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Abstract Dye-linked D-amino acid dehydrogenases (Dye-
DADHs) catalyze the dehydrogenation of free D-amino acids
in the presence of an artificial electron acceptor. Although
Dye-DADHs functioning in catabolism of L-alanine and as
primary enzymes in electron transport chains are widely dis-
tributed in mesophilic Gram-negative bacteria, biochemical
and biotechnological information on these enzymes remains
scanty. This is in large part due to their instability after isola-
tion. On the other hand, in the last decade, several novel types
of Dye-DADH have been found in thermophilic bacteria and
hyperthermophilic archaea, where they contribute not only to
L-alanine catabolism but also to the catabolism of other amino
acids, including D-arginine and L-hydroxyproline. In this
minireview, we summarize recent developments in our under-
standing of the biochemical characteristics of Dye-DADHs
and their specific application to electrochemical biosensors.
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Introduction

Dye-linked dehydrogenases (Dye-DHs) are flavoenzymes that
use FAD or FMN as a coenzyme and are a group of oxidore-
ductases that catalyze the dehydrogenation of various biomol-
ecules, including organic acids, amino acids, and alcohols.
In vivo, many of these enzymes (e.g., succinate dehydrogenase
and NADH dehydrogenase) exist as membrane-bound pro-
teins and contribute to energy generation within cells as the
primary enzymes in the electron transfer systems (Davis and
Hatefi 1971; Hanstein et al. 1971; Hederstedt et al. 1979;
Dancey et al. 1976; Bergsma et al. 1982; Nisimoto et al.
1986). Dye-DHs can utilize artificial dyes such as 2,6-
dichloroindophenol (DCIP) or potassium ferricyanide as elec-
tron acceptors instead of their natural electron acceptor. For
this reason, this type of enzyme is called Dye-DH.
Additionally, Dye-DHs show great potential for use in elec-
trochemical processing applications, such as in biosensors.
This is because the aforementioned artificial electron accep-
tors can readily mediate transfer of the electrons abstracted
from the substrate during the enzyme reaction to an electrode
(Frew and Hill 1987).

Among the Dye-DH subgroups are the dye-linked D-ami-
no acid dehydrogenases (Dye-DADHs), which catalyze the
oxidative deamination of D-amino acids to their correspond-
ing 2-o0xo acids in the presence of an electron acceptor such as
DCIP. The first known Dye-DADHs were found in the Gram-
negative bacteria Escherichia coli and Pseudomonas
aeruginosa in the 1980s (Olsiewski et al. 1980; Magor and
Venables 1987). The E. coli Dye-DADH is reportedly
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involved in energy production via an electron transfer system
as well as in L-alanine catabolism coupled with alanine
racemase (Olsiewski et al. 1980; Lobocka et al. 1994). Over
the last decade, however, a number of Dye-DADHs with nov-
el enzymatic properties unlike those of previously identified
Dye-DADHs have been identified in both bacteria and ar-
chaea, and the existence of at least three types of Dye-
DADHs has been suggested. The first type is a membrane-
bound enzyme with broad substrate specificity for various D-
amino acids. The second type is a membrane-bound enzyme
with high substrate specificity, and the last is a soluble enzyme
with broad substrate specificity. In this minireview, we will
provide an overview of these three types of Dye-DADHs and
also discuss recent advances in their application to biosensors
for D-amino acid detection.

Membrane-bound Dye-DADH with broad substrate
specificity

Membrane-bound Dye-DADHSs with broad substrate specific-
ity are reportedly distributed in Gram-negative bacteria and
hyperthermophilic archaea. Detailed biochemical analyses
have been performed with Dye-DADHs from E. coli
(Olsiewski et al. 1980; Jones and Venables 1983),
P. aeruginosa (Magor and Venables 1987), and
Rhodothermus marinus (Satomura et al. 2015). The Dye-
DADH from E. coli B is a heterodimeric complex consisting
of a “large subunit” (a functionally unknown component) and
a “small subunit” (Dye-DADH component) (Olsiewski et al.
1980). It also contains FAD and non-heme iron as a prosthetic
group. This enzyme was solubilized from membranes using
0.1 % (w/v) TritonX-100 and partially purified from the mem-
brane fraction in the presence of 0.02 % (w/v) Triton X-100
serving as a solubilizer. The solubilized enzyme catalyzes ox-
idative deamination of several D-amino acids, including D-
alanine (relative activity, 100 %), D-phenylalanine (100 %),
D-methionine (97 %), D-a-aminobutyrate (89 %), and D-
serine (29 %), in a coenzyme Q1 (CoQ1) and DCIP-coupled
system. The Km values for D-alanine, D-phenylalanine, and
D-methionine are 3, 6, and 11 mM, respectively. This enzyme
thus exhibits fairly broad electron donor specificity and can
utilize coenzyme Q (CoQ) analogues as a natural electron
acceptor in addition to artificial electron acceptors.

