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D-Amino acids (D-AAs) are key components of the peptidoglycan

matrix in bacterial cells. Various bacterial species are known to pro-

duce D-AAs by using different enzymes, such as highly specific and

broad-spectrum racemases. Miyamoto et al. studied the biosynthesis of

D-glutamate in the hyperthermophile and anaerobic Gram-negative

bacterium, Thermotoga maritima, which does not possess a broad-

spectrum racemase. The investigated TM0831 enzyme catalyzes both a

D-amino acid aminotransferase reaction producing D-glutamate and an

amino acid racemase activity aimed at generating D-aspartate and D-

glutamate from the corresponding L-enantiomers. TM0831 represents

an example of natural molecular evolution process favoring the enzyme

versatility.

Comment on: https://doi.org/10.1111/febs.16452

Introduction

Amino acids have an a-carbon that is a stereocenter

(or chiral center) since it is connected to four differ-

ent functional groups: an amine group, a carboxyl

group, hydrogen, and a side chain; only glycine does

not possess a chiral center. Depending on the spatial

arrangement of these four groups, two enantiomers

exist: the levorotatory (L-) and the dextrorotatory

(D-), which are not superimposable images to each

other. At difference from the interest attracted by

the L-amino acids, the biological function of D-

amino acids (D-AAs) in bacteria remained mysteri-

ous and mainly reduced to their presence in peptido-

glycan (PG) and in some nonribosomal peptides.

The use of more sensitive analytical techniques

allowed to establish that many foods contain consid-

erable amounts of D-AAs, often because of bacterial

growth [1].

Role of D-amino acids in peptidoglycan

Several investigations have revealed that D-AAs play

various roles in bacteria. The PG exoskeleton, a tough

multi-task matrix that envelopes the cell, fortifies the

cytoplasmic membrane and protects it from osmotic

rupture, confers cell shape, and serves as a scaffold for

anchoring other cell envelope components. PG consists

of a basic unit made of the disaccharide N-acetyl-

glucosamine-N-acetyl-muramic acid bound to a pep-

tide moiety which contains two D-AAs, that is, D-

alanine (D-Ala) and D-glutamate (D-Glu) [2]. The pres-

ence of D-AAs in the PG stem peptides makes the cell

wall resistant to most proteases (designed to cleave the

peptide bonds between L-amino acids). Alternative D-

AAs, such as D-aspartate (D-Asp) or D-serine (D-Ser),

are often present at the terminal position of the stem

peptide providing tolerance to certain bactericidal

agents [3]. Various bacterial species are known to

Abbreviations

Bsr, broad-spectrum racemase; D-AAs, D-amino acids; D-Ala, D-alanine; D-Asp, D-aspartate; D-Glu, D-glutamate; D-Lys, D-lysine; D-Ser, D-serine;

NCDAAs, non-canonical D-amino acids; PG, peptidoglycan; PLP, pyridoxal 50-phosphate.

5895The FEBS Journal 289 (2022) 5895–5898 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0003-1733-7243
https://orcid.org/0000-0003-1733-7243
https://orcid.org/0000-0003-1733-7243
mailto:
https://doi.org/10.1111/febs.16452
http://creativecommons.org/licenses/by-nc-nd/4.0/


produce and release into the environment different

groups of D-AAs (the so-called non-canonical D-amino

acids or NCDAAs) in millimolar concentrations [4]. D-

AAs control PG chemistry, density, and strength in D-

AA-producing and non-producing bacteria [5], as well

as regulate spore germination and biofilm dispersal in

certain species [6].

Synthesis of PG requires various enzymes and takes

place both in the cytosol and the periplasm/extracyto-

plasm. D-Ala and D-Glu are synthesized by racemases

from the corresponding L-amino acids, and the D-

alanyl-D-alanine dipeptide is then generated by D-

alanyl-D-alanine ligase. D-AAs are produced by both

highly specific and broad-spectrum racemases (Bsr) in

bacteria [7]: the latter (mainly produced by Gram-

negative bacteria) can produce D-AAs from a wide

range of both proteinogenic and non-proteinogenic L-

amino acids. Indeed, PG is a dynamic polymer: both

the glycan chains and peptide crosslinks are cleaved by

glycosylases and peptidases to permit expansion during

cell growth [8]. PG is often modified as cells enter sta-

tionary phase, a moment at which diverse bacteria

release distinct sets of NCDAAs, thus regulating the

chemistry, amount, and strength of PG.

D-Amino acid aminotransferase in the
hyperthermophile Thermotoga
maritima

Thermotoga maritima is a hyperthermophilic and anaer-

obic Gram-negative bacterium that optimally grows at

80 °C. The PG structure is peculiar: It contains an atypi-

cal D-lysine (D-Lys) in addition to D-Ala and D-Glu com-

ponents, and its typical structures are N-

acetylglucosamine-N-acetylmuramic acid linked to L-Ala-

D-Glu-L-Lys-D-Ala and L-Ala-D-Glu-D-Lys [9], but meso-

diaminopimelate is not part of the PG stem peptides.

