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Zusammenfassung

Die meisten proteinogenen L-Aminosduren (L-AS) haben Enantiomere, die D-Aminosauren
(D-AS) genannt werden. Diese unterscheiden sich nicht nur in ihrer molekularen rdumlichen
Anordnung, sondern auch in ihrer biologischen Funktion. Da D-AS Bausteine der bakteriellen
Zellwand sind, sind sie allgegenwartig und kommen besonders haufig im Boden vor. Pflanzen
sind in der Lage D-AS aktiv iiber ihre Wurzeln aufzunehmen. In mehreren Studien wurde die
Toxizitat von D-AS fiir Pflanzen gezeigt. Eine Erklarung fiir die Toxizitdt und den Umgang

von Pflanzen mit D-AS ist jedoch noch nicht bekannt.

Im Zuge dieser Arbeit stellte sich heraus, dass die Wachstumshemmung von Arabidopsis
thaliana Keimlingen, die mit D-Met behandelt werden, mit einer erh6ohten Ethylen-Produktion
verbunden ist. Der Zusammenhang von D-Met und Ethylen wurde bereits gezeigt, da D-Met
ein ACC (1-Aminocyclopropan-1-Carbonsdure) metabolisierendes (Malonylat-konjugieren-
des) Enzym hemmt und dadurch die Ethylen-Produktion erhoht wird. Zusatzlich konnten wir
jedoch den Zusammenhang von der Ethylen-Zunahme und der Aktivitdt der D-Aminosaure-
Transferase (DAT1) herstellen. Die resultierenden Hauptprodukte der DAT1 sind D-Ala und
D-Glu, wobei die Enzymaktivitat mit D-Met als Substrat am hochsten ist. Somit tragt das
DAT1 Protein mafigeblich zur Reduktion der D-Met-konzentration in den Pflanzen bei.
Infolgedessen war beim Col-0-Wildtyp die Ethylen- und Malonyl-Methionin-Produktion und
damit die Wachstumsreduktion nur in geringem MafSe erhoht. Im Vergleich dazu wurden die
DAT1-Funktionsverlustmutanten und der Landsberg erecta Oko-Typ, der natiirliche DAT1
Funktionsdefizite besitzt, bei einer Behandlung mit 0,5 mM D-Met stark im Wachstum
beeintrachtigt.

Dariiber hinaus konnten wir nachweisen, dass eine passive Exsudation von D-AS erfolgt, die
in Menge und Zeit vergleichbar mit den L-AS auftritt. Die Umwandlung von D-AS durch
Pflanzen in D-Ala und D-Glu, die fiir bakterielles Peptidoglykan essentiell sind, konnte in
Verbindung mit deren Exsudation niitzliche Bakterien anziehen. Es wurde auch berichtet, dass
bakterielle Biofilme auf Pflanzenwurzeln durch D-AS reguliert werden. Daher ware ein
Einfluss auf die Bakterien-Vergesellschaftung durch D-AS vorstellbar, die von der Pflanze

freigesetzt oder kontrolliert wird. Der Mechanismus der Efflux-Regulierung ist jedoch unklar.

Die hier vorgestellte Studie zeigt die zentrale Rolle des Enzyms AtDAT1 im D-AS-
Stoffwechsel. Dartiber hinaus zeigt sie die Beziehung zwischen diesem Stoffwechselweg und
der Wachstumsreduktion der Pflanze aufgrund der erhohten Ethylen-Synthese. Ein weiteres
Ergebnis ist die passive Exsudation von D-AS durch Pflanzenwurzeln, was eine Strategie zur
Bewiltigung des D-AS-Uberschusses in der Pflanzenzelle ist und eine mutmafliche Pflanze-

Mikroben-Interaktion nahelegt.
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Summary

Almost all proteinogenic L-amino acids (L-AA) have enantiomers called D-amino acids (D-
AA) which do not differ just in their molecular spatial arrangement but also in their biological
function. Since D-AA are part of the bacterial cell wall, they can be found in all kinds of tissues
and materials, which are associated with bacteria. This is the reason why D-AA are found in
soil and plants are able to actively take up D-AA by their roots. There have been several studies
stated D-AA toxicity for plants. However, an explanation for the toxicity and plants handling

with ubiquitous D-AA are still unknown.

Here we show that growth inhibition of Arabidopsis thaliana seedlings treated with D-Met is
connected to increased ethylene production. This ethylene related phenomenon has been
described before as it was shown that D-Met interferes with ACC (1-aminocyclopropane-1-
carboxylic acid) metabolizing (malonyl conjugating) enzymes resulting in an increased
ethylene production. But additionally, we could establish the link between the ethylene
magnitude and the activity of the main D-AA metabolizing enzyme the D-amino acid
transferase (DAT1). We could reveal that the DAT1 protein has a great impact on the plants
D-Met concentration since it transforms all tested D-AA, but preferably D-Met, directly into
D-Ala and D-Glu and into their respective L-enantiomer indirectly. As a result, in the Col-0
wild-type the increased ethylene and malonyl-methionine production and thus growth
reduction was almost negligible. By comparison, the datl loss of function mutants and the
DAT1 defective Arabidopsis ecotype Landsberg erecta were severely affected upon 0.5 mM
D-Met treatment.

In addition, we could proof that exudation of D-AA occurs passively and comparable to their
L-forms in amount and time. The rhizosphere is harbouring a great number of beneficial as
well as detrimental bacteria. Plants transformation of D-AA into D-Ala and D-Glu, which are
essential for bacterial peptidoglycan combined with their exudation could attract beneficial
bacteria. On the other hand, biofilms on plant roots have also been reported to be regulated by
D-AA. Thus, an influence on the bacterial rhizosphere community by D-AA released or
controlled by the plant can be envisioned. However, the efflux regulation mechanism remains

unclear.

The here presented study displays the central role of the DAT1 enzyme in D-AA metabolism.
Moreover, it reveals the relationship of this metabolic pathway and plants reduction in growth
due to increased ethylene synthesis. Another outcome is the passive exudation of D-AA
through plant roots suggesting a strategy to cope with D-AA overflow and a putative plant-

microbe interaction.
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1. Introduction

1.1 L-and D-amino acids

Amino acids are low molecular weight, non-volatile, crystalline organic compounds. All
proteinogenic a-amino acids, except glycine, contain a chiral center (*) surrounded by a
carboxyl group (-COOH), an amino group (-NH:), and a side chain (-R). Glycine has two
(indistinguishable) hydrogen atoms attached to its alpha carbon atom and thus is achiral.
There are two stereoisomers of each amino acid naturally occurring, which resemble the
mirror image of one another, called enantiomers. They do not differ in their molecular
weight or formula, but in their three-dimensional structure (see Fig. 1). The relative
configuration of enantiomers is referred to the symbols D and L, which implies the ability
to rotate plane-polarized light either to the right “dexter” D, or to the left “laevis” L
(Sharma 2008).

L-amino acid D-amino acid
(0] O
R R
o (?) OH HO o (%)
NH, NH,

Figure 1: Structures of L- and D-amino acids, which are superimposable on each other.

The enantiomers are not only distinguished by their structure, but also by their biological
activity. The 20 canonical L-a-amino acids (L-AA) are metabolic intermediates and
building blocks of proteins and are therefore indispensable for all kingdoms of life. On the
contrary, D-amino acids (D-AA) have different functions like the cross linking of
peptidoglycan in bacteria (Rogers, Perkins, and Ward 1980), as neuromodulators in
mammals (D-Ser) (Miller 2004) or as part of natural antibiotic peptides (Jack and Jung
1998). Interestingly, there is not much known about D-AA in plants and their functional

and ecological significance is the focus of my research.

1.2 Occurrence of D-amino acids in plants and soil
D-AA were found in different parts of various plant species, where they were detected in
abundances of up to 34% relative to the respective L-AA, amongst which D-Ala was the

most frequent one (Patzold and Briickner 2005).
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The major source of D-AA for plants is certainly soil. The occurrence of D-AA is mostly
related to the presence of bacteria in which the most abundant D-AA are D-alanine and
D-glutamic acid. Since bacteria are one of the main clades of soil-dwelling organisms, a
huge D-AA abundance is present there. Their D-AA incorporation into their cell wall is
advantageous for several reasons: D-AA peptide bindings are almost not susceptible to
enzymatic cleavage of certain proteases (Miller et al. 1995). Furthermore, some bacteria
integrate, besides D-Ala and D-Glu, other D-AA like D-Ser to gain resistance to certain
antibiotics like vancomycin (Reynolds and Courvalin 2005). Certain bacteria produce D-
Met, D-Leu or D-Tyr and D-Phe at millimolar concentrations to modulate their
peptidoglycan compositions, amounts and strengths (Lam et al. 2009). Not only the cell
wall physiology of bacteria is affected by different D-AA, but biofilm development is
considerably influenced, too (Kolodkin-Gal et al. 2010). This results in dispersal of D-Met,

D-Tyr, D-Leu, and D-Trp in significant amounts.

Therefore, it is not surprising that D-AA are found ubiquitously and to a great extend in
bacterial rich environments like soils (Radkov et al. 2016). D-AA are, like their L-form,
present in the rhizosphere, which is the region of soil directly surrounding the plant roots.
Due to lysis or cellular efflux from plants and microbes and proteolysis of existing
peptides this region is particularly substantial for D-AA research. Generally, there are less
D-AA in soils compared to their enantiomers. Soils from different geographic regions were
studied, which revealed a D/L-ratio of an average of about 10% for alanine and slightly
more for glutamic acid (Amelung and Zhang 2001). Wichern et al. (2004) could show an
increase in the D/L-ratios by the fallow age of abandoned terrace soils. Another study
showed a D/L ratio of 15.5% for alanine and 7,1% for glutamic acid (Briickner and
Westhauser 2003). Results for aqueous soil extractions were found at low micromolar
concentrations (Jones, Owen, and Farrar 2002) for all amino acids in sum. Among those,
the most frequent amino acids were alanine, arginine, asparagine, aspartic acid, glutamic
acid, glutamine, histidine and serine (Werdin-Pfisterer, Kielland, and Boone 2009).
However, there is a huge variation in composition of amino acids within the soil types,
which differed in land-use history, soil qualities, and climatic regime. (Amelung and
Zhang 2001). However, one big problem in amino acid research in soil is, that amino acids
are not always detected separately due to their stereoisomeric properties (for review see
(Moe 2013)).



Introduction 3

1.3 Methods for D-amino acid analysis

A major prerequisite for studies on D-AA in plants is its qualitative and quantitative
analysis from plant material. There are two main hurdles for this task: extraction and
chemical analysis of D-AA. The extraction procedure needs to be performed on ice to
avoid enzymatic activities in the plant samples. These cold conditions lead to a lower
solubility of the amino acids. In contrast, extractions at high temperatures are unsuitable
and could lead to a loss or damage of compounds or even to chemical racemisations,

which are explained later on.

Another challenge involves plants, which are grown in soil. Since there are endophytic
and epiphytic bacteria present (Bacon and White 2016), it is impossible to distinguish
between D-AA from plants and D-AA produced by bacteria associated with plants.
Therefore, most of our experiments were based on sterile growing plants to avoid this

problem.

Not only the extraction techniques are challenging, but also the methods for chemical
analysis of the samples are quite specific. First of all, the enantiomers of the amino acids
have to be separated. As mentioned before, enantiomers have the same molecular weight,
the same chemical formula and the same polarity. This is one challenging aspect in the
separation of chiral molecules. Moreover, L-AA are found in high levels in biological
tissues, while their D-enantiomers are usually only present in lower concentrations
(5z6k6, Vincze, and Téabi 2016). Furthermore, most amino acids are rather hydrophilic and
lack a chromophore or fluorophore moiety. To overcome these challenges, either special
chromatographic columns are applied (direct chiral GC/HPLC analysis) or more
commonly used, the amino acid solution is derivatized before analysis. Derivatizing is
considered as an indirect chiral approach for the chromatographic separation of
enantiomers (Bhushan and Briickner 2004). This means, the enantiomers are reacting with
a chiral reagent prior to the chromatographic analysis, forming diastereomers, which can
be separated by chromatography due to different retention times. There are different ways
to perform this procedure (for review see Ilisz et al. (2008)). Here, we decided to use a
variant of Marfey’s reagent (N*-(2, 4-dinitro-5-fluorophenyl)-L-valine amide) like it was
described by Gordes, Kolukisaoglu, and Thurow (2011). They replaced the L-alanine
amide (Briickner and Keller-Hoehl 1990) by L-valine amide in the synthesis of Marfey’s
reagent for derivatization, followed by LC/MS analysis. With this method, they were able
to quantify 16 of the 20 canonical amino acids including their enantiomers in Arabidopsis

seedlings in a single analysis.
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1.4 Import and export of D-amino acids by plant roots

Since plants grow in a bacterial rich environment, their ability to regulate the uptake of D-
AA by their roots was subject of different studies (Svennerstam et al. 2007; Forsum et al.
2008). In these studies, the Lysin Histidine Transporter 1 (AtLHT1) for facilitated root
amino acid uptake got into focus. Gordes, Kolukisaoglu, and Thurow (2011) tested the
uptake of different D-AA in a Iht]l knock out mutant of Arabidopsis. Seedlings of this
mutant revealed to be more tolerant against high concentrations of several D-AA through
a decreased transport activity. They already hypothesized that the active import of D-AA
is needed to utilize these amino acids as a nitrogen source. Shortly thereafter, it has been
shown that wheat plants actually use D-AA as a nitrogen source and therefore take up D-

AA actively at rates comparable to L-AA and inorganic N (Hill et al. 2011).