Like the E. coli B enzyme, the solubilized and partially
purified £. coli K12 Dye-DADH is fairly labile, that is,
90 % of the initial activity is lost after incubation at 37 °C
for 10 min (Jones and Venables 1983). Under both membrane-
bound and solubilized conditions, E. coli K12 Dye-DADH
shows broad electron donor specificity and utilize D-
alanine as the most preferred substrate. The general effect of
solubilization on E. coli K12 Dye-DADH is to increase the
specific activity with all substrates. The optimum pH is 8.9
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for the membrane-bound enzyme and 7.9 for the solubilized
enzyme in an assay system containing D-alanine and phena-
zine methosulfate (PMS) as the substrates.

P. aeruginosa Dye-DADH is also characterized after sol-
ubilization from membranes (Magor and Venables 1987). The
molecular mass of this enzyme is estimated to be about
200 kDa using a gel filtration chromatography, and SDS-
PAGE shows a single band migrating as a molecular mass
of about 49 kDa, indicating the enzyme to be homotetramer.
The structure of P. aeruginosa Dye-DADH clearly differs
from the heterodimeric structure of the E. coli B enzyme de-
scribed above. On the other hand, the electron donor specific-
ity of P. aeruginosa Dye-DADH is similar to those of the
E. coli enzymes: D-alanine is the most preferred substrate,
though the enzyme shows broad substrate specificity for D-
amino acids. The solubilized enzyme is also labile and loses
95 % ofits activity after incubation at 42 °C for 10 min.

The Dye-DADHs from mesophiles are thus not sufficiently
stable, once solubilized, to enable a high degree of purifica-
tion. This prevented the biochemical characterization of Dye-
DADHs for many years.

To overcome the limitations imposed by the instability of
mesophilic Dye-DADHs, we have been screening for highly
stable Dye-DADHs and recently found two in the thermophil-
ic bacterium R. marinus (Satomura et al. 2015) and the hyper-
thermophilic archaeon, Pyrobaculum islandicum (Satomura
et al 2002). Their greater stability enabled both enzymes to
be successfully purified and characterized. The gene encoding
the R. marinus Dye-DADH was identified based on its ge-
nome information and expressed in E. coli. The recombinant
protein purified from the E. coli cell extract was highly stable,
even at high temperatures and under both high and low pH
conditions. The recombinant R. marinus Dye-DADH retained
more than 80 % of its full activity after incubation at 70 °C for
10 min and lost 80 % of its full activity after incubation at
90 °C for 10 min. It retained full activity after incubation for
10 min at pHs ranging from 4.0 to 11.0 (50 °C). Using a gel
filtration chromatography, the recombinant protein was found
to have a molecular mass of about 115 kDa in the presence of
0.1 % (w/v) Tween-20, and the subunit molecular mass was
estimated to be about 46 kDa using SDS-PAGE, indicating the
enzyme is a homodimer. D-Phenylalanine is the most pre-
ferred substrate of R. marinus Dye-DADH, but L-
phenylalanine is inert. Several other D-amino acids, including
D-proline (relative activity 93 %), cis-4-hydroxy-D-proline
(63 %), D-histidine (49 %), D-tryptophan (41 %), D-
isoleucine (37 %), D-leucine (36 %), and D-arginine (22 %),
are also able to serve as the electron donor, as was the case
with E. coli and P. aeruginosa Dye-DADHs. The most pre-
ferred electron acceptor for R. marinus Dye-DADH is DCIP,
though a PMS and p-iodonitrotetrazolium violet (INT)-
coupled system also exhibits 17 % relative electron acceptor
activity. Ferricyanide and O, are inert as electron acceptors.
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A dye-linked D-proline dehydrogenase (D-ProDH) was
first identified in P. islandicum JCM 9189 cells (Satomura
et al. 2002). This enzyme was tightly bound to the membrane
and was solubilized from membrane fractions by treatment
with 1 % (w/v) Tween-20. The solubilized enzyme purified
to homogeneity in 0.1 % (w/v) Tween-20 has a molecular
mass of about 145 kDa and exists as a homotetramer com-
posed of subunits with a molecular mass of about 42 kDa. The
enzyme’s prosthetic group is FAD. The most preferred elec-
tron acceptor for D-ProDH was DCIP. This enzyme could also
utilize PMS as the electron acceptor, but not O,, NAD, NADP,
ferricyanide, menadion, benzyl viologen, horse heart cyto-
chrome c, or methylene blue. D-ProDH is extremely stable,
even under solubilized conditions, and full activity was ob-
served after incubation for 10 min at 80 °C or at pHs ranging
from 4.0 to 10.0 (50 °C). In addition, this enzyme lost no
activity when stored for more than 1 month at around 4 °C.
Indeed, D-ProDH is the most stable Dye-DADH so far report-
ed. The enzyme catalyzes the dehydrogenation of D-proline as
its most preferred substrate to A'-pyrroline-2-carboxylate.
The substrate specificity of Py. islandicum D-ProDH is broad
and similar to the previously discussed Dye-DADHs: cis-4-
hydroxy-D-proline (relative activity: 89 %), D-isoleucine
(49 %), D-valine (41 %), D-leucine (39 %), D-histidine
(30 %), and D-phenylalanine (28 %) were all able to function
as the electron donor. On the other hand, Py. islandicum D-
ProDH exhibits no activity toward L-amino acid isomers.

