2011; Hildebrandt, 2018; Hildebrandt,
Nunes Nesi, Aratjo, & Braun, 2015). The degradation pathways for
Lys and the branched-chain amino acids Val, Leu, and lle have already
been identified as essential factors for dehydration tolerance in
Arabidopsis (Pires et al., 2016), but the specific role of other catabolic
pathways remains unclear. After return to more favourable growth
conditions, plants have to reprogram their metabolism and switch back
from survival to active growth. Thus, not only metabolic adjustments
to the stress conditions but also the efficiency of resuming growth
and seed production after stress release will affect plant fitness and
consequently crop yield.

By using a hydroponic culture system, here, we investigate the
response of amino acid metabolism during the recovery phase follow-
ing low water potential and salt stress in Arabidopsis thaliana under
controlled environmental conditions. Our results provide novel insight
into the dynamic behaviour of individual pathways and their potential
functions during stress tolerance. They demonstrate that the usage of
a relatively simple experimental system is suitable for investigating the
mechanisms and regulatory networks associated with efficient recov-

ery from stress.

2 | MATERIALS AND METHODS

2.1 | Plant growth conditions and stress treatment

Seeds of A. thaliana Col-0 (10 mg) were sterilized by incubation in 50%
ethanol for 1 min, followed by manual shaking for 2 min. After that,
the ethanol was replaced by 6% of hypochlorite and shaken for
another 2 min. Subsequently, the seeds were washed five times by
adding 1 ml sterilized water, inverting the tubes for 2 min and spinning
the seeds down. In a final step, 2 ml Agarose (0.15% w/v; Sigma-
Aldrich, Hamburg, Germany) were added to the sterilized seeds. The
seed suspension was diluted to a final concentration of 2.5 mg ml™*
of agarose per tube. Plant cultivation took place in specialized glass
jars, which include a stainless steel wire mesh platform (125 um mesh
size) that is fixed between two flat rings and held in place by three legs
(as developed by Schlesier, Bréton, & Mock, 2003). One millilitre of
the seed/agarose suspension was dispensed on each wire mesh plat-
form. The glass jars were filled to the height of the platform with
~150 ml of a solution including 2.2 g L™ Murashige and Skoog (MS)
basal medium (Murashige & Skoog, 1962; Sigma-Aldrich, Hamburg,
Germany) and 0.4% Agar (Agar Type A, Sigma-Aldrich). Plants were
cultivated in a growth chamber at long-day conditions (16 hr light
[85 pmol photon m™2 s7] and 8 hr dark), a temperature of 23 + 2°C
and a humidity of 60 + 5%. For the initial plant cultivation, the
abovementioned medium was supplemented with 1% (w/v) sucrose.
During continued cultivation at stress conditions (see below), supple-
mentation of sucrose was omitted.

Fourteen days after sowing, the wire mesh platforms with seed-
lings were transferred into new glass jars including liquid medium
(150 ml of 2.2 g L™ of MS) supplemented with either (a) 150 mM NaCl
(salt stress), (b) PEG 6000 (water stress; Ws = -1.0 MPa; 290.92 g L™%),
or (c) none of the two compounds (control). The medium supple-
mented with NaCl was autoclaved together with the MS medium
before use, whereas PEG-6000 was added to the MS medium after
autoclaving. Stress treatment was started 1 hr after the beginning of
the light period. The seedlings were maintained at the stress condi-
tions for the next 24 hr. To investigate the recovery from NaCl and
PEG stress, wire mesh platforms with seedlings were returned to glass
jars containing % MS medium without supplements and cultivated for
another 18 hr. Leaf material of the plants was harvested at four time
points (Figure 1): At the beginning of the stress treatment (immedi-
ately before transferring to the new glass jars), at the end of the stress
treatment, and after 6 and 18 hr of recovery. Leaves of all plants
growing in the same glass jar were pooled. For each time point and
condition plant material from four individual glass jars was analysed.
Samples were frozen in liquid nitrogen, ground to a fine powder, and
stored at -80°C until further use.

2.2 | Determination of hydrogen peroxide content

The hydrogen peroxide (H,O,) content of plant extracts was mea-
sured after reaction with Kl (potassium iodide) as described by Gharibi,
Tabatabaei, Saeidi, and Goli (2016). In brief, extraction was performed

using 30 mg of plant material. The powder was resolved in 1 ml of
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FIGURE 1 Scheme of the experimental set-up for investigating the stress and stress recovery responses in Arabidopsis. Throughout the
experiment, plants were cultivated at long-day conditions (16 hr light and 8 hr dark; see Section 2 for details). Germination and initial
cultivation of plants took place on semi-solid % MS medium containing 1% sucrose (green bar). Fourteen days after sowing (DAS), plants were
transferred, to liquid % MS medium without sucrose 1 hr after the beginning of the light period and subjected to stress (addition of either 150 mM
NaCl or PEG6000) for 24 hr (red bar). Finally, plants were transferred to liquid % MS medium without additions for stress recovery for 18 hr (blue
bar). Plants were harvested and used for all further experiments at the four time points indicated by the colour arrows. Representative pictures of
the plants before and after the stress treatments and during the recovery phase are shown. The inserted graph presents leaf proline contents at
the time points indicated [Colour figure can be viewed at wileyonlinelibrary.com]

0.6% (w/v) of thiobarbituric acid (Sigma-Aldrich) in 10% (w/v) of tri-
chloroacetic acid. Then, the mixture was heated at 100°C for 15 min
and centrifuged at 2,400 g for 10 min. Afterwards, the supernatant
(20 pl) was combined with 200 pl of 100 mM K-phosphate buffer,
pH 7.0, and 80 pl of KI 1% (w/v). The blank probe consisted of the
same compounds except that the protein extract was omitted. The
reaction took place for 1 hr in the dark. Subsequently, absorbance
was measured at 390 nm. The amount of H,O, was determined
according to a standard curve prepared with known concentrations
of H,O,.

2.3 | Assays of antioxidant enzyme activities

About 0.25 g of leaf material was solubilized in 0.5 ml 50 mM potas-
sium phosphate buffer (pH 7.0) containing 1 mM ethylenediaminetet-
raacetic acid (EDTA), 1% polyvinylpyrrolidone, and 1 mM ascorbic
acid. The homogenate was centrifuged at 15,000 g for 20 min at
4°C, and the supernatant was used for the following enzyme assays.
The total protein content was determined as previously described
(Bradford, 1976).

Catalase (CAT; EC1.11.1.6) activity was determined as described
before with some modifications (Aebi, 1984). In brief, CAT activity

was assayed by H,O, consumption (extinction coefficient 39.4 mM

"1 ¢m™) at 240 nm. The reaction was carried out in a volume of

200 pl (20 pl supernatant of the plant extract plus 180 ul of a solution
containing 50 mM potassium phosphate buffer (pH 7.0) and 10 mM
H,0,). Ascorbate peroxidase (APX; EC1.11.1.11) activity was deter-
mined by following the decrease in Asgg (extinction coefficient
2.8 mM™* cm™). The reaction volume was 200 pl (20 pl supernatant
of the plant extract plus 180 pl of 50 mM potassium phosphate
[pH 7.0], 0.5 mM ascorbic acid, and 0.1 mM of H,O, as described in
Nakano & Asada, 1981). Glutathione reductase (GR; EC1.6.4.2) activ-
ity was determined by measuring NADPH oxidation at 340 nm
(extinction coefficient 6.2 mM™ cm™). The assay mixture (volume:
200 pl) included 20 pl supernatant of the plant extract plus 180 ul
of a solution containing 50 mM potassium phosphate buffer
(pH 7.8), 2 mM of Nao,EDTA, 0.15 mM glutathione disulphide, and
0.15 mM NADPH. The reaction was initiated by adding NADPH as
described previously by Schaedle and Bassham (1977). The reaction
was monitored for 3 min. Superoxide dismutase (SOD; EC1.15.1.1)
was assayed by monitoring the inhibition of the photochemical reduc-
tion of nitro blue tetrazolium (NBT) at 560 nm (100 pumol photons m
"2 571) as previously described by Giannopolitis and Ries (1977). The
reaction mixture (300 ul) contained 20 pl of supernatant of the plant
extract plus 280 ul a solution containing 50 mM of potassium phos-
phate buffer (pH 7.8), 75 uM nitroblue tetrazolium, 13 mM methio-
nine, 0.1 mM EDTA, and 2 uM riboflavin.
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Determination of metabolite levels

Photosynthetic pigments were determined according to Porra,
Thompson, and Kriedemann (1989). Total proteins were determined
as described before (Cross et al., 2006).

2.5 | Amino acid quantification

Amino acid profiles were quantified using a modified version of the
procedure described by Furst, Pollack, Graser, Godel, and Stehle
(1990). Leaf material was lyophilized using an Alpha 1-2 LD+ freeze
dryer (Christ, Osterode, Germany). About 10 mg plant powder was
used for the extraction of free amino acids. Samples were solubilized
in 800 ul of 0.1 M HCI (Roth, Karlsruhe, Germany). After 15 min of
incubation at room temperature, the samples were centrifuged at
16,100 g for 5 min. Supernatants were mixed with equal volume of
0.5 M potassium borate buffer (pH 11), incubated for 15 min at room
temperature, and centrifuged at 16,100 g for 5 min. The supernatants
were collected and stored at —20°C. Shortly before the analysis, 50 pl
of the extracts were diluted with 300 ul 0.5 M potassium borate
buffer (pH 11) and 280 pl 0.1 M HCI. As internal standard for the
derivatization of primary amino acids 5 ul of 0.5 mM beta-
aminobutyrate (Sigma-Aldrich, Hamburg, Germany) was added. For
the normalization of the derivatization of the secondary amino acids,
5 ul of 0.5 mM sarcosine (Sigma-Aldrich, Hamburg, Germany) was
added to the dilution.

During the precolumn derivatization, 7 ul of samples were mixed
with 18 ul 0.1 M borate buffer (Agilent, Waldbronn, Germany) and
3.5 pl ortho-phthaldialdehyde (Agilent, Waldbronn, Germany). After
60 s, 2.8 pl 9-fluorenylmethoxycarbonyl chloride (Agilent, Waldbronn,
Germany) were added, and subsequently, the derivatization was
stopped by adding 90 pl of 15 mM acetic acid. Finally, 1 pl were
injected onto a 100x 2.1 mm Acclaim RSLC 120 C18, 2.2 um (Thermo
Fisher, Dreieich, Germany), driven by the Ultra High-Performance Lig-
uid Chromatography (UHPLC) System Ultimate 3000 (Thermo Fisher,
Dreieich, Germany) at 40°C. The gradient was composed of solvent
A (10 mM sodium phosphate and 10 mM sodium tetraborate
decahydrate [pH 8.2]) and solvent B (methanol:acetonitrile:water
[45:45:10]) with a flow rate of 0.71 ml min™2. The gradient programme
started with a composition of 98:2 (solvent A:B), which changed line-
arly from O to 4.4 min to 71.5:28.5, followed by an isocratic step for
0.3 min. From 4.7 to 6.9 min, solvent A reduced further to 43%,
followed again by an isocratic step till 9 min. At 9.8 min, the composi-
tion reached 0:100 (A:B) and remained for 5.7 min, to wash the col-
umn. At 15.7 min, the initial composition of 98:2 (A:B) was used for
4.3 min to re-equilibrate the column for the next run. Amino acids
were detected using a Fluorescence detector 3400 RS and UV-
Detector 3100 (Thermo Fisher, Dreieich, Germany). Primary amino
acids were excited with 337 nm wavelength, whereas the emitted
light at 442 nm was measured. Secondary amino acids were excited
with 266 nm, and the emitted signals detected at 305 nm. Standards
were prepared using the amino acid standard solution from Sigma-
Aldrich (AAS18-5ML), stacked with L-Asparagine, L-Glutamine,
gamma-Aminobutyrate,

beta-Aminobutyrate, L-Tryptophan and

Sarcosine (each from Sigma-Aldrich, Hamburg, Germany). Evaluation
of the peak areas was done with the software Chromeleon 7.2 SR4
(Thermo Fisher, Dreieich, Germany).

2.6 | Proline quantification

The proline content was measured as previously described by Abra-
ham, Hourton-Cabassa, Erdei, and Szabados (2010), with modifica-
tions. A total of 10 mg lyophilized plant powder was used for proline
extraction as described above for amino acid extraction. The sample
extract was prepared in a reaction mixture containing 100 ul of
sulfosalicylic acid (3%, w/v), 200 ul of acidic ninhydrin, (1.25 g ninhy-
drin (1,2,3-indantrione monohydrate), 30 ml glacial acetic acid, 20 ml
of 6 M orthophosphoric acid), 200 ul of glacial acetic acid. To start
the reaction, 100 pl of sample extract was added to the reaction mix-
ture, incubated at 96°C for 60 min in the dark. Transfer on ice stopped
the reaction. After that, 1 ml of toluene (Sigma-Aldrich) was added,
vortexed and kept at room temperature for 5 min to allow the separa-
tion of the organic and the water phase. A total of 200 ul of the chro-
mophore phase (200 ul) containing the toluene was transferred into a
fresh quartz 96-well plate and read by a microplate reader at 520 nm.
The system was

calibrated by measuring known proline

concentrations.

2.7 | Label-free quantitative shotgun mass
spectrometry

Protein extraction and sample preparation for label-free quantitative
shotgun mass spectrometry analysis were performed as described by
Thal, Braun, and Eubel (2018). Tandem mass spectrometry (MS/MS)
analysis was performed using a Q-Exactive mass spectrometer
coupled to an Ultimate 3000 UPLC (Thermo Fisher Scientific, Dreieich,
Germany) as described in Fromm, Going, Lorenz, Peterhansel, and
Braun (2016).

For MS data interpretation, the software MaxQuant (Version
1.5.5.1) was used, including the Andromeda search engine (Cox &
Mann, 2008) against the TAIR 10 database. Max Quant and Androm-
eda settings were selected as described in Thal et al. (2018). The final
analysis and comparison of the protein identification lists were done
with Perseus (Version 1.5.5.3; Tyanova et al, 2016). In brief,
MaxQuant LFQ (Label Free Quantification) values were imported
and proteins only identified by a single peptide containing a modifica-
tion, decoy entries, as well as common contaminations were removed.
The data were transformed to log, and grouped (40 samples: four bio-
logical replicates for O hr stress, 24 hr stress (PEG, NaCl, control), 6 hr
recovery (PEG, NaCl, control), and 18 hr recovery (PEG, NaCl, control),
respectively). Protein entries were classified as “valid” if they were
identified in at least three replicates of at least one group.

Proteins were assigned to functional categories according to the
MapMan Ath_AGI_LOCUS_TAIR10_
Aug2012). Enrichment of specific categories within the proteins with

annotation file  (version

significantly changed abundance in the individual treatments com-
pared with the control was calculated as the relative abundance of
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the category in the analysed group divided by the relative abundance
in the complete proteomics dataset.

2.8 | Root toxicity test

The toxicity of certain amino acids to A. thaliana was tested in vitro by
analysing the root growth in the presence of the respective amino
acid. The experiment was performed in a growth chamber at 22°C,
85 umol s™* m™2 light, 16 hr light, and 8 hr darkness. For the initial
rooting, seeds were sterilized and placed on % MS Medium with 1%
sucrose and 1% agar for 3 days. Ten similarly developed seedlings
were then transferred to squared agar plates supplemented with
100 puM of the respective amino acid. Plates were placed upstanding
to let the roots grow vertically along the medium. After 8 days, the

roots were measured with the AxioVison software (Carl-Zeiss, Jena).

2.9 | Statistical analysis

The experiment was performed in a completely randomized design,
with four replicates per treatment. Additionally, the complete set-up
was repeated at least four times with similar phenotypes observed
each time. Statistical analysis of the MS dataset was performed in Per-
seus using two-sample t tests (P < 0.05). For amino acid profiles, the
averages of the treatments were compared by the Tukey's test
(P < 0.05) using the GENES software (Cruz, 2013). Statistical analysis
of root lengths was performed using the Mann-Whitney U test.

3 | RESULTS

3.1 | Investigation of stress and stress release in a
hydroponic culture system

We adapted a hydroponic culture system previously developed
(Schlesier et al., 2003) to investigate changes in amino acid metabo-
lism in Arabidopsis during osmotic stress as well as in the early recov-
ery period. Plants were cultivated under controlled environmental
conditions in sealed glass jars (Figure 1). Seeds were placed on plat-
forms covered with steel mesh allowing to quickly modify the condi-
tions in the growth medium by transferring the platform to a new
glass jar. Preliminary experiments were conducted to establish the
optimal experimental conditions including (a) the time point for the
beginning of the stress treatment, (b) the intensity and duration of
the stress period, and (c) the duration of the recovery phase. Leaf
Pro content was monitored as a marker for osmotic stress response.
We selected plants that were severely stressed but still able to recover
completely. The final set-up included cultivating plants under control
conditions for 2 weeks, followed by the exposition to stress treat-
ments (150 mM NaCl; 291 g L™! PEG; control without stress) for
24 hr and afterwards return to control conditions (Figure 1; see Sec-
tion 2 for details). Shoots were harvested before and at the end of
the stress treatment as well as after 6 and 18 hr of recovery.

The plants were apparently severely stressed after 24 hr of PEG
or NaCl treatment as reflected by shrivelled leaves and in case of

PEG even a brownish colour (Figure 1). They recovered almost

WILEY- ey |5

completely within the first 6 hr of stress release with only individual
leaves still showing necrotic lesions. In order to assess the general
condition of the plants, we analysed oxidative stress parameters as
well as the chlorophyll, amino acid, and protein content (Figure 2).
Principal component analysis illustrates the significant impact of the
stress treatment on these variables and the gradual return to control
levels during recovery (Figure S1). Both hydrogen peroxide content
and the activities of enzymes involved in the antioxidative system
were consistently increased after the stress period, an effect that
was stronger for PEG than for NaCl treatment (Figures 2 and S2). Cat-
alase, glutathione reductase, and superoxide dismutase activity
returned to control levels after 6 hr of stress release in the NaCl
treated samples indicating a quick recovery from oxidative stress.
The decrease in antioxidative enzyme activities was slower after
PEG treatment, and ascorbate peroxidase activity remained at higher
levels throughout the recovery phase. PEG stress led to a decrease
in leaf chlorophyll and protein content, which were completely (pro-
tein) or partially (chlorophyll) restored within 18 hr of release. By con-
trast, the protein but not the chlorophyll content was affected by salt
stress.