While LHT1 belongs to the ATF (amino acid transport family) superfamily of amino acid
transporters, there are several other amino acid transporter families present in plants
(Ortiz-Lopez, Chang, and Bush 2000; Fischer et al. 1998). Membrane transport systems can
be categorized as pumps, channels, or cotransporters (Buchanan, Gruissem, and Jones
2015). Active transport is facilitated by certain membrane-spanning proteins and requires
cellular energy to achieve molecular movement. Pumps catalyse active transport, coupling
the energy liberated from hydrolysis of ATP (H*-translocating ATPases). Carrier proteins
facilitate active transport by transporting another molecule for example H* in either the
same direction (symport) or to the opposite direction (antiport). Besides the active
transport, passive transport does not require an input of cellular energy. It occurs
spontaneously by diffusing through a decreased concentration gradient until equilibrium
is reached. Since the plants cell membranes consist of lipid bilayers, lipophilic compounds
are passing more easily. For hydrophilic and ionic compounds, such as amino acids,
aqueous channels facilitate their transport. In previous experiments, Arabidopsis mutants
lacking LHT1 showed just a decreased import rate of D-AA but not a complete elimination
of it (Gordes, Kolukisaoglu, and Thurow 2011). This means that other transporters or
transport mechanisms apart from LHT1 contribute to D-AA influx into plants that await

to be unravelled.

Since particular D-AA inhibit plant growth, not only the import of D-AA is of great
interest. Additionally, the amino acid root efflux seems to play a big role in the amino acid
homeostasis of the root (Jones and Darrah 1994). The authors used Zea mays (maize)
seedlings in a hydroponic environment and measured rates of influx and efflux as well as
the effects of various enzyme inhibitors predicted to impact these processes. In conclusion,

they argued that amino acid loss from plant cells was due to passive diffusion and the
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majority of AA are released by the root tip. Moreover, a study showed an amino acid
exporter, which is involved in phloem unloading of amino acids in roots that could play
a putative role in D-AA exudation (Besnard et al. 2016). Root efflux thus can be regarded
as being selective for different amino acids (Lesuffleur and Cliquet 2010). On the contrary,
mere passive diffusion was observed by Jones and Darrah (1994). This strategy can have
various reasons like detoxification or attraction of beneficial soil-dwelling

microorganisms, but these hypotheses await to be tested.

1.5 Metabolization of D-amino acids

Besides regulating import and export of D-AA, plants can also cope with high D-AA
concentrations in other ways, which are summarized in Fig. 2. One major way is the
degradation of D-AA, which is not fully understood, yet. However, it is quite remarkable
that there are several putatively D-AA metabolizing enzymes encoded in the Arabidopsis
genome (for a summary see Kolukisaoglu and Suarez (2017)). One interesting enzyme in
this regard, which is well conserved over the plant kingdom, is the D-amino acid
transferase 1 (DAT1) (Funakoshi et al. 2008). It catalyses the reaction of a D-AA being
deaminated, whereby the amino group is transferred onto either pyruvate or 2-
oxoglutarate. The two resulting products are D-alanine and D-glutamic acid, respectively
with D-Ala as the main product. Another enzyme that was found in plants and bacteria is
the D-amino acid oxidase (DAO). The flavoenzyme catalyses the oxidative deamination
of D-AA to the corresponding a-keto acids, ammonia, and hydrogen peroxide (Curti,
Ronchi, and Pilone Simonetta 1992). This enzyme is a potential agent to further transform
the D-alanine, which is the most widespread D-amino acid of higher plants (Robinson
1976). Another known enzyme for D-alanine turnover is a racemase, which was found as
the first amino acid racemase in plants, more precisely in Medicago sativa L. seedlings (Ono
et al. 2006). Followed by a serine racemase, which was characterized in Arabidopsis thaliana
(Fujitani et al. 2006). There is currently no evidence for enzymatical racemic activities for
the other D-AA, although quite recently there was a new Isoleucine racemase gene family
identified (Strauch et al. 2015). Furthermore, the presence of racemases suggests that

plants are able to produce D-AA de novo.

Besides the enzymatic reactions in plants, there is chemical racemization occurring
through Maillard reaction. In this process, D-AA can be generated from their enantiomers
and vice-versa. It can occur in tissues like fruits in which both, amino acids and

saccharides are present (Patzold and Briickner 2005). Chemical racemisation can
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especially occur under harsh alkaline or acidic treatment, together with increased heat and
pressure. The racemization reaction starts with the removal of the proton of the a-carbon
to form a planar carbanion. This is followed by the rapid re-addition of a proton from
either side (non-stereospecifically) with a 50 % probability of forming either the D- or the
L-enantiomer (Neuberger 1948). In nature, this reaction also can occur under normal

conditions, but in it needs much more time until a 1:1 racemate will develop (Bada 1971).

There is another strategy for metabolizing D-AA, namely inactivation of D-AA through
formation of conjugates (Kawasaki, Ogawa, and Sasaoka 1982; Fukuda et al. 1973). The
authors showed two systems of D-AA conjugate forming in pea seedlings (Pisum sativum
L.): first the N-malonylation of common D-AA; second the y-L-glutamylation, which was
highly specific and active for D-alanine. Another example revealed the presence of D-Ala-
D-Ala in tobacco leaves (Noma, Noguchi, and Tamaki 1973) as well as in grass leaves
(Frahn and Illman 1975). The N-malonylation as a main metabolic pathway besides the N-
acetylation for D-methionine was already described before they actually knew the

involved enzyme catalysing the reaction (Pokorny, Marcenko, and Keglevi¢ 1970).

DDL
_ D-Ala/D-Glu _ D-Ala-D-Ala
| Conjugated
| DAT1 D-AA
racemase‘?
L-AA
Chemlcal

Pyruvate + ADAO1 racemisation
NH; + H,0,

Figure 2: Model of D-AA fate and possible metabolization pathways in plants

1.6 Physiological effects of D-amino acids

The functions of D-AA in plants are currently largely unexplored. In the past, D-AA were
only regarded as toxic agents since they were observed to inhibit seedling growth. Bollard
(1966) investigated amino acids and derivatives in their function as nitrogen source in
duckweed (Spirodela polyrhiza) and found that all plants, which were grown on selected D-
AA showed reduced growth capability compared to low nitrogen media. However, also
some L-AA were responsible for growth inhibition. A more recent study tested

Arabidopsis growth on D-Ala, D-Ser, D-Arg, D-Val and D-Ile in 3 mM concentrations.
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They found, unlike L-AA, all tested D-AA having an inhibitory effect, except for D-Ile,
which was comparable to the control. At the same time they investigated the uptake rate
of those compounds, which revealed that those being less toxic are taken up in lower
quantity (Forsum et al. 2008). As a next step Gordes, Kolukisaoglu, and Thurow (2011)
explored the maximum inhibitory concentrations of 17 D-AA in Arabidopsis thaliana. They
concluded that some D-AA such as D-Ala, D-Tyr or D-Ser inhibit seedling growth in
micromolar concentrations while others, like D-Asn or D-GIn have such an effect upon

10 mM treatment.

Besides the growth inhibitory impact, there are other studies reflecting growth enhancing
effects by adding D-AA. This was shown for D-tryptophan, since it is a precursor of the
plant growth hormone indol-3-acetic acid it was found to act growth promoting in Pisum
sativum L. (Law 1987). Furthermore, it was shown for wheat (Triticum aestivum L.) that it
is able to utilise D-Ala nitrogen at rates comparable to L-AA and inorganic nitrogen (Hill
etal. 2011). Besides, Hirano et al. (2016) revealed D-Ala to be built into moss (Physcomitrella
patens) plastids since they possess a peptidoglycan envelope. In Arabidopsis and tobacco
(Nicotiana benthamiana), D-serine was found to play a central role in pollen tube growth

and morphogenesis through modulation of apical [Ca?*]«t gradients (Michard et al. 2011).

As also described in the previous chapter, D-AA can be conjugated via N-malonylation to
make them compatible for vacuolar storage (Bouzayen et al. 1989). The preferable targets
being malonylated are D-phenylalanine, D-valine, D-leucine, D-threonine, D-methionine
and D-eithionine, with D-Met and D-Phe inducing the highest activity, while the L-
isomers are not forming such N-malonyl conjugates (Satoh and Esashi 1980). However,
this conjugation seems to be catalysed by the ACC N-malonyltransferase. This means in
effect that the reaction entails a change in ethylene synthesis. The mechanism can be
explained as followed (Fig 3): ethylene is a volatile plant hormone that is regulating plant
growth, defence, and development in many regards. The starting material is L-
methionine, which is converted into S-adenosylmethionine (SAM). 1-aminocyclopropane-
1-carboxylic acid (ACC) is one reaction product of SAM. The backbone as second reaction
product is recycled again. Ethylene is then finally produced by oxidizing the ACC (Adams
and Yang 1979).

Since ethylene is involved in seed germination, seedling growth, organ development and
senescence, leaf and petal abscission, fruit ripening, stress and pathogen responses, the
significance of the ACC regulatory mechanism is obvious (Abeles, Morgan, and Saltveit Jr
2012). To avoid overproduction of ethylene, there is a regulatory aspect at the end of this

reaction chain, in which ACC can additionally be inactivated by conjugation instead of
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being oxidised to form ethylene. Most interestingly, D-AA such as D-Met are involved in
this process, because they compete with the ACC for the N-malonyltransferase (Liu,
Hoffman, and Yang 1983; Ling-Yuan, Yu, and Shang 1985). Besides the N-
malonyltransferase, there are more enzymes to regulate the ACC content (Le Deunff and
Lecourt 2016; Van de Poel and Van Der Straeten 2014). Jasmonic acid resistance 1 (JAR1)
is forming jasmonyl-ACC (JACC), the y-glutamyl transpeptidase (GGT) is generating y-
glutamyl-ACC and finally the ACC-deaminase (ACCD) catalyses the reaction to produce
a-ketobutyrate and ammonia (Fig 3). The influence of these different ways to conjugate

ACC on the homeostasis of ACC and ethylene are subject of the present research.

Yang cycle ~T--._
o
HO
O , O | \(g R
4 + ‘11Adenine
HO)J\:/\/S\ s HO)J\:/\/S\\‘\\‘ 0 .
N SAMS N \
NH, NH, SAM %,
L-Met \
3
O <

JAR1
©)

O

I

a-ketobutyrate

MACC CH, = CH, OH
o) NH,
ethylene O
OH
AN O
%% 07 "N

H
HN
JACC OH GACC

Figure 3: Scheme of ethylene biosynthesis and ACC regulation mechanism (conjugation/metabolism). L-Met is converted
into SAM (S-adenosyl-methionine). The SAMS (SAM synthetase) catalyses the reaction forming ACC and MTA (5'-
methylthioadenosine). The MTA is recycled back to L-Met via several enzymatic steps (Yang cycle). The ACC is here
depicted in green for being traceable in its products. For producing ethylene, the ACC has to be oxidized (ACO).
Conjugation of the ACC can occur via NMT (N-malonyl transferase) to generate N-malonyl-ACC (MACC), JAR1
(jasmonic acid resistance 1) to generate jasmonyl-ACC, and y-glutamyl transpeptidase to generate y-glutamyl-ACC. In

presence of D-Met the formation of MACC is inhibited. The last way to metabolize ACC is the deamination via ACCD
(ACC deaminase) to produce a-ketobutyrate and ammonia.
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2 Aims of the Study

It has been implied that D-AA have only limited relevance in the plants and there were
few physiological effects found for D-AA on plants in the past. Considering the abundance
of D-AA in nature leads to the question what the plants mechanisms and strategies are to
deal with D-AA? Are the D-AA only “toxic” for plants or are there undiscovered processes
or connections between uptake, metabolism and physiological effects in Arabidopsis

thaliana?

In the beginning of my study, it was already investigated that plants are capable of D-AA
uptake. But when we fed plants with D-AA and transferred them to media without these
compounds, we observed a decrease of D-AA contents in the plants after a certain time.
With that observation, the question arose: what causes the decrease? There were two
possible scenarios explaining this phenomenon: One was the metabolization of D-AA by
plants. The other one was the exudation of the D-AA by the plants. Both hypotheses

should be tested in the course of my studies.

A second observation attracted my attention, too. After germinating Arabidopsis
seedlings on D-methionine, mutants of the DAT1 gene, which are not able to metabolize
D-AA showed growth disorders. It is my aim to find out which processes are going on in

those plants and why the DAT1 enzyme is crucial for the plants.
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3 Results and Discussion

There are two major findings of my studies, which I would like to present and discuss in
the following. It is widely thought that D-AA have no or little functions in plants, since
most of the amino acid studies do not distinguish between the two enantiomers (for
review see Moe (2013)). However, I could confirm that the D-AA are imported actively
into plants. Moreover, it turned out that they are exuded as well as their stereoisomers.
This process revealed to occur passively without ATP utilisation. But besides exudation,
there are alternative ways to decrease D-AA concentrations in plants, which are discussed

in the following chapter.

