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Abstract

The relevance of the homochirality of proteinogenic amino acids for life is undis-
puted, but a growing number of biological functions could be assigned to the
non-proteogenic D-enantiomers. When it comes to D-AAs in plants, information
was relatively scarce for a long time. Recently, it has been shown that D-AAs
are taken up by plants from soil, but could also be synthesised de novo, and that
D-AAs cause physiological effects in plants. These were indications that D-AAs
are responsible for a variety of yet poorly understood or even undiscovered func-
tions in plants. For this reasons, I performed experiments to analyse transport,
metabolism and functions of these molecules in Arabidopsis thaliana.

Previously, it was shown that D-AAs are taken up and utilised by plants, but how
the plant reduces excessive amounts of them still remained unclear. Analyses of
plant D-AA content after D-Ala and D-Glu treatment, opened the question if
exudation of D-AAs into the rhizosphere takes place, and whether it plays a role
in the reduction of D-AA content in plants. Exudation of D-Ala and D-Glu could
be confirmed by AA analyses of growth media from seedlings treated with these
D-AAs. Further tests revealed that other D-AAs are also secreted. Exudation
experiments with transport inhibitors revealed that root exudation of D-AAs is
rather passive and comparable to that of L-AAs, whereas uptake of D-AAs was
found to be active.

It was also found that plants are able to reduce their D-AA contents by means
other than exudation, and therefore metabolic processes were postulated. Anal-
yses of the D-AA specific transaminase (AtDAT1) revealed that this enzyme is
responsible for the metabolisation of the majority of tested D-AAs in Arabidop-
sis thaliana. The results of our biochemical experiments revealed that D-Met is
the preferred substrate for this enzyme, with D-Ala as the major product. Fur-
thermore, the loss of this enzyme led to a triple response and increased ethylene
synthesis after D-Met treatment, indicating a functional relation between reg-
ulation of D-AA metabolism and plant development. These results show that
AtDAT1 is a crucial enzyme in the D-AA metabolism in Arabidopsis thaliana
and that these molecules have a relevant function in higher plants, contrary to
what was communally accepted.
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Zusammenfassung

Die Bedeutung der Homochiralitat proteinogener Aminosauren ist unbestritten,
jedoch konnte auch den nicht-proteinogenen D-Enantiomeren eine wachsende An-
zahl biologischer Funktionen zugeordnet werden. Uber die Rolle, die D-Aminosiuren
(D-AAs) in Pflanzen spielen, gibt es bislang relativ wenige Informationen. Kiirzlich
konnte gezeigt werden, dass Pflanzen D-A As einerseits aus dem Boden aufnehmen,
andererseits de novo synthetisieren konnen und dass D-AAs physiologische Ef-
fekte in Pflanzen bewirken. Dies weist darauf hin, dass D-AAs fiir eine Vielzahl
von Funktionen in Pflanzen verantwortlich sein kénnen, die bislang wenig ver-
standenen oder sogar noch nicht beschrieben sind. Aus diesen Griinden habe
ich Experimente durchgefiihrt, die den Transport, den Metabolismus und die
Funktion dieser Molekiile in Arabidopsis thaliana analysieren. In vorherigen Un-
tersuchungen wurde gezeigt, dass D-AAs aufgenommen und verwertet werden,
aber wie Pflanzen iiberschiissige Mengen von D-AAs reduzieren, ist bislang un-
klar. Konzentrationsbestimmungen von D-AAs nach Verabreichung von D-Ala
und D-Glu warfen die Frage auf, ob D-AAs in die Rhizosphere exsudiert werden
und ob dieser Vorgang eine Rolle fiir die Konzentrationsabnahme innerhalb der
Pflanze spielt. Bei Keimlingen in Fliissigkultur, die mit D-Ala und D-Glu behan-
delt wurden, konnten diese Aminosduren im Auflenmedium nachgewiesen werden,
was eine Exsudation bestatigt. Weitere Experimente zeigten, dass auch andere
D-AAs ins Medium sekretiert wurden. Experimente mit Transportinhibitoren
zeigten, dass die Exsudation passiv erfolgt und vergleichbar mit der Exsudation
von L-A As ist, wihrend die Aufnahme von D-A As einen aktiven Vorgang darstellt.
Pflanzen sind nicht nur in der Lage, die Konzentration von D-AAs durch Exsu-
dation zu reduzieren, sondern konnen sie auch in metabolischen Prozessen ver-
wenden. Die Analyse der D-A A-spezifischen Transaminase (AtDAT1) ergab, dass
dieses Enzym fiur den grofiten Teil des Metabolismus der D-AAs in Arabidopsis
zustandig ist. Unsere biochemische Charakterisierung von AtDAT1 ergab, dass
D-Met das bevorzugte Substrat darstellt wiahrend D-Ala das Hauptprodukt ist.
Fin Verlust der Enzymfunktion fiihrt zu einer Triple Response und verstarkter
Ethylen-Synthese nach D-Met-Behandlung, was auf eine funktionelle Verbindung
zwischen der Regulation des D-AA-Metabolismus und der Pflanzenentwicklung
hinweist. Diese Ergebnisse zeigen, dass AtDAT1 ein zentrales Enzym des D-AA-
Metabolismus in Arabidopsis ist und dass D-AAs, anders als bisher angenommen,
eine wichtige Funktion in héheren Pflanzen ausiiben.
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Chapter 1

Introduction

1.1 Chirality of Proteinogenic Amino Acids

There are twenty proteinogenic amino acids (AAs). This means that out of the many AA
molecules that are known, there is only a selected group of twenty L-AAs which are exclusively
used by all biological systems to build up their peptides and proteins Raven et al. (2005);
Taiz and Zeiger (2010). On the other hand, these twenty AAs also have non-proteinogenic D
enantiomers. To understand the relevance of chirality, it is necessary to explain the meaning
of it in physics, chemistry, and biology, as well as its relation to AAs. Chirality is a phys-
ical phenomenon that relates to the topological features of particular objects ranging from
chemicals to proteins, and other living or non-living objects (a fan, or a screw are chiral).
No matter what the object is, if it is chiral, it will include a chiral centre and will be able to
occupy space in two different ways without changing any of its components. By definition,
AAs are chemical organic compounds that mostly contain an asymmetric alpha carbon to
which four different chemical groups are bound. These are two functional groups: Namely,
an anime (-NHsz) and a carboxyl (-COOH) group. Additionally, two more groups bind to the
alpha carbon a side chain (-R) that is specific for each amino acid and a hydrogen (-H) atom.
Due to the alpha carbon in the amino acid, as well as the four different groups attached to
it, any given amino acid (with exception of Glycine) can be synthesised as either D or L
enantiomer Vollhardt and Schore (2007).

The two isomers are non-superposable. Thus they are not identical even though both
consist of the same parts. In stereochemistry, those are called stereoisomers (spatial iso-
mers), and more precisely, enantiomers or mirror images. If an enantiomer is embedded in a
symmetric environment, the two isomers will have the same chemical and physical properties.
However, there is one exception: Its ability to rotate plane-polarised light will be different.
One isomer is able to rotate plane-polarised light to the right (in Latin denoted as Dexter

or D-), while the other, to the left (in Latin denoted as Laevus or L-). These properties are
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Chapter 1. Introduction

used to differentiate D- and L- enantiomeric compounds.

In a biochemical context, however, the situation changes dramatically as many biomolecules
are enantiomers, and their environment is not symmetric. Therefore, in several situations the
effect of the two isomers on biological systems can vary significantly Raven et al. (2005); Taiz
and Zeiger (2010). A classical example is the terpenoid Carvone, which, in the L- configura-
tion smells like mint while as D- has a spicy odor. The drug Thalidomide exemplifies a more
extreme case, as its pharmaceutical effects change depending on the enantiomeric proportions
of D- and L- Thalidomide in the drug Agranat et al. (2002). Thalidomide is a derivate of D-
or L-glutamic acid and its solubility in water, as well as its hydrolytic cleave, differs according
to its chirality. Surprisingly, pure D- or L- enantiomers have higher solubility in water than
the racemate (mixture of equal amounts of D- and L- enantiomers) Eriksson et al. (2001).
The L-Thalidomide has been shown to be more teratogenic than the D- form. When admin-
istrated as racemic mixture, its toxicity is reduced and it produces different pharmaceutical
effects Eriksson et al. (2001).

However, it is worthwhile to mention that D-AAs can also be used in vitro to synthe-
sise peptides exclusively with D-AAs. Peptides that occur naturally as “all -AAs”like Ce-
cropin A, from the moth Hyalophora cecropia; Magainin 2 amide, from the frog Xenopus
laevis and Melittin, from the honeybee Apis mellifera are potent antibiotics against several
gram-positive and gram-negative bacteria. When synthesised as “all D-AAs ”peptides, these
antibiotics are not only equally active to the “all L-AAs” peptides, but they are significantly

more resistant to enzymatic degradation Wade et al. (1990).

It is widely accepted that proteinogenic L-AAs are the basis of life. Apart of being
elementary building blocks of proteins, it is well known that they are primary metabolites
as well. The common usage of these AAs is also one of the fundamental reasons behind the
universality of the genetic code, as every single living organism makes use of them to build
and operate most of its molecular machinery in the same way. The limitation of protein-
coding sequences on twenty different L-AAs is known as homochirality. It was one of the key
developments in evolution to enable the compatibility between different life forms, regardless
if they belong to the same species or different taxon. For instance, bacterial genes can be
transcribed and translated in an eukaryotic cell because the translation machineries of both
taxa use the same L-AAs Raven et al. (2005); Taiz and Zeiger (2010).

The question of why some enantiomers are dominant in biological systems is beyond the
scope of this thesis. Nevertheless, it is evident that [-AAs play the predominant role in all
biological systems and processes. Nonetheless, D-AAs are found in many biological systems,
and they fulfil different functions there. This opens the question how D-AAs fit into the
homochiral world of L-AAs.



1.2. D-Amino Acids Containing Peptides and Proteins in Bacteria and Animals

1.2 D-Amino Acids Containing Peptides and Proteins in Bac-

teria and Animals

It has been proposed that inside the cell, D-AAs are products of chemical and enzymatic
racemisation of L-AAs Friedman (1999) or they are synthesised by aminotransferases from
other D-AAs Radkov and Moe (2014). D-AAs can be found in cells both as free D-AAs or
incorporated into proteins and non-protein peptides. Nevertheless, they are not proteinogenic
as this incorporations happens rarely, and natural proteins consisting exclusively of D-AAs

are not known.It is different in small peptides, as D-A As can be regular components of them.

A prominent example of such usage is the bacterial cell wall: It contains many layers
of peptidoglycans (PG) which are polysaccharide chains cross-linked by oligopeptides. Con-
stituent parts of these oligopeptides are D-Ala and D-Glu, which protect the cell due to
their resistance to cleavage by conventional proteases Typas et al. (2012). Biologically active
D-AAs are not exclusive for bacteria; D-(4)-octopine (a derivative of L-Arginine and D-
Alanine) has been shown to act as a lactic acid analogue in muscle tissue of in invertebrates
like octopus and scallop, and is also known to be produced in crown gall tumours in plants
Hockachka et al. (1977); Lippincott and Lippincott (1970).

Other invertebrates are able to produce peptides containing D-AAs that act as toxins,
antibiotics or hormones such as Achantin I and Fulicin from the African giant snail (Achatina
fulica) Kamatani et al. (1989); Ohta et al. (1991). Achantin I includes a D-Phe in the second
position of the peptide while Fulicin has a D-Asn in that positionCava et al. (2011). In the
early eighties, demorphine, with a D-alanyl residue, was found in the opioid peptides from
the skin of a frog Phyllomedusa sauvagei Montecucchi et al. (1981). Moreover, according to
Jilek et al. (2012), a peptide with antimicrobial activity was isolated from the skin secre-
tions of Bombina spp. (Fire-bellied toads) that contained a D-allo-Isoleucine (produced as a
byproduct of isoleucine transamination) in the second position. It has also been possible to
isolate D-AA containing peptides from mammals. For example, the venom of male Platypus
(Ornithorhynchus anatinus) contained D-AA residues. However, its function is still unknown
to date Ollivaux et al. (2014). More examples in this respect are summarised in Fujii (2002);
Martinez-Rodriguez et al. (2010).

The occurrence of D-AAs is not confined to bacteria and lower animals, as it has been
shown that collagen plays a particular role in the skin and articulations of mammals and
fishes. Where its properties change depending on the type and content of D-AAs. In skin
samples of pig and cod, D-Asp, D-Pro, and D-Hyp (D-Hydroxyproline) were detected in
concentrations up to 15pmol/mg Huang et al. (2018). Various free D-AAs were found in
different tissues and fluids of humans and other mammals Hamase (2007); Hamase et al.

(2002). D-Asp residues were detected in a- and - crystallines proteins of the human lenses
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Chapter 1. Introduction

as in other human proteins such as phosphophoryn, osteocalcin; elastin, amyloid; elastin and,
keratin Fujii et al. (2011); Ollivaux et al. (2014).

In other organs like the conjunctivae, cornea and intestine, D-Asp was also detected.
However, it is not know to which protein it is associated. In all cases the D-Asp residues in
proteins and peptides were associated to age related diseases Fujii et al. (2011). Free D-Asp
was found in the brain tissue of newborn rats in concentrations up to 160 nmol/g, exceeding
the concentration of many L-AAs. It is also present in other tissues as well as in human blood.
In all the cases, the concentration of D-Asp drops drastically as the organism ages Dunlop
et al. (1986). Furthermore, it has also been proven that free D-Asp plays an important role
in vertebrates exocrine and endocrine glands, such as the parotid, or the Harderian gland
Di Fiore et al. (2014). Anomalous levels of D-Ser and D-Asp seem also to be connected with
psychological disorders and diseases of the endocrine system (for reviews see Balu and Coyle
(2015); Fuchs et al. (2005); Katane and Homma (2011) and Sasabe et al. (2016). Specifically
in mammals, a local increase of D-Asp concentrations facilitates the secretion of anterior
pituitary hormones. At the same time, it also regulates negatively the melatonin synthesis in
the pineal gland and can modulate the production of sexual steroids Di Fiore et al. (2014).

Besides D-Asp, D-Ser also has an impact on different processes in humans. Concentra-
tions of D-Ser in the brain of mammals are relatively high, and it has been found to work
as an endogenous ligand for the glycine site of the N-methyl-D-aspartate (NMDA) recep-
tor. Therefore, it is involved in the neuron-glia interaction. Disturbances either in D-serine
concentrations or in its molecular metabolism and function in the brain, induce a variety
of neuropsychiatric symptoms, especially schizophrenia Hashimoto et al. (1993); Nishikawa
(2005); Snyder and Kim (2000). In humans, several proteins related to certain diseases like
arteriosclerosis, Parkinson and Alzheimer, contain D-AAs, in particular D-Asp and D-Ser,
which are generated by racemisation of the corresponding L-AA residue in the AA chain of
the protein Fujii et al. (2011) . 8 - Amyloid cores contain considerable amounts of D-Ser and
D-Asp in their peptide. The deposition of the beta-amyloid peptide in the grey matter of the
brain as senile plaques is a principal event in the neurodegenerative process, these plaques

are usually found in the brain of Alzheimers disease patients Kaneko et al. (1995).

1.3 Soil as a Source of D-Amino Acids for Plants

In contrast to the knowledge about abundance and functions of D-AAs in bacteria and ani-
mals, information about these molecules in plants is relatively scarce. However, this knowl-
edge is crucial to understand plant growth and development due to the fact that plants are
permanently exposed to D-AAs in soil. Soil organic matter (SOM) contains nitrogen (N)
compounds from different sources such as No fixation, atmospheric deposition, animal feces,

agrochemical fertiliser and decaying dead plants, microbes and animals Farrell et al. (2014).
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1.3. Soil as a Source of D-Amino Acids for Plants

The majority of N in soil is in the organic pool, and part of it is addressed as dissolved
organic N (DON) in the soil solution. DON is composed of high molecular weight (HMW) (
>1 kDa) molecules and compounds that are degraded into low molecular weight (LMW) (<
1 kDa) peptides and amino acids Farrell et al. (2011, 2014); Hill et al. (2012, 2011). LMW
DON consists mainly of organic nitrogen containing oligomers and monomers, some of which
can be directly taken up by soil microorganisms as well as by plants Farrell et al. (2014).
This holds true independently if the plants form mycorrhizal interactions or not Raab et al.
(1999).

It has been proven that in both, woodlands and managed pastures, soil DON dominated
the soil N pool representing up to 70% of extractable N. In alpine and arctic soils, AAs
represent up to 40% of DON Jones et al. (2002), whereas in woodland and pastures this
portion of AAs is just 10-20%. Surprisingly, soil nitrate was in general the smallest N
pool Prendergast-Miller et al. (2015). Miller and colleagues argue that soil microorganisms
and plants are able to take up free AAs or peptides as N source and in addition, that AAs
are an important source of N for plants Hill et al. (2011); Prendergast-Miller et al. (2015);
Soper et al. (2011). Competition between plants and microorganisms for DON; especially for
free amino acids, have been previously studied by Jones et al. (2005). In this work, it was
demonstrated that glycine was taken up rapidly by microorganisms, at a concentration range
of 0.1 mM to 10 mM of soil solution. However, at higher concentrations, plants were better
in the capture of this AA. Furthermore, Jones et al. (2005) suggested that plant capture of
soil DON may primarily occur in an organic-rich soil where concentrations of free AAs are
high.

In soil and water samples, almost all D-enantiomers of proteinogenic A As could be found
in significant amounts. D-Pro, for example accounts up to 60% of Pro in the majority of
soil samples. D-Lys accounts for 6 to 40% of Lys. And D-Ala together with D-Asp were
found to represent between 3 to 25% of Ala and Asp pool Vranova et al. (2012). The D-
AAs derived from bacterial peptidoglycan, as well as from plants, were found in significant
amounts in the surface of different oceans (up to 30%) and marine aerosols (up to 20%).
This was true especially for D-Asp, D-Glu, D-Ser and D-Ala Wedyan and Preston (2008).
It was also reported that D-Leu and D-Ile were found exclusively in surface water samples.
Another study in soil showed that D-Asp, D-Glu and D-Ala are abundant in large amounts
in comparison to their corresponding L-enantiomers Pollock et al. (1977). However, these
three D-AAs just represent 1.3 to 2.0% of the total amount of AA nitrogen in the analysed
soils. Moreover, they found significant quantities, between 5 to 16%, of other D-AAs.

A considerable part of the D-AAs found in soil originates from bacteria in animals, as
the microbiota in their guts are full of diverse bacteria species, which do just not release

considerable amounts of D-AA in their host but also harbour themselves D-AAs in their cell



Chapter 1. Introduction

walls Sasabe et al. (2016). In either case, these D-AAs are later deposited from the animal
as feces and dissolve in the soil. Free D-AAs from soil-borne bacteria are another source of
these compounds in soil. Some gram-negative bacteria associated with environments like soil,
water, and animal hosts are a source of broad-spectrum racemases (Bsr) in the rhizosphere.
These enzymes are able to convert a wide variety of L-AAs into D-AAs from proteinogenic
and non-proteinogenic L-AAs Espaillat et al. (2014). Consequently, the composition of D-
AAs in soil is affected by the activity of these enzymes Aliashkevich et al. (2018). Thus,
the amount of D-AAs in the rhizosphere can exceed 10% of the corresponding L-enantiomer
Amelung et al. (2006); Brodowski et al. (2005).

It is important to highlight that the concentrations of free AAs in soil, including D-AAs,
change according to the location and season. N availability fluctuates seasonally due to
factors such as temperature, extracellular enzymatic activity; pH, usage of the soil; animal
feces, and plant root exudation. Additionally, the demand and competition for its uptake by
microorganisms and plants is very likely to change in different seasons Lipson and Néasholm

(2001); Prendergast-Miller et al. (2015); Zhang et al. (2017).

1.4 D-Amino Acids in Plants

Since the seventies, it is well known that plants are able to uptake D-AAs from the soil. Ev-
idence about this process has increased over four decades Aldag and Young (1970); Forsum
et al. (2008); Svennerstam et al. (2007); Vranova et al. (2012). Furthermore, it was shown
that almost all D-enantiomers of proteinogenic amino acids could be detected in Arabidopsis
thaliana plants after their exogenous application Forsum et al. (2008); Gordes et al. (2011).
But beyond that, very little is known about the mechanism involved in the uptake of D-AAs,
their metabolism and the possible functions they may fulfill in plants. This is remarkable
considering the fact that plant roots are permanently surrounded and challenged by D-AAs,
mainly D-Ala and D-Glu, as degradation products of the peptidoglycan layer of bacterial cell
walls Dworkin (2014). In general, plants respond to D-AA exposure in roots or leaves differ-
ently as the reaction is concentration dependent. It has been suggested that sub-millimolar
concentrations are more realistic to be found in natural scenarios and that they would induce
a physiological effects besides growth inhibition Gordes et al. (2011).