3.2 | Global responses of the Arabidopsis leaf
proteome during stress and stress release

Total leaf protein fractions were isolated from plants harvested before
and after the stress treatment and after 6 and 18 hr of recovery and
subjected to label-free shotgun proteomics. A total of 1,839 proteins
were detected in at least three replicates of one group and on that
basis selected for further analysis (Table S1). In order to obtain a gen-
eral overview regarding the proteomic stress response, we grouped all
proteins into functional categories according to MapMan (Thimm
et al., 2004). This dataset was used for enrichment analysis to identify
the most relevant pathways during stress and/or recovery (Figure 3),
and in addition, protein abundance profiles were calculated for all
functional categories (Figure 4). A total of 707 proteins were signifi-
cantly changed after PEG stress and a large fraction of them remained
increased or decreased also during the recovery phase (Figure 3a, dark
grey bars; Figure 3b, top box). In comparison, high salinity led to rather
short-term proteome modifications. Aminotransferases as well as heat
shock proteins were consistently increased during stress and recovery
in both, PEG and NaCl stress, whereas ribosomal and photosystems
proteins were of lower abundance indicating increased turnover of
such highly abundant proteins. Enrichment analysis as well as the
heatmaps also demonstrated that other categories related to photo-
synthesis including light reactions, Calvin-Benson cycle, photorespira-
tion, and tetrapyrrole synthesis were strongly down-regulated
following the stress treatment. As a potential compensation, PEG
treatment led to an induction of pathways involved in heterotrophic
energy metabolism such as the degradation of lipids, proteins and cell
walls, glycolysis, and the tricarboxylic acid (TCA) cycle. There was a
biphasic oxidative stress response in PEG treated plants with an initial
peak in catalase and glutathione-S-transferase abundance during the
stress period followed by a gradual increase in peroxidase abundance
during the recovery phase.
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FIGURE 2 Physiological and biochemical properties of Arabidopsis plants during stress and stress recovery. Plants were characterized before
stress (O hr; indicated by green colour), at the end of the stress period (24 hr; red), and during stress recovery (6 and 18 hr; blue). Activities of
selected enzymes involved in the antioxidative system. (a) CAT: catalase. (b) APX: ascorbate peroxidase. (c) GR: glutathione reductase. (d) SOD:
superoxide dismutase. Additionally, were measured (e) total chlorophyll, (f) total protein, and the (g) contents of H,O, with respect to fresh weight
(FW) or dry weight (DW) as indicated. Data presented are means + SE (n = 4). Different letters represent average values that were judged to be
statistically different between samples (P < 0.05, Tukey test). Small letters refer to the comparison between treatments at the same time points
and capital letter to comparisons between individual treatments over time [Colour figure can be viewed at wileyonlinelibrary.com]

3.3 | Amino acid metabolism during stress and stress
release

Enrichment analysis also revealed a prominent role of amino acid
metabolism during stress and stress release (Figure 3b). In addition
to the sustained induction of aminotransferases, the synthesis path-
ways for Arg and aromatic amino acids were significantly up-regulated
on a protein level specifically during the recovery phase following both
PEG and salt stress. In contrast, the abundance of branched-chain
amino acid biosynthetic enzymes was significantly decreased after

the stress. In order to understand the interactions of amino
acid metabolism and stress response in more detail, we additionally
measured leaf amino acid profiles (Tables S2 and S3) and integrated
all the information in a comprehensive metabolic pathway map
(Figure 5). This map represents all currently known enzymatic steps
involved in plant amino acid synthesis (arrows pointing at the amino
acids) and amino acid degradation (arrows pointing away from
the amino acids; Hildebrandt, 2018). In addition, committed steps
leading to the synthesis of secondary metabolites are also shown

(in italics).
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FIGURE 3 Significant changes in the Arabidopsis leaf proteome during stress and recovery period. Total protein fractions were isolated from
plants harvested at the time points indicated in Figure 1 and subjected to label-free shotgun proteomics (see Section 2 for details). Log,-fold
changes in protein abundances were calculated for the stress treated versus control plants, and significant changes in abundance were identified
by Student t test (P < 0.05). (a) Number of proteins with significantly increased or decreased abundance in stress treated versus control plants after
the stress treatment (stress), after 6 hr of recovery (6 hr R), and after 18 hr of recovery (18 hr R). Proteins with consistently changed abundance
during the stress and recovery phase are represented by filled bars, whereas significant changes that were not present in the previous time points
are shown as striped areas. (b) Enrichment analysis to identify functional protein categories that are consistently regulated during the stress and
recovery period (shown in the upper part of the boxes) or specific for either stress or stress release (shown at the bottom). Numbers next to the
arrows indicate the total number of significantly increased (red arrows) or decreased (blue arrows) proteins. The enrichment factors are given in
parentheses after the names of the categories. The full shotgun proteome dataset is given in Table S1 [Colour figure can be viewed at
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Pro accumulation during the stress treatment followed by a
decrease in the recovery phase had been used as a marker for osmotic
stress response for establishing the experimental set-up, and our
dataset further confirms that the synthesis pathway for Pro was
induced during salt as well as PEG stress (Figure 5d; Table S4). This
response was stronger and more persistent with PEG than with NaCl.
Interestingly, the abundance of delta-1-pyrroline-5-carboxylate dehy-
drogenase, an enzyme involved in Pro degradation, was already
induced during the stress treatment and remained on a high level dur-
ing stress release (Figure 5d; Table S4). Overall, the effect of salt stress
on the leaf amino acid profile was less pronounced than for PEG treat-
ment. Only four of the 20 amino acids analysed significantly changed
their contents after salt stress, and three additional ones changed only
during the recovery phase (Table S3). In contrast, four amino acids
remained completely unaffected by PEG stress, whereas 10 were
increased throughout the entire experiment. The total free amino acid
content, calculated as the sum of all amino acids in our profile,
increased during stress and showed a second peak during late recov-
ery (Table S3). Gly was the only amino acid with a consistently lower
content in stressed plants compared with controls. GIn and Ala
strongly accumulated during the recovery period from PEG treatment.
After salt stress, there was an initial reduction in the contents of GIn,
Arg, and Asn after 6 hr of recovery before they returned to control
levels after 18 hr. Arg decreased significantly during recovery from
PEG, which might be explained by a high demand for precursors of
polyamine synthesis, because this pathway was induced (Figure 5d).
Amino acid derived secondary metabolism was generally up-regulated

during stress and recovery with the exception of ethylene production
from Met. This finding is in good agreement with the observed induc-
tion of aromatic amino acid synthesis because these are precursors for
a diverse set of secondary metabolites such as glucosinolates, alka-
loids, and phenylpropanoids.

Concentrations of the low abundant amino acids (branched-chain
amino acids, Lys, Met, His, and aromatic amino acids) showed the
strongest relative increase after PEG treatment, whereas there was
no significant change compared with the control after NaCl stress.
The synthesis pathways of these amino acids were generally down-
regulated during both stress conditions investigated and gradually
returned to control levels during recovery. In contrast, the degradation
pathways were strongly induced and in several cases peaked during
early recovery before decreasing again (Figure 5a-c; Table S4).
Looking at the absolute amino acid concentrations in the leaves, it
becomes obvious that some of the low abundant amino acids such
as Lys and Leu accumulated during PEG stress but were degraded very
fast after stress release, whereas others (Val, lle, His) remained ele-
vated (Figure 6a). Proteomics show that LKR/SDH and aldehyde dehy-
drogenase 7B4 catalysing the first steps in Lys degradation were
strongly induced during PEG treatment and remained on a high level
also throughout the recovery phase (Figure 6b). Induction of enzymes
involved in branched-chain amino acid catabolism seemed to be less
pronounced and of a more transient nature.

To test whether toxic effects could be the reason for preferential
degradation of specific amino acids, we further performed a root
growth inhibition assay (Figure 6c). Indeed, Lys turned out to be the
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FIGURE4 Heatmap representing protein abundance profiles during stress and recovery period. Total protein fractions were isolated from plants
harvested at the time points indicated in Figure 1 and subjected to label-free shotgun proteomics (see Section 2 for details). Log,-fold changes in
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with respect to the reference fraction. The full shotgun proteome dataset is given in Table S1 [Colour figure can be viewed at wileyonlinelibrary.
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most toxic amino acid and inhibited the growth of Arabidopsis roots
by 80% at a concentration of 100 uM followed by Leu (62% inhibition)
and Met (44% inhibition). By sharp contrast, Val and lle showed only
mild toxic effects, whereas His addition even slightly promoted root
growth.

4 | DISCUSSION

Our approach aimed at specifically addressing the behaviour of amino
acid metabolism during the recovery phase from high salinity and low
water potential in the model plant A. thaliana. Our in vitro experimen-
tal system provided reliable and reproducible conditions during stress
and more importantly in the recovery period. In contrast to soil-based
techniques, it allows rapid and accurate modification of the water
potential and the salt concentration in the medium. The advantages
of PEG as a drought stress inducer have been repeatedly demon-
strated (Frolov et al., 2017; van der Weele, Spollen, Sharp, & Baskin,
2000; Verslues et al., 2006). Although caution must be taken when
analysing such results due to potential effects of the artificial growth
conditions such as crowding, hypoxia, or the supply of sucrose in the
initial growth medium, our experimental system had very little effect
on amino acid metabolism in control plants. Therefore, we conclude
that our approach is highly suitable for investigating the effect of

stress and stress release on amino acid metabolism in order to comple-

ment the results obtained with soil-based systems.

4.1 | Stress recovery: Re-establishing photosynthesis
and fighting ROS

Photosynthesis is one of the primary processes affected by drought
and salt stress (Chaves, 1991; Munns, James, & L3uchli, 2006). The
decreased availability of CO, due to diffusion limitations directly
restrict photosynthesis rates but also leads to secondary effects such
as photo-oxidative damage and increased protein turnover (Chaves
et al, 2009). The carbon balance of a recovering plant may thus
depend on both the degree of damage induced during stress as well
as the velocity and extent of photosynthetic recovery. Our results
confirm a sharp increase in oxidative stress after PEG as well as NaCl
treatment leading to an induction of protective enzymes such as chap-
erones, catalase, and glutathione S-transferase. Although plants were
able to eliminate ROS levels within 18 hr of recovery, the chlorophyll
content as well as the abundance of proteins from the photosystems
still remained low, indicating an incomplete recovery of the photosyn-
thetic activity. In addition, ribosomal proteins were clearly enriched in
the group of proteins with consistently reduced abundance after

stress treatments as well as during the recovery period. Preferential
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degradation of the photosystems proteins might be associated with a
high frequency of photo-oxidative damage. Ribosomal proteins are
highly abundant and thus sequester a large amount of the cell's

resources. In addition, protein synthesis consumes a considerable

fraction of the cells' ATP and precursor supply. Consequently, cells
react to various stresses by translation arrest to release energy and
resources for stress responses (Cebollero, Reggiori, & Kraft, 2012).

Selective degradation of ribosomes (ribophagy) under nutrient
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starvation conditions has been first described in yeast cells (Kraft,
Deplazes, Sohrmann, & Peter, 2008) and a similar process has also
been proposed for plants (Floyd, Morriss, Macintosh, & Bassham,
2012). Our results indicate that ribosomes are degraded within the
first 24 hr of salt stress or low water potential, and control levels are
not restored within 18 hr of recovery. As a consequence, protein syn-
thesis might still be limited for a considerable period after the stress
has been alleviated potentially affecting the replacement of damaged
photosystems and slowing down the complete recovery process.

4.2 | Stress recovery: The significance of amino acid
metabolism

In general, the content of free amino acids in plants increases consid-
erably during different abiotic stress conditions. The reason for this
accumulation might be different for individual amino acids. Synthesis
rates of the amino acid can be up-regulated, degradation down-
regulated, and in addition, it can be produced by proteolysis or con-
sumption can be restricted due to a decrease in protein synthesis or
secondary metabolite production. Our study provides insight into the
direction of metabolism for different proteinogenic amino acids during
stress and stress release and their potential function in stress toler-
ance. The main results are summarized in Figure 7 and are
discussed below.

421 | Pro homeostasis as a balance between syn-
thesis and degradation

The role of Pro as a compatible osmolyte during abiotic stress condi-
tions associated with low water availability has been extensively dem-
onstrated (Liang, Zhang, Natarajan, & Becker, 2013; Szabados &
Savouré, 2010). We also observed a strong induction of Pro synthesis
after NaCl as well as PEG treatment. Mitochondrial Pro catabolism
contributes to ATP production by directly transfering electrons into
the respiratory chain and also produces Glu that can be converted into
the TCA cycle intermediate 2-oxoglutarate by glutamate dehydroge-
nase (Schertl & Braun, 2014). This pathway is seemingly relevant for
increased drought resistance and can act as a buffer of the cellular
redox status (Bhaskara, Yang, & Verslues, 2015; Shinde, Villamor, Lin,
Sharma, & Verslues, 2016). Delta-1-pyrroline-5-carboxylate dehydro-
genase (P5CDH) is induced by high Pro concentrations most likely to
prevent accumulation of the toxic degradation intermediate A®-
pyrroline-5-carboxylate, which might serve as a signalling molecule
promoting programmed cell death (Deuschle et al., 2001; Deuschle
et al., 2004). The regulation of proline dehydrogenase (ProDH), the ini-
tial enzyme of the Pro degradation pathway, seems to be more com-
plex. Expression of the main isoform ProDH1 is strongly induced by
Pro, but high salinity or PEG treatment can prevent this induction
(Peng, Lu, & Verma, 1996; Sharma & Verslues, 2010). Our proteomics
dataset does not include ProDH but demonstrates that P5SCDH is
already up-regulated on a protein level during stress, which in the
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presence of sufficient amounts of ProDH could lead to simultanuous
synthesis and degradation of Pro and thus waste valuable resources.
However, a regulatory protein (DFR1) has been recently identified as
able to inhibit mitochondrial Pro degradation during drought stress
and freezing by directly interacting with the two catabolic enzymes
ProDH and delta-1-pyrroline-5-carboxylate dehydrogenase (Ren
et al., 2018). Thus, one possible scenario would be that plants already
prepare themselves during stress for rapid removal of Pro in the
recovery phase by increasing the amount of catabolic enzymes and
at the same time prevent a futile cycle via post-translational
regulation.

4.2.2 | Amino acid synthesis for nitrogen storage and
secondary metabolite production

The biosynthetic pathways of certain additional amino acids, namely,
aromatic amino acids, Ser, Arg, GIn, and Ala were also up-regulated
during PEG as well as salt stress and stress release (Figure 7). The con-
tent of free Ala and GIn continuously increased in particular during
recovery from PEG stress indicating that these amino acids might be
used for storage of the amino groups liberated during degradation of
other amino acids. This is in line with the consistent induction of ami-
notransferases, most of which use either Pyr or 2-oxoglutarate as a
substrate to produce Ala and Glu. Thus, accumulation of specific
amino acids might be associated with storage of precursors for protein
synthesis to prepare for rapid recovery of plant metabolism following
stress. It seems reasonable to suggest that this situation also occurs in
response to less severe stress conditions experienced by most plants
at some stage during their life cycle. Interestingly, we observed a tran-
sient decrease in the content of nitrogen storage amino acids during

early recovery from salt stress and also a reduction in total free amino

acids for both stress conditions analysed. These findings indicate a
high demand for nitrogen during initial stress release potentially for
increased production of non-protein amino acids or other nitrogen
containing metabolites that are not detected in our HPLC approach.

Secondary metabolites of the phenylpropanoid group are synthe-
sized through the shikimate pathway by phenylalanine ammonia lyase
(PAL), which is induced by several adverse environmental conditions
(Tzin & Galili, 2010). We detected increased amounts of PAL 1 during
salt stress and stress release. There was also a consistent induction of
trans-cinnamate 4-monooxygenase involved in phenlypropanoid syn-
thesis and tyrosine aminotransferase required for the conversion of
Tyr to isoquinoline alkaloids during stress as well as in the following
recovery period for both stress conditions used here. Leaf contents
of the aromatic amino acids were significantly increased (two to five-
fold) after PEG treatment and remained on a high level throughout
the recovery period (18 hr). The enzymes involved in aromatic amino
acid synthesis were generally induced indicating that during osmotic
stress as well as for efficient recovery Phe, Tyr, and Trp have to be
produced by de novo synthesis most likely in order to provide suffi-
cient substrates for secondary metabolite production. Our finding that
Ser synthesis is also up-regulated during the entire period is in line
with a high demand for Ser as a precursor of Trp synthesis. During salt
stress, which in general had a less severe effect on amino acid metab-
olism than PEG treatment, there was no increase in free Phe, Tyr, or
Trp indicating that the control steady state levels were sufficient to
support secondary metabolite synthesis.

We also observed a significant depletion of free Arg during recov-
ery from low water potential although Arg synthesis was up-regulated.
These results indicate that large amounts of Arg might be required for
increased production of the

polyamine synthesis and/or an

gasotransmitter NO particularly during the recovery process. This
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hypothesis is in line with the induction of spermidine synthase
involved in polyamine metabolism and nitrate reductase 2 producing
NO during stress release (Table S1). Polyamines as well as NO have
been implicated in salt and drought tolerance (Alcazar et al., 2006,
Alcadzar et al., 2010; Domingos, Prado, Wong, Gehring, & Feijo,
2015; Krasensky & Jonak, 2012).

4.2.3 | Amino acid degradation for ATP production
and detoxification

During senescence but also under stress situations restricting photo-
synthesis, proteins are degraded into free amino acids before they
are remobilized to other parts of the plant or used as alternative sub-
strates for mitochondrial ATP production (Aratjo et al., 2011;
Hildebrandt, 2018; Huang & Jander, 2017). The in vitro approach used
for this study also led to massive stress-induced proteolysis demon-
strated by a drop in total protein content after PEG and salt treatment
(Figure 2). At the same time, the total content in free amino acids
increased. Both effects were more pronounced during PEG than dur-
ing salt stress. The significant induction of catabolic pathways for
the branched-chain amino acids, Lys, and Cys is well in line with their
postulated role as an alternative substrate for mitochondrial respira-
tion. The accumulation of these normally low abundant amino acids
during PEG treatment is most likely the result of proteolysis because
the synthesis pathways were down-regulated. During salt stress,
catabolism was obviously fast enough to quantitatively remove sur-
plus amino acids produced by protein degradation because we did
not detect significant changes in the content of Val, Leu, lle, Lys, or
Met. A previous study using Arabidopsis plants grown on an artificial
substrate also came to the conclusion that drought-induced accumula-
tion of branched-chain amino acids was caused by ABA-regulated pro-
tein degradation (Huang & Jander, 2017), and published transcriptome
and metabolome datasets reveal a similar trend for other low abun-
dant amino acids (Hildebrandt, 2018). The functional relevance of
branched-chain amino acid and Lys catabolism for drought stress tol-
erance becomes obvious in mutant lines for different enzymatic steps
that show early symptoms of wilting, necrosis, and higher rates of
water loss during dehydration (Pires et al., 2016).

Our results indicate that there might be a preference for fast deg-
radation of specific amino acids to return to control levels as soon as
possible after stress release. Because amino acid degradation rates
correlated with their inhibitory effect on root growth, the need for
rapid detoxification might be the reason for this finding. In fact, Lys
degradation was strongly induced after PEG stress, and it was also
the most toxic amino acid. The high efficiency of Lys catabolism has
been demonstrated before in different plant species (Stepansky
et al., 2006). Because Lys is an essential amino acid for human nutri-
tion that is present in particularly low levels in crop plants, extensive
efforts have been made to increase the Lys content in Arabidopsis
and different crops such as rice and maize (Wang, Xu, Wang, & Galili,
2017). However, this approach was only moderately successful
because plants were able to eliminate additional Lys produced by
increased synthesis rates very efficiently, whereas an additional block
in Lys catabolism led to growth inhibition and an abnormal seed com-
position (Galili & Amir, 2013; Karchi, Shaul, & Galili, 1994; Yang et al.,

2018). Manipulation of Lys metabolism also induces changes in photo-
synthesis and amino acid metabolism similar to the effect of stress
treatments observed here (Cavalcanti et al., 2018). Similar drawbacks
have been reported from attempts to increase seed contents of Met,
which is also essential for human nutrition (Galili & Amir, 2013). A pos-
sible reason for the need to strictly regulate the concentrations of spe-
cific amino acids might be that they act as a signalling molecule, which
has been postulated for Leu (Hannah et al., 2010). In addition, some
amino acids are precursors for metabolic signals such as Lys producing
N-hydroxy pipecoline and a-aminoadipic acid as mediators in patho-
gen response and Met required for the synthesis of the phytohormone
ethylene (Chen et al., 2018; Hartmann et al., 2018; Zeier, 2013). Sig-
nals are normally present in low and strictly controlled concentrations,
so that a sudden increase will most likely have detrimental effects.