In the second part of this chapter I will focus on the physiological effect and metabolic
mechanisms upon long term D-Met treatment. It turned out that AtDAT1 has specialized
on D-AA catabolism and therefore plays a central role in D-AA metabolization process.
Furthermore, I was able to explain the phenotypic appearance of the dat1 defective plants,
since ethylene production was increased in those mutants. In addition, I found the

responsible mechanisms for this increase.

3.1 Plant D-amino acid efflux

In our experiment, we treated plants with D-Ala and D-Glu, the two major metabolites of
D-AA in Arabidopsis thaliana. 1 mM of each compound was added to 2 weeks old
Arabidopsis Col-0 wild-type seedlings for 24 h. Afterwards, all seedlings were washed in
MilliQ water and put into fresh medium without any D-AA additives. At different time
points, the seedlings were harvested, washed, frozen in liquid nitrogen, and stored at -
18 °C until sample analyses. With this experimental setup we were able to investigate
both, the seedlings and the liquid media in which they were grown. We observed a
relatively fast decrease; after 2 h there was only 41 % of D-Ala and 32 % of D-Glu left,
compared to the initial level of D-AA in the plants (Paper I, Fig. 1). However, the initial
levels already varied considerably between D-Ala (127,3 nmol per seedling) and D-Glu
(26,7 nmol per seedling). This phenomenon was previously shown by Gordes,
Kolukisaoglu, and Thurow (2011). They determined the different D-AA uptake levels and
found that D-Ala is taken up in higher amounts than D-Glu. Furthermore, they still found
D-Ala and D-Glu in plant tissue of the [ht1 knock out transporter mutant. They argued
with the presence of at least 53 additional putative amino acid transporters in the
Arabidopsis genome. Thus, it is not a single transport mechanism by which the varying

import quantities can be explained as they might differ e.g. in their affinities.
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Besides metabolization, efflux had to be considered as a cause for the decrease of D-AA
concentration in plants (for review see Canarini et al. (2019)). Our experiments provide
evidence for a D-AA release, since they were detected in the fresh medium after the plants
have been transferred in there (Paper I, Fig. 3). To answer the question if the efflux occurs
actively or passively, two chemicals, inhibiting different mechanisms in the ATP
dependent energized transport could provide clarification. Carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) was used as a protonophore preventing the H* gradient
formation and consequently inhibiting the electrochemical pumps that require an H*
gradient (Phillips et al. 2004). The other inhibitor was Na-Orthovanadate (OV), which
inhibits plasma membrane-ATPases rather specifically (Rrogo, Kosegarten, and Mengel
2002) and is a suitable inhibitor of ABC transporters (Sugiyama, Shitan, and Yazaki 2007).
Each of these inhibitors were added to the fresh medium in which the seedlings were
transferred into. The result was apparent after 24 h for the OV: D-Ala as well as L-Ala
increased in the medium (Paper I, Fig.4). This result indicated an active transport,
energized by ATP and a passive efflux. The plants treated with CCCP responded similarly
since increased D- and L-A A were quantified in the medium in comparable concentrations
(<10 nmol per seedling). The effect occurred already after 12 h (Paper I, Fig.5). This
observation is in accordance to Lesuffleur and Cliquet (2010) who discovered a reduction
of glycine uptake and only marginal effects in the efflux after inhibitor application. The
active import of D-Ala by LHT1 was already described by Goérdes, Kolukisaoglu, and
Thurow (2011). Moreover, it is not surprising that the uptake is facilitated, since amino
acids are valuable compounds, which occur in rather low concentrations in the
rhizosphere. Our observed rise of amino acids in the media, which comes along with
inhibitor treatment implies the dysfunction of the re-uptake of those compounds. This
means that the plants are not capable anymore to take up again the leaked amino acids
from the medium, which means that the regulation of the import is disrupted. In contrast
to the import, roots keep on exuding, which is still possible since the export is not
energized by the proton gradient across the membrane (for a graphical summary see Fig.
4). More evidence is given by the steady state level, which can be observed after 24 h.
Passive diffusion works as long as there is a concentration gradient. If the medium has
reached the same level compared to the plant cells, diffusion stops. This indicates that

plants are able to decrease their D-AA level, but only in terms of a D-AA overflow.
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ccee/ov D-AA export to

above ground parts
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efflux along the
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Figure 4: Scheme of amino acid transport in roots

With our experiments we could show that D-AA are leaking out in the same manner as
their respective L-forms. Moreover, we tested other D-AA in this regard (Paper I, table 1).
We treated the datl-1 mutant with D-Asp, D-Leu, D-Lys, D-Phe or D-Pro for 24 h,
transferred them into fresh medium and took samples after 12 and 72 h. We used the
mutants in this experiment since there would be none of those D-AA left after 72 h in
presence of the DAT1 enzyme, which converts D-AA into D-Ala and D-Glu. It was also
interesting in this respect to compare the treated plants with the control plants. Most of
the D-AA are not present in the control plants and the L-AA concentration of the treated
plants are quite similar to the control. The constant level of L-AA after D-AA treatment
can only be observed in the dat1 mutant. This is another evidence for the DAT1 protein
being part of a pseudo racemization process, since it creates the precondition for L-
aminating enzymes by D-AA deamination. The media of the D-AA treated plants were
also investigated to determine the concentrations of the treated D- and their respective L-
AA. In all samples, efflux was observed. However, after 72 h some of the L-A A were below
the detection limit due to either re-uptake or absent efflux. D-Asp is the only exception,
being exuded in even higher amounts after 72 h. The fact that there is a re-uptake reveals
that the plants are not using this mechanism to decrease harmful compounds. In case of a
detoxification event, plants would disable the re-uptake. Moreover, there are variances in
the exudation amounts between the different D-AA. But those differences do not correlate

with the toxicity of the compounds. In former experiments (Kolukisaoglu and Suarez
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2017), different lethal D-AA concentrations for Arabidopsis seedlings were determined.
By comparing the toxicity with the amount of exuded D-AA found in the media, there is
no coincidence. Additionally, the quantification of the D-AA as well as their L-
enantiomers did not reveal any correlation with the concentration measured in the plants.
This suggests rather a selective (passive) export of the amino acids from the plant roots.
Possibly, there are specific transporters involved, which are mediating non-energized
amino acid efflux. AtCAT8 could be a suitable candidate as it was identified as a

bidirectional H*-independent glutamine transporter (Yang et al. 2010).

However, those conclusions are quite difficult since there is re-uptake involved, and in
addition, amino acid export still needs to be further investigated (Okumoto and Pilot
2011). Further studies have to include D-AA uptake using more different D-AA combined
with energy-dependent inhibitors like CCCP and OV. Moreover, mechanistically different
inhibitors could be applied for example like p-chloromercuribenzenesulfonic acid
(PCMBS), which inhibits carrier-mediated transport. This was shown for amino acid

export from pea seeds (De Jong and Wolswinkel 1995).

In nature, measurements of efflux and re-uptake is not as simple as in in vitro cultures
though. There are some challenges that have to be faced. First, the microbiome in the
rhizosphere ingests exudates from solution. Second, exudates can be absorbed by the soil
solid phase and third, there is a large proportion of metabolites, released due to organic
matter degradation (Oburger and Jones 2018). However, the presence of soil-dwelling
microorganisms leads to new questions. For example, what is the impact of competition
for nutrients, i.e. D-AA, between plants and the rhizobiome? This question cannot be
answered unambiguously, since there are again crucial aspects like nitrogen limitation or
overall concentration of these compounds playing a role (Nasholm, Kielland, and Ganeteg
2009; Zhu, Riley, and Tang 2017). However, it was discovered by Harrison, Bol, and
Bardgett (2008) that plants are inferior to microbes in the uptake of organic nitrogen,
irrespective of the nitrogen form. But in the long run, plants are assumed to be winners
for nitrogen acquisition because of the unidirectional flow of nutrients from soil to roots
(Kuzyakov and Xu 2013). The work of Broughton et al. (2015) was more focused in a way
that this phenomenon was analysed by distinguishing the D- and L-enantiomers. They
also addressed the fact that bacteria might prefer to take up D-AA due to a self-cycling
mechanism like it was already described by Lam et al. (2009). In the end, however, they
could not prove this hypothesis as the tested phospholipid fatty acids (PLFAs) from the
soils representing gram-positive and -negative bacteria and fungi, incorporated more *C

of the L-form than of the D-form. Nevertheless, a more recent study found a D-alanine
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transporter (DatA) in Bacillus subtilis, which has a higher affinity towards D-Ala than to L-
Ala for re-assimilation of D-Ala released from the cell wall as the bacterium grows (Sidiq
et al. 2019).

Another question in this regard is whether plants are able to control their metabolite
efflux, which was also addressed by Farrar et al. (2003). They found different factors
influencing the efflux of plants like concentration gradients and growth state but they also
concluded that the plant exerts little direct control. A major problem in this regard is that

a concentration gradient in nature soil is not trivial to measure.

Amino acid profiles of soil extracts (extracted with H2O or K250s or KCl) are not strictly
comparable to amino acid profiles of actual soil solution (Warren 2014). There are several
different methods how to extract soil compounds (for review see Vranova et al. (2012)).
By using more efficient extraction methods, there is a risk of overestimating the amino
acid quantities. The primary aim is to extract “free” amino acids, which are bioavailable
for plants. Besides these free compounds, there are non-bioavailable amino acids, which
are covalently bound to chemical entities for example sugars, integrated in proteins or
absorbed to soil solids (Vranova et al. 2012). The second aim is to be careful in choosing a
gentle way of extraction to avoid a chemical racemization processes, which can give a
misleading picture of the D-AA quantity. Other factors are soil sampling strategy (number
of samples over space and time), sample preparation (sieving and drying), soil storage,
extraction temperature, shaking time, and soil-to-extractant volume ratio (Jones and

Willett 2006).

As we showed before, plants are able to take up large amounts of D-AA within a quite
short time (Paper I, Fig. 1). This might be useful regarding to the re-uptake in presence of
competitive bacteria. Additionally, in terms of a microbial population interference, for
example through freeze-thaw events (Schimel and Clein 1996) a rapid uptake of D-AA can
also be beneficial. Therefore, plants might be able to take an advantage on amino acid
import from soil due to both, reduced numbers of microbial competitors and due to a flush
of amino acids from decomposing microbial cells (Jones et al. 2005). However, the uptake
of amino acids released from soil organic matter (especially after those rather rare freeze-
thaw events) cannot be seen as the main role of the root’s amino acid transporter, though.
The major function is suggested to recapture amino acids lost through exudation (Jones et

al. 2005).

All these studies were, unless otherwise stated, performed detecting both enantiomers of

amino acids without separating D- and L-form. Since the phenomenon of exudation and
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re-uptake has never been shown for D-A A separately, literature for amino acids in general
has to be used. This should be justifiable due to the fact that Hill et al. (2011) provided
evidence for D-AA being assimilated equally compared to their L-form. In fact, they had
discrepancies in the uptake rate between D- and L-Ala, but they did not take into account
that the D-Ala is partially converted into L-Ala as we demonstrated in our results.
Additionally, we proved evidence that both enantiomers are taken up actively and exuded
passively as it was already described for L-AA (for review see (Jones, Nguyen, and Finlay
2009).

Bacteria in soils are not competitors of plants per se and can be also beneficial for them. D-
AA might be exuded by plants to attract valuable bacteria forming mutualistic
associations in the rhizosphere (Badri et al. 2009). This phenomenon is quite well known
in the mycorrhizae or rhizobacteria symbiosis context. Besides, there is one example
known of specific attraction and root colonization of the biocontrol agent Bacillus subtilis
by selective Arabidopsis L-malic acid exudation through an increased ALMT1 expression
(Rudrappa et al. 2008). However, there is no evidence to date that there is such an effect
between plants and bacteria considering D-AA exchange or even an alteration of the
rhizosphere microbial composition due to secretion of D-AA in root exudates. It seems
reasonable to attract advantageous bacteria by D-AA exudation, since their cell wall

consisting of D-Ala and D-Glu, the two main metabolites of Arabidopsis thaliana.

Nevertheless, it was shown that plants are able to shape their soil microbiome community
(for review see Sasse, Martinoia, and Northen (2018)). However, it is a lot more to consider
in this respect than just the root exudate. There are e.g. physiological factors like the
developmental stage of Arabidopsis playing a role in rhizosphere microbiome
composition. With increasing age, the amino acid exudation rises (Chaparro, Badri, and
Vivanco 2014). On the other hand, with increasing age of the plants diffusion is negligible,
since the presence of casparian strips or suberized endodermis in adult roots block
apoplastic flow (Sasse, Martinoia, and Northen 2018). Moreover, it is quite challenging to
get a good image of the root bacterial communities, since the distinct root segments are
colonized differently. The root tip is associated with the highest numbers of active
bacteria, the root elongation zone is particularly colonized by Bacillus subtilis, and the
bacterial communities of the mature root zones distinguish from those of the root tips
(Massalha et al. 2017). In the B. subtilis genome, 10 chemoreceptors are encoded, which are
recognizing a broad variety of amino acids with no preference of those of high nutritional
value. This kind of chemotaxis could help to locate plant roots and is therefore crucial for

the early steps of root colonization (Allard-Massicotte et al. 2016). Badri et al. (2013)
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discovered the correlation between compounds and soil microbes and found that the
majority of amino acids related compounds showed a negative correlation with the phyla
Actinobacteria. However, in all those studies the D- and L-forms were again not detected
separately. With the knowledge generated in this work, it would be crucial to investigate
those compounds independently, since their functions were shown to be quite different

as well as their impact on plants.