This opened the question whether active transport of D-AAs takes place, and which
properties it may have. It is known that plants with mutations in the Lysine Histidine
Transporter 1 (LHT1) were resistant to concentrations of 3mM D-Ala. The uptake of D-
Ala was reduced by 90% in lht1 mutants, as well as of other D-AAs but to a lower extent
Svennerstam et al. (2007). This suggests that this protein is able to transport D-Ala. Also
in Arabidopsis thaliana Pro transporters (AtProTs) have been described to facilitate the
uptake of both D and L isomers of AAs. In toxicity analyses, proT2 mutants displayed
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reduced sensitivity against 8mM D-Pro Lehmann et al. (2010).

Together with LHTSs, the Amino Acid Permeases (AAPs) is another group of proteins
which mediate proton-dependent import of amino acids into the cell. So the fact that they
transport L-AAs is well accepted and understood. LHT1, for example, was first identified by
Chen and Bush (1997) and then reported to be expressed in the rhizodermis and mesophyll,
enabling Arabidopsis thaliana to take up AAs from the roots and supply them to the leaf
mesophyll via the xylem. This holds true for several AAs, as this transporter is known to have
a broad-specificity and high affinity for neutral and acidic AAs Hirner et al. (2006). AAPs
are involved in AA transport into the seeds and embryos and exhibit very broad specificities
transporting all twenty amino acids naturally found in proteins Rentsch et al. (2007). Six
AAPsin A. thaliana transport neutral and charged amino acids with varying specificities and
affinities. AAP1-6 were shown to transport D-Ala Fischer et al. (2002). It was shown that
LHT1 and AAP5 have a complementary affinity spectrum; therefore, basic amino acids are
taken up by AAP5 while neutral and acidic AAs are taken up by LHT1 Svennerstam et al.
(2011). They also reported that AAP1 might not be involved in AA uptake at naturally
occurring concentrations. Nevertheless, AAP1 is known to transport uncharged/neutral L-
AAs into roots and embryos of Arabidopsis thaliana Lee et al. (2007); Sanders et al. (2009);
Svennerstam et al. (2011).

The uptake of D-A As imply the necessity of their metabolism in plants. Growing evidence
supports the fact that plants possess genes encoding enzymes to use D-AAs as substrates or
even to produce D-AAs. Examples of such enzymes are D-Amino Acid Aminotransferases
(DATSs), D-Amino Acid Oxidases (DAOs) and, specific racemases for Ala, Ser, and Ile. These
enzymes could participate in the metabolism of D-A As because they confer the plant the abil-
ity to synthesize and metabolize D-AAs as well as to maintain their concentrations at required
levels for any physiological activity or at least below a toxic level Aliashkevich et al. (2018);
Fujitani et al. (2007, 2006); Funakoshi et al. (2008); Ono et al. (2006); Riemenschneider et al.
(2005); Strauch et al. (2015). Previous works from Gordes et al. (2011) revealed that Ara-
bidopsis thaliana accession Columbia-0 (Col-0) is able to convert D-AAs like D-Trp, D-Phe,
D-Met and D-His partially to their respective L- enantiomers. However, the feeding of almost
all tested D-AAs led mainly to the production of D-Ala and D-Glu. This did not hold true
for the Arabidopsis thaliana accession Landsberg erecta (Ler) as it is incapable of both, the
D-AA to L-AA and the D-AA to D-Ala/D-Glu conversion Gordes et al. (2013). This sug-
gested that the responsible enzyme for the D-AA to L-AA and the D-AA to D-Ala/D-Glu
conversion in Col-0 is affected in Ler. It was postulated that a single specific aminotransferase

would cause these effects Vranova et al. (2012).

For a long time there was the common opinion that all D-AAs are detrimental for plant

growth and therefore physiologically useless for plants. Strong growth inhibition of Ara-
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bidopsis thaliana at concentrations of ImM D-Ala and D-Ser was also reported. The same
effect was also assigned to D-Arg and D-Ser at 0.75 mM and 0.5 mM, respectively Erikson
et al. (2004); Forsum et al. (2008). But some of them, like D-Ile, D-Val, or D-Lys, can even
promote plant growth at low milli-molar concentrations Aliashkevich et al. (2018); Erikson
et al. (2004). In wheat, for example, D-Ala was shown to be a viable nitrogen source and its
uptake was five-fold faster than the uptake of NOs- Hill et al. (2011). As a plant-pest control,
Li and Wang (2014) proved that D-Leu by alone, or in combination with copper, reduces the
number of canker lesions caused by Xanthomonas citri in citrus trees by inhibiting the biofilm
formation. Additionally, D-Ala was reported to act as a stress signal in Landoltia punctate
duckweed, Monselise et al. (2015). Moreover, in mosses D-Ala was shown to be incorporated
as a structural element into the chloroplast envelopes Hirano et al. (2016). Finally, D-Ser
was shown to be involved in plant signal transduction of pollen tube growth in Arabidopsis
thaliana and N. benthamiana by regulating the glutamate receptor GLR1.2. It belongs to a
group of plant proteins closely related to mammalian NMDA receptors known to be regulated
by D-Ser Forde and Roberts (2014); Michard et al. (2011).

Since the early sixties, it was recognised that D-AAs positively stimulate the production
of ethylene in enzymatic assays with plants extracts or macerates.

Ethylene is produced in all tissues and modulates the development of many organs and
processes in plants Dubois et al. (2018). It is regulated by, and it can regulate the plant
response to, different biotic and abiotic stresses. Ethylene is involved in the coordination of
many developmental stages of the plant. For example, its production is induced in germina-
tion, leaf abscission; flower senescence, and fruit ripening, but also by stresses like flooding,
drought stress, chilling, and mechanical wounding Dubois et al. (2018); Raven et al. (2005);
Taiz and Zeiger (2010). Other hormones like auxins and ethylene itself can promote ethylene
biosynthesisBuchanan et al. (2015). On the other hand, inhibition of ethylene synthesis can
be induced by high concentrations of COs, lack of Oy and temperatures above 35°C Raven
et al. (2005); Taiz and Zeiger (2010). Plants response to pathogen attack is coordinated by
several hormones such as Jasmonic Acid (JA), Salicylic Acid (SA), and ethylene. In fact, it
has been shown that JA and ethylene signalling operate synergistically in the expression of
pathogen response genes Bari and Jones (2009).

To understand the putative role of D-A As in ethylene production, which mainly occurs in
two steps as shown in the figure 1.1: Firstly, the 1-aminocyclopropane-1-carboxylicacid (ACC)
synthase uses S-Adenosyl-methionine (AdoMet) as a substrate to produce ACC. Secondly,
this ACC is oxidised by the ACC Oxidase and turned into ethylene. Alternatively, ACC can
be conjugated with Malonyl-CoA into malonyl-ACC (MACC) by the N-malonyltransferase
as the major way to metabolise excess ACC Van de Poel and Van Der Straeten (2014).
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Figure 1.1: Structural scheme of ethylene biosynthesis and 1-aminocyclopropane-1-
carboxylicacid (ACC) conjugation/metabolism. Modified from Van de Poel and Van
Der Straeten (2014)

In this case of malonylation, ACC can be outcompeted by non-polar D-AAs Kionka and
Amrhein (1984). Therefore, D-AAs and ACC may compete for a common N-malonyltransferase.
Accordingly, suppression of MACC formation by a D-A As increases the level of ACC available
to the ethylene-forming enzyme (ACC-Oxidase) and thus, enhance the ethylene production
Kionka and Amrhein (1984). Conjugation of ACC appears to be important for hormone
biosynthesis in a comparable way to conjugation of auxin and cytokinin Raven et al. (2005);
Taiz and Zeiger (2010).

N-malonylation of AAs in plants is a well studied phenomenon and the malonylation of
L-Trp was reported in pea, spinach, and tomato Good and Andreae (1957). Later, it was pub-
lished that the same process also occurs with D-Trp Zenk and Scherf (1963). From there on, it
was confirmed that N-malonylation of D-AAs is a common phenomenon of D-AA catabolism
in higher plants, for example in cocklebur (Xanthium strumarium), mung-bean ( Vigna radi-
ate), and pea (Pisum sativum) Aldag et al. (1972); Eschrich and Hartmann (1969); Keglevi¢
et al. (1968); Ladesi¢ et al. (1971); Rosa and Neish (1968). Additionally, Ogawa et al. (1973)
confirmed the occurrence of endogenous N-malonyl-D-alanine in pea seedlings. Although
the responsible N-malonyl transferase has been biochemically characterised Benichou et al.
(1995), its identification is still pending. The final characterisation of this enzyme would also

answer the question whether it is really responsible for D-AA stimulated ethylene production.
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Chapter 2

Aim of this thesis

This thesis aims to assess the relevance of D-Amino Acids (D-AAs) in Arabidopsis thaliana.
These compounds have been proven to have specific relevant functions in all kingdoms of life,
but in plants information about these functions is scare and still under discussion. Thanks
to recent findings, it is clear that plants have specific molecular mechanisms to transport and
metabolise these compounds, and even more, D-AAs may have putative functions in their
physiology.

Three main topics should be addressed in this thesis: Transport, metabolism, and func-
tions of D-AAs in A. thaliana. For such purposes, different mutants and ecotypes of Ara-
bidopsis thaliana, as well as distinct biochemical and biological approaches.

In regards to transport, the goal was to determine whether Arabidopsis thaliana is able
to take up or import free D-AAs from the rhizosphere. In addition, I wanted to investigate
whether active export from the roots to the rhizosphere or translocation is taking place. With
that aim, mutant lines of Arabidopsis thaliana affected in amino acid transport like lht1, aap,
aapl, and mrp5 were used to analyze the flux of D-AAs in the root-rhizosphere interphase.
In order to test the hypothesis whether Arabidopsis thaliana is able to metabolize D-AAs
via enzymatic transamination, the difference between the Arabidopsis accessions Col-0 and
Led to metabolise these compounds was used as a starting point. Additionally, genetical and
biochemical analyses of the D-Amino Acid Transferase 1 (DAT1) in different ecotypes and in
the knock out mutants of the encoding gene should be carried out.

Finally, this thesis also addresses the physiological functions of D-AAs in Arabidopsis
thaliana as recent publications suggest possible functions of D-AAs in plants, such as nitrogen
utilisation, stress adaptation or chloroplast division. The aim was to find out if the lack of

DAT1 is sufficient to causes phenotypic changes in Arabidopsis thaliana plants.
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Abstract

The relevance of the homochirality of proteinogenic amino acids for life is undisputed,
but also to their D-enantiomers a growing number of biological functions could be
assigned. When it comes to D-amino acids in plants, information was relatively scarce for
a long time. Nowadays, also in this field, knowledge is growing which will be presented
and discussed in this review. In this respect, it was shown that D-amino acids are taken
up by plants from soil but could also be synthesized de novo. Investigations of plant
D-amino acid metabolism as well as other studies revealed a central function of D-Ala
in plants, which await further elucidation. Also other D-amino acids are shown to cause
physiological effects in plants, ranging from nitrogen utilization over stress adaptation to
chloroplast division, and indicate that D-amino acids are responsible for a variety of yet
poorly understood or even undiscovered functions in plants.

Keywords: D-amino acids in plants, D-amino acid biochemistry, functions of D-amino
acids in plants and bacteria, D-alanine

1. Introduction

L-amino acids (L-AAs) are the basis of life on our planet (and maybe also on other animate
ones), mainly due to their property to be the building blocks of all proteins. These proteinogenic
amino acids are also one of the fundamentals of the universality of the genetic code. The limi-
tation of protein coding sequences on 20 different L-A As was one of the key developments in
evolution to ensure the compatibility between different life forms, regardless if they belong to
the same species or if their genetic material is exchanged between a bacterial pathogen and its
plant host, as it is the case in the Agrobacterium-plant relationship.

I NT EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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In the course of limitation to 20 proteinogenic amino acids, also the convention of exclusive
usage of L-AAs (homochirality) in the primary structure of proteins evolved to ensure the
intended structure and functionality of a protein. But since the very beginning of evolution
also the enantiomers of L-AAs, the D-amino acids (D-AAs) were existent. These D-AAs are
mainly products of abiotic and enzymatic racemization of L-AAs [1] or synthesized by ami-
notransferases from other D-AAs [2]. One possibility of organisms during evolution to handle
D-AAs would have been to develop mechanisms for their elimination. But instead almost all
organismal classes in the tree of life learned to live with substantial amounts of D-AAs and
even made use of them. One prominent example of such usage is the bacterial cell wall. It
contains many layers of peptidoglycan, polysaccharide chains cross linked by oligopeptides.
Parts of these oligopeptides are D-AAs, especially D-Ala and D-Glu, which protect the cell
due to their resistance to cleavage by conventional proteases [3].

The decay of the bacterial cell wall is also one of the major sources of D-AAs in soil [4] and
the reason why plants are specifically surrounded and challenged by D-AAs. In soil samples,
almost all D-enantiomers of proteinogenic amino acids could be found in significant amounts
[4-7]. For a long time, it was assumed that D-AAs are just inhibitory for plant growth and
therefore plants evolved mechanisms to avoid and eliminate them. But recent studies have
shown that plants are instead able to import D-AAs and metabolize them. They even synthe-
size D-AA themselves for physiological reasons, which raised the question about the benefi-
cial effects of D-AAs for plants. In this review, we want to summarize the current knowledge
about these processes and highlight different aspects and questions of future research with a
focus on Arabidopsis thaliana as a model plant to investigate D-AAs in plants.

2. How do D-AAs get into the plant?

It is a widely accepted fact that plants harbour free D-AAs as they could be identified in
different plant species and tissues [8—12]. In this regard, the question arose, if all these amino
acids are synthesized by plants themselves or also taken up from the soil. By detecting various
D-AAs in seedlings of runner and soy beans, garden and water cress, as well as alfalfa, raised
on amino acid free media in Ref. [10], first indirect indications were given that these plants
are able to synthesize D-AAs de novo. This hypothesis was supported by the discovery,
identification and characterization of alanine, serine and isoleucine racemases from different
plant species [13-16]. The toxicity of D-AAs on Arabidopsis [12, 17] and the toxic effect of
D-Ser on other species [18] were first hints for a general D-AA uptake mechanism in plants.
Furthermore, it was shown that almost all D-enantiomers of proteinogenic amino acids could
be detected in Arabidopsis plants after their exogenous application [12, 19]. The direct uptake
of D-Ala and its utilization could be demonstrated for the first time in wheat [20].

At that point, it was interesting which transporters are involved in the uptake of D-AAs and
which properties they have. One of the first hints in this respect was given by the works of
Ref. [21]. In an initial screen, they germinated Arabidopsis mutants on 3 mM D-Ala, a toxic
D-Ala concentration for wild-type plants and found plants to survive with mutations in the
LYSINE HISTIDINE TRANSPORTER 1 (LHT1) gene. Furthermore, the uptake for D-Ala in
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these plants was reduced by more than 90% in these mutants. Also the uptake of many other
D-AAs was found to be reduced in [ht1 mutants [12]. This was the first evidence that a broad
range specificity L-AA transporter in plants was also able to take up D-AAs from soil. A sec-
ond example for plant D-AA transporters are the proline transporters of A. thaliana (AtProTs);
they facilitate the uptake of L- and D-Pro, and mutants of AtProT2 show reduced sensitivity
against D-Pro [22].

These reports implied that transporters involved in the uptake and transport of L-AAs could
also be responsible for the same processes of D-AAs. That D-AA transporting proteins are
most probably not restricted to the LHT, and ProT families were given by experiments of
our group: in toxicity tests, performed as described before [12], an Arabidopsis mutant of
LHT1 was confirmed to be less sensitive against D-Ala than the corresponding wild type
(Figure 1A). A mutant of AAPI, belonging to the Amino Acid Permease family and shown to
be responsible for root uptake of uncharged L-AAs [23], revealed a higher resistance against
D-Met and D-Phe than Col-0 (Figure 1B and C). This result implies that AAP1 is involved in
the import of D-AAs, specifically of D-Met and D-Phe.
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Figure 1.Seed growth inhibition of D-AAs on different transporter mutants compared to their corresponding
background accession Col-0.

For these diagrams, different mutants and their corresponding background line Col-0 were
germinated for 14 days in %2 MS + 1% sucrose including different D-AAs. Afterward the fresh
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weight was recorded. For each measurement, three times eight seedlings were measured.
In (A), [ht1 was treated with D-Ala, in (B) and (C), aapl was treated with D-Met and D-Phe,
respectively, and in (D), mrp5 was treated with D-Phe. Mutant values are always represented
by grey blocks, control values in black blocks. All values are calculated and given in relation
to the untreated control seedlings. Error bars indicate standard deviation.

But the interpretation of toxicity experiments using transporter mutants should be handled
with care as another example shows: in a series of toxicity tests with different D-AAs, an
Arabidopsis mutant of AtMRP5 showed less resistance against D-Phe compared to the cor-
responding control (Figure 1D), instead of increased resistance like in the case of the tested
AAPI mutant (Figure 1C). AtMRP5 belongs to a gene family of 14 ABC transporters in the
Arabidopsis genome [24] and found to transport inositol phosphate for phytate storage
[25]. A functionality as amino acid transporter has not been reported for this protein, yet.
Surprisingly, at mrp5 mutant allele showed also drastically reduced root exudation of almost
all L-AAs [26]. It is tempting to speculate whether the reduced D-Phe resistance of the mrp5
mutant in our experiments may be a consequence of reduced exudation of this amino acid,
which may lead to accumulation of it to toxic levels.

Altogether the presented studies in this chapter indicate that plants seem to take up D-AAs
actively from their rhizosphere. As also shown above candidate transporter proteins for this
uptake are found among L-AA transporting proteins like LHT1, ProT2 and AAP1. There is a
certain possibility that these three transporters are not the only ones within their families to
transport D-AAs. In the Arabidopsis genome, there are 10 LHTs, 3 ProTs and 8 AAPs encoded
[22, 27]. This means that at least among the members of these three transporter families,
further D-AA transport proteins may be found. Taking into account that members of other
amino acid transporter families may also be able to do so, raises the number of candidates
in Arabidopsis up to 63. Even more could be found in other plant species, as there are for
instance 189 putative amino acid transporter genes encoded in the soybean genome [28].

3. What happens to D-AAs in the plant?

The fact that plants take up D-AAs from their surrounding rhizosphere leads to the question
what happens to them in consequence in the plant. An approach to answer this question was
given by our group by feeding Arabidopsis mutants and accessions with different D-AAs to
measure the D- and L-AA contents in these plants afterwards [12, 29]. These analyses revealed
two major metabolic processes which could be observed; one of them was the conversion of
particular D-AAs like D-His, D-Met, D-Phe and D-Trp to their L-enantiomers. In this respect, the
increase of these L-AAs was about 2-50 times compared to the untreated control plants, depend-
ing on the applied D-AA. The other one was the increase of D-Glu and D-Ala contents after treat-
ment with any given D-AA. In this regard, D-Ala was the major compound to be found after
D-AA application with concentrations more than 20 times higher than the ones of D-Glu. These
observations led to speculations about the metabolic processes responsible for these effects.
To explain the outcome of our amino acid profiling three different possibilities of enzymatic
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reaction have been discussed: racemization, deamination and transamination [4]. Recent studies
of our group revealed that as well the D- to L-AA conversion as also the occurrence of D-Glu and
D-Ala can be explained by the activity of a single D-AA specific transaminase in the Arabidopsis
genome (Suarez et al., unpublished results).

All these studies shifted our focus towards the evolution and metabolic fate of D-Ala in plants.
D-Ala appears to be the major product of D-AA metabolism in Arabidopsis, but, at the same
time, it is one of the most toxic D-AAs for this species when applied exogenously [12, 17]. This
raises the question how plants process D-Ala specifically and why it is the preferred product
of D-AA metabolization. Several possibilities for this process are summarized in Figure 2.

A common feature of all possible pathways in Figure 2 is that none of them have been charac-
terized sufficiently to date in plants, especially in Arabidopsis. But there are a series of reports
and evidences arguing for the scheme in this figure, which will be discussed in this section.

The ligation of D-Ala to its dipeptide D-Ala-D-Ala is among the best characterized ways to
metabolize D-Ala (Figure 2). D-Ala-D-Ala could be detected in different grasses and tobacco
long before [30-32], indicating the existence of a D-Ala ligating enzyme. Recently, this
enzyme, D-Ala-D-Ala ligase (DDL), could be characterized physiologically for the first time
from a plant source, PpDDL1 from the moss Physcomitrella patens [33]. As it can be seen in
Table 1 also in the Arabidopsis genome, a DDL encoding gene could be found, an orthologue
of PpDDL1, which has not been characterized biochemically, yet. The situation is similar for a
putative D-amino acid oxidase (DAQO) from Arabidopsis: Its homologue from maize has been
biochemically characterized and shown to oxidize preferably D-Ala [34], but its Arabidopsis
homologue has not been characterized biochemically or physiologically, yet.