Enzymes from thermophiles are generally much more sta-
ble than their counterparts from mesophiles under a variety of
conditions (Ohshima and Soda 1989; Adams 1993). This sta-
bility makes biochemical analysis of Dye-DADHs from
R. marinus and Py. islandicum possible. The primary structures
of several Dye-DADHs have been determined, and compari-
son of their amino acid sequences showed that the sequences
of mesophilic Dye-DADHs are highly homologous with one
another (60~90 % identity). By contrast, the amino acid
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Fig. 1 Multiple sequence alignments of N-terminal region (a) and C-
terminal region (b) of membrane-bound Dye-DADHs with broad
substrate specificity. Highly conserved residues are shown depicted in
black boxes. The asterisks below the amino acid sequences indicate the
FAD-binding motif. The sequences used were from E. coli K12 Dye-
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sequence of the thermostable R. marinus enzyme shows only
32-34 % identity with the sequences of mesophilic Dye-
DADHs, while D-ProDH from the hyperthermophilic
archaeon Py. islandicum shows only 25-26 % identity with
the mesophilic Dye-DADHs. Thus, the sequences of the
R. marinus and Py. islandicum enzymes largely differ from
those of mesophilic Dye-DADHs. The thermostable
R. marinus and Py. islandicum enzymes share only 28 % amino
acid sequence identity. Nonetheless, high sequence homology
was detected among the N-terminal and C-terminal regions of
all these Dye-DADHs (Fig.1). A FAD-binding motif
(GXGXXG) is present in their N-terminal regions, which also
contains a highly hydrophobic region postulated to be one of
the membrane anchoring sites (Wierenga et al. 1986; Lobocka
et al. 1994). It is therefore predicted that electrons obtained
through oxidation of D-amino acids are received by FAD in
the N-terminal region of Dye-DADHSs and then transferred to
as yet unidentified physiological electron acceptors in the
membrane fraction. The role of the conserved C-terminal re-
gion of Dye-DADH remains obscure. In recent future, when
the 3D structures of these enzymes are revealed, their struc-
tures may give us further information about the role of C-
terminal region.

Membrane-bound Dye-DADH with high substrate
specificity

The presence of two different Dye-DADHs with high speci-
ficity for cis-4-hydroxy-D-proline (D-HypDH) has been re-
ported in the genus Pseudomonas (Watanabe et al. 2012).
The genes encoding D-HypDHs were identified in the ge-
nomes of P. aeruginosa and Pseudomonas putida and were
expressed in P. putida cells, after which they were purified to
homogeneity in the presence of Tween-20 and characterized.
Although the enzymological properties of the two D-HypDHs

I---SPGYAAPWAAPGVPLKAIKW--MFQRHAPLAVRLDGT 82
I---SPGYAAPWAAPGVPLKAIKW--MFQRHAPLAVRLDGT 82
V---SPGYASPWAAPGIPLKAMKW--LLEKHAPLAIKLTSD 82
\eFI---SPSHVVPLAAPGVIGKGLRWLLNPESPFYIRPRWDSE 85
ILEFTRFVINRINVR-SYPKRYLSM----——--——=——————— 67

