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Abstract

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

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

1. Introduction

L-amino acids (L-AAs) are the basis of life on our planet (and maybe also on other animate
ones), mainly due to their property to be the building blocks of all proteins. These proteinogenic
amino acids are also one of the fundamentals of the universality of the genetic code. The limi-
tation of protein coding sequences on 20 different L-AAs was one of the key developments in
evolution to ensure the compatibility between different life forms, regardless if they belong to
the same species or if their genetic material is exchanged between a bacterial pathogen and its
plant host, as it is the case in the Agrobacterium-plant relationship.
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In the course of limitation to 20 proteinogenic amino acids, also the convention of exclusive
usage of L-AAs (homochirality) in the primary structure of proteins evolved to ensure the
intended structure and functionality of a protein. But since the very beginning of evolution
also the enantiomers of L-AAs, the D-amino acids (D-AAs) were existent. These D-AAs are
mainly products of abiotic and enzymatic racemization of L-AAs [1] or synthesized by ami-
notransferases from other D-AAs [2]. One possibility of organisms during evolution to handle
D-AAs would have been to develop mechanisms for their elimination. But instead almost all
organismal classes in the tree of life learned to live with substantial amounts of D-AAs and
even made use of them. One prominent example of such usage is the bacterial cell wall. It
contains many layers of peptidoglycan, polysaccharide chains cross linked by oligopeptides.
Parts of these oligopeptides are D-AAs, especially D-Ala and D-Glu, which protect the cell
due to their resistance to cleavage by conventional proteases [3].

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

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

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

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

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

A B

b
I
A
ha T

-
(=]

- - 10
) B
g 0.8 g 0,8
- -
Eos I mCokD o5 =¥ mColo
® 04 : I I I lht1 ® ga I I it

02 I 02 I

0.0 0.0 LB

D H H )
& & & @ <§’ R é'-’ é’ @ @ @ @ :P @q}’@ 8 D Q@ @3‘5
D-Ala concentration in ph D-Met concentration in pM

14 - 14 1

5 o I 12 4
- 101 L I = 10 1 --I -
5 [k I b} I
g 038 - I g 0.8 1
4 ; s |
£ 06 W ol £ 0.5 W Coko
# pa aapl *® 04 mrps

0.2 I I 02 1 I

C.[‘f' - - - _ G.G { " - ‘ ” L - - . -

o @ <., @ @ (§§> & @ S R P PR P O Q:g.u & %Q@ ng.:
L

.fj
D-Phe concentration in pM D-Phe concentration in pM

Figure 1.Seed growth inhibition of D-AAs on different transporter mutants compared to their corresponding
background accession Col-0.

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

But the interpretation of toxicity experiments using transporter mutants should be handled
with care as another example shows: in a series of toxicity tests with different D-AAs, an
Arabidopsis mutant of AtMRP5 showed less resistance against D-Phe compared to the cor-
responding control (Figure 1D), instead of increased resistance like in the case of the tested
AAP1 mutant (Figure 1C). AtMRP5 belongs to a gene family of 14 ABC transporters in the
Arabidopsis genome [24] and found to transport inositol phosphate for phytate storage
[25]. A functionality as amino acid transporter has not been reported for this protein, yet.
Surprisingly, at mrp5 mutant allele showed also drastically reduced root exudation of almost
all L-AAs [26]. It is tempting to speculate whether the reduced D-Phe resistance of the mrp5
mutant in our experiments may be a consequence of reduced exudation of this amino acid,
which may lead to accumulation of it to toxic levels.

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

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

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

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

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

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

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

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

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

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

At3g05190 (unknown)

At3g54970 (unknown)

At5g27410 (unknown)
Alanine racemase At1g11930 (chloroplast)

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

AtDAAR2 At4g02860 (cytosol) [16]

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

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

Table 1. Putative D-AA metabolizing genes in the Arabidopsis genome.
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specific transaminases, from which just one has been shown to produce D-Ala and preferably
D-Glu using various D-AAs as substrates with different affinities [41]. Beside the already
mentioned alanine racemase, also three other racemases with specificities for other amino
acids can be found in the Arabidopsis genome: First, there is a putative Asp-Glu racemase
encoded in the Arabidopsis genome, but currently, there are no reports available about it. The
second one is the serine racemase AtSR1, which catalyses the racemization of serine, but also
to lesser extent alanine, arginine and glutamine. Beside its racemase activity, it acts also as a
dehydratase on D- and L-serine [13]. The third one are the so-called D-amino acid racemases
AtDAARI1 and AtDAAR2, which are indeed specific for Ile with D-allo-Ile as a product. Leu
and Val were just racemized with 1 and 5% relative activity, respectively [16]. The D-Cys
desulfhydrase from Arabidopsis is another example for a D-AA metabolizing enzyme with a
specificity apart from D-Ala; this specificity to catabolize D-Cys to pyruvate, NH, and H,S has
been shown previously [42], but the physiological function of this enzyme and especially of
D-Cys still remains unclear and will be discussed in the next chapter. Altogether the collection
of D-AA processing enzymes in Table 1 is a reminder that D-Ala seems to be central product
of D-AA metabolism, but that there are far more putative enzyme encoding genes annotated
to produce and process also other D-AAs.

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

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

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

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

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

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

untreated

HADA
treated

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

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

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

Another example for an enigmatic relation between a D-AA and physiological response was
described previously: In this case, an Arabidopsis mutant with hypersensitivity to ethanol,
gek1, was isolated [53], where the respective mutation could be assigned to a D-aminoacyl-
tRNAdeacylase (AtGEK1I) [54]. Later, it was found that this gene encodes an active enzyme
with broad substrate specificity [55]. But its overexpression led neither in Escherichia coli nor
in yeast to an increase of ethanol tolerance [54]. Therefore, a functional explanation how the
loss of AtGEK1, and therefore the inability to repair accidental loading of tRNAs with D-AAs,
causes ethanol hypersensitivity in plants is still missing.
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5. Conclusions

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

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

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

Finally, which physiological role(s) the different D-AAs play in plants are the major questions
to be solved. One of these questions will be, to which extent and under which circumstances
D-AAs from the rhizosphere are utilized as nitrogen sources. As it was mentioned above,
the accumulation of D-Ala and of D-AA-related enzymes in the chloroplasts may point to
their involvement in plastid biogenesis, assembly and maintenance. The unresolved functions
of D-Cys in stress resistance and the unclear involvement of AtGEK1 in ethanol resistance
indicate that there is a high probability that there are still many D-AA-related functions and
processes in plants waiting to be discovered.
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