5 | CONCLUSIONS

Our results provide to our knowledge the first combined metabolomic
and proteomic analysis of the regulation of amino acid metabolism
during stress release in plants. The data obtained here provide evi-
dence for a rapid regulation of both amino acid levels and enzymes
that mediate the developmental switch to cope with stress and the
likely resumption of growth following stress release. Our analysis
reveals that during stress release plants acclimate their entire metabo-
lism involving a proteomic and metabolic response that has to be
tightly regulated. Further, combined analysis of mutant and wild type
plants will help to elucidate the detailed mechanism involved in the
crucial significance of amino acid metabolism in response to biotic
and abiotic stress.
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Figure S1. Principal component analysis of stress parameters.
Figure S2. In situ detection of H,O, by DAB staining and O, by NBT

staining.
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Figure S3. Scheme of all currently known reaction steps involved in
amino acid synthesis and degradation pathways as well as of the
enzymes catalyzing committed steps leading to the synthesis of amino
acid derived secondary metabolites.

Table S1. Shotgun proteomics dataset of shoots harvested before
stress treatment, after 24h of control, NaCl (150 mM) or PEG (291 g
LY stress, and after 6h and 18h of recovery.

Table S2. Amino acid contents in control samples of Arabidopsis
seedlings.

Table S3. Amino acids profile of Arabidopsis seedlings during stress
and recovery.

Table S4. Complete list of Arabidopsis enzymes involved in amino acid
metabolism including the shotgun-MS dataset.
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Figure S1: Principal component analysis (PCA) of stress parameters. The score plots of A. thaliana under different
osmotic stress as Control (circle), NaCl (square) and PEG (triangle) during stress and recovery phase Oh (green),
24h stress (red), 6h recovery (light blue) and 18h recovery (dark blue) are shown individually for both NaCl (A)
and PEG (B).The large circles represent the three clusters formed by the Euclidean distance method. The analysis
was performed by Minitab Statistical Software version 17 using the average of the each variable shown in Figure
2.
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Figure S3: Scheme of all currently known reaction steps involved in amino acid synthesis and degradation
pathways as well as of the enzymes catalyzing committed steps leading to the synthesis of amino acid derived
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(numbers S1-S56), arrows pointing away from the amino acid show catabolic reactions (numbers D1-D41), and
metabolites that can be interconverted by a single set of enzymes are connected by arrows pointing in both
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and metabolites marked by a question mark are presently unknown. The complete enzyme list is included in
Supplemental Table S4. 2-OB, 2-oxobutyrate; 2-OG, 2-oxoglutarate; 3-MOB, 3-methyl-2-oxobutanoate; 3-MOP,
3-methyl-2-oxopentanoate; 3-PG, 3-phosphoglycerate; 4-MOP, 4-methyl-2-oxopentanoate; GABA, vy-
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Abstract

During drought stress, cellular proteostasis on the one hand and amino acid homeostasis on the other hand are severely
challenged, because the decrease in photosynthesis induces massive proteolysis, leading to drastic changes in both the
proteome and the free amino acid pool. Thus, we selected progressive drought stress in Arabidopsis (Arabidopsis thaliana)
as a model to investigate on a quantitative level the balance between protein and free amino acid homeostasis. We
analyzed the mass composition of the leaf proteome based on proteomics datasets, and estimated how many protein
molecules are present in a plant cell and its subcellular compartments. In addition, we calculated stress-induced changes in
the distribution of individual amino acids between the free and protein-bound pools. Under control conditions, an average
Arabidopsis mesophyll cell contains about 25 billion protein molecules, of which 80% are localized in chloroplasts. Severe
water deficiency leads to degradation of more than 40% of the leaf protein mass, and thus causes a drastic shift in distribu-
tion toward the free amino acid pool. Stress-induced proteolysis of just half of the 340 million RubisCO hexadecamers
present in the chloroplasts of a single mesophyll cell doubles the cellular content of free amino acids. A major fraction of
the amino acids released from proteins is channeled into synthesis of proline, which is a compatible osmolyte. Complete
oxidation of the remaining fraction as an alternative respiratory substrate can fully compensate for the lack of
photosynthesis-derived carbohydrates for several hours.

Introduction large quantities in leaf cells due to its low enzymatic activity

Proteostasis (protein homeostasis) is essential for maintain-
ing normal cellular functions, which rely on an appropriate
composition as well as correct folding of the proteome.
Plant cells contain several thousand different proteins that
are highly diverse—not only in terms of their function but
also in size and abundance. RubisCO has to be present in

and carbon fixation efficiency, whereas hardly detectable
amounts of, e.g. signaling molecules or transcription factors
efficiently fulfil their functions. The protein composition of
other tissues, such as roots or seeds, again, is completely dif-
ferent (Baerenfaller et al, 2008; Mergner et al., 2020). In ad-
dition, 1 mg of a large protein such as glutamate synthase

Received April 6, 2020. Accepted November 17, 2020. Advance access publication December 7, 2020
© American Society of Plant Biologists 2020. All rights reserved. For permissions, please email: journals.permissions@oup.com
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contains only 4 nmol active sites compared with 83 nmol
for the small protein glutaredoxin. Thus, the investment of
resources (energy and nutrients) required for the synthesis
of large and/or high abundance proteins is by several magni-
tudes higher than for small proteins of low abundance.

Not surprisingly, cells contain several sophisticated systems
to control proteostasis and are able to recycle the resources
needed for new growth. Protein synthesis is catalyzed by the
ribosomes in the cytosol, plastids, and mitochondria. The
synthesis rate is regulated on different levels in response to
the energy status of the cell, e.g. via mRNA availability, the
GDP and GTP pools, and posttranslational modifications of
the ribosome (Merchante et al,, 2017). The two major pro-
tein recycling systems in eukaryotes are autophagy and the
ubiquitin-proteasome system (reviewed by Vierstra, 2009;
Dikic, 2017; Marshall and Vierstra, 2018). During autophagy,
cytoplasmic constituents, including large protein and nucleic
acid aggregates, lipid bodies, and even entire organelles, are
sequestered into a double membrane vesicle, the autopha-
gosome, and delivered to the vacuole for breakdown. Thus,
autophagy, in addition to proteins, digests nucleic acids, lip-
ids, and carbohydrates. Autophagosome formation is con-
trolled by a highly conserved set of 40 autophagy-related
(ATG) proteins. These include receptors that recognize spe-
cific cellular components and tether them to the enveloping
autophagic membrane to target them for destruction. In
contrast, the ubiquitin-proteasome system localized in the
cytosol catabolizes proteins individually. Substrates are
marked for degradation by a poly ubiquitin tag that enables
their recognition and hydrolysis by the proteasome, a large
protein complex composed of a 20S catalytic core and two
regulatory 19S lids. Several molecules of the 8.5-kDa protein
ubiquitin are covalently conjugated to a lysine residue of the
target protein by an enzymatic cascade consisting of ubiqui-
tin activating (E1), conjugating (E2), and ligating (E3)
enzymes. Substrate specificity is provided by a high number
of different E3 ubiquitin ligases (> 1,400 in the Arabidopsis
genome). In addition to the bulk degradation systems,
plants contain hundreds of individual proteases from several
unrelated families. They can be grouped into four major
classes according to the nature of the nucleophile used for
proteolytic cleavage of the peptide bond. Cysteine and ser-
ine proteases use a Cys or Ser activated by His as a nucleo-
phile whereas metalloproteases and aspartic proteases
activate water using a metal ion or Asp, respectively (van
der Hoorn, 2008). Proteases are present in all the different
subcellular compartments. Plastids and mitochondria con-
tain distinctive proteolytic systems from prokaryotic origin
such as AAA-class (ATPases associated with diverse cellular
activities), Lon, FtsH (filamentation temperature sensitive H),
and Clp (caseinolytic protease) proteases (Kwasniak et al,
2012; Nishimura et al., 2016).

The accumulation of non-functional and misfolded pro-
teins would lead to the formation of large protein aggre-
gates that are detrimental to cellular function (McClellan
et al, 2005). Thus, damaged proteins are efficiently detected
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and eliminated by the two main protein quality control sys-
tems, the ubiquitin-proteasome system and autophagy, to
avoid proteotoxic stress (Dikic, 2017). Even under steady-
state conditions, the turnover rates of individual proteins
are highly diverse: a more than 150-fold variation in protein
degradation has been reported (Li et al, 2017). The D1 pro-
tein localized in the reaction center of photosystem Il is
replaced on a daily basis since it is frequently damaged by
reactive oxygen species as a result of photosynthetic activity.
Also, regulatory proteins such as hormone response factors
usually have a short half-life to allow rapid responses to a
changing environment (Nelson and Millar, 2015). In con-
trast, ribosomal subunits are among the most stable pro-
teins in Arabidopsis and remain functional for several
months (Li et al, 2017). Protein stability is defined by differ-
ent factors such as the physical location of the protein,
interactions with cofactors or other proteins, and post-
translational modifications (Nelson and Millar, 2015).
Proteostasis is closely connected to amino acid homeosta-
sis since protein synthesis requires a sufficient supply of
loaded t-RNAs whereas proteolysis releases free amino acids.
The effect of protein metabolism on the relative contents of
free amino acids can be substantial, in particular, for low
abundance amino acids such as the sulfur containing, aro-
matic, and branched chain amino acids (Hildebrandt, 2018).
In yeast and animal cells, proteasome inhibition leads to cell
death, which is primarily caused not by the accumulation of
misfolded proteins, but by a detrimental deficiency in free
amino acids (Suraweera et al, 2012). Apart from serving as
building blocks for proteins, free amino acids have several
additional functions in plant metabolism. They are precur-
sors for the synthesis of secondary metabolites, hormones,
and signaling molecules, and also act as transport and stor-
age forms for organic nitrogen (Lam et al, 2003; Alcazar
et al, 2006; Tzin and Galili, 2010). During drought and salt
stress, Pro and the non-proteinogenic amino acid y-amino-
butyric acid (GABA) function as compatible osmolytes
(Krasensky and Jonak, 2012). Proteolysis is increased in re-
sponse to adverse environmental conditions to provide
amino acids as precursors for these defense-related metabo-
lites and also as alternative substrates for ATP production
when photosynthetic activity is low (Aradjo et al, 2017;
Hildebrandt et al, 2015). In this study, we use progressive
drought stress in Arabidopsis as a model to investigate the
balance between protein and free amino acid homeostasis
on a quantitative level. We estimate the molecular as well as
the mass protein composition of an average rosette leaf and
an individual mesophyll cell. How many protein molecules
are present in a plant cell and its subcellular compartments?
Which fraction of their leaf proteome do plants degrade
maximally under severe drought stress? How is proteostasis
controlled under these conditions? Do cells just eat anything
when they are really starved or are they still picky? Are the
proteins that are essential for stress tolerance synthesized or,
rather, spared from degradation? Which proteins contribute
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to the free amino acid pool and what happens to the amino
acids released during proteolysis?

Results

Quantitative composition of the leaf proteome

As a starting point for investigating protein homeostasis
during drought stress, we focused on the proteome of
control plants grown under optimal conditions to gain
an impression of their status in the absence of stress
(Figure 1, A). Intensity-based absolute quantification (iBAQ;
Schwanhdausser et al, 2011) was used for calculating the ab-
solute content [ug protein - g~ dry weight (DW)] of each
of the 1,399 different proteins detected by our shotgun-
mass spectrometry (MS) approach. The complete MS data-
set, as well as detailed information on the calculation meth-
ods, can be found in the Supplemental Material
(Supplemental Dataset S1, A and Supplemental Figure S1).
In order to estimate which mass fraction of the total leaf
proteome is covered by our MS dataset, we used labeled
peptides for absolute quantification of RubisCO large subu-
nit (Supplemental Dataset S2 and Supplemental Figure S2).
This approach revealed that the 1,399 proteins in our data-
set represent 82.4% of the leaf protein mass. We included
this factor in all calculations to provide the best possible es-
timation of individual protein contents (Supplemental
Dataset S1, B). However, some questions, such as calculating
the total number of protein molecules in a cell or the
amount of amino acids produced by protein degradation
during stress, require making the best possible assumptions
about the composition of the 17.6% of the leaf proteome
not visible in our proteomics dataset. For these aspects we
assumed that the composition of this invisible portion cor-
responds to the rest of the proteome, and thus used the
original dataset as a basis for calculations (Supplemental
Dataset S1, A).

The leaf proteome is dominated by a limited number of
very high abundance proteins (Figure 1, B). RubisCO alone,
which is well known for being one of the most abundant
proteins on earth (Bar-On and Milo, 2019), constitutes
about one-fifth of the leaf protein mass, corresponding to
21 mg - g' DW under control conditions (Supplemental
Dataset S1, B). Another fifth consists of 11 other
photosynthesis-related proteins, and in total, about 80% of
the leaf protein mass is found in the chloroplasts (Figure 1,
C, top; subcellular protein localization predicted by SUBA4,
Hooper et al,, 2017). Without taking absolute quantities into
account, the distribution of the proteins detected by MS on
subcellular compartments looks markedly different, with
only 37% chloroplast protein species (Figure 1, C, bottom).
It also has to be considered that the 18% of protein mass
not covered by our MS approach contains a high number of
very low abundance proteins. The protein investment of a
leaf cell into different functions can be visualized on a
PROTEOmap (Figure 1, D; Liebermeister et al,, 2014). Under
control conditions, the major part of the leaf protein mass
(66%) is dedicated to photosynthesis, followed by protein
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metabolism (7.5%) and amino acid metabolism (6%; the rel-
ative values [%] for all pathways shown are listed in
Supplemental Dataset S3).

Estimating protein copy numbers in a plant cell

We used two different approaches to estimate how many
protein molecules are actually present in a plant cell, based
on cell number and cell size, respectively (Supplemental
Figure S1). We selected mesophyll cells as the representative
leaf cell for this estimation, since they are photosynthetically
active and constitute the major part of the leaf volume.
Total protein copy numbers have already been reported for
yeast cells and different animal cell lines. A haploid cell of
budding yeast (Saccharomyces cerevisiae) has a volume of 42
um?® (Jorgensen et al, 2002) and contains about 42 million
proteins (Ho et al, 2018), whereas for human cells with a
volume of about 4,200 pm?, three billion protein molecules
have been calculated (Kulak et al, 2014). Thus, yeast and
human cells contain 1.0 and 0.7 million proteins per pm?,
respectively. An average mature leaf cell has a volume of ap-
proximately 150,000 pm?® (Supplemental Figure S1).
Assuming an average protein abundance of 0.85 x 10° mol-
ecules per pm?® and subtracting the volume of the central
vacuole that typically covers about 80% of a plant cell we
postulate that a leaf mesophyll cell contains close to 25 bil-
lion proteins (Table 1 and Supplemental Figure S1).

An alternative, completely independent way to calculate
protein copy numbers is based on an average number of
300,000 mesophyll cells (Wuyts et al,, 2010) in a mature ro-
sette leaf of 5 mg DW with a protein content of 102 mg -
g~' DW. A total of 1.7-ng protein per cell would add up to
20.5 billion protein molecules with an average molecular
weight of 50 kDa. Quantitative proteomics, irrespective of
its intrinsic limitations, makes it possible to deduce a more
precise estimate of 25.8 billion proteins per cell. In addition,
this approach provides information about the copy numbers
of individual proteins (Figure 1, E, Table 1, and
Supplemental Dataset S1, B). It has to be kept in mind that
these results are estimations based on the average character-
istics of an Arabidopsis mesophyll cell combined with the
proteome composition of total rosette leaf material, and
thus cannot be regarded as exact, statistically firm numbers.
Clearly, the largest share of the protein molecules in a meso-
phyll cell (~20 billion) are located in the chloroplasts, 3.2
billion in the cytosol, and 0.5 billion in the mitochondria.
Copy numbers range from 3.2 billion molecules of RubisCO
large subunit to 2,039 acetyl-CoA carboxylase 1 molecules,
which is the detection limit of our MS approach. Thus, an
average Arabidopsis leaf mesophyll cell contains about 340
million RubisCO hexadecamers under optimal growth
conditions.

Severe drought stress leads to a massive decrease in
leaf protein content

We carefully established an experimental setup that mim-
icked physiological drought stress conditions as closely as
possible and at the same time led to a highly reproducible
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Table 1 Total number of protein molecules in an average Arabidopsis leaf mesophyll cell and its subcellular compartments under control condi-
tions (C) and during progressive drought stress (S3, moderate stress; S5, severe stress; and S6, maximum tolerable stress)

Protein numbers (X 10°)

Subcellular compartment C S3 S5 S6
Number of proteins in a mesophyll cell 25,766 24,309 15,262 15,337
Number of proteins in all chloroplasts (~100) in a cell 20,208 18,984 11,603 11,468
Number of RubisCO LS (AtCg00490) per cell 3,191 3,393 2,024 1,724
Number of proteins in an individual chloroplast 202 190 116 115
Number of RubisCO LS (AtCg00490) per chloroplast 32 34 20 17
Number of proteins in all mitochondria (~400) in a cell 495 480 385 407
Number of serine hydroxymethyltransferase 1 (At4g37930) per cell 54 42 26 24
Number of proteins in an individual mitochondrion 12 12 1.0 1.0
Number of serine hydroxymethyltransferase 1 (At4g37930) per mito. 0.14 0.11 0.06 0.06
Number of proteins in the cytosol per cell 2,782 2,575 1,602 1,696
Number of GTP binding EF Tu (At5g60390) per cell 116 108 62 69
Number of proteins in the vacuole 526 443 326 310
Number of tonoplast intrinsic protein 2 (At3g26520) per cell 161 122 92 75
Number of proteins in the extracellular space per cell 285 313 287 338
Number of germin-like protein 1 (At1g72610) 89 50 38 37
Number of proteins per nucleus 160 206 93 131
Number of ubiquitin 5 (At3g62250) per nucleus 31 41 18 18
Number of proteins in all peroxisomes of a cell 614 650 498 533
Number of Aldolase-type TIM barrel protein (At3g14415) per cell 68 57 27 26
Number of proteins in the endoplasmic reticulum per cell 74 70 58 57
Number of ADP-ribosylation factor 1 (At1g70490) per cell 17 12 8 6
Number of proteins in the Golgi apparatus per cell 34 35 23 24
Number of RGP2; UDP-arabinose mutase (At5g15650) per cell 4 5 5 5
Number of proteins in the plasma membrane per cell 183 179 130 104
Number of plasma membrane intrinsic protein 2A (At3g53420) 32 29 17 12

For each compartment, the copy number of the most abundant protein is listed individually. All numbers are based on estimations as discussed in the text (see also
Supplemental Figure S1). The total number of proteins in a cell/subcellular compartment is highlighted in bold.

stress phenotype (Figure 2, a detailed description of the
drought treatment is given in the “Materials and methods”
section). In brief, plants were grown under long-day control
conditions for 2 weeks and watered to the same level. The
dehydration process was then monitored on a daily basis
and leaf samples were taken at different time points during
the desiccation process from beginning to moderate and se-
vere drought stress until recovery was no longer possible.
Rosette growth gradually declined and stopped after 10 d
without water (Figure 2, C). We defined this time point as
stress level S1 and numbered the following days of progres-
sive drought stress consecutively. First indications of a loss
in leaf turgor became visible in some of the plants after
12 d without water (S3) and complete wilting until death
occurred within the following 72 h. These late stages of
severe drought stress (S4-S7) were classified according to
their leaf phenotype: number of rolled leaves, relative water
content (RWC), and potential to recover after re-watering.
The leaf protein content remained stable (109+13 mg - g~
DW) during the first 12 d without watering (S1-S3), but
then rapidly decreased by 39% within 24 h (S5).