Another central factor for bacterial root colonization investigation is of course the plant
species but in addition their respective accessions and genotypes. In Figure 2 (Paper I), we
showed that dat1-1 mutants have compared to the Col-0 wildtype different L-AA levels
after D-AA feeding. This results in different D-AA and L-AA efflux compositions between
the wild-type and the mutants. Moreover, the presence of the DAT1 enzyme is crucial for
D-Ala and D-Glu synthesis from other D-AA. A consequence could be a differential
attracting pattern, which would influence the microbiome arrangement. Such microbe
modulation by plants was already shown before (Micallef, Shiaris, and Colén-Carmona
2009). The authors discovered a correlation between exudation patterns and rhizobiome
variation for eight Arabidopsis accessions by terminal-restriction fragment length
polymorphism. Moreover, they found the two Arabidopsis thaliana ecotypes Ler and C24
to have the lowest terminal-restriction fragment (T-RF) diversity in their rhizosphere, that
was comparable to the bulk soil. This result is not surprising since Ler has a natural
mutation in the DATI gene (Paper Il Fig.1a). However, by using deep 16 rRNA gene
profiling, another study (Schlaeppi et al. 2014) revealed that the rhizobiome clustering is
varying more through interactions with the environment as within host species.
Furthermore, they found more diversity between the different Arabidopsis species than

by comparing A. thaliana ecotypes.

In conclusion, the D-AA efflux appears not to be controllable for the plants. Exudation can
be rather seen as a leakage of small molecules from the roots into the soil. However, the
different D-AA vary in their exudation levels. D-AA are partially valuable for the plants,
since they can be used as nitrogen source. To regain those compounds, plants have the
D-AA re-uptake ability. This could be important for plants due to the presence of soil-
dwelling organisms that are shown to compete for those nitrogen containing compounds.
On the other hand, there can be also a mutual effect between plants and bacteria in soil.
This was shown for amino acids altogether, since most of the studies, dealing with this
topic did not use a chiral analysis method. A third hypothesis is the elimination of D-AA
through the efflux as reaction of a putative overload of those compounds, since in the past

D-AA are generally considered as toxic due to growth inhibitory effects. However, there
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is no correlation between the efflux quantity and the level of toxicity. The negative

response of plants after a certain D-AA treatment must be regulated in a different way.

3.2 Physiological effects after D-amino acid treatment in DAT1 defective

plants
In the previous chapter I focussed on the efflux mechanism of D-AA. In this part of the
discussion I want to address the effects within plants caused by D-AA. Furthermore,
plant-microbe-interactions are discussed, which are important in this context regarding
D-AA circuit in nature. Therefore, the uptake of D-AA is again a crucial step for studying
physiological effects of D-AA on plants. Another important factor is the time of D-AA
presence in the rhizosphere, and therefore the time of plants being exposed to the D-AA.
In contrast to the efflux experiments, in which plants were treated for 24 h, the here
presented experiments were performed with plants, germinated on solid media
containing certain D-AA. By investigation of plants, which are exposed to D-AA over a
long period, we observed a growth inhibition effect (unpublished data) which was also
described by Erikson, Hertzberg, and Nasholm (2004). The effective concentrations vary
from 0,1 to >10mM depending on the respective D-AA. The different harmful
concentrations did not correlate with different uptake abilities (Gordes, Kolukisaoglu, and
Thurow 2011). Moreover, as we showed before, the efflux rate is also much smaller than
the uptake rate. The question thus arises how plants regulate the abundance of D-AA after

their uptake besides efflux?

As mentioned before, there are several putative D-AA racemising, oxidising and
conjugating enzymes found in plants (Fig.2). But first of all, the AtDAT1, which converts
all canonical D-AA into D-Ala, D-Glu and indirectly into their respective L-enantiomer
has to be mentioned in this regard. This protein with transaminase activity has turned out
to be a key enzyme in D-AA metabolic pathways. By characterization of this enzyme, the
preference for D-Met over the other tested D-AA was observed (Paper I, Fig. 3). This
means that the DAT1 has the highest conversion rate to D-Ala and D-Glu after D-Met
feeding amongst other D-AA. In our genetical and biochemical approaches we found that
the A. thaliana Ler (Landsberg erecta) ecotype has a reduced AtDAT1 enzyme activity due
to a point mutation in the respective active gene site (Paper II, Fig. 1A). Therefore, Ler has
only 5 % remaining activity, compared to the Col-0 wild-type. With this observation,
experiments followed using solid media, which contained D-Met to grow Arabidopsis

seedlings of Col-0 and Ler wild-type as well as the two DAT1 knock out mutants dat1-1
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and dat1-2, which are T-DNA insertion lines in Col-0 background. In these experiments,
growth inhibition was observed at concentrations =200 uM (Paper II, Fig 5). Another
significant effect appeared by comparing the wild-type with the mutants, which were
more susceptible to D-Met. At concentrations of 500 uM D-Met, the mutants were,
compared to the Col-0 wildtype, seriously stunted in their growth. Ler, with its reduced
DAT1 activity, showed intermediate growth reduction on these D-Met concentrations and
was not as severely affected as the mutants. In this regard the question arose: why is D-Met
the favourable substrate of the DAT1 enzyme and how can plants be exposed to D-Met in

nature?

Methionine is a sulphur containing canonical amino acid which is important for many
metabolic processes. Besides L-Met, which is known to be produced in plastids (Wirtz and
Droux 2005), D-Met was never shown to be synthesised de novo by plants. There are
bacteria, producing D-Met from L-Met like Streptococcus faecalis (Shockman and Toennies
1954). Another bacterial species (Vibrio cholerae) produces, releases, and incorporates
D-Met into its peptidoglycan layer, which could modulate this polymer in its strength and
flexibility (Cava et al. 2011) or even help to become penicillin G resistant (Lam et al. 2009).
This was also observed for Escherichia coli unless they are not capable to produce and
release D-Met themselves. Interestingly, the release of extracellular D-amino acids can
signal to the whole bacterial community to regulate PG amount, composition, and
strength (Cava et al. 2011). A similar event was published by Kolodkin-Gal et al. (2010), as
they showed in terms of biofilm formation that a mixture of D-Met, D-Leu, D-Trp, and
D-Tyr triggers biofilm disassembly of Bacillus subtilis. Moreover, Lam et al. (2009) detected
free D-AA concentrations in different bacterial growth stages. As a result, they observed
D-Met production for the facultative anaerobic bacteria Vibrio cholerae, Vibrio
parahaemolyticus and Aeromonas hydophilia in 0,5-1 mM concentrations. Those bacteria
could be a putative source for D-Met in plants’ environment as they are occurring in

rhizospheres and are therefore directly associated with plant roots.

Plants are able to take up D-Met in considerable quantities, which are comparable to D-
Ala (Gordes, Kolukisaoglu, and Thurow 2011). D-Met and D-Ala were no competitors in
simultaneous L-AA uptake in mustard roots (Wright 1962), suggesting different transport
mechanisms. Nevertheless, the natural source of D-Met for plants has not been completely
elucidated so far. This becomes clear by examination of D-AA profiles in soil. There are
several D-AA discovered in the rhizosphere, but no D-Met or only small quantities are
found in soils (Amelung and Zhang 2001) or in plants (Briickner and Westhauser 2003).

Additionally, L-Met is only present in relatively low concentrations, too (Hu, Zheng, and
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Wanek 2017). As D-AA are only a small percentage of their respective enantiomers, it is
quite challenging to find the compound within the limit of quantification. One explanation
of the partial absence of D-Met in soils would be that naturally low amounts are taken up
immediately by plants and microorganisms. Since it can be regarded as a vital sulphur
containing compound, which is utilized by many living organisms (Jones 1999) the
presence of the free form can rather be seen as a rare event. Moreover, amino acid
influx/efflux ratios were tested in four different plant species by Phillips et al. (2004).
Among other amino acids, methionine had the highest influx, compared to the efflux. This
implies that methionine in the rhizosphere should always be expected in low quantities.
Interestingly, the spectrum of this ratio for the different amino acids varies a lot between
species, suggesting species dependent affinities towards amino acids. This leads to
another question regarding the AtDAT1 and its substrate affinity: why is there a preferred
interaction between AtDAT1 and D-Met and what about homologs of this enzyme in other
plant species? This gene is well conserved in different plant species (Paper II, Fig. S5), and
only the enzyme from Arabidopsis was characterized. For future studies, it would be
interesting to investigate different plant species in order to find correlations between the
D-AA preference of the DAT enzyme, their respective influx/efflux ratio as well as the soil

properties including their microbial associations.

The DAT1 protein is located in plastids (Paper II, Fig. S3). After uptake, D-Met is assumed
to be transported right there. We got first evidence by feeding the plants with a D-Met
derivative harbouring an azido group which is able to react with a ethinyl group of a
modified fluorophore (click chemistry similar to Hirano et al. (2016)). After this reaction
in planta, we were able to detect the fluorescent D-Met product in chloroplasts
(unpublished data). Kolukisaoglu and Suarez (2017) could already show the localization
of D-Ala in plastids. They treated Arabidopsis seedling with HADA (HCC-amino-D-
alanine), a D-Ala analogue, attached to a coumarin that has an excitation maximum of 405
nm (Kuru et al. 2015). Consequently, our data suggest that D-AA are transported into
plastids and metabolized there. But what happens if the DAT1 is inactive?

If there isno DATT1 to catabolize the D-AA, they therefore accumulate in the cells (as intake
of D-AA is always faster than release), resulting in a reduction of growth. By observation
of etiolated, D-Met treated seedlings, this stunted development of the seedlings resembled
a triple response (Paper II, Fig. 5). This phenomenon is known to occur upon increased
ethylene production (Guzman and Ecker 1990). It results into a reduction in elongation,

swelling of the hypocotyl, and a change in the direction of growth (Neljubow 1901).
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However, as stated before, there are more ways to metabolize D-AA than just by the
DATI1. As mentioned earlier, it is known that D-AA and particularly D-Met can be
conjugated for inactivation. Furthermore, it was already shown by Liu, Hoffman, and
Yang (1983) that there is a coincidence between the malonylation of 1-aminocycloporpane-
1-carboxylic acid (ACC) and D-Met. D-Met as well as D-Phe (but not their respective L-
AA) were found to inhibit the conjugation of ACC to malonyl-ACC (MACC) in mung-
bean hypocotyls. After 50 mM D-AA +1 mM ACC treatment they observed an increase in
ethylene and a decrease in MACC. We were able to confirm this phenomenon in
Arabidopsis in three different ways. First, ethylene can be manipulated by different
inhibitors, which are distinguished by their mode of action, either inhibiting biosynthesis
or signalling of ethylene (for review see Schaller and Binder (2017)). We treated the plants
with 500 uM D-Met in combination with a-aminoisobutyric acid (AIB) an ACC oxidase
inhibitor. By adding 2 mM AIB, the differences between the DAT1 mutants and the wild-
type vanished, suggesting a decrease in ethylene (Paper II, Fig. 6a). As a second approach,
we measured the ethylene released by the seedlings using gas chromatography. For this
experiment, Col-0, datl-1, dat1-2 and Ler were grown on 500 uM D-Met followed by
ethylene measurements of air samples from the plants’ gaseous phase. The results
confirmed the outcomes of the previous inhibitor experiments. The mutants produced
significantly more ethylene after D-Met treatment than the wild-type plants (Paper II,
Fig. 6b). And as a third method we qualified the metabolites after D-Met treatment. It was
shown before (Liu, Hoffman, and Yang 1983) that the enzyme, which catalyses the
malonylation of ACC also conjugates D-Met. This means, in presence of D-Met there is
competition for the malonyl-transferase. Consequently, there would be an increase in
malonyl-methionine and a decrease in MACC production with increasing D-Met levels.
Moreover, this effect should be more distinct in the DAT1 mutants since they are not
capable of metabolizing D-Met and have therefore a higher intercellular D-Met level. By
LC-MS/MS analyses, we were able to identify MACC and additionally malonyl-
methionine for the first time. In fact, there is an increase of malonyl-methionine upon D-
Met treatment, which differs between the wild-types and the mutants (Paper II, Fig. 7).
Moreover, we could detect a decrease in malonyl-ACC. However, there was no significant
difference between the mutants and the wild-types (Paper II, Fig. 8). This might be
explained by different metabolization pathways, in which ACC s conjugated alternatively
(Le Deunff and Lecourt 2016; Van de Poel and Van Der Straeten 2014). Consequently, there
are more pathways than malonylation involved in regulation of the ACC content (Fig. 3;
Paper 1II, Fig. 9). There is the jasmonyl-ACC derivative, which is formed by jasmonic acid

resistance 1 (JAR1). Interestingly, there are already jasmonic acid conjugates with other
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amino acids as Ile, Val, Leu and Phe known (Staswick and Tiryaki 2004). The third
derivative of ACC is y-glutamyl-ACC, formed by y-glutamyl-transpeptidase (GGT) with
a requirement of glutathione (GSH). There is even a fourth pathway in which ACC gets
catabolized by an ACC deaminase, forming a-ketobutyrate. Therefore, in concurrent
presence of D-Met, besides malonylation, alternate ACC metabolization pathways can be

promoted.