Thermotoga maritima possesses a peculiar set of

enzymatic activities related to D-AAs synthesis: (a) a

Lys racemase with high activity toward Lys and

ornithine, involved in D-Lys production; (b) a meso-

diaminopimelate epimerase associated with L-Lys

biosynthesis, which also shows a weak Lys racemase

activity [10]; (c) a threonine dehydratase associated

with the first step of the L-isoleucine biosynthetic path-

way [11]; and (d) an acetylornithine aminotransferase

likely involved in the L-arginine biosynthesis, which

also possesses three different activities including race-

mase and lyase activities [12].

The work presented by Miyamoto et al. [13] in The

FEBS Journal is aimed at elucidating the biosynthetic

pathway of D-Glu in T. maritima. The D-AA compo-

nents of PG are commonly produced from the

corresponding L-amino acids by Ala and Glu race-

mases, but the gene encoding the latter enzyme is

absent in the T. maritima genome. In addition to Bsr,

some bacteria possess a D-amino acid aminotransferase

(EC 2.6.1.21) that catalyzes transamination between D-

AA and 2-oxo acid. In the present work, the enzy-

matic activity of the recombinant TM0831 gene pro-

duct from T. maritima was investigated. TM0831 has

an aminotransferase activity toward D-AAs as amino

donors in the presence of amino acceptors, mainly 2-

oxoglutarate with the production of D-Glu (Fig. 1B).

The aminotransferase activity is strictly enantioselec-

tive toward D-AA as donors (no activity toward L-

amino acids was observed). On the contrary, TM0831

shows a remarkable broad substrate specificity being

able to catalyze the transamination of 23 different D-

AAs (included all the proteinogenic amino acids with

the sole exception of D-Pro). For this reason, TM0831

represents an example of an “ancestral-like” promiscu-

ous enzyme, in which a broad substrate specificity was

achieved (or retained) at the expense of a lower enzy-

matic efficiency (i.e., in comparison with other bacte-

rial D-amino acid aminotransferases) [14]. On the

contrary, its acceptor substrate specificity is distinct

from those of D-amino acid aminotransferase from

Bacillus spp., that is, TM0831 shows 30-fold higher

activity for 2-oxoglutarate than for 2-oxobutyrate.

This perfectly fits with the proposed physiological role

of TM0831: since in T. maritima there is not a specific

Glu racemase, the synthesis of D-Glu, required for the

PG production, is promoted by TM0831 via transami-

nation of various D-AAs, including D-Ala or D-Asp

(the latter produced from TM0831 itself owing to its

racemase activity, see below), using 2-oxoglutarate as

amino acceptor or via direct racemization of L-Glu.

Indeed, TM0831 exhibits an amino acid racemase activ-

ity toward four amino acids (Fig. 1A,D). Notably, the

kinetic efficiency (kcat/Km ratio) for racemase activity on

L-Asp is close to that for aminotransferase activity with

oxaloacetate. Therefore, TM0831 presumably produces D-

Asp from L-Asp, and D-Asp is then used as a substrate

for D-Glu production via transamination. Furthermore,

by using a Glu racemase-deficient Thermus thermophilus

strain, it was demonstrated that TM0831 is also involved

in D-Glu production. D-Glu can be preferentially produced

from L-Glu via the racemase reaction of TM0831

(Fig. 1A), whereas the kinetic efficiency value for L-Glu

was threefold lower than for L-Asp.

The aminotransferase and racemase activities show

a different pH profile: TM0831 can thus work as an

aminotransferase and a racemase to convert the L- to

the D-enantiomer under normal growth conditions,

since T. maritima grows at pH value between 5.5 and 9.
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TM0831 is a tetrameric pyridoxal 50-phosphate (PLP)-

containing enzyme. The structure-function relationships

analysis, based on the 3D structure of the enzyme (PDB

ID: 3CSW), supports the functional differences observed

between TM0831 and other bacterial D-amino acid

aminotransferases (e.g., the one from Bacillus sp. YM-1)

[15]. Specifically, the residues involved in the binding of

the PLP cofactor (Arg50, Arg144, Glu164, Ile191,

Thr192, and Thr228) are almost strictly conserved, while

the structural determinants that play a crucial role in the

interaction with the substrate in the homologous enzymes

are poorly conserved. In particular, the short four-residue

region (227–230) forms the substrate specificity pocket. In

addition, a twelve-residue long region (91–102 in Bacillus

sp. YM-1 protein) which contains two key residues for

substrate interaction is absent in TM0831.

Conclusions

TM0831 represents an ingenious example of a molecular

evolution process in which Nature favored the enzyme

versatility (in terms of both substrate scope and cat-

alyzed reactions) at the expense of its catalytic effi-

ciency. In this way, TM0831 can overcome the absence

of a specific glutamate racemase in T. maritima by play-

ing a key role in three interlinked metabolic pathways

that produce D-Glu for the biosynthesis of PG (Fig. 1).

As a general rule, the promiscuity of PLP-dependent

enzymes allows to play different roles at the cellular

level, especially when the enzymatic activities differ in

pH dependence, as shown here for TM0831. In addi-

tion, from a biocatalytic point of view, synthesis of D-

AAs is a topic of increasing relevance since it is related

to the production of amino acid derivatives used in

different fields [16]. Concerning T. maritima, future

studies are now required to elucidate the D-Ala biosyn-

thetic pathway and to contribute to elucidating the co-

nundrum of D-AAs biosynthesis.
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