Patterns of stress-induced proteome changes in sub-
cellular compartments

Four stress levels were selected for leaf proteome analysis by
shotgun MS (Figure 3, A, Supplemental Dataset S1, and
Supplemental Figure S3): control (RWC = 88+5%), S3
(moderate stress, no wilting RWC = 69+5%), S5 (severe

stress, RWC = 55+7%), and S6 (maximum tolerable stress,
RWC = 22+5%). Statistical evaluation of the proteomics
dataset based on label-free quantification (LFQ)-values indi-
cates significant changes in the relative abundance of 291,
523, and 517 protein species in relation to the control at
stress levels S3, S5, and S6, respectively (Supplemental
Dataset S1, columns X-AC). These results are provided in
the Supplemental Material and can be used for data mining.
However, since the major focus of this study is a quantita-
tive perspective, we will not evaluate significant changes in
individual protein levels in detail. To provide a first impres-
sion of quantitative changes in the leaf proteome during
progressive drought stress, we sorted all detected proteins
according to their absolute content under control condi-
tions for each compartment individually. The contents of
each individual protein during progressive drought stress
were then plotted in superimposing graphs (Figure 3, B).
The fraction of proteins degraded in the course of the stress
treatment becomes visible as green or orange area.
Interestingly, there are clear differences between the com-
partments. A large fraction of proteins localized in chloro-
plasts, the cytosol, the plasma membrane, or the Golgi
apparatus shows roughly homogenous decrease rates. In
contrast, hardly any green areas are visible for mitochondrial
and extracellular proteins, indicating a lower degradation
rate (Supplemental Figure S4). In order to quantify this ob-
servation, we calculated fold change ratios of individual pro-
tein contents in stressed versus control plants using
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Figure 1 Quantitative composition of the Arabidopsis leaf proteome. (A) Phenotype of a representative control plant used for MS analysis (the ro-
sette was digitally extracted from the soil background). (B) Fraction of total protein content contributed by each of the 1,399 proteins detected by
shotgun proteomics. Proteins were sorted according to their absolute content in descending order and added up. The 50 most abundant proteins
(red graph) are shown in the inset (the axis label is identical to the main graph). (C) Distribution of the proteins detected in control samples in the
different subcellular compartments according to SUBA4 prediction (Hooper et al,, 2017). Protein content (sum of all individual protein contents cal-
culated from iBAQs) versus number of different protein species per subcellular compartment. Hatched areas in B and C indicate the protein mass
and estimated number of protein groups not detectable by our MS approach. The invisible mass fraction has been calculated on the basis of labeled
peptides (Supplemental Figure S2 and Supplemental Dataset S2); the estimated number of leaf protein groups is taken from Mergner et al. (2020).
(D) Proteomap illustrating the quantitative composition of the leaf proteome under control conditions. Proteins are shown as polygons whose sizes
represent the mass fractions (protein abundances obtained by MS [iBAQ], multiplied with protein molecular weight). Proteins involved in similar
cellular functions according to the MapMan annotation file (version Ath_AGI_LOCUS_TAIR10_Aug2012, Thimm et al, 2004) are arranged in adja-
cent locations and visualized by colors. Mass fractions of the functional categories [%] are provided in Supplemental Dataset S3. (E) Number of pro-
tein molecules [million proteins] present in the subcellular compartments of an average Arabidopsis mesophyll cell. Copy numbers represent the
sum of protein molecules present in all chloroplasts (ca. 100 per cell; Koniger et al, 2008), mitochondria (300-450 per cell; Preuten et al, 2010), or
peroxisomes in the cell. Copy numbers for all individual proteins detected in our MS approach are given in Supplemental Dataset S1. Only proteins
with unambiguous assignments are shown. N.A,, not annotated; N, nitrogen metabolism; LS, large subunit.

RubisCO-LS

Extracellular: 284

the iBAQ-based protein contents shown in Figure 3, B,
and sorted them in ascending order for each stress level
individually (Figure 3, D and E and Supplemental Figure S5).
The total leaf protein content decreased to 94% of control

values at stress level S3, to 61% at S5, and to 58% at S6
(Figure 3, C). Therefore, individual proteins with an average
decrease rate during stress are localized at approximately
0.94, 0.61, and 0.58 (marked by vertical green, yellow, and
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Figure 2 Complete setup of the progressive drought stress experiment. Arabidopsis plants were grown in soil under long-day conditions for 2
weeks. All pots were then brought to the same weight and the stress group was not watered for up to 15 d while the control group was kept at a
constant water level. Leaf samples were first collected after 10 d without water (stress level S1) and continued each following day until recovery of
the plants was no longer possible (stress level S7). (A) Phenotype of representative plants (pot diameter = 8 cm). (B) RWC (%) in rosette leaves
of control plants (green bars), stressed plants (black bars), and stressed plants 24 h after re-watering (blue bars) at the different stress levels. (C)
Rosette diameter [mm] of control plants (green bars) and stressed plants (black bars) at 0-15 d after the beginning of the stress treatment. The
corresponding stress levels of the plants are indicated on top of the black bars. A detailed description of the drought treatment is given in the
“Materials and methods” section. Values are means + SD of the biological replicates. S1-57, n = 7, C1-C7, n = 3; R1-R7, n = 3. Significant differ-
ences were determined by Student’s t test P < 0.01. Starting material (stress levels) for experimental analyses: S1, 10 d after end of watering; S2,
11 d after end of watering; S3, 12 d after end of watering, first signs of stress (rolled/wrinkled leafs); S4, 13 d after end of watering, 4-7 rolled leaves;
S5, ~13 d after end of watering, 8—10 rolled leaves; S6, ~14 d after end of watering, > 10 rolled leaves; recovery of plants still possible; S7, ~15 d
after end of watering, > 10 rolled leaves; recovery of plants not possible; C1-C7, control plants (watering continued); R1-R7: same as S1-S7, but
re-watered for 24 h.

red lines in Figure 3, D and E). In the complete dataset Regulation of protein abundance via synthesis and
(Figure 3, D), and in the subsets of plastid and cytosolic pro- degradation

teins (Figure 3, E), there is a large area with almost horizon- Protein abundance can be regulated at the level of synthesis
tal graphs representing proteins with roughly average  and/or degradation. We used genevestigator (Hruz et al,
degradation rates. In contrast, the slopes of the mitochon- ~ 2008) to estimate gene expression levels during drought
drial and extracellular graphs are much steeper and only  stress and combined this information with the relative pro-
11-12% of the proteins show average or increased degrada-  tein abundances detected by our proteomics approach
tion rates in severely stressed plants (Figure 3, E, vertical red  (Supplemental Dataset S4). We filtered the proteomics data-
lines in the graphs “Mito” and “Apoplast”). set for proteins of consistently increased abundance and di-

vided the resulting list of 332 proteins in two subgroups:
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Figure 3 Compartment-specific patterns of stress-induced changes in individual protein abundances. (A) Phenotype and protein content of the
plants used for proteome analysis. The representative images are the same as in Figure 2. Complete rosettes of four plants were harvested at the
beginning of the stress treatment (parallel to S1-S3) (control), and at three defined stress stages (S3, S5, and S6), respectively. (B) Absolute con-
tents [g protein - g~' DW] of all individual proteins detected by shotgun proteomics in descending order (under control conditions), sorted by
subcellular compartments according to SUBA4 prediction (Hooper et al,, 2017). Protein contents under control and stress conditions are shown
in superimposed graphs. Individual plots for each subcellular compartment are shown in Supplemental Figure S4. (C) Total leaf protein contents
[mg protein - g~' DW] at the different stress levels. Values are means = so (n = 4). The relative protein contents compared with the control group
are indicated at the top. (D) and (E) Fold change ratios of individual protein contents in stressed versus control plants for all proteins (D) and in-
dividual subcellular compartments (E). In order to visualize the fraction of proteins with average, high, or low degradation rates, changes in indi-
vidual protein contents were sorted in ascending order for each stress level. Vertical lines indicate proteins that correspond exactly to the
decrease in total protein content, i.e. 0.94 for stress level S3 (light green), 0.61 for S5 (orange), and 0.58 at S6 (red). Changes in individual protein
contents were calculated using the absolute protein contents shown in B (Supplemental Dataset S1), and are thus based on iBAQ data.
Additional individual plots for subcellular compartments are provided in Supplemental Figure S5.
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Figure 4 Transcriptional and post-translational regulation of protein abundances during progressive drought stress. Fold change ratios (stress/
control) of individual protein contents during progressive drought stress. Red graphs (trend lines) indicate the fold change in total leaf protein
content at each stress level (S3/C: 0.94; S5/C: 0.61; S6/C: 0.58). Three microarray datasets available via Genevestigator were used to estimate gene
expression levels during drought stress (see the “Materials and methods” section). The proteomics dataset was filtered for proteins that were of in-
creased relative abundance according to both iBAQ-based and LFQ-based data interpretation at each stress level (more details on the filter criteria
are provided in Supplemental Dataset S4). These proteins of increased abundance (left part of the figure) were divided into two groups: proteins
with increased gene expression levels according to the microarray datasets (group 1) and proteins with unaffected or decreased gene expression
levels during drought stress (group Il). Proteins of consistently decreased abundance (right part of the figure) were also filtered for decreased
(group II1) and increased or unaffected expression levels (group V). Colors indicate the subcellular localization of the individual proteins according
to SUBA4 prediction (Hooper et al, 2017). Enrichment of compartments and functional categories in the different regulation groups is listed in

Table 2.

Group | contained the proteins with significantly increased
expression levels (88 proteins) and group Il contained pro-
teins with decreased or unaffected expression levels (244
proteins), indicating that regulation might rather be
achieved at a posttranscriptional level, e.g. via decreased pro-
teolysis (Figure 4). In order to determine the metabolic
pathways preferentially regulated by these strategies, ratios
between the observed frequencies in each group and the
observed frequency in the whole MS dataset were calculated
(Table 2). The proteins up-regulated via gene expression
(group 1) were mainly involved in protein, lipid, or amino
acid degradation; stress response; and secondary metabo-
lism. Energy metabolism (glycolysis and respiratory chain)
and extracellular proteins required for cell wall metabolism
and proteolysis were prevalent in group Il, and thus might
be regulated by decreased degradation rates. The proteins of
consistently decreased relative abundance (255 proteins)
were also subdivided into those with decreased expression
rates (group lIll, 78 proteins) and those with increased or

unaffected expression rates (group 1V, 177 proteins; Figure 4,
right part). Group Ill (down-regulation on expression level)
contains specific vacuolar proteins and enzymes catalyzing
lipid or tetrapyrrole synthesis (Table 2). No particular enrich-
ment in subcellular compartments or functional categories
was detected for proteins potentially down-regulated by in-
creased proteolysis (group V).

Adaptations of the protein synthesis and
degradation machineries during progressive drought
stress

Under control conditions ~54% of the leaf proteome
detected by our MS approach is dedicated to protein syn-
thesis (ribosomal proteins, translation initiation, and elonga-
tion factors) compared with 1.4% involved in proteolysis
(proteasomes, autophagy proteins, proteases, and regulatory
proteins; Figure 5, A and C). During progressive drought
stress a majority of the proteins involved in protein synthe-
sis (~75%) decreased more than average (Figure 5, B,
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Table 2 Estimating the enrichment of specific compartments (left) or metabolic pathways (right) in groups of proteins regulated on a transcrip-

tional (I, ) or post-translational (Il, IV) level

Compartment | Il 11l v Pathway | 1l I v
Cytosol 1.0 0.8 0.5 1.1 AA degradation 2.6 0.6 0.6 1.0
ER 15 19 0.8 0.7 Cell wall 0.7 2.6 0.8 13
Extracellular 2.3 3.1 0.2 0.4 Glycolysis 1.0 2.2 0.0 0.0
Golgi 0.0 0.8 0.6 1.6 Lipid degradation 6.4 19 0.0 0.0
Mitochondria 13 1.8 0.0 0.3 Lipid synthesis 0.6 1.2 2.2 1.0
Nucleus 2.3 0.8 0.5 0.7 mETC 0.0 2.2 0.0 0.3
Peroxisome 3.2 0.8 0.0 1.1 Protein degradation 2.0 1.5 0.0 0.8
Plasma membrane 2.5 1.0 1.6 1.6 Protein handling 0.5 2.3 0.0 12
Chloroplast 0.3 0.6 1.7 1.1 Secondary metabolism 23 1.1 13 0.6
Vacuole 0.6 1.1 2.7 0.6 Stress 3.0 15 0.3 0.4

Tetrapyrrole synthesis 0.0 0.0 9.0 1.2

Numbers indicate the quotient of the fraction of proteins localized in specific compartments (left) or attributed to metabolic pathways (right) in the regulation groups (I-1V)
divided by the fraction of the respective proteins in the total proteomics dataset. Group I: increased protein abundance, increased expression; Group II: increased protein abun-
dance, unaffected or decreased expression; Group lIl: decreased protein abundance, decreased expression; Group IV: decreased protein abundance, unaffected or increased ex-
pression. Only metabolic pathways with quotients >2 (bold) in at least one regulation group are shown. The complete dataset used for enrichment analysis is provided in

Supplemental Dataset S4.

proteins on the left side of the vertical lines that mark the
average fold changes in leaf protein content). In particular,
the large group of ribosomal proteins (125 proteins, contrib-
uting 3.3 mg protein - g ' DW under control conditions)
had strikingly homogenous degradation rates (mass ratio S6/
C =05+£0.2; Figure 5, C). In contrast, the total leaf content
of proteolytic enzymes remained stable (0.8-0.9 mg protein
- g~' DW; Figure 5, C) but changed drastically in its compo-
sition, reflected by variations in the total mass content of
the different classes of proteolytic enzymes and also by the
high number of significant changes in the abundance of in-
dividual protease species (Figure 5, C; the proteomics data-
set for all individual proteins involved in protein synthesis
and degradation is provided in Supplemental Dataset S5).
Protease copy numbers in the cytosol, the vacuole, and in
the apoplast increased progressively (Figure 6, A and E), and
after severe stress, most of the vacuolar and extracellular
proteases were of significantly increased abundance com-
pared with control conditions indicating their specific rele-
vance for drought response (Figure 6, B and E and
Supplemental Dataset S5). In order to estimate the mean
workload of the proteolytic system in the individual subcel-
lular compartments, we calculated the number of proteases
per 1,000 protein molecules (Figure 6, C) on the basis of the
estimated total numbers of protein molecules and protease
molecules in each subcellular compartment (Figure 6, E).
The relative abundance of proteases per potential substrate
was at least 10-fold higher in the apoplast than in any other
compartment, even under control conditions, and further
increased during moderate stress (S3; Figure 6, C). Vacuolar
proteases strongly accumulated during severe stress, and
also in the cytosol plus nucleus, the relative capacity of pro-
teases approximately doubled (from 8.6 to 16.4 proteases
per 1,000 protein molecules), although only a specific subset
of proteolytic enzymes (mainly subunits of the proteasome)
was significantly increased (Figure 6, B and C and
Supplemental Dataset S5). Due to their high abundance,
chloroplasts contained the major fraction of cellular

proteases (58%) in the leaves of non-stressed plants
(Figure 6, A and E). However, proteases constituted less
than 0.5% of all plastid proteins (compared with 9-13% in
the apoplast, Figure 6, E) and decreased during stress to a
similar extent as the majority of chloroplast proteins, result-
ing in a low number of significant changes in the relative
abundance of plastid proteases during severe drought stress
(Figure 6, B and E). The largest increase in protease copy
numbers during stress (from 14.9 to 22.8 million molecules
per cell) can be attributed to the aspartate class of pro-
teases, which includes mainly extracellular subtilases
(Figure 6, D and Supplemental Dataset S5).

Dynamics in free and protein-bound amino acid
pools

Massive proteolysis during severe drought stress inevitably
leads to liberation of large amounts of amino acids. We
thus changed perspective and focused on the fate of the
degraded part of the proteome and its effect on free
amino acid homeostasis. For each individual protein, we
calculated the difference in absolute content in control ver-
sus stressed plants (Figure 7, A, top and Supplemental
Dataset S1). It immediately becomes obvious that the
amino acids added to the free pool are quantitatively de-
rived from a limited number of very high abundance pro-
teins (blue bars). Degradation of about 170 million
RubisCO hexadecamers per cell alone accounts for 23% of
the total amino acid release during stress. The profiles of
free amino acids in the leaves of control and stressed
plants were quantified by HPLC (Supplemental Dataset S6).
In addition, we estimated the total amount of each individ-
ual amino acid bound in proteins on the basis of the leaf
protein content and the quantitative composition of the
proteome (Supplemental Dataset S7). The pool sizes and
compositions of the free and protein-bound amino acid
pools can be visualized using a modified version of
PROTEOmaps (Figure 7, B, orange: free pool, blue: protein-
bound pool). Under control conditions, the Arabidopsis

63

120Z YoJB\ /] UO Jasn SOILIOUODT [BIN}NDILIOH 10 81nnsu| Aq /81.5209/S8€/2/S8 1/81onie/sAyd|d/woo dno-oiwapeoe)/:sdyy wolj papeojumod


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa050#supplementary-data

394 | PLANT PHYSIOLOGY 2021: 185; 385-404 B. Heinemann et al.