When it comes to the alanine racemase in plants (Figure 2), knowledge is rather scarce;
Alanine racemase enzyme activity and its corresponding enzyme activity could be iso-
lated and measured in Chlamydomonasreinhardtii and alfalfa [13, 35], but identification of the
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Figure 2. D-Ala as central product of D-AA metabolism and possible metabolic fates of it in plants.
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corresponding gene is still pending. In the Arabidopsis genome, two genes with homologies
to alanine racemases are annotated (Table 1), but characterization is still pending. Even less
is known about malonylation of D-Ala, which is given as the fourth major enzymatic way to
metabolize D-Ala in Figure 2: In pea seedlings, N-malonyl-D-Ala had been detected [36, 37].
Additionally, in mung bean seedlings, D-Ala malonylating activity could be shown [38], but
the corresponding enzyme still awaits identification.

Apart from the enzymatic metabolization of D-Ala, other ways of its deposition have to be
taken into account as depicted in Figure 2: The spatial distribution of D-Ala within the plant,
but also of D-AAs in general, would be of interest in this respect. Then, the question could be
answered if D-Ala is deposited in the root or if it is transported to other organs, in order to
dilute its toxicity. Another possibility would be rhizodeposition, the exudation of metabolites
from the root into soil. Rhizodeposition of L-AAs has been shown for plants several times [26,
39, 40]. This process has a strong impact on the microbial community in the rhizosphere, but
reports of rhizodeposition of D-AAs are still missing.

Another look into Table 1 reveals further D-AA processing enzymes in the Arabidopsis
genome apart from either synthesizing or metabolizing D-Ala. First of all, there are four D-AA

Function Name AGI code Localization References
D-amino acid AtDAAT1 At5g57850 chloroplast [41]
transaminase

At3g05190 (unknown)

At3g54970 (unknown)

At5g27410 (unknown)
Alanine racemase At1g11930 (chloroplast)

At4g26860 (chloroplast)
D-amino acid AtDAAR1 At4g02850 (unknown) [16]
racemase

AtDAAR2 At4g02860 (cytosol) [16]

Serine racemase AtSR1 At4g11640 (unknown) [14]
Asp-Glu racemase Atlg15410 (chloroplast)
D-aminoacyl- AtGEK1 At2g03800 cytosol, nucleus [55]
tRNAdeacylase
D-Tyr-tRNAdeacylase At4g18460 (unknown)
D-amino acid oxidase At5g67290 (chloroplast)
D-Cysdesulfhydrase At1g48420 mitochondria [42]
D-Ala-D-Ala ligase At3g08840 (chloroplast)

Localization refers to the experimentally determined subcellular localization; localization predictions on the basis of
peptide sequencing data by the Plant Proteome Database (PPD; http://ppdb.tc.cornell.edu) and unknown localizations
are given in parentheses.

Table 1. Putative D-AA metabolizing genes in the Arabidopsis genome.
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specific transaminases, from which just one has been shown to produce D-Ala and preferably
D-Glu using various D-AAs as substrates with different affinities [41]. Beside the already
mentioned alanine racemase, also three other racemases with specificities for other amino
acids can be found in the Arabidopsis genome: First, there is a putative Asp-Glu racemase
encoded in the Arabidopsis genome, but currently, there are no reports available about it. The
second one is the serine racemase AtSR1, which catalyses the racemization of serine, but also
to lesser extent alanine, arginine and glutamine. Beside its racemase activity, it acts also as a
dehydratase on D- and L-serine [13]. The third one are the so-called D-amino acid racemases
AtDAARI and AtDAAR2, which are indeed specific for Ile with D-allo-Ile as a product. Leu
and Val were just racemized with 1 and 5% relative activity, respectively [16]. The D-Cys
desulfhydrase from Arabidopsis is another example for a D-AA metabolizing enzyme with a
specificity apart from D-Ala; this specificity to catabolize D-Cys to pyruvate, NH, and H,S has
been shown previously [42], but the physiological function of this enzyme and especially of
D-Cys still remains unclear and will be discussed in the next chapter. Altogether the collection
of D-AA processing enzymes in Table 1 is a reminder that D-Ala seems to be central product
of D-AA metabolism, but that there are far more putative enzyme encoding genes annotated
to produce and process also other D-AAs.

4. What are the effects and functions of D-AAs in the plant?

The abundance and fate of D-AAs in plants are indicators that these compounds are actively
processed and therefore play a role in the physiology of plants. This leads to the question:
Which role(s) are these? In the last years, three different scenarios about the effects of D-AAs
on plants were discussed. The first one was that D-AAs have either no effect on plants or even
inhibit growth and therefore have to be considered as toxins for plants [19]. In contrast, it could
be shown before that at least D-Ile and D-Val promoted seedling growth [17], and that for differ-
ent D-AAs even the highest tested concentration did not cause growth inhibition [12]. Together
with the de novo synthesis of various D-AAs in plants described above a general toxic function
of all D-AAs is rather unlikely and depends on dosage, which also applies to many L-AAs.

There are also other arguments speaking against this scenario like the utilization of D-AAs as
possible nitrogen source [4, 40], which is the second major postulated function of D-AAs in
plants. In this respect, it could be shown that wheat plants are able to assimilate D-Ala as well
as D-trialanine, which they took up from the soil [20]. This was the first evidence of direct uti-
lization of D-AAs as a nitrogen source. Additionally, it revealed that plants are able to utilize
not just free forms of D-AAs but also as oligomers, as also found as a degradation product of
the bacterial cell wall. Nevertheless, more plant species and other D-AAs have to be analysed
in this respect to confirm the general utilization of D-AAs as nitrogen sources for plants.

The third major complex of functions of D-AAs in plants is the ones, which have been
either just recently discovered, and need to be further analysed and characterized, or
which have not been discovered at all. Among these novel functions is, for instance, D-Ala
as a stress signal: It has been reported that duckweed seedlings accumulate D-Ala after
UV light exposure [43], but the confirmation of this finding by other groups or in other
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species is still pending. Another, more prominent, example of a novel physiological func-
tion of a D-AA in plants is the impact of D-Ser on pollen tube growth in Arabidopsis [44];
In that report, the authors provided evidence that D-Ser affects pollen tube growth via its
agonistic action on the glutamate receptor AtGLR1.2. Furthermore, it was shown that the
loss of the serine racemase AtSR1 leads to aberrant pollen tube growth. AtGLR1.2 belongs
to a protein family of 20 members in Arabidopsis with highest homologies towards the
mammalian ionotropic glutamate receptors (GLRs), also known as N-methyl-D-Aspartate
(NMDA) receptors [45]. In humans and other mammalians, these receptors, involved in
neurotransmission, have been shown to be activated by L-Glu and D-Ser synergistically
[46]. The homologous action of D-Ser on GLRs in animals and plants together with the
relatively large number of GLRs in the Arabidopsis genome implies further effects of
D-Ser on physiological functions in plants, especially on pathogen response, which may
be regulated by GLRs, too [45].

Another type of novel functions of D-AAs was unravelled by the analyses of the structure
of the chloroplast membrane of mosses [33]. The authors provided evidence that the mem-
branes of chloroplasts from the moss P. patens contain the dipeptide D-Ala-D-Ala and
therefore possess a major structural component of peptidoglycan, the building block of
bacterial cell walls [3]. Another indication of the structural similarity of bacterial cell wall
and plastidial envelopes in mosses was given by genetical experiments. Loss-of-function
mutants of the Physcomitrella D-Ala-D-Ala ligase, PpDDL1, were not able for chloroplast
division and therefore showed megachloroplasts in their protonema cells [33]. All these
findings fit to the observation made before in the Physcomitrella genome, which har-
boured all gene homologues from bacteria to synthesize peptidoglycan including PpDDL]1
[47]. The structural similarity between bacterial cell walls and plastidial envelopes seems
to be limited to cryptogamic plants, because loss-of-function mutants of AtDDL1 did not
show the megachloroplast phenotype observed in mosses [33]. This observation seems to
be in concordance to the situation in the Arabidopsis genome which harbours just four
homologues of the ten mentioned genes needed for peptidoglycan synthesis [47]. It is
interesting in this respect that homologues of these four genes were found in all higher
plant genomes [48].

Nevertheless, D-Ala seems to play a role in chloroplasts of higher plants as well. Many
proteins directly involved in D-Ala metabolism in Arabidopsis were either found in the
chloroplast or were predicted to be localized there (Table 1). Furthermore, we were able
to synthesize a fluorescent D-Ala analogue, HADA (7-hydroxycoumarin-3-amino-D-ala-
nine), according to a previously published protocol [49], and fed it to Arabidopsis seed-
lings. In these experiments, we could trace the HADA fluorescence evenly distributed
in the chloroplasts (Figure 3). This targeting of the D-Ala analogue to the chloroplasts
indicated a central metabolization of this compound in this compartment. The even dis-
tribution of it, in contrast to the accumulation, found in moss chloroplast envelopes [33]
points to a different function of D-Ala in higher plant chloroplasts, which still awaits to
be unravelled.
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Brightfield Chlorophyll HADA

untreated

HADA
treated

Figure 3. Fluorescent D-Ala analogue HADA accumulates in chloroplasts of Arabidopsis leaves.

Fourteen days old Col-0 seedlings grown in liquid culture were incubated overnight in
0.1 mM HADA and then analysed microscopically. The pictures in the first column show
bright field images of sponge parenchyma cells. The chlorophyll in the chloroplasts was
detected by its autofluorescence (Chlorophyll, second column), and fluorescence of HADA
was recorded in the DAPI channel (HADA, third column) with a laser-scanning microscope.
The upper row shows cells without HADA treatment (untreated) as control, the lower one
with HADA treatment (HADA treated). The size bars indicate 5 um.

Among D-AAs with novel functions in plants, there are D-AAs to be known to affect specific pro-
teins, but not how they cause the associated physiological reactions. One example for such a rela-
tionship is the one between D-Cys and drought resistance. As described above, a desulfhydrase
specific for D-Cys could be characterized from Arabidopsis, which also produces H,S [42]. In further
experiments, it turned out that increased H,S production leads to enhanced drought resistance [50],
which can be partially assigned to increased D-Cysdesulfhydrase activity [51]. This effect seems
to be related to ethylene induced stomatal aperture. Furthermore, H,S production leads to cross
adaptation of plants to several other stress factors [52]. But nevertheless, the source of D-Cys, its sig-
nificance in stress signalling and adaptation and its detailed way of action still need to be elucidated.

Another example for an enigmatic relation between a D-AA and physiological response was
described previously: In this case, an Arabidopsis mutant with hypersensitivity to ethanol,
gek1, was isolated [53], where the respective mutation could be assigned to a D-aminoacyl-
tRNAdeacylase (AtGEK1) [54]. Later, it was found that this gene encodes an active enzyme
with broad substrate specificity [55]. But its overexpression led neither in Escherichia coli nor
in yeast to an increase of ethanol tolerance [54]. Therefore, a functional explanation how the
loss of AtGEK1, and therefore the inability to repair accidental loading of tRNAs with D-AAs,
causes ethanol hypersensitivity in plants is still missing.
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5. Conclusions

As discussed largely in this text, knowledge gathered in the last decade implies that D-AAs
are involved in more plant physiological processes than assumed before. Furthermore, the
view of D-AAs as generally toxic molecules needs to be changed to a view of them as physi-
ologically active compounds, which can cause detrimental effects by over dosage. Therefore,
the investigation of their uptake and elimination, their metabolic pathways, and their physi-
ological functions in plants will gain more interest and significance in the future.

To understand the transport processes for uptake, distribution (intracellular, intercellular and
also at long distances) as well as of possible excretion of D-AAs will be one of the major fields
to be investigated. Although there are candidate transport proteins given to be analysed with
the classical L-AA transporters as described above, also other, yet unknown, proteins may
contribute to D-AA transport processes, as the D-Phe toxicity on mrp5 mutants demonstrates
(Figure 1). In this regard, one of the first questions to be solved would be the proof of active
uptake of D-AAs by candidate transporters instead of indirect evidences.

When it comes to the metabolization of D-AAs, the formation of D-Ala appeared to be central,
which puts also this molecule into the centre of future investigations. As it has been shown in
the preceding chapter, D-Ala seems to accumulate in the chloroplast. In this respect, D-Ala may
play a double role. On the one hand, it is an intermediate metabolite, which needs to be further
metabolized due its toxicity in excess concentration. In this regard, the different putative meta-
bolic pathways await elucidation. On the other hand, D-Ala is a physiologically active com-
pound as it has been shown as a building block of moss chloroplast envelopes. In this context,
the function of D-Ala in chloroplasts of higher plant and the concentration of different D-AA-
related enzymes in this compartment will be of specific interest. Furthermore, it would be inter-
esting if also other D-AAs take this way over chloroplasts and what functions they fulfil there.

Finally, which physiological role(s) the different D-AAs play in plants are the major questions
to be solved. One of these questions will be, to which extent and under which circumstances
D-AAs from the rhizosphere are utilized as nitrogen sources. As it was mentioned above,
the accumulation of D-Ala and of D-AA-related enzymes in the chloroplasts may point to
their involvement in plastid biogenesis, assembly and maintenance. The unresolved functions
of D-Cys in stress resistance and the unclear involvement of AtGEK1 in ethanol resistance
indicate that there is a high probability that there are still many D-AA-related functions and
processes in plants waiting to be discovered.
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Abstract: Proteinogenic L-amino acids (L-AAs) are essential in all kingdoms as building blocks of
proteins. Their D-enantiomers are also known to fulfill important functions in microbes, fungi, and
animals, but information about these molecules in plants is still sparse. Previously, it was shown
that D-amino acids (D-AAs) are taken up and utilized by plants, but their ways to reduce excessive
amounts of them still remained unclear. Analyses of plant D-AA content after D-Ala and D-Glu
feeding opened the question if exudation of D-AAs into the rhizosphere takes place and plays a role
in the reduction of D-AA content in plants. The exudation of D-Ala and D-Glu could be confirmed by
amino acid analyses of growth media from plants treated with these D-AAs. Further tests revealed
that other D-AAs were also secreted. Nevertheless, treatments with D-Ala and D-Glu showed that
plants are still able to reduce their contents within the plant without exudation. Further exudation
experiments with transport inhibitors revealed that D-AA root exudation is rather passive and
comparable to the secretion of L-AAs. Altogether, these observations argued against a dominant
role of exudation in the regulation of plant D-AA content, but may influence the composition of
the rhizosphere.

Keywords: D-amino acids; chiral LC-MS; root exudation; plant-rhizosphere interactions; molecular
transport

1. Introduction

The proteinogenic L-amino acids (L-AAs) are, according to textbook knowledge, ubiquitously
found in all living organisms. Many of their functions are essential, especially as primary metabolites
and building blocks of proteins. Their enantiomers, the D-amino acids (D-AAs), are also widely
distributed in nature, but their functions are still cryptic in many cases. The most prominent example
of D-AA utilization is found in bacteria which incorporate D-Ala and D-Glu into their cell wall as
structural elements and to protect it from proteases [1]. However, D-AAs are also widespread in
eukaryotes: in bound forms within bioactive peptides from crustaceans to vertebrates or within long
living proteins from humans (for a review, see [2]). Furthermore, D-AAs also fulfill physiological
functions in their free form. A prominent example for such a case is given by the N-methyl-D-aspartate
(NMDA) receptor in mammals, which binds D-Ser as a co-agonist. In humans, it was found that
reduced levels of D-Ser and resulting hypofunction of NMDA receptors leads to schizophrenia [3].

These examples show that the availability of particular D-AAs can be essential for many organisms.
In many cases, these organisms are able to produce them de novo, such as in the case of bacteria which
possess various types of amino acid racemases. These enzymes, which catalyze the interconversion of
L- and D-AAs, are the major drivers of D-AA production in bacteria, but also in animals (for overviews,
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see [4-6]). Another major pool of D-AAs, especially for higher eukaryotes, is their uptake either by
nutrition, in animals, or by root uptake, in plants [7,8]. All these organisms are not just dependent on
possessing sufficient amounts of particular D-AAs, but also on regulated ways to metabolize them
for the prevention of toxic effects by overdosage of particular D-AAs, observable in mammals [7] or
plants [9]. Therefore, a major way to catabolize D-AAs is deamination, mostly in an oxidative way by
D-AA oxidases (for reviews, see [10-12]).

When it comes to D-AA production, uptake, function, and metabolism in plants, there is a remarkable
lack of knowledge in these fields compared to other organismal groups. For a long time, D-AAs were
regarded as physiologically useless for plants due to their toxicity and low metabolization capacity [13].
However, the physiological value of D-AAs for plants has to be reviewed in the light of recent findings:
it has been shown before that not all D-AAs are detrimental to plant growth; even some L-AAs show
more inhibitory capacity than their D-enantiomers [8,9]. Furthermore, it has been shown that wheat
plants are able to utilize D-Ala as a nitrogen source [14]. However, the functions of D-AAs in plants are
not confined to nitrogen delivery. Previously, it has been shown that D-Ser is involved in pollen tube
growth in Arabidopsis [15]. D-Ala acts as a stress signal in duckweed [16], and it is incorporated into
moss chloroplast envelopes as a structural element [17]. Together with the mentioned role of D-Ala as
a nitrogen source, D-AAs seem to fulfill a broad range of physiological functions in plants, and many
of them remain yet to be unraveled.

In regard to the different functions of D-AAs in plants, their metabolism has come into the
focus of plant physiologists. Plant roots are surrounded by D-AAs in their rhizosphere, which are
mainly from bacterial origin and are also utilized by bacteria [18,19]. Therefore, it is not astonishing
that plants are also able to take up a large variety of D-AAs [20]. With the amino acid transporters
LHT1 and ProT2, there are at least two candidates for which D-AA import could be identified [21,22].
Additionally, the ability of plants to synthesize D-AAs de novo has been reported before [23], and with
the serine racemase from Arabidopsis, also the first D-A A-synthesizing enzyme could be identified in
plants [24]. In contrast to the uptake and synthesis of D-AAs, the situation is less clear with respect to
the regulation of D-AA content in plants. It has been observed before that exogenously applied D-AAs
are partially converted to their L-enantiomers, but all of them are transformed into D-Ala and D-Glu in
Arabidopsis [8,20]. Recently, it could be shown that a D-amino acid specific transaminase, AtDAT1, is
responsible for these processes [25]. However, the question remained about the further fate of D-Ala
and D-Glu as major products of this enzyme reaction in plants.

This question takes the center stage of the present study. As one possibility for reducing the D-Ala
and D-Glu contents in plants, rthizodeposition has been suggested [26]. In this study, it is shown that
exogenously applied D-Ala and D-Glu is significantly reduced in Arabidopsis seedlings within 24 h.
Furthermore, exudation of these and other D-AAs could be observed. Experiments with uncoupling
agents such as CCCP and orthovanadate indicated that the exudation of D- and L-AAs may be a passive
mechanism. Although root exudation of D-AAs does not contribute significantly to the reduction of its
content in plants, the question about its functions remains and will be discussed.

2. Results

2.1. D-Ala and D-Glu Are Degraded Rapidly in Seedlings

In the beginning of our studies was the question about the fate of the major intermediates of
D-AA conversion: D-Ala and D-Glu [8,20]. Especially the reduction of the D-Ala content was of interest,
due to its relatively high toxicity [8,9]. To analyze the capacity of Arabidopsis thaliana seedlings to
reduce their D-Ala and D-Glu contents, they were germinated first for 14 d in a liquid medium in
96-well microtiter plates. Then, 1 mM of either D-Ala or D-Glu were applied to the media. After 24 h,
seedlings were washed and transferred to fresh media, and seedlings were sampled for another 24 h to
analyze their different AA contents. As can be seen in Figure 1, the contents of both D-Ala and D-Glu
decreased in the seedlings in this time without reaching the levels of untreated control plants.
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Figure 1. Decrease of D-Ala and D-Glu levels in Arabidopsis seedlings within 24 h. Dark blue lines
represent the D-Ala and dark yellow lines the D-Glu contents of seedlings, respectively. Measurements
from D-amino acid (AA)-treated plants are marked with circles; untreated control plants with lighter
colors and triangles. The measurements started directly at transfer to fresh media up to 24 h later.
Error bars: & SD.

This observation led to the question of which processes may contribute to this D-AA reduction
in the plants. Various enzymatic and nonenzymatic processes have been suggested elsewhere [26].
Among the putative enzymatic metabolizations of D-AAs, we tested the impact of D-AA-specific
transamination. Recently, the responsible enzyme for the almost-complete D-AA transamination
activity in Arabidopsis could be identified as AtDAT1 [25], an enzyme which had been characterized as
a D-Asp transaminase before [27]. The loss of this enzyme leads to the inability of the plants to convert
any D-AA into D-Ala and D-Glu, as it has been observed for the Arabidopsis accession Landsberg erecta
(Ler) [20,25]. To analyze the portion of transamination in the reduction of D-Ala and D-Glu in seedlings,
Arabidopsis Columbia-0 (Col-0) wild-type and a datl mutant line (dat1-1) were treated with both D-AAs
as described above, and their Ala and Glu contents were determined for 72 h. These analyses revealed
that the reduction of D-Ala and D-Glu is not different between both tested lines over the observed time.
Instead, the content of the corresponding L-enantiomer of the applied D-AA increases significantly
(Figure 2A,B). This implies the involvement of racemases in the reduction of D-Ala and D-Glu levels.
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Figure 2. Relative alanine and glutamic acid concentrations in Col-0 wild-type and datl mutant line
(dat1-1) seedlings within 72 h. Seedlings were exogenously applied with (A) D-Ala and (B) D-Glu,
and their D- and L-Ala or D- and L-Glu contents were determined, respectively. Solid lines mark the
D-enantiomer; dotted lines the L-enantiomer. In (A), blue lines represent Ala from Col-0; green ones
Ala from dat1-1. In (B), yellow lines represent Glu from Col-0; red ones Glu from dat1-1. Error bars:
=+ SD.