GRTRFKNLWLNTGHETLGWTMACGSGQLLSDLLSGRTPAIPYEDLSVARYSRGFTPSRPGHLHGAHS 432
GRTRFKNLWLNTGHEeTLGWTMACGSGQLLSDLLSGRTPAIPYEDLSVARYSRGFTPSRPGHLHGAHS 432
GATRYRNLFLNTGHEeTLGWTMACGSGRYLADLMAKKRPQISTEGLDISRYSNSPENAKNAHPAPAH 432
DR-VPGTENLWLATeH----AMLGISLAAVTGELVAALI------ SGAEPPVDPTPLRADRWR 415
DKVGEV----VIVTe------ ACRLGWTYGPALGKLA--------- ADLALGKPGVEALTARRFRR 363

DADH, KEGG database ORF ID: b1189; E. coli B Dye-DADH ECB_
01164; P. aeruginosa DyeDADH, PAS5304; Py. islandicum D-ProDH,
Pisl 1862; and R. marinus Dye-DADH, GenBank accession number:
LC004287
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are similar, their subunit structures differ substantially. In the
P aeruginosa genome, the genes IphE and IphF respectively
encode a protein of unknown function and ferredoxin and are
located in the vicinity of the gene encoding D-HypDH (/phB),
where they are tandemly arranged as a gene cluster in the
order IphB, IphF, and IphE, with the 3'-end of the upstream
gene overlapping the 5'-end of the next gene (Fig. 2a). This
IphBFE gene cluster with a hexahistidine tag sequence at-
tached at the N-terminus of /phB was expressed using the
constitutive ahpC promoter in P. putida KT2442-oxyR1 cells,
after which the recombinant P. aeruginosa D-HypDH was
successfully purified to homogeneity. The molecular masses
of IphB, IphF, and IphE gene products are 48, 10, and 42 kDa,
respectively. The native molecular mass of P. aeruginosa D-
HypDH is 360 kDa, which means the enzyme has a
heterododemaric o34y, structure.

Because the gene encoding D-HypDH from P. putida is
not part of a gene cluster like the P. aeruginosa D-HypDH
gene is, P putida D-HypDH is thought to be homomeric.
After expression of the gene in P. putida cells, the product
was purified to homogeneity in the presence of 0.1 % (v/v)
Tween-20, and the subunit molecular mass was estimated to
be about 47 kDa using SDS-PAGE. But because this en-
zyme was eluted in the void volume of the gel filtration
column, its native molecular mass has not yet been deter-
mined, and the molecular structure of P. putida D-HypDH
remains unclear. Both of these D-HypDHs are tightly bound
to the cytoplasmic membrane (Yoneya and Adams 1961;
Bater et al. 1997; Watanabe et al. 2012), and both show
maximum activities around pH 9.5 and retain more than
70 % of their activity after incubation for 2 h at pHs ranging
from 8 to 10.5 (30 °C). The prosthetic group of the
P aeruginosa D-HypDH o3y heteromeric unit contains
two molecules of FAD, one molecule of FMN and one
[2Fe-2S]-iron cluster, whereas P. putida D-HypDH contains
only FAD. The amino acid sequence of the P. aeruginosa D-
HypDH active component has only 23 % identity with the
sequence of the P. putida enzyme, which means the primary
and quaternary structures of P. aeruginosa D-HypDH are
totally different from those of the P. putida enzyme.

On the other hand, both enzymes utilize D-proline as well
as cis-4-hydroxy-D-proline as substrates, and the relative ac-
tivities of P. aeruginosa and P. putida D-HypDH toward D-
proline are 33 and 20 %, respectively, as compared with those
toward cis-4-hydroxy-D-proline (100 %). These D-HypDHs
thus exhibit greater substrate specificity than the Dye-DADHs
described above. Both enzymes are able to utilize a PMS and
INT-coupled system or a PMS and nitroblue tetrazolium
(NTB)-coupled system as the electron acceptor. Neither en-
zyme utilized DCIP, though DCIP is one of the most preferred
electron acceptors for Dye-DADHs. Collectively, these find-
ings suggest the D-HypDHs do not belong to the same en-
zyme group as the Dye-DADHs.
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Fig. 2 a Comparison of the genetic organization of Dye-DADH gene P>
regions. The locations and orientations of the genes are indicated by
arrows. KEGG ORF IDs are shown above each arrow. Genes encoding
Dye-DADHs are indicated by the black arrows. b The functions of Dye-
DADHs in amino acid catabolism. The circled numbers correspond to the
following enzymes: 1, alanine racemase; 2, Dye-DADH; 3, 4-
hydroxyproline-2-epimerase; 4, D-HypDH; 5, D-ArgDH; 6, NAD-
dependent L-arginine dehydrogenase; 7, transcriptional regulator,
DauR; 8, Al-pyrroline-4R-hydroxy-2-carboxylate deaminase; 9, x-
ketoglutaric semialdehyde dehydrogenase; and 10, D-ProDH