In this regard it would be interesting to know why growth is decreased in plants upon D-
Met treatment if there are other pathways to regulate the ACC? Whether these alternate
metabolites have their own mode of action or the system is out of the equilibrium state
due to D-Met overload remains unclear. Maybe the ACC quantity is just too huge to
compensate. Besides, the affinity of the N-malonyl-transferase for D-Met in comparison
with ACC has never been tested. The problem in this regard is that the N-malonyl-
transferase enzyme has not been identified, yet. Although the enzyme already has been
isolated several times (Guo, Phillips, and Arteca 1993), the gene encoding for this protein
is still unknown. Moreover, we have not tested other conjugates after D-Met treatment.
Since it is unknown if D-Met can be conjugated with a glutamyl- or jasmonlyl group, it
would be interesting to investigate those D-Met metabolites. Potentially, also the other D-
AA could interfere in those conjugation processes. This leads to another still remaining

question:

What happens with the other D-AA? After we could successfully show that the DAT1
enzyme plays a key role in D-AA metabolization, other D-AA and their effect on growth
through increased ethylene production getting interesting to explore. From previous
studies it is known that D-Phe causes similar effects like D-Met, since it is also malonylated
by the N-malonyl-transferase (Liu, Hoffman, and Yang 1983; Guo, Phillips, and Arteca
1993). Furthermore, we got a first hint when we observed a significant difference in growth
and ethylene production between the Col-0 wild-type and the datl-mutants when they
were grown on 1 mM D-Phe (unpublished data). Moreover, ethylene contents were
measured upon D-Ala, D-Arg, D-His and D-Trp treatment. All of those mentioned D-AA
were inducing ethylene production. However, this was not further pursued. Since
ethylene is a broad stress response, this could trigger many biochemical pathways. For
future studies, it would be worth to elucidate those responsible mechanisms and putative

reaction products as well as the investigation of additional D-AA.

The direct and indirect metabolites after DAT1 activity D-Ala, D-Glu and L-Met could also
play a role in plants physiological response. It is known that D-Ala can inhibit the ACC
oxidase, which leads to a decreased ethylene production (Gibson et al. 1998). Since D-Ala
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is only produced in the Col-0 wild-type upon D-AA treatment, it could also downregulate
ethylene production. But we were not able to measure any effect by adding D-Ala to our
D-Met treatment (unpublished data). Nevertheless, we found that treating the plants with
500 uM D-Met and L-Met simultaneously, even in low concentrations of 10 uM L-Met,
there was a rescue of the phenotype. We observed the DAT1 mutants growing almost as
big as the Col-0 wild-type (unpublished data). Additionally, we measured reduced
ethylene in the mutants when L-Met was present. However, there is no suitable
explanation for this phenomenon so far. One hypothesis is that the transport of D-Met is
reduced due to the presence of L-Met. This could be possible if D-Met and L-Met would
share the same transport mechanisms, resulting in a competitive inhibition of this putative
transport protein. Another idea is the disruption of the ethylene pathway through raised
L-Met concentrations. Since ethylene synthesis starts with L-Met, an increased
intermediate production could be expected. In this case, there might be a feedback
regulation occurring as it was found for the ACC synthase, which is inactivated through
S-adenosylmethionine (Satoh and Esashi 1986). This means that increased L-Met would
slow down the entire ethylene synthesis process. Those two mentioned theories could be
tested by using inhibitors, which are available for specific inhibition of either active
transport (CCCP, OV) or for ACC synthase (aminoethoxyvinylglycine, AVG). To
investigate this observation more in more detail there is another challenging problem. It
is quite difficult to detect L-Met, since 80 % of it is converted to S-AdoMet (Ravanel et al.
1998). This fast metabolization is also happening with ACC. It is possible to measure its
malonyl-conjugate via LC-MS, but we were not able to detect ACC itself, yet.

As mentioned before, there are beneficial bacteria colonizing the rhizosphere. To decrease
the ACC and thus the ethylene level, ACC metabolizing bacteria can be quite
advantageous for plants and their root growth. It was shown for canola plants that the
presence of ACC deaminase producing bacteria promoted root growth as they act as sink
for ACC (Stearns et al. 2005). Furthermore, bacterial ACC deaminase was shown to reduce
ethylene levels in plants by decreasing the available ACC. This decrease in ethylene leads
to promoted plant growth as a high concentration of ethylene induces root growth
inhibition (Glick et al. 2007). Therefore, it is required that plants exudate ACC (Arshad,
Saleem, and Hussain 2007). As ACC is an amino acid derivative, it is released most likely
through passive diffusion, which is concentration dependent. Release of ACC was
confirmed by Penrose, Moffatt, and Glick (2001) as they were able to quantify ACC in root
exudates. They also found less ACC in the rhizosphere in the presence of ACC deaminase-

containing bacteria species, which additionally promoted growth of plant roots.
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Additionally, they suggested that plants might even attract ACC deaminase containing
bacteria to establish a rhizosphere interaction. In this regard there is the assumption that
maybe there is no growth inhibitory effect in presence of those bacteria. Since ACC was
shown to be exuded by plants, soil-dwelling bacteria take up the ACC excess and therefore
prevent plants from the re-uptake of this compound. Another argument in this regard is
that there is growing evidence of ACC not only being a precursor of ethylene, but
additionally acting as a signalling molecule in plant development and beyond (Kieber and
Polko 2019).

However, regarding the interconnection between D-Met uptake and ACC release in a
beneficial way for plants is already rather complicated. There must be a co-existence of D-
Met releasing bacteria on the one side (Bacillus subtilis) and an ACC reducing organism on
the other side (Pseudomonas putida GR 12-2 (Jacobson, Pasternak, and Glick 1994)).
However, both genus, Pseudomonas and Bacillus belong to the growth promoting bacteria
(Andrews and Harris 2000; Bais et al. 2006). In this case the conclusion for D-Met would
be that on the first glance the effect on plants looks detrimental but could help plants in
nature to enhance growth since this compound and/or other D-AA are part of a plant-

microbial-interaction, which has to be investigated further.

Another interesting aspect is the concurrent efflux of ACC and the direct (D-Ala, D-Glu)
as well as the indirect (respective L-Form of the D-AA) DAT1 metabolites. There might be
a coincidence between the re-uptake of those metabolites, which can inhibit the re-uptake
of ACC due to their shared transport system, which is LHT1 (Shin et al. 2014). This could
be at least true for the metabolite D-Ala, which was found to be transported by LHT1
(Svennerstam et al. 2007). As methionine was not part of the transport studies, this still

has to be figured out.
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4 Conclusion

This thesis provides the first evidence for the main D-AA metabolization pathway via the
AtDAT1 enzyme. By transamination, all tested D-AA are converted directly into D-Ala
and D-Glu and indirectly into their respective L-form (also of the initial D-AA). This work
provides insights in AtDAT1 transamination activity, substrate affinity, and conservation.
Experiments using T-DNA insertion lines and the Ler ecotype, which has a natural
deficiency in the respective gene site, revealed phenotypic alterations upon D-AA
treatment. In our experiments, we used D-Met, since it has turned out to be the preferred
substrate for the DAT1 enzyme, probably due to its valuable sulphur containing backbone.
The resulting growth decrease upon D-Met treatment was only observed in the dat1 loss
of function mutants and Ler but not in the Col-0 wild-type. Finally, we were able to
connect our findings to previous publications by confirming that the reduced growth is
linked to an increased ethylene production. This was proven by determination of the
resulting metabolites (malonyl-methionine and malonyl-ACC) after D-Met treatment. In
the end, we could prove the central metabolic role of the DAT1 enzyme and its connection

to growth inhibitory effects of D-AA due to increased ethylene production.

Another part of the study addressed D-AA transport systems. We found energy-driven
import of D-AA by plants as it was previously shown for their L-enantiomers.
Furthermore, it was demonstrated for the first time that D-AA are exuded passively by

Arabidopsis thaliana roots. However, the efflux regulation requires further research.

Considering those observations into a greater biological context, it appears to be connected
to plant-microbe-interactions. Besides microbial degradation, soil-dwelling bacteria like
Bacillus subtilis are capable to release D-AA and particularly D-Met in physiologically
relevant amounts and can be therefore seen as adequate D-AA source. Plants take up
D-AA actively and metabolize them via the DAT1 enzyme. A fraction of the resulting
metabolites, if they are not used for protein structures etc., can be found in the rhizosphere
again through passive exudation. Since D-Ala and D-Glu are essential building blocks of
the bacterial peptidoglycan cell wall, it is possible that plants use this mechanism to attract
beneficial bacterial in their rhizosphere. A beneficial microbiome can prevent the root
assembly of pathogenic microorganisms and therefore increase the plants health. Ecotypes
like Ler would be disadvantaged compared to the Col-0 wild-type since Ler only possesses
5 % of the DATI activity. However, their origin is different and it can be assumed that
there are different selection pressures in the different growth environments. Since the

DAT1 protein is well conserved among different plant species, there could be also
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variations in substrate affinities depending on origin or other factors. But those hypotheses

still need to be tested.
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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, rhizodeposition 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.
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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: 4 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 1.38 (£0.30) 2.15 (£0.35) 0.01 (£0.01) 1.85 (£0.39)
Leucine 0.32 (£0.03) 0.28 (£0.21) 0.01 (£0.01) 0.14 (£0.13)
12h Lysine 1.46 (£1.03) 0.03 (£0.02) 0.00 (£0.00) 0.00 (+£0.00)
Phenylalanine 0.46 (£0.10) 0.00 (£0.00) 0.00 (£0.00) 0.00 (£0.00)
Proline 2.44 (0.62) 0.18 (£0.02) 076 (0.16) 0.29 (20.06)
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 0.20 (£0.16) 0.00 (£0.00) 0.00 (£0.00) 0.00 (£0.00)
Phenylalanine 0.06 (£0.06) 0.00 (£0.00) 0.00 (£0.00) 0.00 (£0.00)
Proline 2.48 (£0.27) 0.01 (+0.01) 1.27 (£0.09) 0.09 (£0.06)

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 dat1 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/HCI, pH 8, such as in plant extracts, by adding 1 M Tris/HCl. 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 pm 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 pM.
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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 uM OV (dotted line) and 500
puM OV (dashed line). Then the D-Ala (A) and L-Ala (B) contents in the seedlings were analyzed from 1-
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treated with D-Ala and then transferred to fresh medium with DMSO (solid line) or with 10 uM CCCP
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AtDAT1 Is a Key Enzyme of D-Amino
Acid Stimulated Ethylene Production
in Arabidopsis thaliana

Juan __Suarezf, Claudia HenerT, Vivien-Alisa Lehnhardt, Sabine Hummel, Mark Stahl
and Uner Kolukisaoglu *

Center for Plant Molecular Biology (ZMBP), University of Ttbingen, Tubingen, Germany

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 insertion 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
AtDATT alleles were unable to produce the metabolites of D-Met, D-Ala, D-Glu, and L-Met.
This result corroborates the biochemical characterization, which showed highest activity of
AtDAT1 using D-Met as a substrate. Germination of seedlings in light and dark led to
enhanced growth inhibition of atdat 7 mutants on D-Met. Ethylene measurements revealed an
increased D-AA stimulated ethylene production in these mutants. According to initial working
models of this phenomenon, D-Met is preferentially malonylated instead of the ethylene
precursor 1-aminocyclopropane-1-carboxylic acid (ACC). This decrease of ACC degradation
should then lead to the increase of ethylene production. We could observe a reciprocal
relation of malonylated methionine and ACC upon D-Met application and significantly more
malonyl-methionine in atdat7 mutants. Unexpectedly, the malonyl-ACC levels did not differ
between mutants and wild type. With AtDATT, the first central enzyme of plant D-AA
metabolism was characterized biochemically and physiologically. The specific effects of D-
Met on ACC metabolism, ethylene production, and plant development of dat?7 mutants
unraveled the impact of AtDAT1 on these processes; however, they are not in full accordance
to previous working models. Instead, our results imply the influence of additional factors or
processes on D-AA-stimulated ethylene production, which await to be uncovered.

Keywords: D-amino acids in plants, D-amino acid-stimulated ethylene production, D-amino acid specific
transaminase, D-methionine, 1-aminocyclopropane-1-carboxylic acid, ethylene, amino acid malonylation
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INTRODUCTION

It is widely accepted that proteinogenic L-amino acids (L-AAs)
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 amino acids (D-
AAs) are far less clear. Major reasons for this discrepancy 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 that
are generated by racemization of the corresponding L-AA (Fujii
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 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, mainly 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).
However, several reports suggested that D-AAs take up a
similarly crucial position in plants as in microbes and animals
[for further readings about D-AAs in microbes and animals, see
Konno et al. (2007) and Briickner (2011)]. For instance, the D-
Ala amount in duckweed (Landoltia punctata) was demonstrated
to increase during UV light stress (Monselise et al., 2015).
Furthermore, D-Ser is involved in pollen 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 (Physcomitrella patens), D-Ala and D-
Glu were detected in the plastidial envelope, similar to bacterial
peptidoglycan (Hirano et al., 2016). This finding and others led
to the conclusion that peptidoglycan, containing D-Ala and D-
Gluy, 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 implies much
more functions for these AAs than currently known (Naranjo-
Ortiz et al., 2016). However, it also raises the question about their
metabolism in plants, especially how the abundance of different

D-AAs is regulated. On the one hand, their content has 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 facts that the rhizosphere is the major natural source of D-
AAs for plants (Vranova et al,, 2012) and that D-AAs are taken
up by roots in considerable amounts (Hill et al., 2011; Gordes
et al, 2013). In this respect, the question arises which processes
facilitate the catabolism of D-AAs in plants.