A

Protein synthesis (156)

PTM protein

. ! =
protein targeting 5 2
folding amino acid 2t
activation 2 Sé‘ :
c O £
5 S Bl 2
= translation [ ¢
proteases - 29
elongation [ 1 . .
o By 0 50 100 150
metallo- Protein count
proteases
_ Protein degradation (88)
o
— 2 2 >
ubiquitin é E ; _—
S : £ E
ey ribosomal €81 - // ss/c
some gjn c
o proteins 58 /r, ®56/C
a‘ -‘; E_ 0 1 3 R | T T
translation S 0 20 40 60 80 100

initiation

Protein count

c Estimation of protein masses and copy numbers based on iBAQs Statistical evalulation based on LFQs
Copy number| % of total Mass content Relative |Protein| Significantly | Significantly
(x10°%) protein mass lug- g DW] mass content|species| increased | decreased
C C (8 53 S5  S6 56/C Total | S3 S5 S6|S3 S5 S6
Protein synthesis 1930 5.4 5551 5045 2721 2778| 05+0.2 154 6
Elongation 344 2.0 2006 1711 967 999 0.5+04 12 0
Initiation 42 0.2 196 155 B84 89 0.4+02 14 0 2
Ribosome 1543 3.3 3343 3171 1667 1683 05+0.2 125 6
Protein degradation 134 0.8 802 921 B807 769 | 24130 65 4 3 1
Asp proteases 15 0.1 72 9% 110 114 22+13 3 gESN 0 0 O
Cys proteases 11 0.1 52 45 45 63 2017 4 1 3 3 0 1 0
Metallo proteases 62 0.5 470 527 415 371 1.0+05 16 1 3 4 1 1 1
Ser proteases 31 0.2 166 208 194 170 2945 25 6 m Bl 1 O
Proteasome 15 0.04 41 45 42 51 14+0.7 12 0 3 6/0 0 O

Figure 5 Abundance of the proteostasis apparatus during drought stress. (A) Proteomap illustrating the quantitative composition of the proteo-
stasis apparatus under control conditions. Proteins are shown as polygons whose sizes represent the mass fractions (protein abundances obtained
by MS [iBAQ], multiplied by protein molecular weight). Proteins involved in similar cellular functions according to the MapMan annotation file
(version Ath_AGI_LOCUS_TAIR10_Aug2012) are arranged in adjacent locations and visualized by colors. The total protein fraction represented
in the Proteomap is 6.9 mg - g”' DW, corresponding to 6.7% of the leaf proteome. (B) Fold change ratios of the individual contents of proteins in-
volved in protein synthesis (top) or proteolysis (bottom) in stressed versus control plants. In order to visualize the fraction of proteins with aver-
age, high, or low degradation rates, changes in individual protein contents were sorted in ascending order for each stress level. Vertical lines
indicate proteins that correspond exactly to the decrease in total protein content, i.e. 0.94 for stress level S3 (light green), 0.61 for S5 (orange), and
0.58 at S6 (red). (C) Accumulated copy numbers and mass contents of proteins assigned to the functional sub-categories of protein metabolism.
Significant changes in the relative abundance of individual protein species during stress were identified based on LFQ values (Student’s t test,
P < 0.05). Color intensities correspond to the number of significant changes (red shading: increase, blue shading: decrease). PTM, post-
translational modification; ASP-P, aspartate protease; and CYS-P, cysteine protease.

- Dataset S7) shifted from 0.13 to 0.39 due to massive prote-

olysis. The amino acid composition of the proteome did

leaves contained 1.05 mmol - g DW amino acids of
which 093 mmol - g' DW were bound in proteins

(Supplemental Dataset S7). Drought stress led to a decrease
of the total amino content by 28% (to 0.75 mmol - g™
DW at stress level S6; Supplemental Dataset S7). Also, the
ratio between free and protein-bound amino acids (orange/
blue area in Figure 7, B; data provided in Supplemental

not change considerably during stress. The molar share of
the 20 proteinogenic amino acid was in the range of 1.3%
(Cys) to 9.0% (Ala; Supplemental Figure S6, A). In contrast,
the free amino acid pool strongly reacted to drought stress
(orange areas in Figure 7, B, Supplemental Figure S6, B, and
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Figure 6 Adaptation of the proteolytic apparatus during progressive drought stress. (A) Estimated total number and subcellular distribution
of protease molecules in an average leaf mesophyll cell under control conditions and during stress. The proteomics dataset (Supplemental
Dataset S1) was filtered for the MapMan category “protein.degradation” (Thimm et al., 2004, the filtered list is provided in Supplemental Dataset
S5). Protein copy numbers of all enzymes with proteolytic activity (without regulatory proteins and inhibitors) were added up for each subcellular
compartment individually (see also E). (B) Significant increase in the abundance of individual protease species during drought stress in the differ-
ent subcellular compartments. White bars indicate the total number of different proteases detected and colored bars illustrate how many of
them were significantly increased based on LFQ values at the respective stress level (Student’s t test, P < 0.05, see also E). (C) Copy numbers of
protease molecules per 1,000 proteins in the subcellular compartments of an average mesophyll cell under control conditions and during stress.
The protease copy numbers (A) were divided by the total number of protein molecules in the respective subcellular compartment (see E) and
multiplied by 1,000. (D) Number of protease molecules sorted by their functional classes. (E) Accumulated copy numbers of all detected proteins
and of proteases in the different subcellular compartments. Significant changes in the relative abundance of individual protease species during
stress were identified based on LFQ values (Student’s t test, P < 0.05). Color intensities correspond to the number of significant changes (red
shading: increase, blue shading: decrease).

Supplemental Dataset S7), and also the concentrations of In order to estimate the role of proteolysis in amino acid
high and low abundance amino acids differed up to 460- homeostasis, we calculated the theoretical composition of
fold (0.27£0.11 umol - g”' DW Cys versus 125+20 umol - the free amino acid pool that would result from partial deg-
g~ DW Pro at stress level S6; Supplemental Figure S6, B radation of the proteome (as detected by our proteomics
and Supplemental Dataset S6). Under control conditions,  approach) without any metabolic conversion of the amino
the free amino acid pool was dominated by Glu, Gln, and  acids produced (Figure 7, A, gray bars). With the clear
Asp (Figure 7, B and Supplemental Dataset S6). Water defi-  exception of Pro, the free amino acid contents actually

ciency led to progressive accumulation of Pro (Figure 7, B),  detected in severely stressed leaves (Figure 7, A, red bars)
which in the leaves of severely stressed plants represented  were several fold lower than the calculated ones, indicating
59% of the free and 20% of the total amino acid pool their degradation or conversion to other metabolites.
(Supplemental Dataset S7). Enzymes involved in the degradation of branched-
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Figure 7 Interconnection of amino acid pools during progressive drought stress. (A) Effect of proteolysis on free amino acid homeostasis. The
quantitative composition of the degraded fraction of the proteome (blue bars) was used to calculate the theoretical composition of the free
amino acid pool (gray bars) that would result from massive proteolysis during drought stress (control versus maximum tolerable stress) without
any metabolic conversion of the amino acids produced. The actual free amino acid profiles in the leaves of control plants (green bars) and of se-
verely stressed plants (red bars) were analyzed by HPLC. (B) “AMINOmaps” illustrating pool sizes and compositions of the free (orange colors)
and protein-bound (blue colors) amino acid pools during progressive drought stress. Amino acids are shown as polygons whose sizes represent
the molar fractions. Free amino acid contents were quantified by HPLC, and quantitative amino acid composition of the proteome was calculated
on the basis of molar composition of the proteome (see Supplemental Dataset S1) as detailed in the “Materials and methods” section. (C) Total
amino acid contents (protein bound plus free) during progressive drought stress. The amino acid contents in proteins were calculated based on
iBAQ values. Free amino acid profiles were analyzed by HPLC. Error bars indicate the variability (so, n = 7) in the free amino acid pool (see
Supplemental Datasets S6, S7). AA, amino acid.

chain amino acids, Cys, Lys, and Arg were indeed increased
by drought stress, as were Pro and GABA metabolism
(Figure 8, A and Supplemental Dataset S8). Statistical
evaluation based on LFQ values showed that 8 of the 31
amino acid catabolic enzymes included in our dataset in-
creased significantly in their relative abundance during stress

and none significantly decreased (Supplemental Dataset S8,
column W). In contrast, enzymes involved in amino acid
synthesis and primary nitrogen assimilation (e.g. nitrate re-
ductase, nitrite reductase, and GIn synthase) were signifi-
cantly decreased, indicating that de novo synthesis of amino
acids from inorganic nitrogen is negligible. The respiratory
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Figure 8 Drought stress-induced amino acid degradation delivers nitrogen and glutamate for the production of proline and GABA as osmolytes
as well as alternative substrates for mitochondrial respiration. (A) Heatmap squares show LFQ-based log,-fold changes in abundances of enzymes
involved in amino acid metabolism at the selected stress levels. Red colors: increase with respect to the control fraction. Blue colors: decreased
with respect to the control fraction. Abundance of currently known enzymes involved in amino acid synthesis and degradation pathways were
extracted from the proteomics dataset (Supplemental Dataset S1, column “Amino acid pathway”). The colored squares represent the means
of all changes in the abundance of enzymes involved in the respective branch of the pathway (see Batista-Silva et al. [2019] for a complete map
of plant amino acid metabolism). Bar charts show free amino acid contents (means = sb, n = 7) in the leaves [umol - g”' DW]. (B) RQ (CO,
production/O, consumption) of rosette leaves under control conditions (green bar) and at stress level S5 (yellow bar). Values are means = sp,
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(D) Estimation of the nitrogen content of individual (bound and free) amino acids [umol - g~ DW] (Supplemental Dataset S7). GABA, y-amino-
butyric acid; GLU, L-glutamate; and PRO: L-proline.
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quotient (RQ; RC = carbon dioxide production/oxygen con-
sumption) can be used as an indicator of which substrates
are mainly being metabolized, since complete oxidation of
carbohydrates consumes less oxygen per carbon dioxide re-
leased (RC = 1.0) than the oxidation of proteins (RC = 0.8)
or lipids (RC = 0.7). We measured a RQ of 0.91+0.08 in the
leaves of control plants, which decreased to 0.78+0.03 in se-
verely stressed plants (stress level S5; Figure 8, B). This result
thus supports a substrate shift from mainly carbohydrate-
based respiration to a larger contribution of proteins and
lipids during drought stress. In order to develop an idea
about how long plants would be able to keep up their regu-
lar mitochondrial respiration rate when using exclusively the
amino acids released by protein degradation as substrates,
we calculated the total number of electrons that would be
transferred to oxygen via the mitochondrial respiratory
chain during complete oxidation of the specific set of amino
acids released during drought stress (Supplemental Dataset
S7; Hildebrandt et al, 2015). This oxidation process would
lead to a total oxygen consumption of 1,062 pmol O, - g~
DW and thus, on the basis of a mean leaf respiration rate of
34 nmol O, - g ' fresh weight (FW) - s~ (O'Leary et al,
2017), could fully sustain leaf energy metabolism for about 7
h.

Discussion

The number of protein molecules in a plant cell

Common sense indicates that cells require an adequate set
of proteins to function properly. However, the literature did
not allow us to deduce a comprehensive picture of what
this protein infrastructure of a plant cell might look like.
Thus, we calculated the average protein copy number in a
plant cell based on published information about the size
and number of cells in an average Arabidopsis leaf using
two independent approaches. Both calculations consistently
revealed that an average mesophyll cell in a mature
Arabidopsis leaf contains ~25 billion protein molecules.

A major function of leaf mesophyll cells is photosynthesis,
and this is reflected by the large fraction of proteins (20 bil-
lion) localized in the ~100 chloroplasts present in each cell,
corresponding to ~200 million proteins per chloroplast, and
again, the largest fraction of these proteins are included in
~3.4 million RubisCO hexadecamers (Koniger et al, 2008).
The high abundance of RubisCO in leaves is well established.
Recent estimations suggest that its total mass on earth is
~0.7 Gt, and RubisCO accounts for ~3% of leaf DW (Bar-
On and Milo, 2019). Adding up the mass content of all
RubisCO subunits in our MS dataset (Supplemental Dataset
S1, B) results in a very similar estimate of 21.4 mg - g DW ™",
The dominant position of RubisCO within the leaf proteome
is also illustrated by gel-based proteomic approaches
(Supplemental Figure S2, B).

Interestingly, the protein copy number we calculated for
the cytosol of a plant cell (~3.2 billion) matches almost ex-
actly the total number of proteins reported for animal cells
(Kulak et al, 2014; Supplemental Figure S1). According to
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our estimation, a mesophyll cell contains about 495 million
mitochondrial proteins (Table 1). Assuming that between
300 and 450 mitochondria are present in a plant cell,
depending on the leaf age (Preuten et al, 2010), a single mi-
tochondrion would harbor 1.1-1.7 million protein mole-
cules, which is in perfect agreement with previous results
(Fuchs et al., 2020).

Strengths and limitations of the proteomics
approach and its different evaluation strategies

For statistical analysis to identify significant differences be-
tween the stress levels we used LFQ, an algorithm optimized
for accurate horizontal comparisons between different sam-
ples including multiple levels of normalization (Cox et al,
2014). This approach helps to identify, e.g. a set of extracel-
lular proteases that might be particularly relevant during
drought stress response or to estimate the regulation of
amino acid catabolic pathways (Figure 8). However, LFQ-
based data interpretation is not suitable for vertical compar-
isons of the abundance of different protein species and
therefore was not the major focus during our evaluation.
Detailed information on significant changes in protein abun-
dances at the different stress levels compared with the con-
trol are provided in the Supplementary Material
(Supplemental Dataset S1, columns U-AC, S5, and S8). A
quantitative perspective on the leaf proteome based on
iBAQs enables calculation of mass fractions, molarities, and
even copy numbers of individual proteins, but lacks statisti-
cal validation. Both quantitation methods are limited by the
intrinsic shortcomings of shotgun proteomics, which cannot
detect very low abundance proteins, and tends to underesti-
mate membrane proteins since the biochemical properties
of their peptides, such as high hydrophobicity, are unfavor-
able for ionization and detection (Schwanhdusser et al,
2011; Krey et al, 2014; Fabre et al, 2014). Furthermore, the
extraction procedure may also introduce a bias against, e.g.
membrane and membrane-associated proteins. Every prote-
omics dataset therefore has to be regarded as a representa-
tive fraction of the complete picture. We can estimate on
the basis of labeled peptides that the fraction detectable by
our approach covers more than 80% of the protein mass in
a leaf. Thus, it is suitable to provide a realistic impression of
the total number of protein molecules in a cell, as well as
the general behavior of high to medium abundance proteins
during drought stress. Recent large-scale MS surveys with a
focus on covering the largest possible fraction of protein
groups present in different Arabidopsis tissues were able to
detect 8,700 or even 13,826 different proteins by fraction-
ation of individual leaf samples (Zhang et al, 2019; Mergner
et al, 2020). For studies focusing on individual pathways or
low abundance proteins, it is thus reasonable to increase the
sensitivity of the MS analysis by including sample fraction-
ation or targeted approaches.
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Proteostasis under challenging conditions—a focus on
subcellular compartments and metabolic pathways
Plants use various physiological adaptation mechanisms to
cope with insufficient water supply (Gupta et al, 2020).
They restrict the number and size of leaves and close their
stomata to reduce water consumption. In addition, they in-
crease the root-to-shoot ratio to improve water uptake
from the soil. Osmotic adjustment preserves the cell turgor,
and antioxidants are produced to attenuate oxidative dam-
age. Even at the lowest stress level analyzed in this study
(S3), plant rosettes had already stopped growing, accumu-
lated the osmoprotectant proline, and significantly changed
the abundance of at least 291 proteins. The drastic effects
on the total leaf protein content and amino acid profile
analyzed here are characteristic for the late phase of severe
dehydration (stress levels S5 and S6).

How to focus on the relevant pathways during
severe drought stress

Combined information about protein abundance and ex-
pression levels illustrates the general strategies employed by
leaf cells to adjust their protein setup to the challenges
posed by insufficient water supply. Specific stress-related
proteins, such as individual heat shock proteins and dehy-
drins and those involved in secondary metabolism, are
induced at the expression level. Similarly, cells increase the
abundance of pathways that are barely used under control
conditions but important to make alternative energy sources
accessible, such as protein, amino acid, and lipid catabolism
by de novo synthesis of catabolic enzymes. In contrast, the
basic mitochondrial functions fulfilled by TCA cycle and re-
spiratory chain are not required to be more active during
stress than under control conditions, they just change their
initial substrate from carbohydrates to amino acids and lip-
ids. Therefore, it makes perfect sense that these pathways
are preserved from degradation rather than up-regulated at
the transcriptional level. Protection from degradation might
be achieved by selective autophagy of specific organelles.
During developmental senescence, autophagic vesicles have
been shown to preferentially contain RubisCO, entire chloro-
plasts, and also ribosomes, whereas mitochondrial integrity
and function is preserved until very late stages (Chrobok
et al, 2016, Marshall and Vierstra, 2018). Our results are in
good agreement with these findings since we observed
stronger than average decrease rates in plastid and ribo-
somal proteins during progressive drought stress but very lit-
tle effect on mitochondrial proteins. Ribosomes are among
the most stable proteins under control conditions (Li et al,
2017). However, they tie up a substantial fraction of cellular
resources since they account for a majority of the cell's RNA
and also ~3% of the protein mass. Thus, the turnover of
ribosomes in eukaryotes is activated by nutritional stress
such as carbon, nitrogen, or phosphate deficiency (Floyd
et al, 2016). Conveniently, this measure also serves the pur-
pose of down-regulating protein synthesis rates during
stress. Apart from selective autophagy, the stability of indi-
vidual proteins can be regulated via ubiquitinylation and is
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also affected by other post-translational modifications,
substrate, or cofactor binding, so that less busy enzymes are
degraded faster (Nelson and Millar, 2015).

Proteolytic systems and their contribution to
stress-induced protein turnover

Autophagy and proteasomes are considered to be the two
major proteolytic systems in a cell. However, due to the
sheer abundance of chloroplasts, the plastid proteases,
according to our evaluation, represent the major share of
proteolytic enzymes in a leaf cell under control conditions.
Thus, they would be suitable for contributing considerably
to the regular turnover of chloroplast proteins. Since amino
acid synthesis is also localized mainly in these organelles,
they are perfectly equipped for exporting the amino acids
resulting from proteolysis (Pottosin and Shabala, 2016).
However, the frequency of proteases per total number of
proteins is comparatively low in chloroplasts and in contrast
to other subcellular compartments does not increase during
stress. Bulk degradation of chloroplast proteins during severe
dehydration therefore requires additional capacities outside
the chloroplast, and these can be provided by the lytic
vacuoles that strongly increase their protease content and
are able to hydrolyze proteins delivered by autophagic
vesicles (Michaeli and Galili, 2014; Marshall and Vierstra,
2018).

In contrast to plastids, the extracellular space is extremely
rich in protease molecules per total proteins. Apart from
maintaining the cell wall, major functions of the apoplast
are signaling and defense against pathogens, which both in-
volve proteolysis. Extracellular plant proteases hydrolyze pro-
teins of invading pathogens to inactivate them and to
release signal peptides, triggering immune reactions
(Balakireva and Zamyatnin, 2018). Plant peptide hormones
are usually produced as pre—pro-protein and need to be
activated by proteolytic cleavage (Stithrwohldt and Schaller,
2019). This function has been shown to be particularly
relevant for drought tolerance. Extracellular subtilisin-like
proteases are involved in the regulation of stomatal density
and distribution in response to environmental stimuli
(Berger and Altmann, 2000; Engineer et al, 2014). In addi-
tion, the subtilase Senescence-Associated Subtilisin Protease
(SASP) degrades and thus inactivates OST1 (Open Stomata
1), a kinase activated by abscisic acid (ABA), and therefore
acts as a negative regulator in ABA signaling (Wang et al,
2018). Our dataset shows a strong induction of SASP during
drought stress and identifies 14 additional extracellular
proteases that are significantly increased and thus might be
relevant for stress tolerance. The apoplast proteome is
remarkably stable even during severe dehydration. This
finding might indicate a specific relevance of extracellular
proteins during drought stress, which is clearly the case for
proteases. An alternative explanation could be that apoplast
proteins simply evade the intracellular bulk degradation sys-
tems autophagy and proteasome due to their remote locali-
zation. Since our proteomics dataset covers only a fraction
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of all cellular proteases, it has to be kept in mind that these
insights do not show the complete picture. Additional stress
relevant compounds of proteolytic systems, which were not
detected here, may be involved.