2.2. D-AAs Are Exuded by Roots into the Medium

Another possible mechanism for D-AA reduction to be tested was rhizodeposition [26]. It is a
well-established fact that plants release proteinogenic AAs into their rhizosphere [28], but the root
exudation of D-AAs has not been reported before. Therefore, Arabidopsis seedlings were fed with
D-Ala and D-Glu, washed, and then transferred to fresh media. These media were then analyzed
after 12 and 72 h. The results of these experiments are presented in Figure 3. In both cases, there is a
comparable release of both D-AAs to the medium, which is significantly higher than in the untreated
control samples. It is noteworthy that the D-Ala concentration in the medium decreases significantly
after 72 h, whereas D-Glu stays almost constant.

1.8 I
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0.8
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0.4

0.2 I
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[

D-Ala D-Glu

Figure 3. Contents of D-Ala and D-Glu in media released by Arabidopsis seedlings treated with both
D-AAs. Dark blue and light blue bars represent D-Ala content per well 12 and 72 h after transfer from
the D-Ala application medium to fresh medium, respectively. The grey bar represents the 72 h values
for media from control plants without D-Ala treatment. Dark-yellow and light-yellow bars represent
D-Glu concentration per well 12 and 72 h after transfer from the D-Glu application medium to fresh
medium, respectively. D-Glu was not detected in the medium of untreated plants. Error bars: £ SD.
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2.3. The Energetization of D-Ala Exudation

The observation of D-AA exudation into the rhizosphere led to the questions of if this process is
comparable to the exudation of L-AAs and how it is energized. It has been shown before that L-AA
exudation is related to ATP hydrolysis by ATP binding cassette (ABC) transporters [29,30]. To find
out if this also holds true for D-AA exudation, seedlings were treated with D-Ala and afterwards
transferred to fresh media with Na-orthovanadate (OV) or carbonyl cyanide 3-chlorophenylhydrazone
(CCCP). The analysis of the AA composition in the medium after treatment with 200 and 500 uM OV,
an inhibitor of ATP hydrolysis, revealed an increase of D-Ala exudation over time compared to the
untreated control plants (Figure 4A). In the same time, the D-Ala content within treated and untreated
plants decreased comparably (Figure S1A). The release of the corresponding L-enantiomer into the
medium also increased upon OV application even to a greater extent (Figure 4B). In contrast to D-Ala,
the L-Ala concentration in the plants rose with increasing OV concentration (Figure S1B).
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Figure 4. Release of D- and L-Ala into the medium under Na-orthovanadate (OV) treatment. Seedlings
were treated with D-Ala and then transferred to fresh medium without OV (solid line), with 200 uM
OV (dotted line), and with 500 uM OV (dashed line). Then, the D-Ala (A) and L-Ala (B) contents in the
media were analyzed from 1 to 48 h after transfer. Error bars: £ SD.

Application of another ABC transporter blocking agent, CCCP, which causes the dissipation of
proton gradients, also led to an increase of D-Ala and L-Ala exudation (Figure 5A). As observed before
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with OV application, the D-Ala content in the plants decreased too, whereas the L-Ala remained almost
constant (Figure S2A). Additionally, it has been shown before that application of D-Ala leads to the
accumulation of D-Glu in the plant [20]. Thus, the exudation of D- and L-Glu could also be analyzed
without external application. There was an increased exudation of D-Glu observable, as well as of its
L-enantiomer, after the application of D-Ala (Figure 5B). There were no significant changes observed of
the Glu levels in treated and untreated plants (Figure S2B).
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Figure 5. Release of D-/L-Ala and D-/L-Glu into the medium under CCCP treatment. Seedlings were
treated with D-Ala and then transferred to fresh medium with 50 uM CCCP (dashed line) or with
the solvent of CCCP, dimethyl sulfoxide (DMSO; solid line). (A) The D-Ala (blue lines) and L-Ala
(green lines) contents in the media were analyzed from 1 to 48 h after transfer. (B) In the same media,
the D-Glu (yellow lines) and L-Glu (red lines) contents were also determined. Error bars: & SD.

2.4. Root Exudation of Other D-AAs

After initial characterization of D-Ala and D-Glu exudation, the question arose if also other D-AAs
are secreted in this way. Therefore, five additional D-AAs (D-Asp, D-Leu, D-Lys, D-Phe, and D-Pro)
were chosen for seedling treatment and AA release measurement into the medium, as performed
before (see Section 2.2, Figure 3). The results of these experiments are summarized in Table 1.
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Table 1. D- and L-AA contents of media (in nmol/well) 12 and 72 h after 24 h treatment in different
D-AAs and transfer to fresh media.

D-AA Treated Plants Control Plants

D L D L
mean (+£SD) mean (+£SD) mean (+SD) mean (+SD)
Aspartate 138  (£030) 215  (£035)  0.01 (£0.01) 185  (£0.39)
Leucine 032  (£0.03) 028  (£021) 001  (£0.01) 014  (£0.13)
12h Lysine 146 (£1.03) 003  (£0.02) 000  (£0.00) 000  (£0.00)
Phenylalanine 046  (£0.10) 000  (+£0.00) 000  (£0.00) 000  (+0.00)
Proline 244 (£062) 018  (£0.02) 076  (£0.16) 029  (+0.06)
Aspartate 0.77 (£0.08) 5.54 (£1.51) 0.03 (£0.01) 5.90 (£0.53)
Leucine 0.12 (£0.09) 0.00 (£0.00) 0.00 (£0.00) 0.00 (£0.00)
72h Lysine 020  (£016) 000  (£0.00) 000  (£0.00) 000  (£0.00)
Phenylalanine 0.06 (£0.06) 0.00 (£0.00) 0.00 (+£0.00) 0.00 (£0.00)
Proline 248  (£027) 001  (£001) 127  (£0.09) 009  (40.06)

There are some tendencies about AA exudation in this data set attracting interest: First of all,
exudation of all additionally tested D-AAs could be detected. The exudation levels for D-Asp and
D-Leu were similar to that of their corresponding L-enantiomers, in the beginning. Additionally, the
levels of some D-AAs in the medium of D-AA-treated plants decreased over time (D-Asp, D-Leu, D-Lys,
and D-Phe), whereas D-Pro levels in the medium stayed constant over time. Both exudation patterns
(decreasing and constant ones) were also observed for D-Ala and D-Glu, respectively (Figures 3-5).

3. Discussion

In the beginning of this study, there was the question about the fate of D-Ala and D-Glu in plants,
being the major conversion products of D-AA metabolism. The presented analyses revealed that
exogenously applied D-Ala and D-Glu were reduced in the plants to less than one-fifth within the
first 24 h (Figure 1), and further reduction of the remainder needed more than 72 h (Figure 2A,B).
Although these results do not answer the initial question finally, they point to different mechanisms
involved in D-Ala and D-Glu reduction in plants. The decrease of D-Ala and D-Glu contents and the
simultaneous increase of their respective L-enantiomers after D-AA feeding (Figure 2A,B) imply an
enzymatic interconversion of D- to L-AA. The most obvious reaction to explain this interconversion
would be racemization. Although biochemical evidences for a plant alanine racemase have been
found previously in Chlamydomonas [31] and Medicago [32], the identification of its encoding gene in
plants is still pending. Additionally, an enzyme in plants with glutamate racemase activity has not yet
been reported.

However, there are also indirect ways to degrade D-Ala and D-Glu or to form L-Ala and L-Glu
from them. The easiest one in this respect would be the deamination of the D-AAs by an oxidase,
lyase, or dehydrogenase to NHj3 and its corresponding keto acids. The subsequent transamination
of the keto acid by an L-AA transaminase would then result in the formation of the corresponding
L-AAs. However, the reports about D-AA-deaminating enzymes in plants, especially D-AA oxidases,
are scarce and contradictory. Although it has been stated before that plants possess low capacity to
metabolize D-AAs and lack D-AA oxidases [13], there is also a report biochemically characterizing
a putative D-AA oxidase from corn [33]. Furthermore, the Arabidopsis genome harbors at least one
putative D-AA oxidase gene [26].

Another possibility of D-Ala and D-Glu reduction in our experiments is D-AA-specific transamination,
as implied in previous studies. Previously, it was found that almost all D-AAs are converted into D-Ala
and D-Glu; also both D-AAs into each other [8]. In a follow-up report [20], the Arabidopsis accession Ler
was found to be unable to perform this conversion. Later, it was shown that a defective DAT1 protein
in this accession is responsible for this effect, which leads to the loss of this major determinant in plant
D-AA metabolism [25]. In Figure 2A,B, it can be seen that reduction of the tested D-AAs does not
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differ between the wild-type and the dat]l mutant. This shows, at least, that plants possess alternatives
to DAT1-catalyzed transamination with comparable capacity to metabolize D-AAs, which await to
be unraveled.

Another principal way of reducing the contents of D-Ala and D-Glu in plants would have been
exudation, which was another major focus of this study. The presented data revealed that D-Ala and
D-Glu, as well as all other tested D-AAs, were secreted to the rhizosphere in amounts of <10 nmol per
seedling (Table 1, Figure 5A,B). Despite the fact that the levels of D-Ala and D-Glu within the plants
were about an order of magnitude higher, the D-AA levels in the medium did not increase over time
significantly (Figure 4 and Figure S1, Figure 5 and Figure S2). Therefore, the exudation of D-AAs does
not seem to contribute crucially to the reduction of these compounds in plants. Instead, the D-Ala and
D-Glu levels remain constant in the media over time, but increase drastically after inhibition of active
transport (Figures 4 and 5).

This leads to the question of how this observation can be explained. It is a long-lasting matter of
debate whether root secretion is a passive or actively energized process (for summaries, see [28,34]).
In respect to the exudation of L-AAs, there are two publications reporting aberrant L-AA profiles in
ATP-binding cassette (ABC) transporter mutant lines: In one case, the knockout (KO) of AtMRP2,
belonging to the multidrug resistance-related protein (MRP) subclass of ABC transporters, leads to a
significant increase of L-Pro, L-Tyr, L-Phe, and L-Ala in root exudate [28]. In the other case, the loss
of AtMRP5 causes the opposite effect, where all analyzed L-AAs are decreased in the exudate [30].
In our inhibitor experiments in the present report, the secretion of D-Ala and D-Glu was increased
by OV, a general ABC transport inhibitor [35], and CCCP, a potent protonophore and inhibitor of
metabolically active processes [36]. Furthermore, the content of the corresponding L-enantiomers was
also higher in exudates of inhibitor-treated seedlings (Figures 4 and 5).

These observations point to two things: First, the exudations of D- and L-AAs, as far as it concerns
Ala and Glu, are similarly regulated processes. This is interesting insofar that knowledge from previous
studies about L-AA exudation [36] may also be transferred to root secretion of their D-forms. However,
this has to be confirmed in future studies. Furthermore, it would be worthwhile for the future to
analyze the chirality of AAs in exudates, as the presented results showed that L- and D-forms are both
secreted (Figure 5 and Figure S2). Second, there is at least one passive efflux process, which contributes
to AA exudation to a certain extent. If uptake and exudation are exclusively active processes, one
would expect either a block of exudation after OV and CCCP treatment or at least a decrease by
increasing or prolonged inhibitor treatment. However, the opposite takes place (Figures 4 and 5).
For the moment, the best explanation for this scenario would be that a crucial portion of exudation runs
via passive efflux, whereas a significant part of the uptake, especially the reuptake of secreted AAs, is
ATP-dependent. This scenario is supported by several findings: The uptake of D-Ala in Arabidopsis
is primarily achieved by the AA transporter LHT1 [8,21], which is CCCP-sensitive [37]. Reuptake of
D-Ala and other D-AAs has been observed before [25]. Also, AA root secretion was assumed before
not to be energized [28,34,38].

Although the suggested scenario is a working hypothesis and needs to be thoroughly confirmed,
it can be concluded that D-AAs are part of the composition of plant root exudates. This finding leaves
and opens several questions. For instance, it is still open if just the tested D-AAs, or even all of them,
can be secreted, as the results in Table 1 imply. In this respect, it would also be interesting as to
what extent the D-AA concentration in the plant influences the exudation process and rate. Together
with the transport aspects of the D-AAs, the responsible transporters need to be identified. Several
L-AA transporter families in plants have been identified and characterized in the past (for a latest
review, see [39]). For some of their members, even the transport of D-AAs was shown: besides the
role of AtLHT1 in D-Ala uptake (see above), AtProT1 and AtProT2 have been shown to transport
D-Pro [22], and AtAAP1 seems to be involved in D-Met uptake [26]. These examples show that the
known amino acid transporters are also able to facilitate D-AA transport and maybe also contribute to
their root exudation.
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All the questions mentioned before lead to the physiological role of D-AA root exudation.
Generally, root exudates are composed of a large variety of chemical compounds, and have been
once classified either as mediating plant—plant interactions or playing a role in plant-microbe
interactions [40]. In respect to the latter interactions, the exudates may fulfill a rhizosphere-forming
function by defending the plant from pathogenic microbes. A possible role of the exudation of D-AAs
may be also the attraction of specific microorganisms [28,34]. It has been shown before that the amino
acid content of root exudates influences the soil either towards production of antibacterial or antifungal
volatiles [41]. Additionally, D-AAs are also generally utilized by bacteria and are able to grow on them
as a sole source of carbon and nitrogen [19,42,43]. These properties make D-AAs a potential attractant
for bacteria. When it comes to the impact of D-AAs on plant-plant interactions, a possible role of them
may be neighbor recognition. The influence of root exudates on kin recognition has been discussed
before [44]. Furthermore, nonproteinogenic amino acids, such as meta-tyrosine, produced by plants
can act as herbicides and inhibit the growth and settling of other species [45]. Future studies will show
if D-AA exudation has an impact on rhizosphere composition, but also on the growth and composition
of plant populations.

4. Materials and Methods

4.1. Chemicals

MS media components were purchased from Duchefa (Haarlem, The Netherlands). To apply,
determine, and quantify amino acids in plant extracts and media, standard materials were purchased
from Sigma-Aldrich (Steinheim, Germany) or in LC/MS grade from Roth (Karlsruhe, Germany).

4.2. Plant Material and Growth Conditions

Arabidopsis seeds of the dat1-1 mutant and its corresponding wild-type Col-0 were ordered from
the Nottingham Arabidopsis Stock Centre (University of Nottingham, UK) and genetically characterized
as described elsewhere [23]. All seedlings were germinated for 14 d under long-day conditions in
microtiter plates as described before [18]. For D-AA uptake and metabolization analyses, D-AAs were
added to the media to a final concentration of 1 mM for 24 h. Subsequent transfer into fresh media was
done after two washing steps in MilliQ) water and brief drying of the seedlings on tissues to remove
excess water. Growth conditions were the same as given above.

4.3. Extraction of Amino Acids from Seedlings and Media and Their Derivatization

Amino acid extraction from seedlings and derivatization of AAs in solution were performed
as described elsewhere [8]. To derivatize AAs in media, the buffer conditions were adjusted to
0.1 M Tris/HC], pH 8, such as in plant extracts, by adding 1 M Tris/HCI. The incubation time of
derivatization was elongated to 3 h and the derivatized liquid volume was adjusted with acetonitrile
instead of methanol for all derivatizations.

4.4. LC/MS Determination of D- and L-AAs

In the course of the studies, the following amino acids were measured: D/L-alanine, D/L-aspartate,
D/L-glutamate, D/L-leucine, D/L-lysine, D/L-phenylalanine, and D/L-proline. An Acquity-SynaptG2
LC/MS system from Waters (Manchester, UK) was used for quantification, and operated in positive
electrospray ionization mode. The mass spectrometer was operated at a capillary voltage of 3000 V
and a resolution of 20,000. Separation of the abovementioned amino acids was carried out on a RP
Acquity HSST3 1 x 150 mm, 1.8 um column with a flow rate of 50 uL/min and a 22 min gradient from
70% water to 99% acetonitrile (both with 0.1% formic acid). For quantification, 3 uL of sample were
injected with a 6-point calibration from 0.125 uM to 1250 uM.
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Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/4/
1109/s1.
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Figure S1. Contents of D- and L-Ala in seedlings under OV treatment. Seedlings were treated with D-
Ala and then transferred to fresh medium without (solid line), with 200 pM OV (dotted line) and 500
uM OV (dashed line). Then the D-Ala (A) and L-Ala (B) contents in the seedlings were analyzed from
1-48 h after transfer. Error bars: +SD.
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Summary

D-enantiomers of proteinogenic amino acids (D-AAs) are found ubiquitously, but the
knowledge about their metabolism and functions in plants is scarce. A long forgotten
phenomenon in this regard is the D-AA-stimulated ethylene production in plants. As a
starting point to investigate this effect the Arabidopsis accession Landsberg erecta
(Ler) got into focus as it was found defective in metabolizing D-AAs. Combining
genetics and molecular biology of T-DNA lines and natural variants together with
biochemical and physiological approaches we could identify AtDAT1 as a major D-AA
transaminase in Arabidopsis. atdat1 loss-of-function mutants and Arabidopsis
accessions with defective AtDATT1 alleles were not able to produce D-Ala, D-Glu and
L-Met in response to D-Met anymore. This result corroborates the biochemical
characterization of AtDAT1, which showed highest activity using D-Met as substrate.
Germination of seedlings in light and dark led to enhanced growth inhibition of atdat?
mutants on D-Met. Ethylene measurements revealed an enhanced D-AA stimulated
ethylene production in these mutants. This effect could be partially assigned to the
deregulation of the ethylene precursor 1-aminocyclopropane (ACC) content due to the
malonylation of D-Met instead of ACC resulting in ethylene increase. With AtDAT1, the
first central regulator of plant D-AA metabolism was characterized biochemically and
physiologically. The specific effects of D-Met on ethylene production and plant
development and the impact of AtDAT1 on these effects raise questions about further
physiological functions of D-AAs for plants.

Significance Statement

The metabolism and functions of D-amino acids in plants is still cryptic, but analyses
of the D-amino acid specific transaminase AtDAT1 revealed that this enzyme is
responsible for the metabolization of the majority of these non-canonical amino acids.
Furthermore, the loss of this gene leads to increased triple response and ethylene
synthesis after D-methionine application in dat1 mutants, indicating functional relations

between regulation of D-amino acid metabolism and plant development.
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Introduction

It is widely accepted that L-amino acids (L-AAs), especially the proteinogenic ones,
are essential in all kingdoms of life, both as primary metabolites as well as elementary
building blocks of proteins. In contrast, the metabolism and functions of the D-forms of
proteinogenic amino acids (D-AAs) is far less clear and defined. Major reasons for this
discrepancy in our knowledge are the large diversity and different functions of D-AAs
in organisms. For instance, bioactive peptides like octopine from octopus and scallop,
antibiotics from bacteria and opioids from frogs were among the first substances
reported to contain D-AAs. (Fujii, 2002, Martinez-Rodriguez et al., 2010, Ollivaux et
al.,, 2014) In humans, several proteins related to diseases like arteriosclerosis,
Alzheimer or Parkinson contain D-AAs, especially D-Asp, which are generated by
racemization of the corresponding L-AA (Fuijii et al., 2011). Various free D-AAs were
detected in different tissues and fluids of humans and other mammals (Hamase et al.,
2002, Hamase, 2007). The most prominent example in this respect is the impact of D-
Asp and D-Ser on the functions of the N-methyl-D-aspartate (NMDA) receptor in
mammals: Aberrant levels of these D-AAs seem also to be connected with
psychological disorders and diseases of the endocrine system (for reviews see Fuchs
et al. (2005), D'aniello (2007), Katane and Homma (2011), Balu and Coyle (2015)).

Far less is known about the metabolism and functions of D-AAs in plants. This is
astonishing against the background that plant roots are surrounded by D-AAs, namely
D-Ala and D-Glu, as degradation products of the peptidoglycan layer of bacterial cell
walls (Dworkin, 2014). Thus, the amount of D-AAs in the rhizosphere can be more than
10% of the corresponding L-enantiomer (Brodowski et al., 2005, Amelung et al., 2006).
This led to the question if D-AAs are actively utilized by plants. For a long time, D-AAs
were considered as toxins due to the fact, that some of them inhibit seedling growth in
submillimolar concentrations (Erikson et al., 2004, Forsum et al., 2008). But several
reports suggest that D-AAs take up a similarly crucial position in plants as in microbes
and animals. For instance, the D-Ala amount in duckweed was demonstrated to be
increased during UV stress (Monselise et al., 2015) and D-Ser is involved in pollen
3
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tube growth in Arabidopsis by regulating the glutamate receptor GLR1.2, which
belongs to a group of plant proteins closely related to mammalian NMDA receptors
(Michard et al., 2011, Forde and Roberts, 2014). In mosses D-Ala and D-Glu were
detected in the plastidial envelope, which resembles to bacterial peptidoglycan (Hirano
et al., 2016). This finding and others led to the conclusion that peptidoglycan,
containing D-Ala and D-Glu, is an integral part of the plastidial envelope not only in

cryptophytes (for a review see Chen et al. (2018)).