In the course of our previous studies, D-Met got into our
focus because of its highest conversion rates in almost all tested
accessions of Arabidopsis thaliana except in Ler (Gordes et al.,
2013), although 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 that 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
and other D-AAs to seedlings of cocklebur (Xanthium
pennsylvanicum), pumpkin (Cucurbita moschata), sunflower
(Helianthus annuus), mung bean (Vigna radiata), water melon
(Citrullus vulgaris), and pea (Pisum sativum) leads to increased
ethylene production (Satoh and Esashi, 1980; Liu et al., 1983;
Kionka and Amrhein, 1984). This phenomenon was
characterized as “D-amino-acid-stimulated ethylene
production” (Satoh and Esashi, 1980). The authors tried to
explain the effect by competitive malonylation of D-Met and 1-
aminocyclopropane-1-carboxylic acid (ACC), the precursor of
ethylene. According to this hypothesis, D-Met would compete
with ACC for the same 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
ethylene production (Yang and Hoffman, 1984). However, this
hypothesis could not be verified because the corresponding
malonyl transferase has not been identified to date.

As shown previously, Arabidopsis plants are able to convert
particular D-AAs like D-Met, D-Trp, D-Phe, and D-His to their
respective L-enantiomers (Gordes et al., 2011). Additionally, the
feeding of almost all tested D-AAs led mainly to the formation of
D-Ala and D-Glu. In 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 et al,
2012; Gordes et al., 2013).

Here, 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 D-AAT (Funakoshi et al., 2008), which we named
AtDAT1. This enzyme has been shown before to have a second
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enzymatic function as an aminodeoxychorismate lyase (ADCL)
in the synthesis of p-aminobenzoate, a folate precursor (Basset
et al, 2004). Nevertheless, a physiological role could not be
assigned to the AtDAT1 encoding gene in plants to date. Most
interestingly, the homolog of AtDAT1I in Plasmodium falciparum
also displays such a dual function and the ADCL activity is
repressed by D-AAs (Magnani et al., 2013). Loss-of-function
mutants of AtDATI showed almost identical defects as Ler in D-
AA metabolism, with D-Met as strongest effector. Indeed, we
could show that the affected gene in Ler encodes for an almost
non-functional AtDAT1 isoform. Biochemical analyses revealed
that this enzyme prefers D-Met as amino donor and pyruvate
over 2-oxoglutarate as amino acceptor, confirming the
preferential production of D-Ala in Col-0. The discovery of
AtDATI and its mutants gave us also the opportunity to verify
the working model of D-AA-stimulated ethylene production in
plants. We found that D-Met application causes significantly
higher ethylene production and growth inhibition in atdatl
seedlings compared to wild type. According to the current
working model, the increase in ethylene should be caused by a
decrease in malonylation of ACC due to the increase of malonyl-
D-Met, leading to a higher ACC oxidation. Although we found
higher malonyl-methionine concentrations in atdatl seedlings
after D-Met application, the malonyl-ACC levels decreased
equally in mutants and their respective wild type. This points
to an additional, yet unraveled, mechanism regulating D-AA-
stimulated ethylene production in plants. Nevertheless, our
findings indicate functions of D-Met in defined plant processes
beyond unspecific growth inhibition.

MATERIALS AND METHODS

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).

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 6 days in
darkness or 10 days in light (all at 22 °C). As solid growth media
Y2 MS basal 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.

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 et 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 Table S1) were used in a PCR reaction with Taq
polymerase from New England Biolabs (Frankfurt am Main,
Germany) according to manufacturer’s protocol. To determine
the AtDATI sequence in different Arabidopsis ecotypes, the
complete coding sequences were amplified from genomic DNA
and cDNA as described above and the PCR products were
sequenced directly by GATC (Konstanz, Germany). For cDNA
synthesis RNA of 14 days old seedlings germinated in liquid
media under long day conditions was extracted with the RNeasy
Mini Kit from Qiagen (Diisseldorf, 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 used for cloning
purposes (see below) and RT-PCR analysis.

Cloning of AtDAT1 Variants for
Recombinant Expression

For cloning AtDAT]I 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/
DATI1-A1 (Table S1). PCR products were cloned into pENTR/
D-TOPO according to manufacturer’s protocol (Thermo Fisher
Scientific, Karlsruhe, Germany), leading to the constructs
PENTR-AtDATI (co10) and pENTR-AtDATI(1.,. To create
AtDATI coding sequences with the single point mutations
A77T and T303S, the previously described clones were cleaved
with Pst I and Not I, creating a 0.5 kb fragment. This was then
ligated from pENTR-AtDAT1(co1.0) to pENTR-AtDAT1 1,y and
vice versa, resulting in the constructs pENTR-AtDAT1 4771y and
PENTR-AtDATI (13035). After sequence verification of the
constructs, they were all used for LR reaction using the kit
from Invitrogen (Karlsruhe, Germany) according to
manufacturer’s protocol into pGEX-2TM-GW (kindly
provided by Bekir Ulker) for expression in E. coli with N-
terminal GST tag and C-terminal His tag. Additionally, the
PENTR-AtDAT1 o0y and pENTR-AtDAT1 ;) were used for
Gateway-based cloning into pUB-DEST-GFP for expression in
plants with C-terminal GFP tag. pENTR-AtDAT1 c,1.0) 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 % MS-Agar with 1% sucrose containing
hygromycin or germinated on soil and sprayed with 2%
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BASTA from AgrEvo (Diisseldorf, 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 A.
tumefaciens cells into infiltration media [10 mM MES-KOH (pH
5.7), 10 mM, MgCl, 0.2 mM Acetosyringone]. Using a syringe 1
ml of infiltration media with the mix of the three types of cells
was infiltrated in the abaxial side of Nicotiana benthamiana
leaves. Plants were then watered and kept on the lab bench for 2
days. 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 to 725 nm.

Promoter::GUS Transgenic Analysis

The promoter region from -677 to +11 of the genomic locus of
AtDATI from Col-0 and Ler were amplified by PCR with the
primer pair ProDAT1-SGW/ProDAT1-AGW (for sequences, see
Table S1). The respective fragment was cloned into 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 K;Fe(CN)g.
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
AtDAT]I variants in pGEX-2TM-GW (see above) and grown in
LB medium with appropriate antibiotics until they reached an
ODgq 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, (Weilmiinster 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, Miinchen, 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

The standard reaction mixture with 2-OG as amino group
acceptor contained D-Ala (10 mM), 2-OG (50 mM), and
pyridoxalphosphate (PLP; 50 uM) 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 AtDATI1 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
Vmax 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
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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 3,000 V and a resolution of
20,000. Separation of the amino acids was carried out on a
Waters Acquity C;g HSS T3, 1.0 x 150 mm, 1.8 um column with
a flow rate of 50 pl/min and a 22 min gradient from 70% water to
99% methanol (both with 0.1 % formic acid). For quantification,
3 pl of sample was injected and a 5-point calibration from 0.125
to 1,250 uM was used.

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 a Waters Acquity C;g HSS T3,
2.1 x 100 mm, 1.8 um column, and a flow rate of 0.2 ml/min with
a 15 min gradient from 99% water to 99% methanol (both with
0.1% formic acid) was used for separation. The malonylated
compounds were identified by the exact mass of their molecular
ion followed by a MS/MS fragmentation.

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 6 days. The vials were closed with rubber
septa and opened once 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 were analyzed with IBM SPSS Statistics 24. Significance
levels were analyzed using an independent two-sided Student’s t-
test. For further analyses between and within genotypes, we used
an ANOVA followed by post hoc tests, Gabriel, or Games-
Howell, depending on the equality of variances. For testing the
homogeneity of variances, a Levene test was applied.

RESULTS

AtDATT1 as a Candidate Gene for D-AAs
Metabolism

Initially, we observed the strong decrease of both D-AA to L-AA
and especially D-AA to D-Ala/D-Glu conversion rates in Ler in
comparison to other ecotypes (Gordes 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. One candidate protein had been previously identified
biochemically to be such an enzyme, named AtDAATI
(Funakoshi et al., 2008). To investigate its role in planta we
started to analyze T-DNA insertion lines of the corresponding
gene (At5g57850; afterwards designated as AtDATI) regarding
their D-AA metabolism.

Homozygous plants of such insertion lines, SALK_011686
and SALK_111981 (denoted as datl-1 and datl-2, respectively;
Figure 1A), were isolated and propagated for further analyses
(see Table S1 for primer sequences). RT-PCR analysis of
AtDATI expression displayed no transcripts with the given
primer combination in datl-1 and datl-2 mutants compared
to the corresponding wild type (Col-0) (Figure 1B). As observed
previously (Lempe et al., 2005), the AtDATI transcript level in
Ler seedlings was similar to that of wild-type Col-0. Feeding with
D-Met caused the highest accumulation of D-Ala, D-Glu, and its
respective L-enantiomer in Col-0 seedlings of all tested D-AAs.
Therefore, seedlings of the dat1-1 and datI-2 mutants, Col-0 and
Ler were grown for 14 days on liquid %2 MS medium in light,
then supplemented with D-Met and subsequently analyzed for
their AA contents. In sharp contrast to Col-0, both AtDATI
insertion mutants were neither able to produce D-Ala, D-Glu,
nor additional L-Met after application of D-Met. This AA profile
was 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 AtDATI transcript level, which
could be confirmed by RT-PCR (Figure 1B). When this
accession was grown on D-Met supplemented medium, defects
in AA metabolism were observed (Figure S1) similar to those
found in Ler and the datI mutant seedlings. This defect was not
just due to the reduced transcription of AtDATI in M7323S.
Sequencing of the genomic locus and the cDNA of AtDAT]I from
M?7323S revealed that this gene contains a T->A mutation at
genomic position +1259. This leads to a nonsense mutation at
the third position of a cysteine codon (TGT) to a stop codon
(TGA) at position 248 of the AA sequence (C248STOP) (Figure
1A). In contrast, sequencing of the genomic locus and the cDNA
of AtDAT]I from Ler revealed two missense mutations leading to
AA exchanges of the protein sequence (A77T and T303S)
(Figure 1A).

To examine whether these mutations in the AtDAT]I Ler allele
are responsible for the metabolic aberrations in this accession, we
performed different genetic approaches. First, ubiquitin
promoter-driven expression of the AtDATI Col-0 allele in
transgenic Ler plants led to the reconstitution of the D-Met
metabolism in Ler and its complementation in the datI-2 mutant
(Figure 2A). Second, F1 seedlings derived from crosses between
Col-0 and Ler and between Col-0 and dat1-2 displayed no defects
in D-Met metabolism as observed in Ler and dat1-2, irrespective
of the maternal origin, whereas the offspring of the Ler x dat1-2
crossing did (Figure 2B). These data prove the defect of AtDAT1
function in the Ler accession and the datI-2 insertion mutant.

To answer the remaining question about the reason for this
defect in Ler, the expression of AtDATI was analyzed. As
mentioned before, the AtDATI transcript levels appeared
similar in Col-0 and Ler (Figure 1B). This observation was
supported by analysis of transgenic plants containing the uidA
reporter gene (GUS) under the control of the AtDATI promoter
either from the Col-0 or Ler allele (Figures S2A, B). There, it can
be seen that the reporter constructs are active in seedlings and
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and grey, respectively) with the positions of T-DNA insertions in dat7-7 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,
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FIGURE 2 | D-Met metabolism 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 dat7-2 seedlings overexpressing AtDAT1 (AtDAT1 Ox) and their corresponding background lines and (B) in
seedlings of F1 progeny of crosses of Col-0, Ler, and dat7-2 and their corresponding parental lines; for further information, see Figure 1C (*p < 0.05; *p < 0.01).

adult plants and with less GUS staining in late floral stages and
seeds (Figure S2A), corresponding to expression patterns
displayed in the eFP browser (Winter et al., 2007). The activity
of the AtDAT1 promoters derived from Col-0 and Ler showed no
apparent differences, irrespective of the presence of L-Met or D-
Met in the media (Figure S2B). Subcellular mislocalization
would have been another explanation for affected AtDATI
function in Ler. Therefore, GFP-tagged AtDATI gene variants
derived from c¢cDNA of both ecotypes expressed under the
control of the ubiquitin 10 promoter were transiently
transformed into tobacco leaves (Figure S3). The Col-0 as well
as the Ler cDNA derived AtDAT1 fusion proteins localized to

the chloroplasts, as it had been shown before for GFP-tagged
AtDAT1(co10) (Basset et al., 2004). Therefore, a possible mis-
expression of AtDATI or its mis-localization of AtDAT1-GFP in
Ler does not cause the aberrant D-Met metabolism in
this accession.