Amino acid homeostasis under challenging
conditions—massive adjustments to the free pool
provide osmolytes and ATP

The free pool represents only about 11% of all cellular
amino acids under control conditions but strongly gains im-
pact in the course of the drought stress response. Also, de-
spite massive proteolysis the relative composition of the
proteome looks roughly similar before and after stress
(Supplemental Figure S7), whereas changes on the metabo-
lite level are rapid and drastic (Figure 7, B). Taken together
these observations illustrate that homeostasis has a different
meaning with regard to free amino acids and proteins.
Proline is a well-known compatible osmolyte in plants and
also in some euryhaline animals (Szabados and Savouré,
2010; Wiesenthal et al,, 2019). Free proline accumulated 219-
fold, and even its total amount (free plus bound in proteins)
increased from 48 to 153 pumol - g~' DW during progressive
drought stress, indicating extensive de novo synthesis
(Supplemental Dataset S7 and Figure 7, C). In contrast, the
total contents of all other 19 proteinogenic amino acids (ex-
cept Pro) clearly decreased during the stress phase indicating
that they are most likely not synthesized during stress, but
accumulate in the free pool as a consequence of proteolysis
(Supplemental Figure S6, B). An exception might be those
amino acids that serve as precursors for secondary metabo-
lites such as the aromatic amino acids (Tzin and Galili,
2010). The total amount of nitrogen contained in amino
acids decreases by about one-third during progressive
drought stress (Figure 8, C). Taken together with the down-
regulation of enzymes involved in primary nitrogen assimila-
tion, it becomes clear that protein degradation can most
likely cover the full nitrogen demand for the synthesis of
proline (Figure 8, D), GABA, and additional metabolites in-
volved in stress response.

The sum of all amino acids dropped by 29% during stress,
most likely due to their use as alternative respiratory sub-
strates and precursors for secondary metabolites (Araujo
et al, 2011; Hildebrandt, 2018). The drop in the RQ in
stressed compared with control leaves also suggests that re-
spiratory substrates other than carbohydrates (i.e. proteins
and lipids) are used during drought. Our estimation based
on published respiration rates of Arabidopsis leaves (O’Leary
et al, 2017) indicates that amino acid oxidation could fully
sustain leaf energy metabolism for about 7 h. However, leaf
respiration rates tend to decrease during dehydration
(Pinheiro and Chaves, 2011), so that amino acid catabolism,
in addition to some residual photosynthetic activity and the
oxidation of lipids and chlorophyll, can be anticipated to
make a substantial contribution to the ATP supply of
drought stressed plants. A shift in the respiratory substrate
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can thus provide an efficient means to counterbalance car-
bohydrate limitation in Arabidopsis during drought stress.

Conclusion

Our estimation of the quantitative protein and amino acid
composition of a plant leaf cell provides an initial idea of
scales and dimensions. On this basis, the dynamic intercon-
nection of protein and amino acid homeostasis during se-
vere drought stress could be monitored and quantified on
absolute scales. The current understanding of protein copy
numbers in individual plant cells will be refined in the future
based on single cell approaches and the analysis of different
tissues, developmental stages, and stress conditions.

Materials and methods

Plant growth and drought stress treatment
Arabidopsis (Arabidopsis thaliana) Columbia-0 plants were
grown for 2 weeks in pots (200 cm®) in a phytochamber
(22-24°C, 16-h light, 8-h darkness, 110 pmol s m™2 light).
The stress treatment started with soaking the substrate
(Steckmedium, Klasmann-Deilmann GmbH) with tap water
to a distinct weight (150 g). A uniform desiccation process
was achieved by monitoring pot weights and reorganizing
the positions of the pots in the chamber every other day.
After 10 d without watering, leaf material (complete
rosettes) was harvested on a daily basis in the middle of the
light period (Figure 2). During late stages of severe drought
stress (S4-S7), plants were additionally sub-classified accord-
ing to their leaf phenotype (S4: 4-7 rolled leaves S5: 8-10
rolled leaves, S6: > 10 rolled leaves). For each stress level,
seven stressed plants and three controls were harvested in-
dividually. The leaf material of each individual plant is con-
sidered as a biological replicate. In addition, three stressed
plants were re-watered to test their viability and harvested
after 24 h.

Determination of RWC

The method used is based on Smart and Bingham (1974).
The weight of a leaf was measured immediately after harvest
(FW), after overnight incubation in distilled water (turgor
weight, TW), and after overnight drying at 37°C (DW). RWC
was calculated according to the following formula:
RWC [%] = (Ev=pwi x 100,

Determination of the RQ

Dark respiration of rosette leaf discs was measured at 25°C
in a reaction mixture containing 1-mM NaHCO; and 100-
mM KCI using an O2K respirometer (Oroboros Instruments,
Innsbruck, Austria). The oxygraph chamber was additionally
equipped with a FiveEasy pH meter (Mettler Toledo) to de-
tect O, consumption and CO, production simultaneously.
The increase in CO, was calculated on the basis of the pKs
value 6.4 and divided by the concurrent decrease in the oxy-
gen concentration of the reaction mixture to determine the

RQ (RC).
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Extraction and quantification of total protein

In total, 5 mg of lyophilized plant rosette powder was dis-
solved in 700 pL methanol and incubated for 20 min shak-
ing at 80°C. After centrifugation (10 min, 4°C, 18,800 X g),
the pellet was washed twice in 1-mL ethanol (70%, v/v) and
resuspended in 400-pL NaOH (0.1 M). The solution was in-
cubated for 1 h shaking at 95°C and centrifuged again. The
protein content of the supernatant was quantified
using Ready-to-use Coomassie Blue G-250 Protein Assay
Reagent (ThermoFisher) and Albumin Standard 23209
(ThermoFisher).

Quantification of free amino acids by HPLC

Free amino acids were extracted as described in Batista-Silva
et al. (2019). The pre-column derivatization with o-phthal-
dialdehyde (OPA) and fluorenylmethoxycarbonyl (FMOC)
was based on the application note “Automated amino acids
analysis using an Agilent Poroshell HPH-C18 Column” by
Agilent. The samples were injected onto a 100 mm x 3
mm InfinityLab Poroshell HPH-C18 column (2.7 um) using
an Ultimate 3000 HPLC system (ThermoFisher). HPLC set-
tings were set as described in Batista-Silva et al. (2019).
Cysteine was quantified after derivatization with the fluores-
cent dye monobromobimane, using the same HPLC system
(Fahey et al, 1980; Newton et al, 1981). Five milligrams of
lyophilized plant powder was mixed with 10 pL bromobi-
mane (46 mM in acetonitrile), 100 pL acetonitrile, and 200
pL buffer (160-mM HEPES, 16-mM EDTA, pH 8.0), and incu-
bated on a shaker for 30 min in darkness before adding 100
pL methanesulfonic acid (65 mM). Samples were separated
on a LiChrospher 60 RP-select Hibar RT 5 pum column
(Merck) at 18°C using a gradient of two solvents (0.25%
[v/v] acetic acid [pH 4] and methanol). Labeled thiols were
detected using a fluorescence detector 3400 RS
(ThermoFisher) at 380 nm for excitation and 480 nm for
emission.

Protein extraction and label-free quantitative shot-
gun MS

For protein extraction, about 5 mg of the lyophilized rosette
powder was used (C, S3, S5, S6; n = 4). Protein extraction,
sample preparation, and LC-MS/MS were performed as pre-
viously described (Thal et al, 2018) using a Q-Exactive mass
spectrometer coupled to an Ultimate 3000 UPLC
(ThermofFisher). Peptides were first bound to a 2-cm C18 re-
versed phase trap column (Acclaim PepMap100, diameter:
100 pm, granulometry: 5 pum, pore size: 100 A; Thermo
Fisher Scientificc Waltham, MA, USA). Separation took place
on a 50-cm C18 reversed phase analytical column (Acclaim
PepMap100, diameter: 75 um, granulometry: 3 pum, pore
size: 100 A; Thermo Fisher Scientific) eluted using a non-
linear 5-36% acetonitrile gradient containing 0.1% (v/v) for-
mic acid. Peptides were transferred into a Q-Exactive mass
spectrometer (Thermo Fisher Scientific, Dreieich, Germany)
by electrospray ionization (ESI) using a NSI source (Thermo
Fisher Scientific, Dreieich, Germany) equipped with a stain-
less steel nano-bore emitter (Thermo Fisher Scientific,
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Dreieich, Germany). The data-dependent duty cycle involved
a top-10 method, using resolutions set to 70,000 for MS1
(AGI set to 1,000,000) and 17,500 for MS2 (AGI set to
100,000). Profile mode was used during data acquisition.

Protein identification by MaxQuant and data
processing via Perseus software

The LC-MS/MS spectra were analyzed using MaxQuant
(Version 1.5.5.1, Cox and Mann, 2008) and protein identifica-
tion was based on the TAIR10 database (35,387 proteins
plus the common contaminants trypsin, bovine serum albu-
min (BSA), and keratin). The search parameters were set to:
carbamidomethylation (C) as fixed modification, oxidation
(M) and acetylation (protein N-term) as variable modifica-
tions. The specific digestion mode was set to trypsin (P) and
a maximum of two missed cleavage sites was allowed. A
positive peptide identification was required to contain a
minimum of seven amino acids. The mass tolerances of the
precursor ion were set to 20 and 4.5 ppm for the first and
main searches, respectively. The mass tolerances of the frag-
ment ions were set to 40 ppm. FDR at the protein and PSM
level was set to 1%. The minimum number of unique pepti-
des per protein group was 1. In total, 3,472 protein groups
were identified (1,298-1,655 per sample). Unique and razor
peptides were used for protein quantification. The iBAQ
function of MaxQuant was enabled, “log fit” disabled.
Further analyses and statistical evaluation based on LFQ and
iBAQ values generated by MaxQuant were performed in
Perseus (version 1.6.1.1), (Tyanova et al, 2016). Changes in
the relative abundance of individual proteins were estimated
via label-free quantification (LFQ; Cox et al, 2014). This ap-
proach is suitable for identifying proteins that are induced
and thus might be particularly relevant during the condi-
tions tested. iBAQs were used as a basis for calculating mass
and molar contents of the individual proteins. MaxQuant
output tables were filtered to remove non-plant contami-
nants, reversed sequences, and proteins that were only iden-
tified based on modified peptides. Proteins were excluded
from further analysis if they were not detected in at least
three of four replicates in at least one group (C, S3, S5, S6).
Missing protein intensities were then considered as too low
for proper quantification and replaced by very low values
from a normal distribution. Finally, a list of 1,399 proteins
(Supplemental Dataset S1) was used for all further calcula-
tions. Statistical analysis of the MS dataset was performed in
Perseus using two-sample t tests (P < 0.05).

Calculating absolute contents of individual proteins
based on iBAQ values

Raw iBAQ values generated by MaxQuant were multiplied
with the molecular weight of the respective protein [kDa].
These individual weighted iBAQs were then divided by the
sum of weighted iBAQs of all detected proteins for normali-
zation, and means of the four biological replicates in each
sample group were calculated. The mean mass fractions
were then multiplied with the total protein content of the
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sample [mg - g~' DW] to determine the mass content of
each individual protein [ug - g~' DW]. The mass contents
were divided by the molecular weight of the respective pro-
tein to calculate the molar protein contents [nmol - g~
DW]. Protein copy numbers in an individual mesophyll cell
were calculated by multiplying the molar protein contents
with the mean leaf DW and the Avogadro constant, and
dividing it by the mean number of mesophyll cells per leaf.
A more detailed description of the calculation methods is
provided in Supplemental Figure S1.

Calculating protein-bound amino acid contents
based on individual protein contents

The amino acid composition of each protein was deter-
mined on the basis of its sequence. The molar content of
the protein was then multiplied with the number of each of
the 20 amino acids present in this protein to calculate the
molar contents of the individual amino acids. The resulting
molar amino acid contents were summed up for all identi-
fied proteins in a sample. The total numbers of amino acids
released due to proteolysis were calculated by subtracting
contents of protein-bound amino acids in stressed and con-
trol plants.

Quantification of RubisCO using parallel reaction
monitoring targeted proteomics

In order to verify the iBAQ-based calculation of absolute
amounts of individual proteins, the ribulose-bisphosphate
carboxylase/oxygenase large subunit (RubisCO LS) was quan-
tified in control samples via parallel reaction monitoring
(PRM) in a targeted MS approach. Three unique peptides of
RubisCO LS were selected, based on their intensity, peak
symmetry, and the absence of miscleavages and modifica-
tion sites (Rauniyar, 2015). The following isotopically heavy
labeled peptides were provided by New England Peptides
(Gardner, MA, USA): (1) DTDLILAAFR, (2) LTYYTPEYETK?,
(3) ESTLGFVDLLR* (R* = Arg, “Cq ""Ng K* = Lys, Cq
>N,). The peptides were mixed equally and diluted with
plant sample matrix for calibration (1,600-25 fmol/pL). An
inclusion list containing the masses of the labeled and the
natural peptides in addition to their retention times was
implemented. For the absolute quantification of RubisCO
LS, the digested plant samples were spiked with heavy pepti-
des to a final concentration of 400 fmol/pL. Chromatograms
were extracted and evaluated with Skyline (V20.1.0.155,
Maclean et al, 2010). Peak areas of three transition frag-
ments per peptides were quantified against the calibration
of the heavy labeled peptides and subsequently divided by
the total peptide content of the individual sample
(Supplemental Dataset S2). Due to low and inconsistent sig-
nal intensity, the third peptide (ESTLGFVDLLR*) could not
be used for quantitation. The total peptide content of the
digested leaf samples was determined by using the Pierce
Quantitative Colorimetric Peptide Assay (ThermoFisher).

B. Heinemann et al.

Calculating mitochondrial oxygen consumption
with amino acids as alternative respiratory
substrates

To estimate mitochondrial respiration in leaves that
exclusively use the set of amino acids released by protein
degradation during drought stress as substrates, total leaf
amino acid contents of stressed plants were subtracted
from those of control plants. For each amino acid this
difference was multiplied with the number of electrons
transferred to the respiratory chain during complete
oxidation (Hildebrandt et al, 2015) and divided by four to
calculate the total amount of oxygen consumed
(Supplemental Dataset S7).

Genevestigator datasets

The following three microarray datasets were used for
estimating gene expression levels during drought stress: (1)
AT-00684_1 (Ludwikéw et al, 2009; long-day conditions,
start: 3 weeks, samples after 5 d of dehydration in soil); (2)
AT-00626_1 (Pandey et al, 2013: long-day conditions, start:
3 weeks, samples after 10 d of dehydration in soil); (3) AT-
00292_1 (Perera et al, 2008: short-day conditions, start: 6
weeks, samples after 7 d of dehydration in soil).

Data availability statement

The MS proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.pro
teomexchange.org) via the PRIDE partner repository (Perez-
Riverol et al,, 2019) with the dataset identifier PXD021563.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under the accession numbers
listed in Supplemental Dataset S1.

Supplemental data

Supplemental Figure S1. Calculation of individual protein
contents and copy numbers.

Supplemental Figure S2. Estimation of the absolute con-
tent of RubisCO large subunit.

Supplemental Figure S3. Principal component analysis of
the MS dataset.

Supplemental Figure S4. Compartment-specific patterns
of stress-induced changes in individual protein abundance-
sindividual protein contents.

Supplemental Figure S5. Compartment-specific patterns
of stress-induced changes in individual protein abundances:-
fold change ratios.

Supplemental Figure S6. Protein-bound and free amino
acids during progressive drought stress in Arabidopsis ro-
sette leaves.

Supplemental Figure S7. Changes in the quantitative
composition of the leaf proteome during drought stress.

Supplemental Dataset S1. Complete MS dataset: LFQ
and iBAQ values, relative protein abundances, mass contents
[ug - g”' DW], molar contents [nmol - g~' DW], and copy
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numbers [million proteins per cell] of 1,399 protein species
during progressive drought stress.

Supplemental Dataset S2. Quantification of RubisCO LS
via PRM in a targeted MS approach.

Supplemental Dataset S3. Quantitative composition of
the leaf proteome under control conditions. Mass fractions
(%) of metabolic categories.

Supplemental Dataset S4. Combined analysis of protein
abundances and expression levels to identify general strate-
gies of leaf cells to adjust their protein setup to the chal-
lenges posed by insufficient water supply.

Supplemental Dataset S5. MS dataset of all proteins in-
volved in protein metabolism (extracted from Supplemental
Dataset S1).

Supplemental Dataset S6. Free amino acid contents in
Arabidopsis rosette leaves during progressive drought stress.

Supplemental Dataset S7. Pools of bound and free pro-
teinogenic amino acids (AA) in Arabidopsis rosette leaves
during progressive drought stress.

Supplemental Dataset S8. MS dataset of all proteins in-
volved in amino acid metabolism (extracted from
Supplemental Dataset S1).
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A How to calculate the mass content of individual proteins in the leaf:
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Supplemental Figure $1: Calculation of individual protein contents and copy numbers

A, Raw iBAQ values generated by MaxQuant were multiplied with the molecular weight of the respective protein [g -
mol-']. These individual weighted iBAQs were then divided by the sum of weighted iBAQs of all detected proteins for
normalization and means of the four biological replicates in each sample group were calculated. The mean mass
fractions were then multiplied with the total protein content of the sample [mg - g' DW] to determine the mass
content of each individual protein [ug - g*' DW]. B, Individual protein molar contents could be calculated by dividing
the individual mass protein contents by the respective molecular weight C, Upper arrow: The sum of all molar
protein contents (iBAQ based) was multiplied with the Avogadro constant and an average leaf dry weight (200 mm?,
20 d, long-day conditions). The product divided by the cell number leads to the total protein copy number.
Considering the low protein content of epidermis cells, the average cell number and cell size were focused only on
mesophyll cells. Lower arrow: A theoretical estimation of the total protein count. The average volume of a mesophyll
cell (mean palisade and spongy, without vacuole) was multiplied with an estimated value for the protein density in a
plant cell based on protein densities calculated from published datasets of animal (orange) and yeast cells (yellow).
Results are highlighted in red.
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Supplemental Figure S2: Estimation of the absolute content of RubisCO large subunit

A, Estimation based on labeled peptides: The content of RubsiCO LS (Atcg00490) in the MS samples of control
plants [nmol RubisCO LS/mg peptide] was determined in two ways: 1. based on iBAQ values derived from shotgun
MS (white bar, workflow on the left hand side of the graph) and 2. by spiking of the samples with labeled peptides
(black bar, workflow on the right hand side of the graph). The ratio between the RubisCO LS content determined
using labeled peptides and the one derived from shotgun MS represents the mass fraction of the leaf proteome
detectable by our MS shotgun approach. Values are means + SD (n = 4). B, Estimation based on visual impression:
IEF/SDS PAGE of Arabidopsis total leaf extract. Protein extraction and gel electrophoresis were performed as
described in Mihr and Braun (2003; doi: 10.1007/978-1-59259-414-6_28). C, Relative mass abundance of the ten
most abundant leaf proteins according to our shotgun proteomic results. The second Y-axis indicates the mass
fraction of the total leaf proteome. The two largest spots on the gel correspond to the first two hits in the MS dataset
(1. RubisCO LS, 2. RubisCO SS) and no additional spots of larger or similar size are visible. Thus, the estimation of
RubisCO abundance in leaves based on our MS dataset seems to be realistic.