The number of enzymes predicted to be specific for processing D-AAs annotated in
plant genomes imply much more functions for these amino acids than currently known
(Naranjo-Ortiz et al., 2016). However, it also raises the question about its metabolism
in plants, especially how the abundance of different D-AAs is regulated. On the one
hand their contents have to be maintained at required levels to ensure their activity.
On the other hand the intracellular concentrations must be limited below toxic levels.
This restriction is of specific importance due to the fact that the rhizosphere is the
natural major source of D-AAs for plants (Vranova et al., 2012) and that D-AAs are
taken up by roots in considerable amounts compared to L-AAs (Hill et al., 2011, Gordes
et al,, 2013). In this respect, the question arises which processes facilitate the
catabolization of D-AAs in plants.

In the course of these previous studies D-Met got into our focus. This D-AA caused the
greatest conversion rates in almost all tested accessions of Arabidopsis thaliana
except in Ler (Gordes et al., 2013). This attracted our interest insofar as methionine
represents a relatively small portion of soil amino acids (Vranova et al., 2012). But it
had been detected in soil (Amelung and Zhang, 2001), and there have also been
several bacterial species isolated from soil which are specialized to the utilization of D-
Met as sole carbon and nitrogen source (Radkov et al.,, 2016). Furthermore, it is
produced by different bacteria, incorporated into their cell wall and even released to
their environment in order to disassemble biofilms (for a review see Cava et al. (2011).
Nevertheless, D-Met has not been reported yet to be produced by plants.

More than 30 years ago it was reported that feeding D-Met to seedlings of cocklebur,
pumpkin, sunflower, mung bean, water melon, and pea leads to increased ethylene
production (Satoh and Esashi, 1980, Liu et al., 1983, Kionka and Amrhein, 1984). This
phenomenon was coined as “D-amino-acid-stimulated ethylene production” (Satoh
and Esashi, 1980) due to the increase of ethylene content also induced by some other
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D-AAs. The authors tried to explain the effect by competitive malonylation of D-Met
and 1-aminocyclopropane (ACC), the precursor of ethylene. According to this
hypothesis D-Met would compete with ACC for the same putative malonyl transferase
(Liu et al., 1983, Ling-Yuan et al., 1985, Benichou et al., 1995, Wu et al., 1995), which
would lead to an increase of ACC level and subsequently the ethylene production
would rise (S F Yang and Hoffman, 1984). However, this hypothesis could not be
verified because the corresponding malonyl transferase has not been identified to date.
Nevertheless, the question about the mechanism and function of this phenomenon

remains.

Our starting point to address this question were previous works from Goérdes et al.
(2011), which revealed that Arabidopsis plants convert particular D-AAs like D-Met, D-
Trp, D-Phe and D-His partially to their respective L-enantiomers. Additionally, the
feeding of almost all tested D-AAs led mainly to the formation of D-Ala and D-Glu. By
contrast, the Arabidopsis accession Landsberg erecta (Ler) is incapable of both, the
D-AA to L-AA and the D-AA to D-Ala/D-Glu conversion (Gordes et al., 2013). These
observations point to a central metabolic step, in which D-AAs, with a high preference
to D-Met, are converted to D-Ala and D-Glu by a D-AA specific transaminase (Vranova
etal., 2012, Gordes et al., 2013).

In this paper we describe the identification and characterization of Arabidopsis loss-of-
function mutant alleles in the Columbia-0 (Col-0) accession for a previously
characterized D-AA specific transaminase called D-AAT (Funakoshi et al., 2008),
which we named AtDAT1. The mutants of this gene showed almost identical defects
as Ler to metabolize D-AAs, with D-Met as strongest effector. Indeed, we could show
that the affected gene in the Ler accession is an almost non-functional At{DAT1 allele.
Biochemical analyses revealed that this enzyme prefers D-Met as amino donor and
pyruvate over 2-oxoglutarate as amino acceptor, in contrast to the findings of
Funakoshi et al. (2008). The preferential production of D-Ala offers also an explanation
why it is found as a predominant conversion product of D-AAs. Here we report data
that D-Met causes growth inhibition in Arabidopsis seedlings due to a deregulated
metabolism of the ethylene precursor ACC, which is mainly regulated by AtDAT1.
Based on these findings atdat1 mutants offered a tool to investigate the influence of D-
AAs on plant growth. Furthermore, these findings point to functions of D-Met in central

plant processes beyond unspecific growth inhibition.
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Results

AtDAT1 as a candidate gene for D-AA metabolization

Initially, we observed the almost absence of both D- to L-AA and D-AA to D-Ala/D-Glu
conversion in Ler in comparison to other ecotypes (Gérdes et al., 2013). According to
the transamination hypothesis, the mutation of at least one D-AA specific transaminase
could be responsible for this metabolic phenotype. With AtDAAT1, one candidate
protein had been previously identified biochemically as such an enzyme (Funakoshi et
al., 2008). In order to investigate its role in planta we wanted to analyze T-DNA
insertion lines of the corresponding gene (At5g57850) regarding their D-AA

metabolization capability.

Homozygous plants for such insertion lines, SALK 011686 and SALK_111981 (Figure
1a), were isolated and propagated for further analyses (see Table S1 for primer
sequences). RT-PCR analysis of AtDAT1 expression displayed no transcripts in the
dat1-1 and dat71-2 mutant compared to the respective Col-0 wild type (Figure 1b).
However, the AtDAT1 transcript level in the Ler accession was similar to the wild type
Col-0. As shown before (Gordes et al., 2011; 2013) feeding with D-Met caused the
highest accumulation of D-Ala, D-Glu and their respective L-enantiomers in
Arabidopsis seedlings. Therefore, mutant and corresponding wild type (Col-0)
seedlings derived from the insertion lines were grown for 14 days on liquid MS medium
in light, then supplemented with D-Met and subsequently analyzed for their AA content.
In sharp contrast to Col-0, both insertion mutants of At5g57850 (afterwards designated
as AtDAT1, the mutants SALK 011686 and SALK 111981 as dat1-1 and dat71-2,
respectively; Figure 1a), were neither able to produce D-Ala, D-Glu nor additional L-
Met after application of D-Met. This AA profile was very similar to that found in
seedlings of the Ler accession (Figure 1c).

Further in silico analyses of public transcriptomic data (Lempe et al., 2005) revealed
that the accession M7323S displayed a strongly reduced AtDAT1 transcript level,
which could be confirmed by RT-PCR (Fig. 1b). When this accession was grown on D-
Met supplemented medium defects in AA metabolism were observed (Figure S1),
comparable to the ones in Ler and the dat7 mutants. Sequencing of the genomic locus
as well as the cDNA of AtDAT1 from M7323S revealed that this gene contains a T—A

mutation at genomic position +1259. This leads to a nonsense mutation on cDNA level
6
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at the third position of a cysteine codon (TGT) to a stop codon (TGA) at position 248
of the AA sequence (C248STOP) (Fig. 1a). In contrast, sequencing the genomic locus
and the cDNA of AtDAT1 from Ler just revealed two mutations leading to AA
exchanges of the peptide sequence (A77T and T303S) (Fig. 1a).

To examine whether these mutations in the Af{DAT1 Ler allele are responsible for the
aberrant metabolic phenotype in the Ler accession, we performed different genetic
approaches. Firstly, ubiquitin promoter-driven expression of the AtDAT1 Col-0 allele in
transgenic Ler plants led to the reconstitution of the D-Met metabolism in Ler and its
complementation of the dat71-2 mutant (Figure 2a). Secondly, the AA analyses of F1
seedlings derived from crosses between Col-0 and Ler and between Col-0 and dat1-2
displayed no D-Met metabolization defect, irrespective of the maternal origin. In
contrast, the offspring of Ler x dat1-2 was not able to metabolize D-Met (Fig. 2b). These
data unequivocally prove the loss of A{DAT1 function in the Ler accession and dat7-2
T-DNA insertion mutant.

To answer the remaining question which process leads to the functional defect of
AtDAT1 in Ler the expression of this gene was analyzed. By analysis of pDAT1::GUS
plants it can be seen that this gene is expressed in seedlings and adult plants with a
lack of GUS staining in late floral stages and seeds (Figure S2a). Comparing the
activity of the AtDAT promoters derived from the Col-0 and Ler alleles no apparent
difference could be observed in seedlings either in the absence or in the presence of
L-Met or D-Met in the growth media (Figure S2b). This finding was supported by RT-
PCR expression analysis of the AfDATT allele in Ler, which was also not altered
significantly in comparison to Col-0, in contrast to the dat1-1 and dat7-2 mutants

displaying no detectable transcript (Fig. 1b).

Subcellular mis-localization would have been another reason for affected AtDAT1
function in Ler. Therefore, GFP-tagged AtDAT1 protein variants derived from cDNA of
both ecotypes expressed under the control of the ubiquitin 10 promoter were
transiently transformed into tobacco leaves (Figure S3). Both were shown to be
localized in plastids. Therefore, a possible mis-expression or mis-localization caused
by the mutation in the Ler allele of A{DAT1 is not the reason of its aberrant D-Met

metabolization.

A missense mutation of the AtDAT1 Ler allele leads to an almost complete loss of the

enzymatic activity

7
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To clarify why the enzyme encoded by the Ler AtDAT1 allele is not able to transaminate
D-AAs, the Ler and, as a control, the Col-0 versions of AtDAT1 were expressed with
an N-terminal GST-tag in E. coli. After purification by affinity chromatography (for
results of purification see Figure S4) their enzymatic capabilities were tested according
to Funakoshi et al. (2008).

To seek out the optimal substrate D-AA and experimental conditions, we initially tested
the Col-0 version of GST-AtDAT1 for its capability to transaminate 2-oxoglutarate (2-
0GQG), as it had been done by Funakoshi et al. (2008), or pyruvate using 16 different D-
AAs as amino group donors. When 2-OG was used as amino group acceptor, a
significant transaminase reaction was only observed for the donors D-Met, D-Trp and
D-Ala (Table S2), whereas with pyruvate as acceptor almost all applied D-AAs (with
the exception of D-Pro) led to the formation of the reaction product D-Ala (Figure 3).
Furthermore, we measured an over 100 times higher activity for the enzymatic reaction
with pyruvate as acceptor than with 2-OG, irrespective of the D-AA used as amino
group donor (Table S2). The comparison of the AtDAT1 c..0) activities using different
D-AAs and pyruvate as substrates revealed that D-Met was the best tested amino
group donor (Figure 3). Using these two compounds as substrates we determined the
Kw and Vax of AtDAT1(coio) to be 17.4 mM and 0.07 nkat, respectively.

To investigate the enzymatic activity of AtDAT1 ) assays were performed with two
substrate combinations: Firstly, with D-Met and pyruvate as amino group donor and
acceptor, respectively, as it was the best substrate combination for AtDAT1coi.0) and,
secondly, with D-Ala and 2-OG to evaluate previously published data (Funakoshi et
al., 2008). As shown in Figures 4a and 4b for both substrate combinations the activity
of AtDAT1 e dropped to 0-5% compared to AtDAT 1 col.0).

At that point the question arose if just one of the missense mutations (A77T and T303S)
was sufficient to cause this activity loss in AtDAT1(er). The alignment of DAT1 amino
acid sequences from different algal and plant species revealed that the alanine at
position 77 seems to be more conserved than the threonine at position 303 (Figure
S5). To analyze the impact of the mutations of AtDAT1en, AtDAT1 o) derived
isoforms harboring single amino acid exchanges were also expressed as N-terminal
GST fusions in E. coli, affinity-purified and tested for their activity. Whereas the enzyme
isoform with the Thr 303 to Ser single amino acid exchange AtDAT 1(303s) showed an
activity comparable to AtDAT1 ¢y (Figures 4a and 4b), the mutation of Ala 77 to Thr
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led to a strong decrease in the production of D-Glu (Figure 4a) and D-Ala (Figure 4b)
with 2-oxoglutarate or pyruvate as amino acceptors, respectively. The enzymatic
defect of AtDAT1(a771) Was quantitatively similar to that of AtDAT1(.er). From these data
we concluded that solely the amino acid exchange A77T is responsible for the activity
loss of AtDAT1 in Ler. But the data also revealed that the Ler variant is not completely

inactive with about 5% remaining activity in comparison to Col-0 (Figure 4b).

The loss of AtDAT1 leads to decreased seedling growth in response to D-Met

After identification of AtDAT1 as a central enzyme for metabolization of D-AAs, the
question arose, to which physiological effects in Arabidopsis growth and development
the loss of AfDAT1 gene function would lead. Under greenhouse conditions in soil
growth behavior of dat71-1 and dat7-2 mutant plants could not be distinguished from

corresponding wild type (Figure S6).

An obvious question in this respect was how these mutant lines would grow in
presence of D-Met. In advance several other D-AAs were tested, but none of them led
to such drastic differences in seedling growth of dat? mutants compared to Col-0.
Germination on D-Met in concentrations of 500 uM affected dat7-1 and dat71-2 seedling
growth significantly compared to the corresponding wild type, whereas Ler took an
intermediate position (Figure 5a). Testing this growth behavior in the dark revealed an
even more pronounced growth difference between dat1 mutants and Col-0 (Figure 5b).
All these growth differences were specific for D-Met, whereas the addition of the same
concentrations of L-Met did not lead to these differential effects (Figure 5a and 5b).
Altogether, D-Met inhibited seedling growth specifically in AtDAT1 affected lines.

atdat1 mutants display enhanced D-AA stimulated ethylene production

Especially the growth effects of dat7-1 and dat7-2 in the dark (Figure 5b) indicate a
triple response caused by the gaseous plant hormone ethylene. This gets even clearer
with a look on the hypocotyl length of the four dark grown compared lines (Figure 5c):
There was a highly significant decrease of dat7-1 and dat7-2 hypocotyl length of about
one eighth compared to Col-0 grown on 500 pM D-Met. Increasing L-Met
concentrations also led to shorter hypocotyls, but to similar extent in mutants and wild
type plants (Figure S7). Furthermore, the growth inhibition was by far not as strong as
with D-Met.

9
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To elucidate if this observation was really caused by ethylene we measured its
production in dat7 mutants and wild type plants grown in the dark. As it can be seen in
Figure 6a the addition of 500 uM D-Met was sufficient to induce a significant increase
of up to threefold of ethylene production in light grown dat1 mutants compared to Col-0.
Even stronger changes in ethylene production could be observed for both dat7 mutant

lines grown in the presence of D-Met (Figure 6b) also in the dark.

As mentioned above the increase of ethylene production by D-AAs was attributed to
competitive malonylation of D-AAs instead of ACC, which should lead to ACC oxidation
resulting in higher ethylene concentration (S F Yang and Hoffman, 1984). To verify this
assumption, we measured the contents of malonyl-methionine and malonyl-ACC in D-
Met treated seedlings. In these measurements we could detect a significant increase
of malonyl-methionine in Col-0 and dat? seedlings upon D-Met treatment (Figure 7a
and 7b). This accumulation of up to 5 fold compared to the corresponding wild type
was clearly detectable in both mutants, irrespective of the light regime. Since the
amount of malonyl-ACC in these experiments was below our detection limit, we added
10 uM ACC to the media and measured once more malonyl-ACC in dat7-1 seedlings.
In this case we could detect large amounts of malonyl-ACC which decreased
drastically upon D-Met addition both in Col-0 and the mutant (Figure 7c). The decrease
was higher in dat71-1 than in Col-0, but this difference was not significant. D-Met
induced malonyl-ACC reduction was not due to production of malonyl-methionine
caused by ACC, which was comparable with and without ACC addition (Table S3).

Discussion

For several decades the detrimental, but partially also beneficial, effects of D-AAs on
plants have been investigated (Valdovinos and Muir, 1965, Aldag and Young, 1970,
Erikson et al., 2004, Erikson et al., 2005, Gordes et al., 2011, Hill et al., 2011).
Especially in recent years there was growing evidence that almost all D-enantiomers
of proteinogenic L-AAs are taken up by plants (Aldag and Young, 1970, Forsum et al.,
2008, Gordes et al., 2011, Hill et al., 2011). They are partially synthesized de novo
(Bruckner and Westhauser, 2003, Strauch et al., 2015) and also metabolized in
significant amounts (Aldag & Young, 1970; Gordes et al., 2011). With the evidence
provided here, the long standing question was addressed how D-AAs are metabolized
in plants.
10
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In the light of the observations of Gordes et al. (2011), three possible mechanisms for
this process had been suggested: racemization, deamination and transamination of D-
AAs (Vranova et al., 2012; Gérdes et al., 2013). Our data indicate that transamination
by AtDAT1 is responsible for major steps of D-AA turnover in Arabidopsis, which is
reflected by its broad range of D-AA specificity (Figure 3). Furthermore, we showed
that the major product of this enzymatic reaction is D-Ala with D-Met as the favored
amino group donor. This finding led us to the analysis of D-Met induced ethylene
production and to the characterization of AtDAT1 as a regulatory enzyme in this

process in Arabidopsis.

An open question could be answered by the characterization of AtDAT1: D-Ala was
known as a primary product of D-AA metabolization. This effect is caused by the
property of AtDAT1 to prefer pyruvate over 2-OG (Table S2). In comparison to the work
of Funakoshi et al. (2008), who used 2-OG as amino group acceptor for the
characterization of AtDAT1, our results revealed a higher V. with pyruvate as
substrate. Most interestingly, the different enzymatic activities with pyruvate and 2-OG
as amino acceptors with ratios of 100:1 and more (Table S2) were in a comparable
range as the D-Ala/D-Glu ratios found in plants after D-AA application (Goérdes et al.,
2011). This preferential accumulation of D-Ala compared to D-Glu in D-AA treated
plants is in accordance to the presented preference for pyruvate as substrate of
AtDAT1.

Nevertheless, further degradation of D-Ala in plants is still unresolved. Due to its
toxicity on Arabidopsis in submillimolar concentration (Erikson et al., 2004; Goérdes et
al., 2011), accumulation of D-Ala to higher concentrations in plants is not likely, but
there are four possible ways of D-Ala to be further processed. Beside malonylation
(Fukuda et al., 1973, Ogawa et al., 1973), oxidation (Gholizadeh and Kohnehrouz,
2009), and racemization (Ono et al., 2006, Nishimura et al., 2007) the dimerization to
its dipeptide D-Ala-D-Ala is of specific interest. It has been reported recently that
mosses are able to integrate D-Ala as the dipeptide D-Ala-D-Ala into the envelope of
their chloroplasts as found in peptidoglycans of bacterial cell walls (Typas et al., 2012).
The loss of the enzyme for this D-Ala ligation, D-Ala-D-Ala ligase (DDL), causes
defects in chloroplast division in mosses, whereas loss-of-function alleles of the single
ortholog in Arabidopsis (AtDDL 1) did not show such an aberrant phenotype (Hirano et
al., 2016). The occurrence of the dipeptide D-Ala-D-Ala in leaf tissue of different
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angiosperms was shown long ago (Noma et al., 1973, Frahn and lliman, 1975,
Manabe, 1985, Manabe, 1992) and also confirms the existence of active DDL in higher
plants. But other functions for D-Ala-D-Ala in plants apart from its integration into

peptidoglycan-like structures in mosses await elucidation.

In this regard it is noteworthy that AtDAT1-GFP was exclusively found in chloroplasts
(Figure S3). This means that this step of D-AA metabolism in plants is also confined to
this compartment and would require transport of D-AAs thereto. This assumption was
supported by Gisby et al. (2012) who provided genetic evidence for plastidial import of
D-Ala and D-Val in transgenic tobacco plants. A summary of potentially D-AA
metabolizing enzymes in the Arabidopsis genome revealed their putative subcellular
localization mostly in plastids (Kolukisaoglu and Suarez, 2017). The question why D-
AA related processes seem to be focused to this compartment also awaits to be

answered.

Another open question is the role of AtDAT1 in D-Met stimulated ethylene production.
As it could be shown in this report this phenomenon is tightly connected to AtDAT1.
The loss of this protein leads to significant increase of ethylene after D-Met application
(Figure 6), resulting primarily in shortening of the hypocotyl of dat7 mutants irrespective
of the light regime (Figure 5). This treatment led also to increasing production of
malonyl-methionine especially in the mutants, and the content of malonyl-ACC
developed reciprocally (Figure 7). Especially, the decreasing capability of ACC
degradation by malonylation implies that this results in the specific increase in ethylene
production and enhanced ftriple response. But this conclusion needs further
confirmation, because ACC malonylation does not differ significantly between M-Met
treated Col-0 and dat? mutants. In this regard it must not be forgotten that small
molecules like L-Met, D-Ala or D-Glu, evolve in response to D-Met in Col-0, but not in
dat1 mutants, and may also cause the observed ethylene production. At least for D-
Ala it has been shown to inhibit the ACC oxidase (Brunhuber et al., 2000, Charng et
al., 2001).