A Missense Mutation of the AtDATT1 Ler
Allele Leads to an Almost Complete Loss
of the Enzymatic Activity

To clarify if the enzyme encoded by the Ler AtDAT] allele is able
to transaminate D-AAs, the Ler (AtDAT1(.,) and Col-0
(AtDAT1(co10)) versions of AtDAT1 were expressed with an
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N-terminal GST-tag in E. coli. After purification by affinity
chromatography (for purification results, see Figure S4), their
enzymatic activities were tested according to Funakoshi
et al. (2008).

We first tested AtDATI(co1.0) for its capability to
transaminate 2-oxoglutarate (2-OG) or pyruvate using 16
different D-AAs as amino group donors. With 2-OG used as
amino group acceptor, a transaminase reaction was only
detectable for the donors D-Met, D-Trp, and D-Ala (Table
S2), whereas with pyruvate as acceptor, almost all D-AAs, with
the exception of D-Pro, led to the formation of 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 applied as amino group donor
(Table S2). The comparison of the AtDAT1 ¢,y o) activities using
different D-AAs and pyruvate as substrates revealed that D-Met
was the best tested amino group donor (Figure 3). Using
pyruvate and D-Met as substrates, we determined the Ky, and
V imax of AtDAT1 010y to be 17.4 mM and 0.07 nkat, respectively.

To characterize the activity of AtDAT1y,, in comparison to
AtDAT1(col0), enzymatic assays were performed with two
substrate combinations: first, with D-Met as amino group
donor and pyruvate as acceptor, respectively, as the best
substrate combination for AtDAT1c,.0) and, second, with D-
Ala as amino group donor and 2-OG as acceptor. As shown in
Figures 4A and B for both substrate combinations, the activity of
AtDAT1 ., dropped to 0-5% compared to that of AtDAT1 ¢,y ).

We next addressed the question whether only one of the
missense mutations in AtDAT1 ., (A77T or T303S) is sufficient
to cause the activity loss. The alignment of DAT1 amino acid

sequences from different plant species revealed that the alanine at
position 77 is more conserved than the threonine at position 303
(Figure S5). To analyze the impact of the mutations, AtDATI
(Col-0y derived isoforms harboring single amino acid exchanges of
AtDAT1 Ler) Were also expressed as N-terminal GST fusions in E.
coli. The recombinant proteins were affinity-purified and tested
for their activity. The enzyme isoform with the T303S amino acid
exchange AtDAT1(r3035) showed an activity comparable to
AtDAT1(co10) (Figures 4A, B). In contrast, the mutation A77T
led to a strong decrease in the production of D-Glu (Figure 4A)
and D-Ala (Figure 4B) with 2-oxoglutarate or pyruvate as
substrates, respectively. Instead, the enzymatic defect of
AtDAT1 5771y was quantitatively similar to that of AtDAT1
(Ler)- From these data, we conclude that solely the A77T
amino acid exchange is responsible for the activity loss of
AtDAT1 (1., Furthermore, the enzymatic data also revealed
that the Ler variant of AtDATI1 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 AtDATI1 as a central enzyme of D-AA
metabolism, the question arose whether the loss of AtDAT1 gene
function leads to defects in Arabidopsis growth and development.
Under greenhouse conditions in soil growth of datI-1 and dat1-2
mutant plants could not be distinguished from Col-0 (Figure
$6). We next asked of how the mutant lines and Ler would grow
in presence of D-Met. Growth of dat1-1 and datI-2 seedlings on

D-Pro
D-Trp
D-Phe
D-Tyr
D-Val
D-Leu
D-Lys
D-Arg
D-His
D-Ser
D-Thr
D-Met
D-Asn
D-GIn
D-Asp mm

o

10 20 30 40

50 60 70 80 90 100
relative activity (in %)

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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media containing 500 uM D-Met resulted in a retardation
compared to the corresponding wild type, whereas Ler took an
intermediate response (Figure 5A). Testing this growth behavior
on the dark-grown etiolated seedlings revealed an even more
pronounced growth difference between the datl 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).
Altogether, D-Met inhibited seedling growth specifically in
AtDATI affected lines.

The reduced growth of hypocotyls and roots of datI-1 and
dat1-2 seedlings, especially in the dark (Figure 5A), reminded of
phenotypes caused by the gaseous plant hormone ethylene. This
gets even clearer with a look on the hypocotyl length of the four
dark grown lines (Figure 5B): There was a highly significant
decrease of datl-1 and datl-2 hypocotyl length of about one-
eighth compared to Col-0 grown on 500 uM D-Met. Although

2500

2000
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1000

nmol D-Ala/mg Protein min-!

Col Ler ATTT T303s

FIGURE 4 | Activities of AtDAT1 variants. Transaminase activities of AtDAT1 co1.0), AtDAT Len, AtDAT (a771), and AtDAT1 73035y With D-Met as amino group donor
and (A) 2-oxoglutarate or (B) pyruvate as acceptor molecule are displayed; for further information, see Figure 3.

increasing L-Met concentrations also led to shorter hypocotyls,
this effect was similar in mutant and wild-type plants.
Furthermore, the growth inhibition was by far not as strong as
with D-Met (Figure S7).

AtDAT1 Mutants Display Enhanced D-AA
Stimulated Ethylene Production

To test whether ethylene synthesis is indeed affected in datI
mutants by D-Met, we added oi-aminoisobutyric acid (AIB) to
the growth medium, which leads to the inhibition of ACC
oxidase, the enzyme catalyzing the last step of ethylene
synthesis (Satoh and Esashi, 1980). As shown in Figure 6A,
the addition of 2 mM AIB to the growth medium led to a
reversion of growth reduction by D-Met of all dat1 affected lines
in the dark. This indicates that the increased ethylene production
in these lines is caused by D-Met in the medium.

dat1-1 dat1-2

Ler
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B I
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FIGURE 5 | Seedling growth is differentially suppressed by D-Met in AtDATT knock out-lines. (A) Seeds of Col-0, dat1-7, and dat1-2, and Ler were germinated
either in continuous light (sun) or darkness (moon) on different solid growth media (with 500 uM D-Met, with 500 M L-Met supplemented or without
supplementation). (B) Hypocotyl growth of the before mentioned dark grown plants. The bars (Col-0: black, Ler: grey, dat7-7: dotted, dat7-2: striped; n = 30)
represent the average hypocotyl length. Different letters indicate statistically significant differences (p < 0.05) tested by an ANOVA. Error bars (+ SD).
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FIGURE 6 | D-Met leads to an increase of ethylene in AtDAT7 knock out-lines. (A) Seeds of Col-0, dat7-1, and dat7-2, and Ler were germinated in continuous
darkness on solid growth media without any supplementation (control), supplemented just with 500 pM D-Met, supplemented just with 2 mM AIB, and
supplemented with both agents together. For further information, see Figure 5B. (B) Ethylene contents in seedlings of Col-0, Ler, dat7-1, and dat7-2 were
measured after growth in continuous light or (C) in darkness in vials with solid growth media supplemented with 200 and 500 pM D-Met, and additionally without
supplementation. The bars (Col-0: black, Ler: gray, dat7-17: dotted, dat7-2: striped) represent the average values of three biological replicates. Different letters
indicate statistically significant differences (p < 0.05) tested by an ANOVA. Error bars (+ SD).

To elucidate if ethylene production was indeed altered, we
measured its content in Ler, the datI mutants, and Col-0 grown
in continuous light and dark. The addition of 500 pM D-Met was
sufficient to induce a significant increase of up to threefold of
ethylene production in light grown Ler and datl mutants
compared to Col-0 (Figure 6B). Even stronger changes in
ethylene production could be observed for both datl mutant
seedlings grown in the presence of D-Met in the dark, whereas
Ler displayed again an intermediate phenotype (Figure 6C).

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 enhanced ACC oxidation
resulting in higher ethylene concentration (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 detected a significant
increase of malonyl-methionine in Col-0, Ler, and datl
seedlings upon D-Met treatment (Figures 7A, B). This
accumulation was far higher (up to fivefold) in the datl
mutants compared to the corresponding wild type, irrespective
of the light regime (Figures 7A, B). Furthermore, Ler also
showed a D-Met induced over-accumulation of malonyl-
methionine in the light (Figure 7A), but not in darkness
(Figure 7B).

Since the amount of malonyl-ACC in these experiments was
below our detection limit, we added 10 uM ACC to the media

and measured the malonyl-ACC in the seedlings. In this case, we
were able to detect large amounts of malonyl-ACC in the
seedlings of all genotypes, which decreased drastically upon D-
Met addition (Figures 8A, B). It must be noted that the
treatment of seedlings with 200 or 500 uM D-Met together
with 10 uM ACC is relatively extreme and probably does not
reflect physiological conditions. However, D-Met induced
malonyl-ACC reduction was undue to production of malonyl-
methionine caused by ACC, which was comparable with and
without ACC addition (Table S3). Nevertheless, there was no
significant difference of malonyl-ACC reduction of Ler and datI
mutants to Col-0 at higher D-Met concentrations (Figures
8A, B).

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). It is
noteworthy, that there are reports of some D-AAs synthesized de
novo by plants (Briickner and Westhauser, 2003; Strauch et al,,
2015). However, there is growing evidence in recent years 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) and also metabolized to significant
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1, and dat7-2 were measured after growth (A) in continuous light or (B) in darkness on agar plates supplemented with 200 and 500 uM D-Met, and additionally
without supplementation. The relative values are given in fold changes with the values of Col-0 at 500 uM D-Met set to 1. The bars (Col-0: black, Ler: gray, dat7-1:
dotted, dat7-2: striped) represent the average values of three biological replicates. Different letters indicate statistically significant differences (p < 0.05) tested by an
ANOVA. Error bars (+ SD).
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FIGURE 8 | D-Met leads to a decrease of malonyl-ACC levels in all tested lines. Malonyl-ACC contents in seedlings of Col-0, Ler, dat1-1, and dat71-2 were
measured after growth (A) in continuous light or (B) in darkness on agar plates supplemented with 200 and 500 uM D-Met, and without supplementation.
Additionally, all plates contained 10 uM ACC. The relative values are given in fold changes with the values of Col-0 at 500 uM D-Met + 10 uM ACC set to 1. The bars
(Col-0: black, Ler: gray, dat1-1: dotted, dat7-2: striped) represent the average values of three biological replicates. Different letters indicate statistically significant

differences (p < 0.05) tested by an ANOVA. Error bars (+ SD).

amounts (Aldag and Young, 1970; Gordes et al., 2011). With the
proof provided in the actual report, the long standing question
was addressed how D-AAs are utilized in plants.

In the light of the observations of Gordes et al. (2011), three
possible mechanisms for the metabolism of D-AAs in plants had
been suggested: racemization, deamination, and transamination
of D-AAs (Vranova et al.,, 2012; Gordes et al., 2013). Our data
indicate that transamination by AtDAT1 is responsible for major
steps of D-AA turnover in Arabidopsis. This is reflected by its
broad range of D-AAs transaminated, although its turnover rate
and its affinity is low. Furthermore, we showed that the major
product of this enzymatic reaction is D-Ala with D-Met as the
favored amino group donor. D-Ala was also preferentially
produced when plants were fed with other D-AAs. The
preferred synthesis of D-Ala is caused by the preference of
AtDATI1 on pyruvate over 2-OG as substrate. In comparison
to the work of Funakoshi et al. (2008), who used 2-OG as amino
group acceptor for their characterization of AtDATI, our results
revealed a higher V ., with pyruvate as substrate as compared to

2-OG. Most interestingly, the different enzymatic activities with
pyruvate and 2-OG as amino group acceptors with ratios of 100:1
and more were in a comparable range as the D-Ala/D-Glu ratios
found in plants after D-AA application (Gordes et al., 2011).
Nevertheless, we could approximately substantiate the results
from Funakoshi et al. (2008) when we used 2-OG as substrate in
our enzymatic assays.