Soluble Dye-DADH with broad substrate specificity

A novel type of Dye-DADH that differs greatly from the
abovementioned Dye-DADHs was identified in P. aeruginosa
(Liand Lu 2009; Li et al. 2010) and overexpressed in E. coli
as a recombinant dye-linked D-arginine dehydrogenase
(D-ArgDH) with a hexahistidine tag at the N-terminus.
The recombinant D-ArgDH was purified to homogeneity from
E. coli cell extracts using a nickel chelating column and then
biochemically characterized. This enzyme is considered to be
soluble because its activity is retained in the soluble fraction
after ultracentrifugation. This is in contrast to all of the Dye-
DADHs described above, which are tightly bound to the cyto-
plasmic membrane, and suggests D-ArgDH is inherently dif-
ferent from membrane-bound enzymes and may be a novel
type of Dye-DADH. The histidine-tagged recombinant protein
1S monomeric in its native form, with a subunit molecular mass
of 40 kDa (calculated from the primary structure). The purified
D-ArgDH is yellow, which is typical of flavoproteins. D-
ArgDH activity could be detected using a PMS and INT-
coupled system, whereas oxygen was inert as an electron ac-
ceptor. D-ArgDH exhibits broad substrate specificity: several
different D-amino acids could serve as the electron donor,
though the most preferable was D-lysine. Marked substrate
inhibition was detected when D-lysine or D-arginine was the
electron donor, but that was not the case with other D-amino
acids. Similar substrate inhibition has not been reported for
other Dye-DADHs.

Among the characterized Dye-DADHSs, only D-ArgDH
has been successfully crystallized. Fu et al. (2010) reported
the X-ray crystal structures of D-ArgDH at 1.06 A resolution
and its complex with iminoarginine and iminohistigine at
1.30 A resolution. The structure indicates that D-ArgDH con-
tains both a FAD-binding domain and a substrate-binding do-
main (Fig. 3a) and non-covalently binds one molecule of FAD
per subunit. The isoalloxazine ring of FAD is situated at the
interface between the FAD-binding domain and the substrate-
binding domain. The internal cavity of the substrate-binding
site has a triangular cross-section with a narrow entrance at the
top. The crystal structure of the enzyme in complex with
iminoarginine shows that the Cx, imino group, and carboxyl-
ate group of iminoarginine are oriented approximately parallel
to the re face of FAD (Fig. 3b) and form polar interactions
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Fig. 3 a Overall structure of the D-ArgDH (PDB ID: 3NYE). The FAD-
and substrate-binding domains are shown in cyan and orange,
respectively. The N-terminal His-tag is in green. FAD (yellow) and
iminoarginine (red) are shown in stick. b Interactions between D-
ArgDH and iminoarginine. Carbons are colored green for D-ArgDH
active site residues and magenta for the iminoarginine. FAD is
represented in yellow. Figure modifued from Fu et al. (2010)

Arg?*?, and the side chain hydroxyl of Tyr**’. The imino
group of iminoarginine, which is situated within hydrogen-
bonding distance of the O4 atom of FAD, forms a hydrogen
bond interaction with the main chain carboxyl oxygen atom of
His*® via a water molecule. The guanidinium group of
iminoarginine forms a hydrogen interaction with the side
chain of Thr’® and an ionic interaction with the carboxylate
group of Glu®’ (Fig. 3b). The side chain of Glu®’ is thought to
be the major determinant of the specificity of D-ArgDH for
positively charged substrates such as D-arginine and D-lysine.
On the other hand, within the structure of iminohistidine-
bound D-ArgDH, the side chain orientation of the ligand sub-
stantially differs from that in the iminoarginine-bound en-
zyme; the side chain of iminohistidine lies almost parallel to
the isoalloxazine ring of FAD, while that of iminoarginine is
nearly perpendicular to the isoalloxazine ring. In contrast, the
carboxylate and imino groups of iminohistidine are fixed at a
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position similar to those of iminoarginine via conserved hy-
drogen bond interactions between the two structures. The
binding pocket of D-ArgDH has a small entrance but expands
at the bottom near the FAD, and a flexible loop that may
control substrate accessibility is situated near the active site.
The shape and flexibility of active site, as well as the con-
served interactions around the substrate C«x, are thought to
enable D-ArgDH to accommodate different substrates.