(MW; molecular weight, PRM; parallel reaction monitoring) 26
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Supplemental Figure S3: Principal component analysis of the MS dataset

Principle component analysis (PCA; with PERSEUS software) of MS dataset (C, S3, S5, S6).
Samples were harvested during progressive drought stress of Arabidopsis thaliana (n=4). Green:
Control - watered, Yellow: S3 — mild stress, Orange: S5 — moderate stress, Red: S6 — severe stress.
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Supplemental Figure S4: Compartment-specific patterns of stress-induced changes in individual protein
abundances: Individual protein contents

A, Absolute contents [ug protein - g' DW] of all individual proteins detected by shotgun proteomics in
descending order (under control conditions) for subcellular compartments. Protein contents under control and
stress conditions are shown in superimposed graphs (corresponding colors are shown in B). B, Shares of
subcellular compartments to the total protein content of control and stressed plants. The subcellular localization
of the individual proteins has been predicted by SUBA4 (Hooper et al. 2017).
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Supplemental Figure S5: Compartment-specific patterns of stress-induced changes in individual protein
abundances: Fold change ratios

Fold change ratios of individual protein contents in stressed vs. control plants. In order to visualize the fraction of
proteins with average, high or low degradation rates, changes in individual protein contents were sorted in
ascending order for each stress level. Vertical lines indicate proteins that correspond exactly to the decrease in
total protein content, i.e., 0.94 for stress level S3 (light green), 0.61 for S5 (orange), and 0.58 at S6 (red). The
subcellular localization of the individual proteins has been predicted by SUBA4 (Hooper et al. 2017). Only
proteins with unambiguous assignments are shown. The fold changes in individual protein contents were
calculated using absolute protein contents based on iBAQ values (Supplemental Dataset S1).
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Supplemental Figure S6: Protein bound and free amino acids during progressive drought stress in
Arabidopsis rosette leaves

A, Free amino acids were quantified by HPLC. B, Protein bound amino acids were calculated from the amino acid
composition and the leaf content of all individual proteins detected by shot-gun proteomics. The complete dataset
can be found in Supplemental Dataset S6 and Supplemental Dataset S7. Values are means + SD (n = 4).
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Supplemental Figure S7: Changes in the quantitative composition of the leaf proteome during drought

stress

A curated MapMan annotation list (https://mapman.gabipd.org) was used as main database for protein categories
(33,600 entries). Relative iBAQ values [%] calculated with the MS-dataset (C, S3, S5, S6; 1399 proteins) were
then uploaded and aligned to create PROTEOmaps (https:/bionic-vis.biologie.uni-greifswald.de). Sizes are
adjusted to the leaf total protein content to allow a quantitative comparison across the samples. Shaded areas
represent the fraction of the proteome degraded during drought stress. Proteins involved in similar cellular
functions according to the MapMan annotation file (version Ath_AGI_LOCUS_TAIR10_Aug2012, Thimm et al.
2004) are arranged in adjacent locations and visualized by colors. Mass fractions of the functional categories [%]

are provided in Supplemental Dataset S3
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Abstract

The adaptation of plant metabolism to stress-induced energy deficiency involves profound changes in amino acid
metabolism. Anabolic reactions are suppressed, whereas respiratory pathways that use amino acids as alternative
substrates are activated. This review highlights recent progress in unraveling the stress-induced amino acid oxida-
tion pathways, their regulation, and the role of amino acids as signaling molecules. We present an updated map of
the degradation pathways for lysine and the branched-chain amino acids. The regulation of amino acid metabolism
during energy deprivation, including the coordinated induction of several catabolic pathways, is mediated by the
balance between TOR and SnRK signaling. Recent findings indicate that some amino acids might act as nutrient
signals in TOR activation and thus promote a shift from catabolic to anabolic pathways. The metabolism of the sulfur-
containing amino acid cysteine is highly interconnected with TOR and SnRK signaling. Mechanistic details have re-
cently been elucidated for cysteine signaling during the abscisic acid-dependent drought response. Local cysteine
synthesis triggers abscisic acid production and, in addition, cysteine degradation produces the gaseous messenger
hydrogen sulfide, which promotes stomatal closure via protein persulfidation. Amino acid signaling in plants is still an
emerging topic with potential for fundamental discoveries.

Keywords: Abiotic stress, alternative respiration, amino acid metabolism, branched-chain amino acid degradation, energy
deficiency, lysine degradation, signaling, SnRK, TOR.

Introduction

Plants are confronted with a broad spectrum of unfavorable
environmental conditions ranging from drought to flooding,
high salinity, or extreme temperatures. Often, these abiotic
stresses occur not individually but in combination (e.g. dry
heat), and they might even coincide with attacks by various
pathogens. Being sessile, plants had to develop a sophisticated
metabolic defense system to differentiate between the various

threats, correctly assess them, and adapt their defense strategy
accordingly. Many aspects of this complex regulatory system
are still unknown. Several strategies to cope with the different
challenges of abiotic stress require major adaptations in amino
acid metabolism (Fig. 1). The proteome has to be modified to
shift from growth to defense, including increased synthesis of
proteins required for stress tolerance and damage control at

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved.
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Fig. 1. Major functions of amino acid metabolism during the abiotic stress response in plants. During abiotic stress, amino acids are required as
precursors for stress-induced proteins (1) and secondary metabolites (2), and as osmoprotectants (3), substrates for mitochondrial ATP production (4),

and signaling molecules (5). This review mainly focuses on aspects 4 and 5.

the expense of a decrease in the photosynthetic apparatus and
anabolic enzymes (Less ef al. 2011; Gururani et al., 2015). This
shift inevitably leads to large fluxes through the free amino
acid pool and changes in its composition. At the same time, de
novo nitrogen assimilation and amino acid synthesis are often
restricted by low transpiration rates and limited availability
of energy (Araus ef al., 2020). Still, a sufficient supply of the
20 proteinogenic amino acids is required for the synthesis of
stress-relevant proteins.

In addition to proteins, the spectrum of defense compounds
derived from amino acids includes a highly diverse set of sec-
ondary metabolites with often complex structures. Several classes
of secondary metabolites have been reported to accumulate
under diverse stressful environmental conditions but their exact
functions are largely not clear (Box 1). Osmotic stress during se-
vere drought or high salinity leads to a loss in cell turgor, which
can be counteracted by increasing the amount of non-toxic
small molecules. Thus, a low water potential strongly induces
the synthesis of compatible solutes to maintain cell turgor and
stabilize membrane and protein integrity (Singh ef al., 2015).
Proline acts as a major osmoprotectant in plants (Szabados and
Savouré, 2010). During severe drought it constitutes 20% of the
total amino acid pool and thus ties up valuable resources but also
acts as a nitrogen store (Heinemann ef al., 2021). Proline accu-
mulation in the cytosol might also be relevant for balancing the
increased vacuolar osmolarity due to autophagic degradation of
macromolecules during stress (Signorelli ef al., 2019).

A major problem in coping with diverse stressful conditions
is energy deprivation. Resources are scarce due to restricted
photosynthetic activity and have to be diverted from growth
into defense and stress tolerance, leading to a general decrease
in cellular energy levels (Biswal e al., 2011; Gururani et al.,
2015). Stress may also require prioritizing the growth of spe-
cific organs over others and thus cause a local energy deficit.
For example, increasing root growth at the expense of flowers
or leaves may improve the water supply sufficiently for the plant
to survive limited periods of severe drought. Metabolic adap-
tation to energy deprivation utilizes amino acids as signaling

molecules and alternative substrates, and these aspects will be
the focus of this short review.

Plants cope with energy shortage by
activating respiratory pathways that use
amino acids as alternative substrates

When carbohydrate stores are depleted, plants induce catabolic
pathways (autophagy, lipid and protein degradation) to provide
alternative substrates for ATP production. The induction of the
respective pathways during different stress conditions associated
with energy deprivation, such as drought or low light condi-
tions, has repeatedly been demonstrated on a transcript and
a protein level (Less and Galili, 2008; Angelovici et al., 2013).
Mutants with defects in the autophagy apparatus show poor
growth and early senescence when exposed to carbon and/
or nitrogen starvation, drought, or high salinity, demonstrating
the physiological relevance of this bulk degradation pathway
for energy homeostasis during stress (Liu and Bassham, 2012;
Izumi ef al.,2013; Hirota ef al.,2018; Tang and Bassham, 2018).
Severe dehydration can lead to a substantial loss in protein
mass, indicating that the demand for the resources tied up in
proteins is high (Heinemann ef al., 2021). Amino acid degrad-
ation produces tricarboxylic acid cycle intermediates or pre-
cursors and thus contributes to the production of substrates
for mitochondrial respiration. Notably, the oxidation of amino
acids with a complex structure (branched-chain and aromatic
amino acids) provides comparable amounts of energy for ATP
synthesis to those provided by glucose (Hildebrandt er al.,
2015). The catabolic pathways of branched-chain amino acids
(BCAA:s), lysine, and proline are even physically connected to
the mitochondrial respiratory chain, since individual reaction
steps transfer electrons into the ubiquinone pool. However, not
all the enzymes required for amino acid degradation in plants
are known yet, and the mechanisms of their regulation remain
partially elusive, hampering progress in fully understanding—
let alone exploiting—their role in stress tolerance.
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Box 1. Amino acids as precursors for secondary metabolites during abiotic stress

The role of secondary metabolites derived from amino acid metabolism in abiotic stress tolerance is a large
field with many open questions. Most importantly, specific functions of these highly complex and diverse
molecules, beyond ROS scavenging, have to be addressed.

OH
?_
Q
H N/\/\/NH2 HO O/S§
2 HO s. J §°
Polyamine OH YN
(Putrescine) R

Glucosinolate
(basic structure)

Flavonoid
(flavone backbone)

Flavonoids derived from phenylalanine or tyrosine strongly accumulate under various abiotic stress
conditions such as UV, temperature, salt, and drought (Nabavi et al., 2020; Falcone Ferreyra et al., 2012).
Flavonoids are ubiquitous in the plant kingdom, and estimations suggest that ~20% of the total carbon
flux accounts for this pathway (Haslam, 1993). A total of 54 different flavonoids have been identified in
Arabidopsis, among them 11 anthocyanins, which cause the characteristic purple color that indicates
suboptimal conditions (Saito et al., 2013). Their postulated functions in stress defense are ROS scavenging
and the storage of resources. However, since the process of synthesis of aromatic amino acids and their
subsequent conversion to secondary metabolites is quite complex and expensive in terms of energy
requirement, there might be additional, more specific, benefits during stress that are yet to be discovered.

Polyamines are synthesized from arginine and strongly increase during abiotic stress (reviewed by
Alcazar et al., 2010). The overexpression of enzymes involved in polyamine synthesis pathway leads to
higher stress tolerance indicating a protective role. However, their function is largely unknown and possibly
involves signaling.

Glucosinolates are synthesized from a range of amino acids, including methionine, tryptophan, and
phenylalanine specifically in Brassicaceae (reviewed by Halkier and Gershenzon, 2006). They are well
known for their contribution to herbivore tolerance, since breakdown upon tissue damage leads to the
production of toxic and highly reactive compounds. However, auxin signaling maintains the expression of
enzymes involved in glucosinolate biosynthesis during drought, indicating an additional function of these
secondary metabolites in abiotic stress resistance. Indeed, increased levels of aliphatic glucosinolates
improve drought tolerance in Arabidopsis, and a breakdown product, possibly isothiocyanate, promotes
stomatal closure independently of ABA signaling (Salehin et al., 2019).

Recently, there has been some clear progress with respect
to lysine and BCAA catabolism (Fig. 2; see also Box 2). These
amino acids can feed electrons into the mitochondrial re-
spiratory chain via the electron-transfer flavoprotein (ETF)-
ubiquinone oxidoreductase complex (ETFQO) (Ishizaki et al.,
2005).The 1nitial four reaction steps in lysine catabolism leading
to 2-oxoadipate are conserved between animals and plants (Fig.
2,left). An unusual oxidative decarboxylation and hydroxylation
reaction is subsequently performed by a recently identified
hydroxyglutarate synthase, producing bD-2-hydroxyglutarate,
which can then be oxidized to 2-oxoglutarate by b-2-
hydroxyglutarate dehydrogenase, transferring electrons to the
ETF/ETFQO system (Thompson et al., 2020). Lysine can also

be converted to the immune signal N-hydroxypipecolic acid
via three recently identified reaction steps (Ding ef al., 2016;
Chen et al.,2018; Hartmann and Zeier, 2018).

The catabolism of the three BCAAs to acetyl-CoA com-
bines shared reaction steps that use intermediates from leu-
cine, valine, and isoleucine degradation as a substrate with
individual, amino-acid-specific steps (Fig. 2, right). Although
several enzymes involved in BCAA degradation have been
identified during the past 3 years, the pathway is still not com-
plete (see Box 2, Fig. 2). The identification of the last missing
steps 1s hampered by the large number of candidates derived
from homology searches, which additionally have multiple
isoforms that might be redundant.
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18: 3-hydroxyisobutyrate dehydrogenase (AT4G20930),
Schertl et al., 2017 19 k)
. : NADH + CO
19: Methylmalonate-semialdehyde dehydrogenase (AT2G14170), 2
Gipson et al., 2017 Acetyl-CoA

Fig. 2. An update on the catabolic pathways for lysine and branched-chain amino acids in plants. Recently identified reaction steps are shown in blue
(see also Box 2). Published information about the previously known steps is summarized in Hildebrandt et al. (2015). Previously identified enzymes:

1, lysine-ketoglutarate reductase/saccharopine dehydrogenase (AT4G33150); 2, aldehyde dehydrogenase 7B4 (AT1G54100); 3, GABA transaminase
(AT3G22200); 5, p-2-hydroxyglutarate dehydrogenase (AT4G36400); 6, electron transfer flavoprotein (AT1G50940, AT5G43430); 7, electron-transfer
flavoprotein:ubiquinone oxidoreductase (AT2G43400); 11, BCAA transaminase (AT1G10060, AT1G10070, AT3G49680, AT3G19710, AT5G65780,
AT1G50110, AT1G50090); 12, branched-chain alpha-keto acid dehydrogenase (AT5G09300, AT1G21400, AT3G 13450, AT1G55510, AT3G06850);
13, isovaleryl-CoA-dehydrogenase (AT3G45300); 14, methylcrotonyl-CoA carboxylase (AT1G03090, AT4G34030); 16, hydroxmethylglutaryl-CoA
lyase (AT2G26800); ?, Unknown reaction steps. Metabolites: 2-AD, 2-aminoadipate; 2-HG, p-2-hydroxyglutarate; 2-MAA, 2-methylacetoacetyl-CoA;
2-MBC, 2-methylbutanoyl-CoA; 2-MHB, 2-methyl-3-hydroxybutyryl-CoA; 2-MPC, 2-methylpropanoyl-CoA; 2-OA, 2-oxoadipate; 2-OG, 2-oxoglutarate;
3-HIB, 3-hydroxyisobutyrate; 3-HIBC, 3-hydroxyisobutyryl-CoA; 3-HMG, 3-hydroxymethylglutaryl-CoA; 3-MCC, 3-methylcrotonyl-CoA; 3-MGC,
3-methylglutaconyl-CoA; 3-MOB, 3-methyl-2-oxobutanoate; 3-MOP, 3-methyl-2-oxopentanoate; 4-MOP, 4-methyl-2-oxopentanoate; AC, acrylyl-CoA;
ADS, 2-aminoadipate-6-semialdehyde; ATA, acetoacetate; ATC, acetoacetyl-CoA; HP, hydroxypropionate; HPC, hydroxypropionyl-CoA; IC, isovaleryl-
CoA; MAC, methylacrylyl-CoA; MMS, methylmalonate semialdehyde; MSA, malonate semialdehyde; PDC, L-A1-piperideine-2-carboxylate; Pip,
L-pipecolate; SP, saccharopine; TC, tiglyl-CoA. mETC, mitochondrial electron transport chain.
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Box 2. Key developments in understanding the role of amino acid metabolism in signaling and
metabolic adaptation to stress-induced energy deficiency

e Completing knowledge on the lysine catabolic pathway in plants

Thompson et al. (2020) identified the last missing step in the lysine degradation pathway in plants,
which is catalyzed by a hydroxyglutarate synthase (AT1G07040; Fig. 2). This enzyme, an iron (ll)-
dependent oxygenase, uses an unusual catalytic mechanism to perform the oxidative decarboxylation
and hydroxylation of 2-oxoadipate to b-2-hydroxyglutarate. It strongly responds to both abiotic and biotic
stress on a transcriptional level.

¢ New insights into branched-chain amino acid catabolism in plants

Three recent studies improved our understanding of branched-chain amino acid metabolism substantially
(Fig. 2). Using comparative genomics, Latimer et al. (2018) identified a 3-methylglutaconyl-CoA hydratase
(AT4G16800) catalyzing the dehydration of 3-hydroxymethylglutaryl-CoA to 3-methylglutaconyl-CoA during
leucine degradation. Schertl et al. (2017) characterized a 3-hydroxybutyrate dehydrogenase (AT4G20930),
which can also metabolize 3-hydroxypropionate and is thus involved in both valine and isoleucine
degradation. Two additional enzymes required for the degradation of valine, a 3-hydroxyisobutyryl-CoA
hydrolase (AT4G31810) and a methylmalonate-semialdehyde dehydrogenase (AT2G14170), were identified
and functionally characterized by Gipson et al. (2017).

e The molecular mechanism of activating alternative mitochondrial respiration pathways during
energy deprivation

SnRK1 kinases act as central metabolic regulators during adaptation to low-energy stress. Pedrotti
et al. (2018) demonstrated that in response to extended darkness SnRK1 phosphorylates group C bZIP
transcription factors, leading to the formation of a complex containing SnRK1, C bZIP, and an additional S1
bZIP transcription factor. This complex coordinates the strong induction of genes involved in the oxidation
of branched-chain amino acids, which serve as alternative respiratory substrates during carbohydrate
starvation (Figs 3, 4).

e Amino acids activate TOR signaling in plants

Liu et al. (2021) demonstrated that 15 of the 20 proteinogenic amino acids activate TOR signaling in
the leaf primordia of inorganic-nitrogen-starved seedlings, albeit with different capacities. Both inorganic
nitrogen and amino acids require the plant-specific small GTPase ROP2 for TOR induction. O’Leary
et al. (2020) performed long-term measurements of oxygen consumption rates in Arabidopsis leaves and
discovered a regulatory mechanism based on the balance between individual amino acid levels. Proline
and alanine, which accumulate to high concentrations during abiotic stress conditions, stimulate respiration
via transcriptional up-regulation of their respective degradation pathways. Other amino acids, such as
isoleucine and methionine, block this induction by activating TOR signaling.

e Cysteine triggers ABA production and stomatal closure during drought stress

Batool et al. (2018) described a new role of cysteine signaling in the physiological water limitation
response in Arabidopsis. During soil drying, sulfate is transported to the guard cells via the xylem and
incorporated into cysteine. Increased cysteine concentrations stimulate ABA biosynthesis in the leaves by
activating two enzymes in the synthesis pathway (NCED3 and AAOS3). Zhou et al. (2021), Chen et al. (2020),
and Shen et al. (2020) report additional downstream regulatory steps in cysteine-induced stomatal closure
mediated by post-translational activation of the protein kinase SnRK2.6, the NADPH oxidase RbohD, and
the transcription factor ABI4 (ABA-INSENSITIVE 4) via persulfidation (Fig. 3).
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The degradation of BCAAs and lysine is thought to be par-
ticularly relevant during stress-induced energy deficiency, since
knockout lines for several reaction steps can be distinguished
from the wild type by their shorter survival time in com-
plete darkness (Ishizaki et al., 2005, 2006; Aratjo et al., 2010;
Peng et al., 2015; Hirota et al., 2018). They may also show de-
creased drought tolerance under specific growth conditions
(Pires et al., 2016), which, however, seems to be a less robust
phenotype, since it was not observable under our experimental
drought setup (Heinemann ef al.,2021).The defects in seed de-
velopment and/or germination reported for several lines may
be caused by the accumulation of toxic intermediates such as
methacrylyl-CoA during embryogenesis or by starvation prior
to the full establishment of photosynthesis (Ding et al., 2012;
Angelovici ef al., 2013; Peng et al., 2015; Gipson et al., 2017).
In addition, the production of storage lipids during seed filling
seems to be compromised by defects in BCAA catabolism, but
the reason for this effect is not clear yet (Gipson ef al., 2017).