Undoubtedly, AtDAT1 is a key enzyme of D-Met stimulated ethylene production. But
the question remains if D-Met is the natural substrate of this enzyme, which also needs
future investigations. Assuming D-Met as the natural substrate leads to the problem
that this D-AA has never been reported in plants until to date. In contrast, it has been
shown previously that D-Met is released by bacterial biofilms (Kolodkin-Gal et al., 2010,
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Vlamakis et al., 2013) and that different rhizosphere colonizing bacterial species are
able to utilize D-Met as sole carbon and nitrogen source (Radkov et al., 2016). Biofilm
formation on root surfaces as a bacterial pathogen protection strategy has been
reported before (for a review see Vlamakis et al. (2013)). Possibly, AtDAT1 is part of
bacterial biofilm recognition and therefore may be involved in plant-bacterial

interaction.

This possibility would also offer an explanation why AtDAT1 gets lost in particular
Arabidopsis accessions as it has been shown for Ler and M7323S in this report. In a
habitat without D-Met releasing bacteria in the rhizosphere, a recognition system for
this compound would be also dispensable for the plant. But this relation needs to be
proven first. It is noteworthy in this respect that DAT1 encoding genes seem to be
found in almost all sequenced plant genomes (for a selection see Figure S5), and that
ethylene production in other plant species than Arabidopsis is also induced by
additional D-AAs like D-Leu, D-Thr, D-Val or D-Phe (Satoh and Esashi, 1980, Satoh
and Esashi, 1982, Liu et al., 1983). It would be interesting in this regard if DAT1
proteins from different species have also differing substrate specificities and therefore

contribute to the adaptation of plants to changing microbial environments.

Experimental procedures

Plant Material and Growth Conditions

All Arabidopsis ecotypes as well as T-DNA insertion lines analyzed in this study were
either provided by the Nottingham Arabidopsis Stock Centre (University of Nottingham,
UK) or the Arabidopsis Biological Resource Center (University of Ohio, Columbus,
OH). All T-DNA insertion lines were selected and verified by PCR to harbor the correct

insertion homozygously.

Seedlings for amino acid extraction and profiling were germinated in microtiter plates
as described before (Gordes et al., 2013). For phenotypic analysis of seedlings and
subsequent measurement of malonylated methionine and ACC in their extracts plants
were either germinated for six days in darkness or at 16 h light/8 h darkness (all at
22°C). As solid growth media 72 x MS salts with 1% sucrose and 1% phytoagar,
including conditional further additions (e.g. D-AAs, ACC) were applied. For all analyses

of adult plants these were grown in the greenhouse in soil.
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PCR Genotyping and RT-PCR analysis of Arabidopsis Lines and Accessions

Plant DNA for PCR analysis was extracted from seedlings or leaves of adult plants
according to Edwards ef al. (1991). To determine zygosity of T-DNA insertion lines
either a gene specific primer and a border primer or two gene specific primers flanking
the insertion (for primer combinations and sequences see Supplemental Table S1)
were used in a PCR reaction with Tag polymerase from New England Biolabs
(Frankfurt am Main, Germany) according to manufacturer’s protocol. To determine the
AtDAT1 sequence in different Arabidopsis ecotypes the complete coding sequences
were amplified from genomic DNA and cDNA as described above and the PCR
amplificates were sequenced directly by GATC (Konstanz, Germany). For cDNA
synthesis RNA of 14 days old seedlings germinated in liquid media was extracted with
the RNeasy Mini Kit from Qiagen (Disseldorf, Germany) and cDNA was synthesized
with RevertAid H Minus Reverse Transcriptase from Thermo Fisher Scientific
(Karlsruhe, Germany), both according to manufacturers” protocols. This cDNA was

also used for cloning purposes (see below) and RT-PCR analysis.

Cloning of AtDAT1 Variants for Recombinant Expression

For cloning AtDAT1 from cDNA of Arabidopsis accessions Col-0 and Ler, the complete
coding sequence was amplified with KOD DNA Polymerase from Merck Millipore
(Schwalbach am Taunus, Germany) with the primer combination DAT1-Start/DAT1-A1
(Supplemental Table S1). Amplificates were cloned into pENTR/D-TOPO according to
manufacturer’s protocol (Thermo Fisher Scientific, Karlsruhe, Germany), leading to the
constructs pENTR-AtDAT1(co.0) and pENTR-AtDAT1 ¢ To create AtDAT1 coding
sequences with the single point mutations A77T and T303S the previously described
clones were cleaved with Pst | and Not I, creating a 0.5 kb fragment. This was then
ligated from pENTR-AtDAT1co1.0) to pPENTR-AtDAT 16y @and vice versa, resulting in the
constructs pENTR-AtDAT1a771) and pENTR-AtDAT 1(1303s). After sequence verification
of the constructs they were all used for LR reaction using the kit form Invitrogen
(Karlsruhe, Germany) according to manufacturer’'s protocol into pGEX-2TM-GW
(kindly received from Bekir Ulker) for expression in E. coli with N-terminal GST tag and
C-terminal His tag. Additionally, the pENTR-AtDAT1co1.0) and pENTR-AtDAT 1 ey Were

used for Gateway-based cloning into pUB-DEST-GFP for expression in plants with C-
14
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terminal GFP tag. pPENTR-AtDAT1 co1.0) Was used for Gateway-based cloning into pUB-
DEST (Grefen et al., 2010) for complementing AtDAT1 defective plants.

Arabidopsis Transformation and tobacco leaf infiltration

All plant transformation vectors were transformed into Agrobacterium tumefaciens cv.
pMP90-RK GV3101. Plant transformation was performed by floral dipping (Clough and
Bent, 1998). For selection of transformants, seeds were either germinated on 1/2 MS-
Agar with 1% sucrose containing hygromycin or germinated on soil and sprayed with

2% BASTA from AgrEvo (Dusseldorf, Germany) depending on the used vector.

For tobacco leaf infiltration transformed Agrobacterium containing pUB10-GFP::DAT1
was mixed with a strain of transformed Agrobacterium for expression of the mCherry
plastid marker (CD3-999 pt-rk; Nelson et al., 2007) and P19 Agrobacterium
tumefaciens cells into infiltration media (10 mM MES-KOH [pH 5.7], 10 mM] MgCl,, 0.2
mM Acetosyringone). Using a syringe 1mL of infiltration media with the mix of the 3
type of cells was infiltrated in the abaxial side of Nicotiana benthamiana leaves. Plants
were then watered and kept on the lab bench for 2 d. Afterwards, single leaf discs were

excised for confocal fluorescence microscopy.

Fluorescence Microscopy

Imaging was performed using a Leica laser scanning microscope SP8 with the
corresponding software LCS or LASAF X (Leica Microsystems, Wetzlar, Germany).
For excitation of GFP-fusion proteins the Argon laser was used at 488 nm and the
detection range was from 500 to 550 nm. For m-RFP excitation was set to 561 nm and
detection was from 600 to 650 nm. All autofluorescence of chloroplasts was detected
in the range from 670 nm to 725 nm.

Promoter::GUS Transgenic Analysis

The promoter region from -677 to +11 of the genomic locus of AtDAT1 from Col-0 and
Ler were amplified by PCR with the primer pair ProDAT1-SGW/ProDAT1-AGW (for
sequences see Supplemental Table S1). The respective fragment was cloned into
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pENTR/D-TOPO and then into pMDC163 (Curtis and Grossniklaus, 2003), to be

transformed into Arabidopsis by Agrobacterium-mediated gene transfer.

Histochemical staining of GUS activity was analyzed in plants of the T2-generation that
had been germinated on liquid media. For GUS staining seedlings and adult plants
were washed in sodium phosphate buffer and afterwards incubated overnight at 37°C
in this buffer containing 1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-glucuronic
acid) and 0.5 mM K3Fe(CN)s. Afterwards chlorophyll was removed for documentation

by several washings with hot ethanol.

Recombinant Expression of AtDAT1 Variants in E. coli

E. coli strain BL21(DE3) RIL was transformed with cDNA of AtDAT1 variants in pGEX-
2TM-GW (see above) and grown in LB medium with appropriate antibiotics until they
reached an ODgy of 0.5. Then expression was induced by addition to a final
concentration of 0.1 mM isopropyl-B-D-galactoside (IPTG) and the culture was grown
for 20 h at 18°C. Afterwards cells were pelleted by centrifugation and washed once
with TE buffer including 100 mM NaCl. After further centrifugation cells were
resuspended in 20 mM Tris, pH 8, with Protease Inhibitor Cocktail from Biotool
(Oberasbach, Germany). This suspension was sonicated and afterwards centrifuged

with 18,000 x g to clear the crude extract from cell debris.

The recombinant His-tagged AtDAT1 protein variants from this crude extract were
purified with Protino Ni-NTA agarose from Macherey-Nagel, (Weilminster Germany)
according to manufacturer’s protocol. Therefore, the column was equilibrated and
loaded with 10 mM imidazole, washed with 20 mM imidazole, and elution of His-tagged
proteins was achieved with 250 mM imidazole. Imidazole was removed by dialysis with
Float-A-Lyzer Dialysis Device from Roth (Karlsruhe, Germany) in 10 mM potassium
phosphate, pH 8. Protein content was determined with the Bio-Rad Protein Assay (Bio-
Rad, Minchen, Germany) according to manufacturer’s protocol. Specific detection of
His tagged proteins on a western blot was achieved with a monoclonal His Tag
antibody conjugated to alkaline phosphatase (antikoerper-online.de, Aachen,
Germany).

Enzyme assays to determine D-AA specific aminotransferase activity
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The standard reaction mixture with 2-OG as amino group acceptor contained D-Ala
(10 mM), 2-OG (50 mM) and pyridoxalphosphate (PLP; 50 pM) in potassium
phosphate buffer (100 mM, pH 8). For assays with pyruvate as amino group acceptor
D-Ala and 2-OG were replaced by D-Met (10 mM) and pyruvate (50 mM), respectively.
To determine substrate specificity, the tested D-AAs were all applied in 10 mM
concentration. All assay reactions in triplicates were started by addition of 3-8 ug of
purified protein, incubated at 37°C, and samples were taken at different time points up
to 90 min. Each sample was derivatized and the amino acids measured as described

below.

For the determination of Ky and V.« values different D-Met concentrations (0.1, 0.5,
1.0, 2.0, 5.0, 10.0, 20.0 and 50.0 mM D-Met) have been incubated with the enzyme
AtDAT1 and pyruvate as cosubstrate (50 mM). Produced D-Alanine was analyzed after
0, 5 and 10 min. With the means of three biological replicates for any D-Met
concentration and time point the slope of the time course was calculated and
normalized to the protein amount used. To determine Ky and V..« values a

linearization according to Hofstee (1959) was used.

Amino acid extraction and determination from plant material

Amino acid extraction and derivatization was performed as described before (Gordes
et al., 2011). The incubation time of derivatization was elongated to 3 h and the
derivatized liquid volume was adjusted with acetonitrile instead of methanol.

Almost all experiments were focused on the measurement of D/L-Alanine, D/L-
Glutamate and D/L-Methionine. To determine and quantify these amino acids in plant
extracts and enzyme assays standard materials were purchased from Sigma-Aldrich
(Steinheim, Germany). Other chemicals were obtained in LC/MS grade from Roth
(Karlsruhe, Germany). An Acquity—-SynaptG2 UPLC-MS system from Waters
(Manchester, England) was used for quantification, operated in positive electrospray
ionization mode. The mass spectrometer was operated at a capillary voltage of 3000
V and a resolution of 20000. Separation of the above mentioned amino acids was
carried out on a RP Acquity HSS T3, 1 x 150 mm, 1,8 pym column with a flow rate of
50 pl/min and a 22 min stepwise gradient from 99 % water to 99 % methanol (both with
0,1 % formic acid). For quantification, 3 pl of sample were injected and a 5-point

calibration from 0,125 yM to 1250 uM was used.
17
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The quantification of malonyl-methionine ([M+H*] 218,022) and malonyl-ACC ([M+H*]
188,050) was performed relatively using the same LC/MS system described above.
However, the stationary phase was changed into RP Acquity HSS T3, 2,1 x 100 mm,
1,8 um column, and the mobile phase was a 15 min gradient from 99 % water to 99 %
methanol with a flow of 0,2 ml/min. The detection of the malonylated compounds was
carried out via mass identification in the positive ionization mode after injection of 7 pL

underivatized pure plant extract.

Analysis of ethylene

For assaying ethylene production, Arabidopsis seedlings were grown in glass vials (18
ml) containing 3 ml solid medium (30 seedlings per vial) for six days. The vials were
closed with rubber septa and opened ones before measuring. After 30-90 min of further
incubation ethylene accumulating in the free air space was measured by gas
chromatography using a gas chromatograph equipped with a flame-ionization detector
(Felix et al., 1991).

Statistical evaluation

Data was analyzed with IBM SPSS Statistics 24. Significances were analyzed using
an independent two sample Student’s t-test. For testing the homogeneity of

variances a levene test was applied.
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Figure Legends

Figure 1: AtDAT1 as a candidate protein for D-AA metabolization in Arabidopsis
(a) Scheme of the genomic structure of AtDAT1 (exons and introns in black and grey,
respectively) with the positions of T-DNA insertions in dat71-1 and dat7-2 as well as the
mutations found in Ler and M7323S. Arrows indicate primers used for genotyping the
T-DNA insertions and RT-PCR (for primer sequences see Table S1) (b) RT-PCR
analysis of AtDAT1 expression in Col-0, Ler, dat1-1, dat1-2 and M7323S (top: AtDATT,
bottom: AtACT2) (c) Contents of D-Ala (white), D-Glu (grey) and L-Met (black) in
seedlings of Col-0, Ler, dat7-1 and dat1-2 without (water) and with D-Met treatment for
16 h (D-Met); For each measurement four seedlings were pooled and further
processed. Error bars represent the standard deviation from three independent

measurements.

Figure 2: D-Met metabolization in lines overexpressing AtDAT1 and in F1 seedlings
from crosses of Col-0, Ler and dat7-2

Contents of D-Ala, D-Glu and L-Met after overnight exposure to D-Met (a) in Ler and
dat1-2 overexpressing AtDAT1 (AtDAT1 Ox) and their corresponding background
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lines and (b) in F1 progeny seedlings of crosses of Col-0, Ler and dat7-2 and their

corresponding parental lines; for further information see Fig. 1c

Figure 3: Relative D-Ala producing activity of AtDAT1 with different D-AAs as amino
group donor and pyruvate as acceptor.

Activity of reaction with D-Met was set to 100% and all other reactions were
calculated in relation to it. Each bar represents the mean of measurement of three

independent assays. Error bars (+ SD).

Figure 4: Activities of AtDAT1 variants

Transaminase activities of AtDAT1 cor0), ADAT1(Ler), ADAT 1(a771), @and AtDAT 1(r303s)
with D-Met as amino group donor and (a) 2-oxoglutarate or (b) pyruvate as acceptor
molecule are displayed. Each bar represents the mean of measurement of three
independent assays. Error bars (+ SD).

Figure 5: Seedling growth is differentially suppressed by D-Met in A{DAT1 knock out-
lines

Seeds of Col-0, dat1-1, dat1-2, and Ler were germinated either (a) in permanent light
for 10 d or (b) in permanent darkness for 6 d on different solid growth media (without
supplementation, with 500uM D-Met or with 500uM L-Met supplemented).
Afterwards, hypocotyl growth of the dark grown plants was measured (c). Bars (Col-
0: black, dat1-1: checked, dat1-2: striped; n=30) represent the average of relative
difference compared to the control (without D-Met). The difference between Col-0
and the dat? mutants for each tested D-Met concentration was highly significant
(p<0.001). Error bars (+ SD).

Figure 6: D-Met leads to increase of ethylene in AtDAT1 knock out-lines

Ethylene contents in seedlings of Col-0, dat1-1, dat1-2 were measured after growth
(a) in permanent light or (b) in permanent darkness in vials with solid growth media
supplemented with 200uM and 500uM D-Met, and additionally without
supplementation (control). The bars (Col-0: black, dat7-1: checked, dat7-2: striped)
represent averages of three biological replicates. The asterisks indicate the
significance level of difference between dat? mutants and wild type at given D-Met
concentrations (* p<0.05; ** p<0.01; *** p<0.001). Error bars (x SD).

Figure 7: D-Met affects formation of malonyl-methionine and malonyl-ACC stronger
in dat1 mutants

Malonyl-methionine contents in seedlings of Col-0 (black), dat1-1 (checked), dat1-2
23

SUBMITTED MANUSCRIPT



oONOUVL A WN =

786
787
788
789
790
791
792
793

The Plant Journal Page 24 of 51

(striped) were measured after growth (a) in permanent light or (b) in permanent
darkness grown on agar plates supplemented with 200uM and 500uM D-Met, and
additionally without supplementation (control). The relative values are given in
percent with the values of Col-0 at 500uM D-Met set to 100%. Furthermore, the
relative malonyl-ACC contents in Col-0 and dat7-1 seedlings were measured after
growth on the given D-Met concentrations plus 10 uM ACC (c). Seedlings were either
grown in permanent light (Col-0: white, dat1-1: white-dotted) or darkness (Col-0:
grey, dat1-1: grey-dotted). For further information, see Figure 6.
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Figure 1: AtDAT1 as a candidate protein for D-AA metabolization in Arabidopsis
(a) Scheme of the genomic structure of AtDAT1 (exons and introns in black and grey, respectively) with the
positions of T-DNA insertions in datl-1 and datl-2 as well as the mutations found in Ler and M7323S.
Arrows indicate primers used for genotyping the T-DNA insertions and RT-PCR (for primer sequences see
Table S1) (b) RT-PCR analysis of AtDAT1 expression in Col-0, Ler, datl-1, datl-2 and M7323S (top:
AtDAT1; bottom: AtACT2) (c) Contents of D-Ala (white), D-Glu (grey) and L-Met (black) in seedlings of Col-
0, Ler, dat1-1 and dat1-2 without (water) and with D-Met treatment for 16 h (D-Met); For each
measurement four seedlings were pooled and further processed. Error bars represent the standard deviation
from three independent measurements.
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(b)
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Figure 1: AtDAT1 as a candidate protein for D-AA metabolization in Arabidopsis
(a) Scheme of the genomic structure of AtDAT1 (exons and introns in black and grey, respectively) with the
positions of T-DNA insertions in dat1-1 and dat1-2 as well as the mutations found in Ler and M7323S.
Arrows indicate primers used for genotyping the T-DNA insertions and RT-PCR (for primer sequences see
Table S1) (b) RT-PCR analysis of AtDAT1 expression in Col-0, Ler, datl-1, datl-2 and M7323S (top:
AtDAT1; bottom: AtACT2) (c) Contents of D-Ala (white), D-Glu (grey) and L-Met (black) in seedlings of Col-
0, Ler, dat1-1 and dat1-2 without (water) and with D-Met treatment for 16 h (D-Met); For each
measurement four seedlings were pooled and further processed. Error bars represent the standard deviation
from three independent measurements.
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Figure 1: AtDAT1 as a candidate protein for D-AA metabolization in Arabidopsis
(a) Scheme of the genomic structure of AtDAT1 (exons and introns in black and grey, respectively) with the
positions of T-DNA insertions in datl-1 and datl-2 as well as the mutations found in Ler and M7323S.
Arrows indicate primers used for genotyping the T-DNA insertions and RT-PCR (for primer sequences see
Table S1) (b) RT-PCR analysis of AtDAT1 expression in Col-0, Ler, datl-1, datl-2 and M7323S (top:
AtDAT1; bottom: AtACT2) (c) Contents of D-Ala (white), D-Glu (grey) and L-Met (black) in seedlings of Col-
0, Ler, dat1-1 and dat1-2 without (water) and with D-Met treatment for 16 h (D-Met); For each
measurement four seedlings were pooled and further processed. Error bars represent the standard deviation
from three independent measurements.
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Figure 2: D-Met metabolization in lines overexpressing AtDAT1 and in F1 seedlings from crosses of Col-0,
Ler and dat1-2
Contents of D-Ala, D-Glu and L-Met after overnight exposure to D-Met (a) in Ler and dat1-2 overexpressing
AtDAT1 (AtDAT1 Ox) and their corresponding background lines and (b) in F1 progeny seedlings of crosses of
Col-0, Ler and dat1-2 and their corresponding parental lines; for further information see Fig. 1c.
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Figure 2: D-Met metabolization in lines overexpressing AtDAT1 and in F1 seedlings from crosses of Col-0,
Ler and dat1-2
Contents of D-Ala, D-Glu and L-Met after overnight exposure to D-Met (a) in Ler and dat1-2 overexpressing
AtDAT1 (AtDAT1 Ox) and their corresponding background lines and (b) in F1 progeny seedlings of crosses of
Col-0, Ler and dat1-2 and their corresponding parental lines; for further information see Fig. 1c.
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Figure 3: Relative D-Ala producing activity of AtDAT1 with different D-AAs as amino group donor and
pyruvate as acceptor.
Activity of reaction with D-Met was set to 100% and all other reactions were calculated in relation to it. Each
bar represents the mean of measurement of three independent assays. Error bars (£ SD).
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Fig 4a Activities of AtDAT1 variants
Transaminase activities of AtDAT1(Col-0), AtDAT1(Ler), AtDAT1(A77T), and AtDAT1(T303S) with D-Met as
amino group donor and (a) 2-oxoglutarate or (b) pyruvate as acceptor molecule are displayed. Each bar
represents the mean of measurement of three independent assays. Error bars (£ SD).
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(b)