Physiological function of Dye-DADH

Dye-DADH reportedly functions in both energy generation,
as the primary enzyme in the electron transport chain, and the
catabolism of amino acids. For example, Dye-DADHSs from
E. coli and P. aeruginosa utilizing D-alanine as the most pref-
erable substrate are involved in alanine catabolism (Lobocka
et al. 1994; Boulette et al. 2009; He et al. 2011). The gene
encoding Dye-DADH is located adjacent to the gene encoding
alanine racemase and is arranged as an operon (dad operon)
inducible by L-alanine (Fig. 2a). In both cell types, Dye-
DADH is thought to function in the conversion of L-alanine
to pyruvate and ammonia via D-alanine formation catalyzed
by alanine racemase (Fig. 2b). Therefore, Dye-DADH is nec-
essary for L-alanine metabolism. On the other hand, the ala-
nine racemase gene is not situated adjacent to the gene
encoding R. marinus Dye-DADH, which belongs to the group
of membrane-bound Dye-DADHs with broad substrate spec-
ificity. Instead, a gene encoding 4-hydroxyproline 2-epimer-
ase is located in the immediate vicinity of the R. marinus Dye-
DADH gene (Fig. 2a), and these genes are arranged in an
operon (hyp operon). The hyp operon consists of genes
encoding enzymes involved in trans-4-hydroxy-L-proline ca-
tabolism (Fig. 2b), and marked enhancement of this operon is
observed in the presence of zrans-4-hydroxy-L-proline
(Satomura et al. 2015). The R. marinus Dye-DADH may thus
be involved in trans-4-hydroxy-L-proline catabolism.
Pseudomonas D-HypDH not only belongs to a different group
than R. marinus Dye-DADH but is also thought to be involved
in trans-4-hydroxy-L-proline catabolism (Watanabe et al.
2012). Like the R. marinus Dye-DADH gene, the D-HypDH
genes form a cluster encoding enzymes involved in trans-4-
hydroxy-L-proline catabolism (Fig. 2a). In addition, D-
HypDH activity was found to be markedly elevated in cell-
free extracts of P. aeruginosa and P. putida grown on minimal
medium containing trans-4-hydroxy-L-proline (Watanabe
et al. 2012). This suggests D-HypDH, which exhibits strong
reactivity toward cis-4-hydroxy-D-proline, also participates in
trans-4-hydroxy-L-proline catabolism.

Notably, however, the amino acid sequences of the Dye-
DHs involved in frans-4-hydroxy-L-proline catabolism share
only about 30 % identity, and D-HypDH clearly differs from
R. marinus Dye-DADH, though these enzymes likely share a
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similar physiological functions. In addition, D-ProDH from
the hyperthermophilic archacon Py. islandicum shows strong
activity toward cis-4-hydroxy-D-proline (Satomura et al.
2002), though the amino acid sequence of D-ProDH shares
less than 29 % identity with the sequences of the Dye-DHs
involved in trans-4-hydroxy-L-proline catabolism, and a 4-
hydroxyproline 2-epimerase homologue gene has not been
detected in the vicinity of the Py. islandicum D-ProDH gene.
The physiological function of Py. islandicum D-ProDH and
the catabolic pathway of D-amino acids in the hyperthermo-
philic archaeon remain to be defined.

The gene encoding P. aeruginosa D-ArgDH is located in
the immediate vicinity of the two genes encoding NAD-
dependent L-arginine dehydrogenase and transcriptional re-
pressor (Fig. 2a), and the three genes are arranged in an operon
(dauBAR operon) (Li and Lu 2009; Li et al. 2010). When
P aeruginosa is grown in minimal medium containing D-
arginine or D-lysine, the dauBAR operon is induced, and D-
ArgDH is responsible for a unique racemization coupled with
NAD-dependent L-arginine dehydrogenation (Fig. 2b). The
conversion of D-arginine to L-arginine through the conjugated
reactions of D-ArgDH and NAD-dependent L-arginine dehy-
drogenase makes the utilization of D-arginine as a sole source
of carbon and nitrogen possible.