The adaptation of amino acid metabolism
to energy deprivation is mediated by the
balance between TOR and SnRK signaling

Plants need to monitor their nutritional status and integrate
this information with environmental stress signals in order to
react appropriately and find the best balance between growth
and defense to guarantee survival and reproduction. Adapting
amino acid catabolism to energy requirements is one of these
tasks. The protein kinase complexes SnRK1 (Snfl-related pro-
tein kinase 1) and TOR (target of rapamycin) are to a large
extent evolutionarily conserved in eukaryotes and act as cen-
tral metabolic regulators (for recent reviews, see Broeckx ef al.
2016; Baena-Gonzalez and Hanson, 2017; Shi et al., 2018;
Waurzinger et al., 2018; Caldana et al., 2019; Jamsheer et al.,
2019; Margalha et al., 2019; Rodriguez et al., 2019; Ryabova
et al.,2019;Wu et al.,2019; Fu et al., 2020; Pacheco et al.,2021;
Sharma et al., 2021). In general, TOR promotes growth when
the supply of nutrients is sufficient, whereas SnRK1 acts antag-
onistically and restores energy homeostasis during stress (Fig.
3, Box 3).

Reciprocal regulation by TOR and SnRKT1 signaling adapts
plant protein and amino acid metabolism to the availability of
energy and nutrients (Fig. 3). Growth-promoting conditions
lead to increased TOR activity, which induces amino acid syn-
thesis and the reinitiation of translation of specific mRNAs, but
represses autophagy and amino acid degradation (van Leene
et al., 2019; Schepetilnikov et al., 2013; Xiong et al., 2013). In
contrast, energy deprivation activates SnRK1 signaling, which
represses TOR and induces autophagy (Nukarinen et al., 2016;
Huang et al., 2019). Recent evidence suggests that the coord-
inated induction of key enzymes in amino acid catabolic path-
ways in response to carbohydrate starvation is also mediated by
SnRK1 signaling as part of a general energy-saving program

(Pedrotti ef al., 2018; Dietrich ef al., 2011). Transcriptional in-
duction of a core set of eight enzymes involved in BCAA,
proline, and tyrosine degradation requires the formation of a
ternary complex between SnRK1 and a heterodimer of two
basic leucine zipper (bZIP) transcription factors. A group C
bZIP is phosphorylated by SnRK1 and acts as a bridge to an
additional bZIP of the S1 group, which in turn directly con-
trols the transcription of the genes encoding amino acid cata-
bolic enzymes via binding to the G-box promoter elements
(Pedrotti et al., 2018; see also Box 2). The mechanism of in-
duction is not known in such detail for the other amino acid
degradation pathways. However, the transcriptional response of
plants with induced or inhibited TOR and SnRK1 pathways
(Fig. 4) indicates that reciprocal regulation by these kinases may
adapt the general direction of amino acid metabolism (de novo
synthesis versus degradation) to the environmental conditions.

Amino acids serve as signaling molecules
to coordinate growth and stress responses

Amino acids are well known as signaling molecules in ani-
mals. Glutamate, aspartate, Y-aminobutyric acid (GABA), and
glycine act as neurotransmitters (Hyman et al., 2005). One of
the mammalian TOR complexes (nTORC1) is activated by
leucine, arginine, and S-adenosylmethionine (SAM) derived
from methionine via complex sensing mechanisms (Kim and
Guan, 2019). Amino acids are an adequate signal of good nu-
tritional status in humans, who are not able to synthesize all
20 proteinogenic amino acids but have to acquire some es-
sential amino acids (aromatic amino acids and BCAAs, histi-
dine, lysine, methionine, and threonine) in their diet. In plants,
the sulfur and nitrogen status is used as a TOR input signal of
good nutrient availability instead (Dong et al., 2017; Liu et al.,
2021). Equivalents of the mammalian amino acid sensors and
TOR activation pathways have not been identified in plants
so far (Shi ef al. 2018). However, some recent findings indicate
that the plant TOR pathway can nevertheless be induced by
specific amino acids via the small GTPase ROP2 (Rho-related
protein from plants 2) (Liu ef al., 2021). In addition to nitrate
and ammonium, a total of 15 proteinogenic amino acids were
able to restore TOR activity in the leaf primordia of nitrogen-
starved Arabidopsis seedlings, with glutamine, alanine, glycine,
and cysteine being the strongest activators (Fig. 3). Proline
and alanine accumulate during osmotic stress and hypoxia, re-
spectively. They transcriptionally induce their own degradation
pathways to allow rapid removal after stress release. This induc-
tion can be blocked by increased contents of some other amino
acids (e.g. methionine and isoleucine) in a TOR-dependent
manner. O’Leary et al. (2020) confirmed the activation of the
Arabidopsis TOR kinase by isoleucine and glutamine using an
S6K phosphorylation assay. In addition, over-accumulations of
BCAAs were reported to trigger rearrangements of the actin
cytoskeleton during vacuole morphogenesis in Arabidopsis
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Fig. 3. The role of amino acids in metabolic regulation by TOR and SnRK signaling during abiotic stress. Metabolic adaptation to the environmental
conditions is achieved by the antagonistic protein kinases TOR and SnRK. TOR signaling induces amino acid synthesis pathways and represses
autophagy as well as amino acid catabolism in response to optimal growth conditions. Individual amino acids act as TOR activators (Cao et al., 2019;
O’Leary et al., 2020; Liu et al., 2021). Under unfavorable conditions, SnRKs are activated and repress TOR signaling. During energy deficiency, SnRK1
induces amino acid degradation pathways via bZIP transcription factors (Pedrotti et al., 2018). Increased cysteine synthesis in the guard cells contributes
to the activation of ABA signaling during drought (Batool et al., 2018; Rajab et al., 2019). Cysteine degradation produces the gaseous signaling molecule
hydrogen sulfide (H,S), which persulfidates and thus activates SnRK2.6, ABI4, and the NADPH oxidase RbohD, ultimately leading to stomatal closure
and other physiological stress responses (Chen et al., 2020; Shen et al., 2020; Zhou et al., 2021). In addition, inhibition of PP2C by ABA results in
SnRK1 activation and thus promotes SnRK1 signaling during stress (Rodrigues et al., 2013). Dashed arrows indicate indirect or postulated interactions.
Intersections with amino acid metabolism are highlighted in red. ABI4, abscisic acid insensitive 4; bZIP, basic leucine zipper transcription factor; DesT,
L-cysteine desulfhydrase 1; PYL, pyrabactin resistance 1-like (ABA receptor); PP2C, protein phosphatase type 2C; RbohD, respiratory burst oxidase
homolog protein D; ROP2, rho-related protein from plants 2; ROS, reactive oxygen species; S6K1, S6 kinase 1; SnRK1, Snf1-related protein kinase 1;

SnRK2, Snf1-related protein kinase 2; -SSH, persulfidation of cysteine residue; TOR, target of rapamycin.

(Cao et al., 2019). This effect was blocked by TOR silencing
but independent of the adapter protein RAPTOR (regulatory-
associated protein of TOR). The mechanism and additional
components mediating these signaling events still need to be

discovered.

Additional input parameters are required to fully assess and
integrate the environmental conditions. The plant, for ex-
ample, needs to distinguish between osmotic stress and op-
timal growth conditions, which both lead to high levels of
glucose and free amino acids. SnRK2 (Snfl-related protein
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Box 3. TOR and SnRK1 signaling in plants

TOR (target of rapamycin)

Two structurally and functionally distinct TOR protein complexes with several regulatory partners have
been identified in eukaryotes. Plants contain only one of them, the TORC1 complex consisting of the
TOR kinase and the regulatory subunits RAPTOR (regulatory-associated protein of TOR) and LST8 (lethal
with SEC13 protein 8) (reviewed by Fu et al., 2020; Caldana et al., 2019; Wu et al., 2019).

A key function of TORC1 in plants is integrating different signals indicating growth-promoting
environmental conditions such as nutrient and light availability to induce anabolic processes. TOR
signaling is involved in the regulation of several plant-specific processes, such as the glyoxylate cycle,
cell wall synthesis, and nitrogen and sulfur assimilation (Wu et al., 2019). During activation of the stem
cells at the shoot apical meristem, plant TOR kinase integrates light availability with the universal TOR-
activating signal, glucose, via auxin signaling (Li et al., 2017; Pfeiffer et al. 2016). In contrast, sugar
energy signaling is sufficient for TOR activation in the root apex (Li et al., 2017).

SnRK1 (Snf1-related protein kinase 1)

The SNF1/AMPK/SnRK1 family forms heterotrimeric holoenzymes containing a catalytic a-subunit and
non-catalytic 3- and y-subunits. Arabidopsis expresses two isoforms of the SnRK1 catalytic a-subunit
(AKIN10 and AKIN11), three (3-subunits, and one y-subunit (reviewed by Wurzinger et al., 2018; Emanuelle
et al., 2016).

SnRK1 kinase activity is induced by starvation conditions and activates an energy-saving program
including autophagy and catabolic pathways. A distinct pattern of regulation of plant SnRK1 compared
with its mammalian and yeast counterparts, AMPK and SNF1, allows adaptation to plant-specific
metabolic requirements. SnRK1 activity is repressed by high-energy sugar-phosphates such as
trehalose-6-phosphate, whereas SNF1 and AMPK sense the adenylate charge (Baena-Gonzalez and
Lunn, 2020; Emanuelle et al., 2016). The plant SnRK1 has a unique autophosphorylation activity and
thus is constitutively active unless repressed by high energy status. Low-energy stress triggers nuclear
translocation of the catalytic subunit, leading to induced target gene expression (Ramon et al., 2019).
There is also evidence indicating direct redox-regulation of conserved cysteine residues in the kinase

subunit in response to ROS signaling (Broeckx, 2018; Wurzinger et al., 2017).

kinase 2) kinases allow an additional fine-tuning during os-
motic stress in plants, in particular, the inhibition of TOR
signaling in the presence of sugar. TOR kinase phosphoryl-
ates abscisic acid (ABA) receptors and thus represses stress re-
sponses under growth-promoting conditions and during stress
release. SnRK2s in turn phosphorylate RAPTOR, a regula-
tory component in the TOR complex, to inhibit TOR ac-
tivity and prevent growth during environmental stress (Fig. 3)
(Wang et al., 2018). The metabolism of the sulfur-containing
amino acid cysteine is highly interconnected with TOR and
SnRK signaling, and thus might act as an additional adjusting
screw (Fig. 3). The cellular cysteine concentration is gener-
ally kept at a low micromolar level, and this can probably be
achieved by a coordinated regulation of the different synthesis
and degradation pathways (Hildebrandt ef al., 2015). Isoforms
of the hetero-oligomeric cysteine synthase complex consisting
of O-acetylserine(thiol)lyase and serine acetyltransferase sub-
units are present in chloroplasts, mitochondria, and the cytosol
(Heeg et al., 2008). In addition, several catabolic routes have
been identified in the different subcellular compartments
(Hildebrandt et al., 2015; Gotor et al., 2019). Limitation of the

sulfur precursor for cysteine synthesis inhibits TOR activity in-
directly by down-regulating glucose metabolism (Dong ef al.,
2017). In contrast, a decreased flux of cysteine into glutathione
synthesis leads to TOR activation and stimulates protein trans-
lation (Speiser et al., 2018).

Recently, there have been several new insights into the
role of cysteine as a signaling molecule during drought (Fig.
3; see also Box 2). Sulfate acts as a mobile signal to report
a low soil water content to the leaves. This signal is trans-
lated into increased sulfate reduction and cysteine synthesis
in guard cell chloroplasts, which in turn induces ABA pro-
duction (Batool ef al., 2018; Chen et al., 2019; Rajab ef al.,
2019). ABA then triggers the expression of DES1, a cytosolic
cysteine desulfurase catalyzing the degradation of cysteine to
pyruvate and the gaseous signaling molecule hydrogen sul-
fide (H,S) (Chen et al.,2020). H,S regulates the activity and/
or stability of multiple proteins via persulfidation of regu-
latory cysteine residues (Gotor ef al., 2019). In the guard
cells, two central players in ABA-induced stomatal closure
have been shown to be regulated by this post-translational
modification. Persulfidation of the NADPH oxidase RbohD
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Fig. 4. Regulation of amino acid catabolic pathways in response to the energy status by TOR and SnRK1 signaling in Arabidopsis thaliana. Enzymes
involved in amino acid degradation are regulated by the antagonistic action of TOR and SnRK1 signaling. TOR induction (dataset 1) as well as
knockdown of SnRK1 (dataset 2) or downstream transcription factors of the bZIP group (dataset 3) generally lead to a transcriptional repression of amino
acid catabolic enzymes (indicated by blue colors). The opposite effect, that is, an induction of amino acid catabolism (indicated by red colors), is caused
by TOR inhibition (dataset 4) or SnRK1 overexpression (dataset 5), and also becomes apparent in datasets of plants subjected to stress conditions that
are associated with energy deficiency [extended darkness (dataset 6) and drought (dataset 7)]. Gene IDs and, in addition, the numbers used in Fig. 2 for
lysine and BCAA catabolic enzymes are indicated at the top. The colored squares represent log,-fold changes in mRNA abundance (treatment versus
control) compiled from the following datasets: 1, TOR induction by treatment with glucose (Xiong et al., 2013); 2 and 3, knockdown lines for SnRK1
(snrk1al/a2) and S1 bZIPs (bZIP1/2/11/44/53) after 6 h of extended darkness (Pedrotti et al., 2018); 4, inhibition of TOR by AZD8055 (Dong et al.,
2015); 5, overexpression of the SnRK1 subunit KIN10 (Baena-Gonzélez et al., 2007); 6, extended darkness (means from six time points, 2—-48 h; Usadel
et al., 2008); 7, drought (means from three experiments, 5-10 days of dehydration; Perera et al., 2008; Ludwikow et al., 2009; Pandey et al., 2013). KD,
knockdown; OE, overexpression, SnRK1, Snf1-related protein kinase 1; TOR, target of rapamycin.

leads to increased reactive oxygen species (ROS) signaling,
and persulfidation of two cysteine residues exposed on the
surface close to an activation loop promotes the activity of
the protein kinase SnRK2.6 and its interaction with ABA
response element-binding factor2 (ABF2), a transcription
factor downstream of ABA signaling (Chen ef al., 2020; Shen
et al.,2020).The transcription factor ABI4 (ABSCISIC ACID
INSENSITIVE 4) is also activated by persulfidation (Zhou
et al., 2021). In addition, ABA-dependent persulfidation of
the cysteine protease AT G4 seems to be involved in the regu-
lation of autophagy (Laureano-Marin et al., 2020). However,
H.,S is also a potent inhibitor of cytochrome ¢ oxidase (Birke
et al. 2012).Thus, increased sulfide concentrations would lead
to a down-regulation of mitochondrial respiration, and effi-
cient detoxification mechanisms are required in the mito-
chondria to maintain or restore ATP production during
stress (Birke et al., 2015). The high level of interconnection
between cysteine metabolism and ABA signaling is not re-
stricted to the drought response in stomata. Endogenous
ABA levels are decreased in germinating seedlings of several
sulfur-assimilation mutants, and these lines are also hyper-
sensitive to salt stress. ABA in turn induces the transcription
of sulfate transporters and other genes associated with sulfur
metabolism (Cao ef al. 2014).

Several additional amino acids, such as methionine, lysine, his-
tidine, and BCAAs, are normally present in low concentrations
and would thus be suitable as signaling molecules. Imbalances in

the homeostasis of specific amino acids (e.g. glutamine, phenyl-
alanine, and cysteine) elicit a strong immune reaction, indicating
a potential signaling function in the biotic stress response (Pilot
et al., 2004; Liu et al., 2010; Alvarez et al., 2012; Pajerowska-
Mukhtar ef al., 2012). Ca** influx mediated by glutamate
receptor-like channels is involved in the regulation of several
physiological processes in plants, such as pollen tube growth,
root meristem proliferation, wound responses, and modulating
ABA sensitivity during seed germination (Wudick ef al., 2018;
Qiu et al.,2020; Grenzi et al. 2021). These Ca**-channels are not
specific for L-glutamate but can also be activated by D-serine
and the 1-enantiomers of several other amino acids (Michard
et al.,2011; Alfieri et al., 2020). Additional potential amino-acid-
sensing mechanisms in plants are the GCN2 (general control
non-derepressible 2) kinase pathway, which is activated by un-
charged tRINAs, and the plastid-localized PII protein involved in
the regulation of arginine and fatty acid biosynthesis (reviewed
by Gent and Forde, 2017).There are also indications that proline
might act as a signaling molecule to regulate specific aspects of
the stress response and plant development (reviewed by Szabados
and Savouré, 2010). Experimentally interfering with proline ca-
tabolism, for example, leads to developmental defects in seeds,
leaves, and inflorescences (Nanjo et al., 1999; Székely, et al., 2008).
Proline might directly induce the expression of a set of genes
that are relevant during recovery from drought by interaction
with specific transcription factors (Oono et al.,2003; Satoh et al.,
2004; Weltmeier et al., 2006). In addition, local accumulation of
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proline during pathogen infection can act as an apoptotic signal
and trigger a hypersensitive response via its degradation inter-
mediate pyrroline-5-carboxylate (Fabro ef al., 2004). Research
on amino acid signaling in plants is still at an early stage and has
much potential for fundamental discoveries.

Conclusion

In the past few years, great progress has been made in under-
standing the role of amino acid metabolism in signaling and
stress-induced energy deficiency. However, several key ques-
tions remain unanswered with respect to basic metabolic
events as well as their potential to be utilized in agriculture.
How do plants correctly interpret the different metabolic sig-
nals and balance the levels of individual amino acids to ful-
fill their diverse roles? Which amino acids act as signals, and
how does amino acid signaling work mechanistically? How
can plants sense amino acid levels? Do any particular path-
ways or enzymes act as bottlenecks during stress tolerance that
might be addressed to improve the performance of crops under
increasingly stressful growth conditions? What is the role of
amino acids during growth—defense trade-offs, and can they
contribute to uncoupling these processes, if necessary? Why do
attempts to increase the seed contents of essential amino acids
often lead to severe growth phenotypes, and how can this ef-
fect be reduced? What happens to the nitrogen released during
amino acid catabolism? Thus, research addressing amino acid
metabolism in plants has the potential to advance the fields
of stress physiology as well as plant energy biology in the
near future.
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