Fig 4b Activities of AtDAT1 variants
Transaminase activities of AtDAT1(Col-0), AtDAT1(Ler), AtDAT1(A77T), and AtDAT1(T303S) with D-Met as
amino group donor and (a) 2-oxoglutarate or (b) pyruvate as acceptor molecule are displayed. Each bar
represents the mean of measurement of three independent assays. Error bars (£ SD).
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(o)
Col-0 datf-1 datl-2 Ler Col-0 datf-1 datl-2 Ler

(a)
Control

500uM
D-Met

500pM
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Figure 5: Seedling growth is differentially suppressed by D-Met in AtDAT1 knock out-lines
Seeds of Col-0, datl-1, datl-2, and Ler were germinated either (a) in permanent light for 10 d or (b) in
permanent darkness for 6 d on different solid growth media (without supplementation, with 500uM D-Met or
with 500uM L-Met supplemented). Afterwards, hypocotyl growth of the dark grown plants was measured (c).
Bars (Col-0: black, dat1-1: checked, dat1-2: striped; n=30) represent the average of relative difference
compared to the control (without D-Met). The difference between Col-0 and the datl mutants for each
tested D-Met concentration was highly significant (p<0.001). Error bars (+ SD).
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(c)

Figure 5: Seedling growth is differentially suppressed by D-Met in AtDAT1 knock out-lines
Seeds of Col-0, datl-1, datl-2, and Ler were germinated either (a) in permanent light for 10 d or (b) in
permanent darkness for 6 d on different solid growth media (without supplementation, with 500uM D-Met or
with 500uM L-Met supplemented). Afterwards, hypocotyl growth of the dark grown plants was measured (c).
Bars (Col-0: black, datl-1: checked, datl-2: striped; n=30) represent the average of relative difference
compared to the control (without D-Met). The difference between Col-0 and the datl mutants for each
tested D-Met concentration was highly significant (p<0.001). Error bars (+ SD).
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25 Figure 6: D-Met leads to increase of ethylene in AtDAT1 knock out-lines
26 Ethylene contents in seedlings of Col-0, datl-1, dat1-2 were measured after growth (a) in permanent light
27 or (b) in permanent darkness in vials with solid growth media supplemented with 200pM and 500uM D-Met,
and additionally without supplementation (control). The bars (Col-0: black, dat1-1: checked, dat1-2:
striped) represent averages of three biological replicates. The asterisks indicate the significance level of
difference between datl mutants and wild type at given D-Met concentrations (* p<0.05; ** p<0.01; ***
30 p<0.001). Error bars (+ SD).
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Figure 6: D-Met leads to increase of ethylene in AtDAT1 knock out-lines
Ethylene contents in seedlings of Col-0, datl-1, dat1-2 were measured after growth (a) in permanent light
or (b) in permanent darkness in vials with solid growth media supplemented with 200pM and 500uM D-Met,
and additionally without supplementation (control). The bars (Col-0: black, dat1-1: checked, dat1-2:
striped) represent averages of three biological replicates. The asterisks indicate the significance level of
difference between datl mutants and wild type at given D-Met concentrations (* p<0.05; ** p<0.01; ***
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p<0.001). Error bars (+ SD).
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Figure 7: D-Met affects formation of malonyl-methionine and malonyl-ACC stronger in datl mutants
Malonyl-methionine contents in seedlings of Col-0 (black), datl-1 (checked), dat1-2 (striped) were
measured after growth (a) in permanent light or (b) in permanent darkness grown on agar plates

supplemented with 200uM and 500uM D-Met, and additionally without supplementation (control). The
relative values are given in percent with the values of Col-0 at 500uM D-Met set to 100%. Furthermore, the
relative malonyl-ACC contents in Col-0 and datl-1 seedlings were measured after growth on the given D-
Met concentrations plus 10 pM ACC (c). Seedlings were either grown in permanent light (Col-0: white, dat1-
1: white-dotted) or darkness (Col-0: grey, datl-1: grey-dotted). For further information, see Figure 6.
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Figure 7: D-Met affects formation of malonyl-methionine and malonyl-ACC stronger in datl mutants
Malonyl-methionine contents in seedlings of Col-0 (black), datl-1 (checked), dat1-2 (striped) were
measured after growth (a) in permanent light or (b) in permanent darkness grown on agar plates

supplemented with 200uM and 500uM D-Met, and additionally without supplementation (control). The
relative values are given in percent with the values of Col-0 at 500uM D-Met set to 100%. Furthermore, the
relative malonyl-ACC contents in Col-0 and datl-1 seedlings were measured after growth on the given D-
Met concentrations plus 10 pM ACC (c). Seedlings were either grown in permanent light (Col-0: white, dat1-
1: white-dotted) or darkness (Col-0: grey, datl-1: grey-dotted). For further information, see Figure 6.
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Figure 7: D-Met affects formation of malonyl-methionine and malonyl-ACC stronger in datl mutants
Malonyl-methionine contents in seedlings of Col-0 (black), datl-1 (checked), dat1-2 (striped) were
measured after growth (a) in permanent light or (b) in permanent darkness grown on agar plates

supplemented with 200uM and 500uM D-Met, and additionally without supplementation (control). The
relative values are given in percent with the values of Col-0 at 500uM D-Met set to 100%. Furthermore, the
relative malonyl-ACC contents in Col-0 and datl-1 seedlings were measured after growth on the given D-
Met concentrations plus 10 pM ACC (c). Seedlings were either grown in permanent light (Col-0: white, dat1-
1: white-dotted) or darkness (Col-0: grey, datl-1: grey-dotted). For further information, see Figure 6.
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Figure S1: D-Met metabolization in M7323S and Col-0
Contents of D-Ala (black), D-Glu (grey) and L-Met in seedlings of Col-0 and M7323S without (water) and
with D-Met treatment (D-Met) for 16 h; for further information see Figure 1c.
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25 Figure S2: Expression patterns of AtDAT1

26 (a) GUS staining of rosette leaves (left), early (middle) and late flower stages (right) expressing the B-
27 Glucuronidase under the control of the AtDAT1 promotor from Col-0

28 (b) GUS staining of seedlings expressing the B-Glucuronidase either under the control of the AtDAT1
promotor from Col-0 (top) and Ler (bottom) after addition of 1 mM D-or L-Met and without (no addition)
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Bright field AtDAT1-GFP plastid marker Merge

Col-0

Figure S3: AtDAT1 from Col-0 and Ler localize both in plastids
Localization of AtDAT1 from Col-0 (top) and Ler (bottom) in stomata of N. benthamiana leaves. Left:
AtDAT1-GFP; middle: pt-rk-CD3-999 (plastid marker); right: image merge
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Figure S4: Western blot of the purified AtDAT1 variants
In this figure a western blot is shown of purified His tagged protein from BL21 with pGEX-2TM(Col-0) (lane
1), pGEX-2TM(Ler) (lane 2), pGEX-2TM(A77T) (lane 3), pGEX-2TM(T303S) (lane 4), empty vector (C, lane
5) and the protein size standard (Spectra Multicolor Broad Range Protein Ladder; Thermo Fisher Scientific,
Karlsruhe, Germany). The arrow points at the purified protein at the calculated size. The molecular mass of
selected bands of the protein standard are given at the right side.
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Figure S5: Alignment of DAT1 protein sequences from different plants and algae
Protein sequences were taken from the Phytozome 12 database
(https://phytozome.jgi.doe.gov/pz/portal.html#) with AtDAT1 as search sequence.
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The alignment was constructed with ClustalX 2.1 (Larkin et al. 2007). AtDAT1 in the
first line of the alignment is marked by a blue box. The chloroplastic transit peptide
cleavage site (arrow) was determined according to the respective entry in the Plant
Proteome Database (PPDB; http://ppdb.tc.cornell.edu/). Red triangles mark the sites
of amino acid exchanges A77T and T303S between AtDAT1 from Col-0 and Ler. The
blue star denotes the site of nonsense mutation in M7323S.
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Figure S6: Loss of AtDAT1 does not lead to apparent growth defects in adult plants
Plants of dat1-1 (left), dat1-2 (middle) and Col-0 (right) were grown for 28 d under greenhouse conditions.
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Fig s7 Seedling growth is not differentially suppressed by L-Met in AtDAT1 knock out-lines
For this experiment seedlings were grown as given in Figure 5 with the difference that instead of D-Met
growth media was supplemented with L-Met. None of the measurements revealed a significant difference
between datl mutants and Col-0 at all tested L-Met concentrations. For further information see Figure 5.
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1

2

z Table S1 Primers used in this study

5 Primer name Gene Primer sequence Purpose
6

7 DAT1-S1 At5g57850 | 5'-AGGTCTCTCTCTCAAGTTCCATGTC-3" genotyping
8

9 DAT1-Start 5’-caccATGGCAGGTTTGTCGCTGGAGTTTACAG-3" | cloning
10 cDNA

1

g DAT1-A1 5-GTAAGGAACAAGAACACGAACGGAAG-3’ genotyping,
14 cloning
15 cDNA
16

17 DAT1-RTS1 5-CTCTATTCTTTTGAGTCCCAAACC-3" RT-PCR
18

19 DAT1-RTA2 5-AGACAGATACCTAAAAACCCCATG-3’ RT-PCR
20

21 ProDAT1-SGW 5-CACCCTCTTCTTCCGCTGCCGATTCACAAGAC- | cloning
22 3

23 DAT1-
24 Promoter
25

26 ProDAT1-AGW 5-CAAACCTGCCATGGGGTTTGGGACT-3’ cloning
27 DAT1-
28

29 Promoter
30

31 ACT2-F 5-TCCAAGCTGTTCTCTCCTTG-3" RT-PCR
32

33 ACT2-R 5-GAGGGCTGGAACAAGACTTC-3’ RT-PCR
34

35 SALK-LB1 5-AATCAGCTGTTGCCCGTCTCACTGGTGAA-3’ genotyping
36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54
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Amino donor

D-Met

D-Trp

D-Ala

Pyruvate | 2686.4 (+36.7)
Amino acceptor

543.0 (£29.2)

Not determined

2-0G | 16.3 (x0.8)

5.1 (20.7)

17.1 (22.7)

Table S2: Comparison of the transaminase activity of AtDAT1 with different amino

donors and acceptors

The transaminase activity (Vmax) of the Col-0 variant of AtDAT1 was compared with

D-Met, D-Trp and D-Ala as amino donor and 2-OG and pyruvate as acceptor

molecules (in nmol product mg-! Protein min-'); Each value represents the average of

three independent assays (standard deviations are given in parentheses).
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Table S3: Relative malonyl-methionine contents (in %) in seedlings grown with or
without addition of 10uM ACC

For these measurements seedlings of Col-0 and dat7-1 were grown and analyzed as
given in Figure 7.
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Chapter 6

Results and Discussion

In this chapter I want to summarize and discuss the results of the investigations presented in
Hener et al. (2018); Kolukisaoglu and Suarez (2017) and in (Suarez et al., submitted). For
doing so, I will split this chapter in three main sections, each of them devoted to discuss one

of the main findings of my work.

6.1 Transport of D-Amino Acids in Arabidopsis thaliana

The investigation of D-AA transport in plants is one of the prerequisites to understand their
uptake, distribution and release to the plant environment. With this in mind, I presented
investigations that covered three main aspects of this topic: First, I found indications that D-
AAs are transported by known transporter proteins Kolukisaoglu and Suarez (2017). Second,
I confirmed that D-AAs are exuded into the rhizosphere, but that this may not be the only way
plants avoid accumulation of D-AAs to toxic levels Hener et al. (2018). Third, I developed the
first protocols for the usage of fluorescent D-Ala in higher plants as a tool for intracellular D-
AA transport analysis Kolukisaoglu and Suarez (2017). In the present section, I will present

an extended discussion of these findings.

6.1.1 AAPs, LHT1, and MRPs are Putative D-Amino Acids Transporters

To elucidate whether L-A As transporters may also be involved in the transport of D-AAs, [ht!
and aapl knock-out mutants were analysed. These mutants were treated with different D-
A As and seedling growth was compared to the corresponding wild type. In these experiments,
lht1 mutants were found to be more tolerant against D-Ala Kolukisaoglu and Suarez (2017).

This finding confirmed previous reports Svennerstam et al. (2007), where the resistance
to D-Ala was used to identify [ht7 mutants. Recently, it was shown that LHT1 is responsible
for the uptake of ACC and that [ht1 seedlings displayed reduced triple response when treated
with exogenous ACC Shin et al. (2014). This is another indication that LHT1 is not confined

99



to the transport of neutral and acidic proteinogenic AAs Tegeder and Ward (2012).

Similar observations were made for the amino acid permease (AAP) transporter family.
Initially, AAP1 was characterised as a broad range A A transporter Lee et al. (2007). Previous
experiments of Fischer et al. (2002) demonstrated that AAP1 to AAP6 transporters are able
to transport D-Ala. In that work, six transporter proteins showed different affinities towards
D-Ala with AAP6 having the highest. In my experiments with aap! and aap5, the enhanced
tolerance of aap! mutants against D-Met and D-Phe implies that this transporter is also
involved in the uptake of other D-A As different from D-Ala Kolukisaoglu and Suarez (2017).
The reasons for the enhanced tolerance of aap! mutants against D-Met and D-Phe, as well as
the enhanced tolerance of Iht! towards D-Ala can be due to reasons other than the absence of
AAP1 and LHT1. It is possible that secondary mutations that lead to the observed phenotype
are harboured in this mutant line. Therefore, the usage of more alleles of T-DNA insertion
mutants is necessary to confirm this findings. Additionally, the expression of this proteins in
yeast and oocytes followed by D-AA feeding experiments can shed more light to the D-AA

transport capacities of these proteins.

The interpretation of the decreased tolerance of mrp5 mutants against D-Phe is more
complicated to explain than in the cases described above. MRP5 belongs to the Multi-Drug
Resistance-related proteins (MRP), part of the ATP Binding Cassette (ABC) transporter
family Verrier et al. (2008). To my knowledge, no AA transport function has been reported
for this protein family to date. Instead, it has been reported that in yeast and animals, MRPs
are involved in the secretion and excretion of compounds such as organic ions, anions, heavy
metals; alkaloids, and other drugs. In contrast, in plants they are involved in hypocotyl elon-
gation Sidler et al. (1998), in the transport of glutathione conjugates, chlorophyll catabolites,
glucuronidates, and inositol hexakisphosphate Gaedeke et al. (2001); Nagy et al. (2009).

As discussed in Hener et al. (2018), there are reports of aberrant L-AA exudation in MRP
mutants, as mrp2 showed higher concentrations of L-Pro, L-Tyr, L-Phe, and L-Ala in root
exudate Badri and Vivanco (2009). An opposite case was shown for mrp5 mutants, as they
displayed decreased exudation of L-AAs Zhou et al. (2016). However, this role is different
to the ones described before for LHT1 and AAP1. In those cases, the transporter mutants
revealed a decreased sensitivity against D-AAs, most probably caused by disturbed D-AA
export. To explain the enhanced sensibility against D-Phe displayed by mrpd, accumulation
of this compound due to the lack of MRP5 must be postulated. Increased sensitivity of mrp5
mutants to D-Phe compared to Col-0 can be taken as an indication of MRP5 playing a role
in the export of D-Phe and probably of other D/L-AAs in Arabidopsis thaliana, but further

confirmation of this hypothesis is needed.

Nevertheless, these examples show that MRPs are further candidates for D-AA transport

in plants. The toxicity test experiments in Kolukisaoglu and Suarez (2017), provide a good
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indication of D-AAs transport by the tested mutant lines, but by no means it is an ultimate
prove of it. Finally, just as discussed previously for AAP1 and LHT1, further experiments
in yeast and oocytes as well as the usage of more alleles of mrp5 in different experiments is
needed to confirm whether this protein is involved in D-AA transport. Moreover, it has been
shown that another ABC transporter belonging to the pleiotropic drug resistance protein
(PDR) is involved in root exudation of phytochemicals that provoke an overhaul of natural
soil microbiotaBadri et al. (2009), opening the possibility that other members of the ABC

transporters such as the MRPs could be involved in root exudation of AAs.

6.1.2 Passive Exudation and Active Uptake of D-Amino Acids

In initial experiments analysing the D-AA profile of D-Met treated seedlings over time, it was
noticed that the subsequently produced D-Ala and D-Glu were not degraded continuously.
In contrast, the levels of these D-AAs increased transiently during their decline (data not
shown). This observation gave rise to the assumption that this effect could be caused by root
exudation and re-uptake of D-AAs. This was confirmed by the works reported in Hener et al.
(2018). In this report, we were able to show that accumulation of D-Ala and D-Glu during
the D-AA treatment is followed by a drastic decrease of their concentrations inside the plant
during the first two hours. Followed by a slow but constant decrease until concentrations
similar to those of control plants just after 72 hours. Interestingly, accumulation of L-Ala
and L-Glu in D-AA treated seedling was also detected, implying the involvement of racemases
in the reduction of D-Ala and D-Glu levels Hener et al. (2018).

Exudation of D-AAs was not restricted to D-Ala and D-Glu, but occurred with all other
tested D-AAs (D-Asp, D-Leu, D-Lys, D-Phe, and D-Pro)Hener et al. (2018). The exudation
of D-Ala from the root into the rhizosphere was proven to be passive, and to take place in
comparable amounts to the L-AA secretion in roots Hener et al. (2018). Altogether, our
works revealed that D-AAs are exuded by plants to the rhizosphere like L-AAs, which has
been shown different times before Badri and Vivanco (2009); Farrar et al. (2003); Frenzel
(1957, 1960); Juma and McGill (1986).

Additionally, we were able to show that this process is at least partially actively energised.
As secretion of D-/L-Ala by Col-0 was increased when seedlings were treated with inhibitors of
active transporters such as orthovanadate (OV) or CCCP. Simultaneously, the D-Ala content
within treated and untreated plants decreased comparably over time Hener et al. (2018). This
indicates a passive exudation, as the ATP-dependent transporters are blocked. If uptake and
exudation of D-AAs are both active processes, OV and CCCP treatment should block or at
least suppress the exudation of D-AAs. Nonetheless, the opposite took place. A possible
explanation for this scenario is that a portion of D-AA exudation happens by passive efflux,

whereas a significant part of the uptake, especially the re-uptake of AAs, is ATP-dependent
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or coupled to H*gradient. This scenario is supported by the fact that D-Ala uptake has
been shown to be mediated by LHT1, which is an active transporter Hirner et al. (2006).
It is important to highlight that despite the fact that levels of D-Ala and D-Glu within the
seedlings were significantly high, the D-AA levels in the medium did not increase significantly
over time Hener et al. (2018).

Although exudation of D-A As was shown to take place, it did not appear to play a major
role in the reduction of D-AA content in Arabidopsis thaliana. In spite of that, over time
concentration of D-Ala in planta decreased considerably. This argues against our initial hy-
pothesis that exudation plays a relevant role in the D-Ala detoxification process, but supports
our ideas about enzymes metabolising D-A As.

With the discovery of D-AA root exudation several questions arise: Is it possible that
the little amount of D-Ala (and other D-AAs) exuded by the plants into the rhizosphere can
actually be enough to influence the AA composition of the rhizosphere, and is it used by the
plant as a plant-microbe interaction strategy? D-Ala and D-Glu are AAs that can be utilised
by bacteria for direct incorporation into PG biosynthesis. Some bacteria are known to use
L-Ala to racemise it into D-Ala for pyruvate productionBardaweel et al. (2011). Additionally,
assuming that AAs are strong osmolytes like for instance L-Pro Yoshiba et al. (1997), D-AAs
may be also used to regulate the osmotic balance in the rhizosphere.

It is also tempting to speculate whether there are more transporter proteins in plants be-
sides LHT1, AAP1, and MRP5 that can specifically transport D-AAs. The question whether
there is long distance transport of D-AAs, as in the case of L-AAs Dinkeloo et al. (2018), or
if it is limited to the root-rhizosphere interface. Now, knowing that D-AAs are not mainly
disposed into the rhizosphere, the mobility of D-AAs from the roots to overground organs
becomes a far more interesting question to address. In this regard it must be noticed that al-
most all yet published experiments were made with seedlings and no data are available about
whole plant distribution of D-AAs. Therefore, independent analysis of D-AA concentration
in different organs of the plant must be done in future experiments. The usage of transporter
mutants for this experiment, would reveal if the D-AA content in different organs of these

mutants is different to that of the corresponding wild type.