Application for Dye-DADH to D-amino acid
biosensors

Advances in analytical methods and other techniques have
confirmed that a variety of D- and L-amino acids are present
in many foods and biological tissues. Furthermore, the specif-
ic biological and physiological functions of the D-amino acids
in several types of organisms have been determined. For ex-
ample, D-serine is known to act as a co-agonist for the N-
methyl-D-aspartate (NMDA) receptor which is widely distrib-
uted in the central nervous system. NMDA receptor is the
cation channel that plays an important role in memory and
learning (Mondadori et al. 1989; Rison and Stanton, 1995).
D-Aspartic acid is distributed in the nervous and endocrine
tissues of mammals, where it functions to control the produc-
tion of some hormones (Furuchi and Homma 2005). D-
Proline has been detected in the gastric juice, brain, and hu-
man saliva, and it specifically accumulates in stomach cancer
and reportedly exhibits neural toxicity (Hamase et al. 2001;
Nagata et al 2006, 2007). In addition, D-proline has also been
found in foods such as vinegar and maple syrup (Erbe and
Briickner 2000; Pétzold and Briickner 2005), and its concen-
tration in vinegars reportedly increases with their aging. The
analytical methods currently being employed to determine D-
amino acid levels in organ tissues and foods include gas chro-
matography, high-performance liquid chromatography, and
use of automated amino acid analyzers (Hamase et al. 2002).

However, these instruments are expensive and require mastery
of sophisticated techniques. As an alternative approach to D-
amino acid determination, electrochemical methods using
Dye-DADHs are being developed. These Dye-DADH-based
biosensors enable electrochemical detection of D-amino acids
and show great potential for easy and sensitive detection of D-
amino acids in biological tissues and foodstuffs and for mon-
itoring procedures for D-amino acid production. Although
mesophilic Dye-DADHs are not suitable for use due to their
instability, stable enzymes from thermophiles can be applica-
ble for use in biosensors under various conditions.

An electrochemical D-amino acid detection system using
highly stable Py. islandicum D-ProDH has been constructed
(Tani et al. 2008). With this system, D-ProDH is immobilized
on a glassy carbon electrode along with an agar gel, which is a
heat reversible polymer. This electrode is easily prepared by
spin-coating with a 1.5 % agar solution containing the enzyme
(agar/immobilized-enzyme electrode) (Fig. 4a). The great ad-
vantage of this system is that the agar/immobilized-enzyme
electrode can be easily prepared by mixing the enzyme in hot
agar solution at 70 °C. Using the resultant agar/immobilized-
enzyme electrode, D-proline elicited a current at temperatures
up to 70 °C, and the response was maintained for 80 days. A
limitation of this system is that the D-amino acid selectivity of
the electrode was not high, reflecting the broad substrate spec-
ificity of D-ProDH. In addition to D-proline (relative activity
100 %), the immobilized electrode was sensitive to D-
isoleucine (46 %), D-histidine (29 %), D-leucine (19 %), D-
valine (18 %), D-alanine (9 %), and D-aspartate (7 %), but was
insensitive to many L-amino acids, including L-proline.
Linear regression showed that the relation between the
D-proline concentration and the response of the agar/
immobilized-enzyme electrode was linear from 0.5 to
5.0 mM. In addition, the electrode was successfully used to
detect D-amino acids in human urine sample.

To improve sensitivity for analysis of D-amino acids,
a novel type of electrode composed of a mixture of
single-wall carbon nanotubes (CNT), electrolyte, and
D-ProDH has been constructed (CNT/immobilized-en-
zyme electrode) (Fig. 4b) (Tani et al. 2009). The carbon
nanotubes have great potential for use in electrodes ow-
ing to their large surface area and superior electric con-
ductivity. The CNT/immobilized-enzyme electrode has a
much smaller Km value for D-proline (0.83 mM) than
the CNT-free immobilized-D-ProDH-only electrode
(7.9 mM), and it was demonstrated that this CNT/
immobilized-enzyme electrode could be applicable for
highly sensitive detection of D-amino acids in food
samples such as rice wine (0.0210 mM) and vinegar
(0.55 mM). This sensor system would be useful for
simple electrochemical sensing of D-amino acids in
samples containing mainly the corresponding D-amino
acid, but it would not always be useful for sensing a
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method

specific D-amino acid in biological samples—for exam-
ple, D-proline in the cell extract containing other D-
amino acids. This again reflects the broad substrate
specificity of D-ProDH. The next step will be to iden-
tify other novel Dye-DADHs with potentially greater
substrate specificity for application to improved biosen-
sor electrodes.