A major question in our studies addressed the role of
AtDAT1 in D-AA stimulated ethylene production. As it is
demonstrated here, this phenomenon is tightly connected to
AtDAT1 (Figure 9). The loss of DAT1 leads to a significant
increase of ethylene after D-Met application, resulting primarily
in shortening of the hypocotyl and root in the datl mutants and
Ler irrespective of the light regime. D-Met application also led to
an increased production of malonyl-methionine, especially in the
dat] mutants and Ler, and the amount of malonyl-ACC
developed reciprocally in all tested lines. The reciprocal
accumulation of malonylated D-Met and ACC implies that the
loss of AtDAT function or enzymatic activity results in over-
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FIGURE 9 | Working model of the different reactions leading to D-Met stimulated ethylene production in plants. This reaction scheme summarizes proven (black)
and postulated (red) enzymes and reactions involved in the process of D-Met stimulated ethylene production in plants. As the central enzyme of this study DAT1 is
highlighted in yellow. Externally applied D-Met is mainly transaminated by a D-amino acid transaminase (DAT1) to produce D-Ala and D-Glu. Additionally, L-Met is
produced that mainly results from a second transamination step after transamination of D-Met. ACC is the precursor of the gaseous hormone ethylene and this
reaction is catalyzed by the ACC oxidase (ACO). Alternative to transamination, D-Met is malonylated by a N-malony! transferase (NMT), which also uses ACC as a
substrate. The malonylation of D-Met by NMT leads to the competitive repression of the reaction with ACC. The consequence of DAT1 loss of activity would be an
increase of D-Met concentration, which would repress ACC malonylation and lead to increased ethylene production. Although malonylation is thought to be the
major route to regulate cellular ACC concentration, there are three additional ways known: the glutamylation of ACC by the y-glutamy! transpeptidase (GGT), the
addition of jasmonic acid to ACC by jasmonic acid resistance 1 (JAR1), and the deamination of ACC by the ACC deaminase (ACCD). But also two other metabolites
of D-Met may affect ACC and ethylene levels: D-Ala is able to inhibit ACO but would be missing in case of DAT1 loss. In contrast, L-Met is a precursor of ACC and
may also be produced by direct racemization from D-Met. Higher concentrations of L-Met by such a racemization may also lead to an increase of ACC levels even

accumulation of ACC that is then causing an increased ethylene
production and eventually reduced seedling growth. However,
this conclusion has to be reviewed critically, because even the
dat] mutant seedlings did not show the full spectrum of the
canonical triple response, as tightening of the apical hook or
thickening of the hypocotyl was only partially observed.
Furthermore, no differences in levels of malonylated ACC were
detected between D-Met treated Col-0 and dat! mutants.
However, it must be noted that in all previous studies the
production of ethylene in response to malonylation of ACC
and D-AAs were measured during overnight feeding
experiments. The physiological growth responses and the
contents of D-Met, ACC, and their malonylated derivatives in
the plants over a longer period of the treatment were shown here
for the first time.

The increased production of malonyl-methionine and
ethylene without a decreased malonyl-ACC production in the
dat] mutants in comparison to the control raises the question
whether the original working model of D-Met stimulated
ethylene production needs additional factors or metabolic

processes. One explanation may be that malonylation is not
the only way to regulate the ACC level in plants (Figure 9). There
is also the possibility that ACC is conjugated with glutathione to
v-glutamyl-ACC (GACC) and with jasmonic acid to JA-ACC to
control the ACC homeostasis. Additionally, plants can
irreversibly degrade ACC to o-ketobutyrate by an ACC
deaminase [for reviews about ACC content regulation, see Van
de Poel and Van Der Straeten (2014); Le Deunff and Lecourt
(2016), and Vanderstraeten and Van Der Straeten (2017)]. To
date, neither the contribution of each of these ACC catabolic
pathways nor their interplay for the control of ACC homeostasis
have been studied, yet. It remains to be investigated whether D-
Met, its malonylated form, or the loss of this way to degrade D-
Met have an impact also on the alternative ACC
degradation pathways.

Another explanation would be given by a racemization of D-
Met, which has been proposed before but never been proven
(Vranova et al,, 2012; Gordes et al., 2013). Our results imply that
the majority of the increase of L-Met in D-Met fed Col-0 plants
arises from the reamination of 4-methylthio-2-oxobutanoate
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after removal of the amino group from D-Met by AtDATI.
However, direct racemization of D-Met cannot be excluded. If
such a direct racemization really exists, additional L-Met
would be produced irrespective of AtDAT1 activity and
would be partially converted to ACC in the Yang cycle
(Figure 9). This additional ACC would contribute to the
increased ethylene contents in D-Met treated datl mutants,
because ACC malonylation is inhibited competitively by higher
D-Met levels.

A third explanation may be given by the effect of the AtDAT1
enzymatic products on the activity of other enzymes. Here we
demonstrated that the loss of this enzyme leaves datl mutants
without the ability to produce D-Ala, D-Glu and additional L-
Met in response to D-Met. Most interestingly, it was shown
previously that D-Ala inhibits the ACC oxidase (ACO) (Gibson
et al., 1998; Brunhuber et al., 2000; Charng et al., 2001; Thrower
etal., 2006). This means that plants with functional DAT1 would
malonylate D-Met instead of ACC but the produced D-Ala
would partially inhibit the ACO and as one consequence the
additional ACC would just be partially converted to ethylene. In
the datl mutants this inhibiting effect of D-Ala would be lost and
may explain the ethylene increase in these lines in comparison to
the corresponding wild type. The same lack of D-Ala
accumulation may also contribute to the higher content of
malonyl-methionine in the datl mutants and to the
comparable amount of malonylated ACC in all tested lines: D-
Ala also partially inhibits the putative malonyl transferase
(Kionka and Amrhein, 1984; Liu et al., 1985; Chick and Leung,
1997). The malonylation of D-Met would then be limited by D-
Ala in Col-0 but not in the dat1 mutant lines and Ler. If D-Met is
the preferred substrate of the malonyl transferase, the lack of
significant differences between the tested lines in their levels of
malonylated ACC would not be surprising. To confirm the
assumptions that D-Ala influences the D-Met stimulated
ethylene production by inhibiting the ACC oxidase, the ACC
malonyl transferase or both enzymes, further physiological
experiments with D-Ala and structural analogs like D-
cycloserine are required. However, the final answer to this
question is awaited by the identification of the ACC malonyl
transferase and the results of the enzyme’s biochemical and
physiological characterization.

Undoubtedly, AtDAT1 affects D-Met stimulated ethylene
production and seems to have quite specific effects in this
regard. However, as the working model in Figure 9 implies,
the relationship between D-Met and ethylene may be more
complex than just the competition for the N-malonyl
transferase (NMT). As mentioned above, D-Met may affect the
levels of ACC and all its derivatives. It has been shown before
that ACC itself acts as a signaling molecule and the same is also
discussed for its derivatives (for reviews, see Van de Poel and
Van Der Straeten, 2014; Vanderstraeten and Van Der Straeten,
2017; Nascimento et al., 2018). D-Met accumulation leads to an
increase of ethylene concentrations, but possibly other
compounds like ACC and its derivatives may also contribute
to the observed physiological responses of datl affected plants.
This would explain why the datl mutants do not show the full

spectrum of triple response after treatment in the presence of D-
Met. Detailed flux measurements of ACC and its derivatives after
D-Met application as well as studies of datl alleles in the
background of ethylene synthesis and receptor mutants may
shed more light on this aspect.

In this regard also the intracellular localization of these
biochemical processes is of interest. The localization of
AtDAT1 implies that the transamination takes place in the
chloroplast, whereas the ACC oxidation is postulated to
happen either in the cytosol or the plasma membrane
(Houben and Van De Poel, 2019). The separation of these
processes raises the question how D-Met affects malonylation
of ACC if it is also located in the cytosol. The most apparent
hypothesis would be that chloroplasts have a certain capacity to
take up D-Met. Flooding of the chloroplasts with this compound
could therefore lead to inhibitory processes in the cytosol. This
would be supported by the findings in this study that AtDAT1 is
the major enzyme to degrade D-Met but needs
further confirmation.

Another remaining question is the source of D-Met in nature,
because it was not reported in plants until now. In contrast, it was
demonstrated previously that D-Met is released by bacterial
biofilms into the environment (Kolodkin-Gal et al., 2010;
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 was reported
before (Vlamakis et al. (2013). It is remarkable that D-Met is
released by different bacterial species into their growth media to
concentrations up to 300-500 uM (Lam et al., 2009), which
would match the most effective D-Met concentrations in our
study. 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 AtDAT]
is dispensable in particular Arabidopsis accessions such as Ler
and M7323S. An explanation for the dispensability of the D-Met
catabolic function of AtDAT1 would be that in a habitat with
only minor D-Met releasing bacteria in the rhizosphere, a
recognition system for this compound would be also
dispensable for the plant. However, this needs to be tested. The
viability of Arabidopsis datl mutants and accessions without
functional AtDAT1 also argues against the crucial function of
this enzyme in folate biosynthesis. This was implied by the
observation that the only known enzyme able to synthesize p-
amino benzoic acid (pABA), the substructure of folates, is
AtDAT1 (Basset et al., 2004; Hanson and Gregory III, 2011).
Consequently, the loss of this enzyme would lead to the inability
to produce essential folate which would reduce the plant viability
dramatically. Interestingly, pABA is also involved in the
regulation of root gravitropism (Nziengui et al., 2018). This
implies a modulatory role of AtDAT in differential root growth
including gravitropism, which can be tested in future by the
analysis of our dat] mutants and accessions without or reduced
AtDAT1 activity. Interestingly, DAT1 encoding genes seem to
be found in all sequenced plant genomes (for a selection, see
Figure S5), and ethylene production in other plant species than
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Arabidopsis is also induced by other D-AAs like D-Leu, D-Thr,
D-Val, or D-Phe (Satoh and Esashi, 1980; Satoh and Esashi,
1982; Liu et al., 1983). In this regard, it would be interesting if
also other D-AAs than D-Met cause growth defects and ethylene
production in datl mutants. Furthermore, it should be tested if
the DAT1 enzymes from different species have altered substrate
specificities and therefore contribute to the adaptation of plants
to changing microbial environments.
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Supplementary Tables

Table S1 Primers used in this study

Primer Primer sequence Purpose
name
DATI1-S1 5 -AGGTCTCTCTCTCAAGTTCCATGTC-3" genotyping
DAT1- 5'- cloning
Start caccATGGCAGGTTTGTCGCTGGAGTTTACAG-3’ cDNA
DAT1-A1 5'-GTAAGGAACAAGAACACGAACGGAAG-3” genotyping
, cloning
cDNA
DAT1- 5 -CTCTATTCTTTTGAGTCCCAAACC-3" RT-PCR
RTS1
DAT1- 5"-AGACAGATACCTAAAAACCCCATG-3’ RT-PCR
RTA2
ProDAT1- |5°- cloning
SGW @ACCCTCTTCTTCCGCTGCCGATTCACAAGAC-3 DAT1.-
Promoter
ProDAT1- | 5"-CAAACCTGCCATGGGGTTTGGGACT-3" cloning
AGW DAT1-
Promoter
ACT2-F 5 -TCCAAGCTGTTCTCTCCTTG-3’ RT-PCR
ACT2-R 5 -GAGGGCTGGAACAAGACTTC-3’ RT-PCR
SALK-LB1 | 5"-AATCAGCTGTTGCCCGTCTCACTGGTGAA-3 " | genotyping




Supplementary Material
Table S2: Comparison of the transaminase activity of AtDAT1 with different amino donors and
acceptors
The transaminase activity of the Col-0 variant of AtDAT1 was compared with D-Met, D-Trp and D-
Ala (each 10 mM in the assay) as amino donor and 2-OG and pyruvate (each 50 mM in the assay) as
acceptor molecules (in nmol product mg™ Protein min™); Each value represents the average of three

independent assays (standard deviations are given in parentheses).

Amino donor

D-Met D-Trp D-Ala
. Pyruvat | 2686.4 543.0 Not
Amino
e (+£36.7) (£29.2) determined
acceptor
2-0G 16.3 (£0.8) 5.1 (x0.7) 17.1 (£2.7)




Table S3: Relative malonyl-methionine contents (in %) in seedlings grown with or without addition

of 10pM ACC
For these measurements seedlings of Col-0 and datI-1 were grown and analyzed as given in Figure
7.
-ACC +SD +ACC +SD
Col-0 (light), 0 mM D-Met 0.0 0.0 0.0 0.0
Col-0 (light), 200 mM D-Met 70.5 5.0 54.6 5.9
Col-0 (light), 500 mM D-Met 100.0 8.0 100.0 7.9
dat1-1 (light), 0 mM D-Met 0.1 0.0 0.0 0.0
dat1-1 (light), 200 mM D-Met 182.2 5.2 129.1 13.5
dat1-1 (light), 500 mM D-Met 463.1 15.3 392.0 15.0
Col-0 (dark), 0 mM D-Met 0.0 0.0 0.0 0.0
Col-0 (dark), 200 mM D-Met 84.5 0.7 83.2 5.8
Col-0 (dark), 500 mM D-Met 100.0 2.8 100.0 8.7
dat1-1 (dark), 0 mM D-Met 0.0 0.0 0.0 0.0
datl-1 (dark), 200 mM D-Met 128.5 9.8 95.6 2.7
datl-1 (dark), 500 mM D-Met 335.0 6.5 229.8 4.7
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Figure S1: D-Met metabolites in M7323S and Col-0
Contents of D-Ala (black), D-Glu (grev) 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 lc.
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Figure S3: AtDAT] from Col-0 and Ler localize both in plastids
Localization of AtDAT]1 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 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 dar] mutants and Col-0 at all tested L-Met concentrations. For further information see Figure 5.



Figure S6: Loss of AtDAT] does not lead to apparent growth defects in adult plants
Plants of darl-1 (left), darl-2 (middle) and Col-0 (right) were grown for 28 d under greenhouse conditions.
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Figure S2: Expression patterns of AtDAT]

(a) GUS staining of rosette leaves (left). early (middle) and late flower stages
(right) expressing the B-Ghicuronidase under the control of the AfDAT1
promotor from Col-0

(b) GUS staining of seedlings expressing the B-Glucuronidase either under
the control of the AfDAT1 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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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. 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 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(ATTT) (lane 3).
pGEX-2TM(T3035) (lane 4), empty vector (C, lane 5) and the protein size standard
(Spectra Multicolor Broad Range Protein Ladder; Thermo Fisher Scientific,
Katlsruhe, 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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