6.1.3 Fluorescent D-Ala “HADA”, a tool for D-Amino Acid detection in

Arabidopsis thaliana

Based on experiments with 7-hydroxycoumarin-3-amino-D-alanine (HADA), a D-Ala fluo-
rescent analog, it was possible to observe D-Ala accumulation in the chloroplast of treated
seedlings Kolukisaoglu and Suarez (2017). The usage of this tool for tracking D-Ala was
already described and stablished in bacteria Kuru et al. (2012); Zhang et al. (2018). To my

knowledge, the usage of HADA in plants and the record of its accumulation in chloroplast is
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mentioned for the first time in Kolukisaoglu and Suarez (2017). According to Kolukisaoglu
and Suarez (2017), the even distribution of HADA in A. thaliana contrasts with the ring-like
structure found in the chloroplasts envelope of mosses Hirano et al. (2016). This observations
suggests a different function of D-Ala in higher plants compared to mosses, where PG-like

structures in the chloroplast envelope were described.

Nevertheless, refining this method for D-Ala detection in higher plants in future exper-
iments, can result in a fine detection of small residues of D-Ala in the chloroplast. Which
eventually could disclose the accumulation of D-Ala in the envelope or division plane of the
this organelle. The efforts in the course of this thesis to localise D-Ala using HADA as well
as click chemistry are a solid starting point for more experiments to resolve the intracellular

transport and localisation of D-Ala.

But the reason of D-Ala accumulation in this organelle remains an open question. One
possible explanation is that AtDAT1 locates in this organelle as well, and seems to be the
main producer of D-Ala in the cell. Nevertheless, this does not explain why exogenous
applied D-Ala or HADA somehow accumulates in the chloroplast. Experiments with knock
out mutants of chloroplast transporter proteins could reveal if accumulation of D-Ala in the
chloroplast is disturbed or impeded. Additionally, the feeding of stable isotope labeled D-Ala,
and its consecutive tracking, would reveal if this amino group is being use or incorporated into
other molecules in the cell. It is worth mentioning that in most of our HADA experiments,
accumulation of it happened in the chloroplast of the guard cells of the stomata (Data not

shown).

6.2 Metabolism of D-Amino Acids in Arabidopsis thaliana

As already discussed in the previous section, plants have the capacity to import D-AAs.
Hence, once D-AAs are inside the plant, the questions about their fate needs to be answered.
The intracellular concentrations of them have to be kept below toxic levels, and as mentioned
above, exudation of D-AAs into the rhizosphere is limited. Therefore, specific metabolic
routes must be available for the plant to achieve its regulation. This raises the question of
how plants process D-AAs, and why D-Ala is the preferred product of D-AA metabolism
as it has been show in Gordes et al. (2011) and (Suarez et al., submitted). Along this
work, I was able to summarise an inventory of putative D-AA metabolising enzymes encoded
in the Arabidopsis genome, and to characterise the D-AA specific transaminase AtDAT'.

Consequently, I will discuss in more detail these two achievements in the following subsections.

103



6.2.1 Putative D-Amino Acid Metabolising Enzymes

The list of putative D-AA metabolising enzymes in Kolukisaoglu and Suarez (2017), reveals
that numerous enzymes are encoded in the genome of Arabidopsis thaliana with the potential
of metabolising D-AAs. There is no information on the expression levels of most of them,
or under which circumstance the expression takes place. Few of these enzymes have been
characterised and described to date Kolukisaoglu and Suarez (2017). Therefore, it needs
to be proven that indeed all of them are involved in D-AA metabolism. However, this list
provides a framework for future investigations on the metabolism and physiological functions
of D-AAs in plants. In this subsection I will focus on those enzymes potentially involved in
the metabolisation of D-AAs and the production of D-Ala.

D-AA specific transaminases are one of the candidate enzymes for the production of D-
Ala from other D-AAs. There are four D-AA specific transaminases listed, from which just
one has been shown to produce D-Ala and D-Glu using several D-AAs as substrates. On the
other hand, the other three remaining transaminases are predicted to possess specificities for
other AAs, but, they have not been characterised to date Funakoshi et al. (2008).

Another class of enzymes that might be related to D-AA metabolism in Arabidopsis are
amino acid racemases like AtDAAR1 and AtDAAR2, which are specific for isoleucineStrauch
et al. (2015). Furthermore, a Ser racemase (AtSR1) has been described. It catalyses the
racemisation of Ser, and to a lower extent, Ala, Arg, and Gln. Besides its racemase activity,
this enzyme also acts as a dehydratase on D- and L-Ser Ono et al. (2006). Additionally, a
putative Asp-Glu racemase was also found, however, there are no conclusive reports about
it. Examples for other known D-AA specific enzymes in Arabidopsis thaliana are the D-Cys
desulfhydrase, which is able to catabolise D-Cys to pyruvate, NHs and HoS Riemenschneider
et al. (2005). And a D-Ala-D-Ala ligase, which was described by Hirano et al. (2016). In
both cases, the physiological function of these enzymes in Arabidopsis thaliana still remains
unclear.

Apart from the enzymes identified due to their homology, several D-A A specific enzymatic
activities have been reported in plants for which the encoding genes are still unknown, as
in the case of the Ala Racemase and the ACC-Malonyltransferase Kolukisaoglu and Suarez
(2017). Another example was shown in Kawasaki et al. (1982), where o-glutamylation is
highly specific to D-Ala. Altogether, there are several examples of enzymatic activities
metabolising D-AAs in plants, and there are even more putative ones. This implies that
plants have adapted to a D-AA containing environment.

It is remarkable that for six of the enzymes listed in Table 1 of Kolukisaoglu and Suarez
(2017) , the localisation is unknown. While for another six, they are predicted to be lo-
calised in the chloroplast and two more in the cytosol. It is interesting that a representative

group of enzymes related to D-AA metabolism are predicted to localise in the same place,
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the chloroplast. In case of confirmation, this would be an indication that major metabolic
processes regarding D-AAs take place in this organelle. This would not be too surprising
due to the cyanobacterial ancestry of chloroplasts. In these bacteria, specially D-Ala and
D-Glu are utilised for the cell wall production Zhang et al. (2018). The questions are now,
which functions D-AAs fulfil in higher plants, and how do D-AAs get specifically into the

chloroplast. Efforts to elucidate how this happens must be part of future research.

6.2.2 DAT1 is a major determinant of D-Amino Acid Metabolisation in

Arabidopsis thaliana

As it has been shown in Gordes et al. (2013) and investigated in (Suarez et al., submitted),
after treatment with any D-AA, led to high concentrations of D-Ala, D-Glu, and of the
corresponding L-enantiomer in Col-0. This did not hold true for the accession Landsberg
erecta (Ler). One possible explanation was given by Vranova et al. (2012), suggesting that a
D-AA specific aminotransferase causes these effects.

The results of our experiments in this regard, provided conclusive evidence of a single D-
AA specific aminotransferase, named D-amino acid transferase 1 (AtDAT1), to be responsible
for this effect. Moreover, our genetic and biochemical experiments showed that Ler possesses
a AtDATI1 enzyme with reduced enzymatic activity, due to a point mutation in the active
site of AtDAT1. This explains the observations of Gordes et al. (2013) regarding the D-AA
concentration profile in D-AA treated Ler plants. Our biochemical experiments showed that
AtDAT1 is a broad range D-A A specific aminotransferase with highest affinity towards D-Met
as substrate and D-Ala as product (Suarez et al., submitted). This fits to the observation
that D-Met leads to the highest conversion rates in most Arabidopsis accessions Gordes et al.
(2013),

Considering the findings described above, AtDAT1 appears to be a major regulator of
D-AA catabolism and D-Ala biosynthesis in Arabidopsis thaliana. Furthermore, it confirms
the idea formulated in Vranova et al. (2012) suggesting a single transamination event to be
responsible for most of the D-AA metabolisation observed in plants. The increase of L-Met
after D-Met treatment, is explained most probably, due to a secondary transamination of
D-Met.

The predominant increase in D-Ala concentration after D-AA treatment can be explained
by the abundance of pyruvate in the cell, as it is used as amino group acceptor by AtDAT1
producing D-Ala. It is critical to evaluate if there are more reasons or explanations that
support the general production of D-Ala as a step in D-AA metabolism in Arabidopsis. For
now, the fate of the D-Ala produced by AtDAT1 remains to be an open question. Therefore,
as mentioned previously, future efforts should be made to elucidate the fate of D-Ala in

Arabidopsis thaliana as different metabolic routes are possible, like oxidation, malonylation,
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ligation, or translocation to other organs Kolukisaoglu and Suarez (2017) and (Suarez et al.,
submitted).

Additionally, the great variety of Arabidopsis thaliana accessions with and without active
AtDAT1, reveals that DAT1 is not indispensable for growth, development, and evolution of
plants. But, it points to the idea that only under particular conditions or environments, this
enzyme offers an adaptive advantage as suggested by the preservation of this enzyme in the
genome of many different plants (Suarez et al., submitted). One of the starting points to

define such a condition, was the germination of dat! in D-Met containing media (see below).

6.3 Physiological functions of D-Amino Acids in Arabidopsis

thaliana

Although plants have the capacity to transport and metabolise D-AAs, the question about
the physiological role of these compounds remained unanswered until now. But more than 30
years ago, it was reported that feeding D-Met to seedlings of different plants led to increased
ethylene production Kionka and Amrhein (1984); Liu et al. (1983); Satoh and Esashi (1980).
This phenomenon was referred as “D-Amino Acid Stimulated Ethylene Production” Satoh and
Esashi (1980). There were attempts for explaining this by means of competitive malonylation
of D-Met and 1-aminocyclopropane (ACC), the precursor of ethylene. But this hypothesis
could not be verified because the corresponding malonyl transferase had not been identified
to date. This phenomenon offered a starting point for the phenotypic analysis of AtDAT1
mutants. In this thesis it is reported that an in planta rise of D-Met concentration leads to
an increase in ethylene biosynthesis.

We could show that Arabidopsis thaliana with DAT1 loss of function or affected alleles,
did not have any apparent alterations in growth and development or in response to stress,
but were less resistant against the exogenous application of D-Met (Suarez et al., submitted).
DAT1 impaired seedlings were not able to metabolise this D-Met, leading to the accumulation
of it inside the plant. As mentioned above, biochemical assays revealed that the affinity of
DAT1 for D-Met as a substrate is also the highest compared to all other D-AAs. When
grown in media with the addition of D-Met (500uM), dat! mutants and Ler displayed a triple
response phenotype when grown in the dark and a strong reduced growth under permanent
light conditions. Additionally, increasing ethylene concentrations were measured in dat!
mutants and Ler samples compared to Col-0 in etiolated as well as in light grown seedlings
(Suarez et al., submitted).

This was an important finding, as it was the first time ever reported, that a physiological
phenotype is directly linked to the loss of function of an enzyme specific to D-AA. The fact
that the triple response phenotype is triggered by the lack of DAT1 after D-Met treatment,
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and consequent excess of D-Met inside the plant, is in accordance with our previous finding
that D-Met is the main substrate for this enzyme. Nevertheless, investigations on the way to
confirm if the production of ethylene can also be induced by other D-AAs in DAT1 defective
lines are currently under way. It may also answer the question whether all toxic effects of

D-AAs are due to ethylene overproduction and its consequences.

Under normal conditions, ACC is oxidised by the ACC Oxidase (ACCO) to produce
ethylene. Alternatively, ACC conjugation with Malonyl-coenzyme A by the N-Malonylase to
produce N-Malonyl-ACC inhibits ethylene over production Taiz and Zeiger (2010). The fact
that D-AAs are involved in ACC Malonylation and ethylene production was found in the
late seventies and eighties. It was already known that N-Malonylation of mainly non-polar
D-AAs such as D-Phe, D-Ala, and D-Met happens in plants Kawasaki et al. (1982); Liu et al.
(1983). Additionally, it was proven that ethylene synthesis inhibition by D-Phe and D-Ala
was reverted by addition of high concentrations of ACC. ACC inhibited the formation of
N-malonyl-D-Met, after D-Met treatment, which was proven to be exclusive for D-AAs Yang
and Hoffman (1984).

It was postulated by Yang and Hoffman (1984) that the synthesis of N-Malonyl-ACC
and N-Malonyl-D-Met may be catalysed by the same enzyme or by separate enzymes that
exhibit cross-specificity for both D-Met and ACC. In addition, they described that D-AAs
stimulate an increase in ACC concentration followed by an increase in ethylene production
and proposed that the physiological significance of this phenomenon was to inactivate external
and potentially toxic D-AAs Yang and Hoffman (1984). Nevertheless, it was not taken into
account that D-AAs might be important for the ethylene regulation in planta.

In this thesis, I provided the biochemical and physiological characterisation of an active
DAT1 in Arabidopsis thaliana that is involved in the regulation of ethylene biosynthesis medi-
ated by D-Met. In our experiments with Arabidopsis thaliana, detection of higher amounts of
ethylene and Malonyl-Met in dat! seedlings treated with exogenous D-Met compared to con-
trols, support the idea that this D-Met competes with ACC as substrate of the N-Malonylase.
This is reflected in the increase of Malonyl-D-Met, and ACC that is mainly oxidised by the
ACC oxidase leading to increased ethylene production. It is intriguing that the molecular
machinery for ethylene production and regulation to which DAT1 is linked to (Suarez et al.,

submitted), is not located in the chloroplast but in the cytosol Taiz and Zeiger (2010).

As shown in (Suarez et al., submitted) and discussed previously , the activity of DAT1 with
D-Met in the growth media results in a production of D-Ala inside the plant. Interestingly,
D-Ala has been shown to inhibit ACC oxidase Brunhuber et al. (2000). This could be an
explanation for the reduced ethylene production in Col-0 after D-Met treatment. The D-Ala
produced by DAT1 with D-Met as a substrate, would be adding to the repression of ethylene
biosynthesis by inhibiting the ACC oxidase, resulting in a wild type phenotype. In mutants
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lacking DAT1, the addition of D-Ala and D-Met to the growth medium should revert the
effects of D-Met alone.

The fact that DAT1 is directly involved in ethylene regulation becomes very interesting
particularly in ripening fruits as they are known to contain D-A As Briickner and Westhauser
(2003); Liu et al. (1985). It is pertinent to discuss if the physiological substrate for the induc-
tion of ethylene production and in particular of the triple response phenotype in dat! mutants
is indeed D-Met or another chemical compound with similar biochemical characteristics. But,
it would be interesting to investigate if DAT1 homologs from other plants display the same
affinity to D-Met or if it shifts to other D-AAs. Furthermore, silique and seed development
of datl mutants as well as their AA profile should be analysed in the future.

Another interesting question is the origin of D-Met, as no studies can account for its de
novo synthesis in plants. Furthermore, soils contains a vast number of D-AAs, but D-Met is
rarely found Amelung and Zhang (2001); Vranova et al. (2012). Nevertheless, several reports
point out that D-Met is produced and released by bacteria. For instance, non canonical
D-AAs, such as D-Met, are incorporated within V. cholerae as well as in in E. coli and
P. aeruginosa peptidoglycan subunits and may aid bacteria in adapting to, and protecting
themselves against a variety of environmental challenges Cava et al. (2011). D-Met, among
other D-Amino acids, has been associated to the dissolution of biofilms Kolodkin-Gal et al.
(2010). In V cholerae, a dedicated racemase produces D-Met, and accumulation of D-AAs
coincides with the transition into stationary phase, appearing to down-regulate peptidoglycan
synthesis. Therefore, D-amino acids may enable to coordinate metabolic slowing in bacterial
synthesis of cell wall and cytoplasmic compartments when resources become scarce Lam et al.
(2009). In many cases, bacterial D-AAs have been shown to influence important physiological
aspects of eukaryotic organisms Aliashkevich et al. (2018); Ollivaux et al. (2014).

Taken all together, these findings lead to the conclusion that, relevant concentrations
of D-Met available for the plant do not originate from the bulk soil, but directly from the
rhizosphere where bacteria can deposit it as product of its biofilms. Even if the presence
and correct function of DAT1 is not essential for Arabidopsis thaliana, we hypothesise that
DAT1 can be beneficial, under particular scenarios for the interaction with microorganisms
in the rhizosphere. As ethylene is also produced in response to bacterial pathogens Hase
et al. (2003); Lund et al. (1998); van Loon et al. (2006), sensing and reacting to D-Met

accumulation may be a microbe response mechanism worth to be investigated in the future.
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Chapter 7

Outlook

As many questions remained open, further research about D-AA transport, metabolism, and
physiological function in higher plants is needed. To confirm whether D-A As are transported
by MRP5, AAP1 and LHT1, more experiments are required. One possibility would be
expressing these proteins in plant protoplast or frog oocytes, followed by exposing the cells
to D-AAs such as D-Met, D-Ala and D-Phe and by determining the concentration of D-AAs
inside the cells. This would be a direct proof for the D-AA transport capacities of these
transporters. In addition, toxicity test with other [ht and aap mutants would be a first step

to find more candidate transporters.

It was speculated in this thesis whether D-AAs in plant exudates could influence the
rhizosphere biomass and composition. To address this issue, experiments characterising and
comparing the bacterial and fungi microbiome within the rhizosphere of different ecotypes
and mutants (e.g. datl, dao, ddt, lht1, aaps, Ler, Col-0, M7323S) of Arabidopsis thaliana
after D-AA treatment, should be performed. This would reveal whether D-AAs are indeed
used as intermediates in plant-microbe interaction. To evaluate whether D-AAs that have
been exuded into the rhizosphere by plants are directly utilised by bacteria, experiments
tracking labeled D-AAs from inside the plant into structural features such as peptidoglycans
or metabolites of rhizosphere bacteria are required. An alternative would be to feed Ara-
bidopsis thaliana with HADA. After the accumulation of the D-AAs inside the plant, it must
be transferred into media containing rhizosphere bacteria, and after incubation, to aim to

detect HADA in these bacteria microscopically.

The fate of D-Ala remains an open question. Nevertheless, it appears to be the major
product of D-AA metabolism in Arabidopsis thaliana, and at the same time it is one of the
most toxic D-AAs. The analysis of the translocation of D-Ala within the plant from roots
to other organs using HADA and click chemistry is required. Putative enzymes able to me-
tabolize D-Ala should be identified in Arabidopsis thaliana and characterized biochemically.

Some candidate proteins like DAO and DDL are already in our focus. It would be interesting
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to study the localisation of other D-AA metabolism related enzymes, as some putative en-
zymes might be located in the cytosol, where all enzymes related to ethylene production are
located. Interestingly, as shown in this thesis, DAT1 and D-Ala are localised in the chloro-
plast. Nonetheless, a linking mechanism and intermediates between, on one hand side DAT1
and D-Ala, in the chloroplast, and on the other side, ethylene singling and metabolism in the
cytosol, are awaiting to be unraveled.

It is important to investigate whether LHT1 plays another role, besides its recently shown
capacity to facilitate ACC transport, in the regulation of ethylene biosynthesis, especially,
whether it is somehow related to DAT1 and D-Met. Profiling D-Ala in lht! mutants and
Col-0 after D-A As treatment, could reveal characteristic D-Ala concentration patterns in the
plants, that could be assigned to the lack of LHT1 transporter. Recently, it was proposed
that D-Ala could interact with the ACC oxidase, competing with ACC and blocking its
oxidation. As a consequence, down-regulation of the ethylene production would be expected.
Experiments to prove this hypothesis are currently running.

Another experiment that would be interesting is to analyse the DAT1 function in cli-
macteric plants. It would address the question whether this enzyme is involved in the auto-
induction of ethylene production during fruit ripening. Additionally, it would be interesting
to evaluate if plants respond to treatment with combinations of two, three, and four D-AAs
in a differential manner compared to their respond to D-Met treatment. This would reveal if
the D-AAs have a synergetic effect on plants, as it has been proven to be in bacterial biofilm
disassembly.

Finally, due to the scarcity of D-Met in plants, its relevance in the modulation of ethy-
lene synthesis is still under debate. To confirm that D-Met is indeed the trigger of the
observed ethylene phenotype in Arabidopsis thaliana, it is important to repeat the experi-
ments performed with D-Met and AtDAT1 with different molecules that resemble D-Met.
This molecules should also be more abundant in the plant, or be more available to them.
This experiments would support with experimental data that D-Met or an unknown natural
similar compound is indeed the genuine substrate for DAT1.

After confirmation that DAT1 is a crucial enzyme in D-AA metabolism in Arabidopsis
thaliana, and that D-AAs homeostasis influences Arabidopsis hormone physiology, it is easy
to postulate that more enzymes related to the D-A As metabolism should be involved and yet
to be found and characterise. Accordingly, more questions arise, as well as possibilities about

D-AA metabolic routes that can take place to maintain the D-AA homeostasis in plants.
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