@ Springer

Conclusion and perspectives

Over the last decade, a variety of Dye-DADHs have been
detected and characterized, and it has become apparent that
Dye-DADHs are widely distributed in bacteria and archaea
and are not always rare. Based on their biochemical charac-
teristics, these enzymes have been grouped into three types
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(Table 1): (1) membrane-bound Dye-DADHs that exhibit
broad substrate specificity for electron donor D-amino acids,
(2) membrane-bound enzymes with high specificity for cis-4-
hydroxy-D-proline, and (3) soluble Dye-DADHs with broad
substrate specificity for D-amino acids. Comparison of the
amino acid sequences of these three groups of Dye-DADHs
revealed they share less than 34 % identity, and there are large
differences in their enzymological properties and primary
structures, even though their physiological functions are often
similar. This suggests Dye-DADHSs evolved convergently in
their organisms.

In addition, Dye-DADHs exhibit great potential for appli-
cation to electrochemical detection of D-amino acids through
transfer of electrons from the D-amino acids to an electrode
via a mediator. Mesophilic Dye-DADHs are not suitable for
this application due to their comparative instability. Among
characterized Dye-DADHSs, D-ProDH from the hyperthermo-
philic archaeon Py. islandicum exhibits the greatest stability
under different conditions. In particular, it showed stable per-
formance for 80 days on an agar/immobilized-D-ProDH elec-
trode. This is noteworthy, as prolonged stability is crucial for
accurate long-term use in a biosensor system. Moreover, the
Py. islandicum immobilized-D-ProDH electrode was success-
fully used to detect D-amino acids in biological and food
samples. This is the first example of a D-amino acid detection
system using Dye-DADHs. However, problems remain with
the D-ProDH sensor system. The broad substrate specificity of
D-ProDH prevents accurate detection of a specific D-amino
acid in a sample containing more than two D-amino acids. No
Dye-DADH catalyzing the dehydrogenation of a specific D-
amino acid has yet been identified in a hyperthermophile or
thermophile, though a D-HypDH-like enzyme with high sub-
strate specificity has been found in a mesophile. A great deal
of information on the genomes of hyperthermophiles and ther-
mophiles is currently available in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (http:/www.genome.
jp/kegg/). Genes encoding Dye-DADH homologues have
been detected in the genomes of several hyperthermophiles
and thermopbhiles, establishing the potential existence of one
or more stable Dye-DADHSs with high substrate specificity in
thermophiles or hyperthermophiles.

Among Dye-DADHSs, the 3D structure of only D-ArgDH
has been determined. Although the D-ArgDH crystal structure
has provided some information about the molecular interac-
tion between Dye-DADH and a substrate D-amino acid, the
available information on the Dye-DADH-substrate recogni-
tion mechanism remains limited. We anticipate that in the near
future, new information on the structure of a Dye-DADH in
complex with its substrate will provide crucial insight into the
recognition mechanism. Such structural information may pro-
vide the basis for detailed analyses of the physiological and
catalytic functions of Dye-DADH, while protein engineering
techniques may make it possible to design proteins for the
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interconversion between D-amino acid dehydrogenase and
oxidase. Both enzymes are FAD-dependent oxidoreductases;
the difference between the two is the ability to utilize oxygen
as electron acceptor from reduced FAD. D-Amino acid oxi-
dase is highly potential for various applications such as an
optical resolution for racemate mixture of amino acid and
the synthesis of pharmaceutical intermediates. In particular,
thermostable D-amino acid oxidase may be expected in the
longer term use for their applications. Perhaps through protein
engineering, a highly thermostable D-amino acid oxidase
could be produced from hyperthermophilic Dye-DADHs,
which would increase the versatility of Dye-DADHs, broad-
ening their applicability. Almost all membrane-bound dehy-
drogenases are huge molecule and have less solubility in aque-
ous solution. For their application, the enzyme must be solu-
bilized from the membrane before the use. However, the prep-
aration of solubilized enzymes from membrane is cumber-
some because the high concentration of membrane-bound en-
zymes in solution trends to cause the aggregation even if de-
tergent is added to the solution. In general, the aggregation
makes application of membrane-bound dehydrogenases very
difficult and thus solubilized enzymes are needed for the better
application in solution. It would be useful to increase the sol-
ubility of membrane-bound dehydrogenases, as this would
open additional avenues for potential application of these en-
zymes in biotechnology.
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