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Abstract—D-Amino acids play a key role in regulation of many processes in living cells. FAD-dependent D-amino acid oxi-
dase (DAAO) is one of the most important enzymes responsible for maintenance proper level of D-amino acids. The most
interesting and important data for regulation of the nervous system, hormone secretion, and other processes by D-amino
acids as well as development of different diseases under changed DAAO activity are presented. The mechanism of regula-
tion is complex and multi-parametric because the same enzyme simultaneously influences the level of different D-amino
acids, which can result in opposing effects. Use of DAAO for diagnostic and therapeutic purposes is also considered.
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D-Amino acid oxidase (EC 1.4.3.3, DAAO) is a
FAD-containing enzyme that catalyzes oxidative deami-
nation of D-amino acids yielding hydrogen peroxide and
an imino acid. The latter is further non-enzymatically
hydrolyzed to an a-keto acid and ammonium (see
Scheme).

A major characteristic of all DAAOs is their high
specificity towards D-isomers of amino acids: they are
almost inactive towards the corresponding L-isomer.

DAAO was first described by Krebs in 1935 [1]. The
enzyme is widespread in nature, from microorganisms to
mammals. The latter have DAAO localized in various tis-
sues, e.g. brain, kidney, and liver. The presence of DAAO
in liver depends on the species: mouse has DAAO in kid-
ney only, while pig has both, in liver and kidney. Until
1980s, no systematic studies on DAAO of vertebrates were
performed because of their low content in tissues and low
stability. Microbial DAAO, except that of the yeast
Trigonopsis variabilis, had no any practical importance.
All studies were focused on the enzymes from porcine
kidney (pkDAAO) and T. variabilis (TvDAAO). The

Abbreviations: 7-ACA, 7-aminocephalosporanic acid; DAAO,
D-amino acid oxidase; NMDA, N-methyl-D-aspartate;
MTOB, 4-methylthio-2-oxobutyrate; pk DAAO, TvDAAO, and
RgDAAO, D-amino acid oxidases from porcine kidney,
Trigonopsis variabilis, and Rhodotorula gracilis, respectively.

* To whom correspondence should be addressed.

pkDAAO was studied as a model FAD-containing
enzyme, while TVDAAO was used to develop biocatalysts
for the production of 7-aminocephalosporanic acid (7-
ACA) from the natural antibiotic cephalosporin C.
However, low operational stability restricted the use of the
biocatalyst.

In the mid 1990s, interest in DAAO was revived due
to a number of factors. First, an import physiological role
of DAAO in metabolic control became appreciated; sec-
ond, development of genetic engineering resulted in the
construction of recombinant strains producing DAAO
and thus, the problem of enzyme production in commer-
cial quantities has been solved; and third, the genomic era
opened the opportunity for identification and sequencing
of novel DAAO genes. A number of reviews on DAAO
catalytic mechanism and structure have been published in
the past five years [2, 3]. The last review on the properties
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of microbial DAAQOs was published in 2008 [4]. However,
a review summarizing information about the physiologi-
cal role of D-amino acids and DAAOs together with
enzyme application trends for analysis and medical diag-
nostics was missing. In this review, we attempt to fill in
this information gap and to analyze the most recent data
in the field.

PHYSIOLOGICAL ROLE OF D-AMINO ACIDS
IN THE EUKARYOTIC CELL AND REGULATION
OF THEIR LEVEL WITH D-AMINO ACID OXIDASE

DAAOs provide microorganisms with exogenous D-
amino acids as a source of carbon, nitrogen, and energy
[5]. In eukaryotic cells, DAAO supports the physiological
level of D-amino acids that play an important role in the
regulation of many processes such as aging, neural signal-
ing, hormone secretion, etc. Changes in the levels of D-
amino acids have a major impact on the organism as a
whole. For instance, excess of some D-amino acids in
mouse brain tissues provides long-term potentiation' in
the hippocampus and supports spatial learning.
Experiments were performed on wild-type and daao
knock-out mice in the Morris labyrinth [6], which
demonstrated progressive learning of the mutant mouse
compared to the control. Other important examples on
the participation of DAAO in vertebrate physiology are
discussed below.

Regulation of D-serine level. Nearly half of the
research articles on DAAO published in the last 5-7 years
have been devoted to the role of D-serine as a neuromod-
ulator of NMDA (N-methyl-D-aspartate)-receptors,
which are at play in many pathological processes. The
allele combination of G72 and daao genes increases the
probability of developing schizophrenia [7-9]. The rise in
expression levels of G72 [10] increases DAAO activity in
human brain, resulting in the decreasing levels of D-ser-
ine, which is known to bind to the glycine-binding site of
NMDA-receptors [11]. Therefore, the decreased levels of
D-serine lower the functional activity of NMDA-recep-
tors, which is supposed to be one of the reasons for the
development of schizophrenia [12-15]. Currently, thisis a
working hypothesis supported by many researchers [16].
It should be noted that NMDA-receptors are equally
important for other physiological processes such as learn-
ing and memory formation [17], development of epilepsy
[18], etc. At the same time, other researchers could not
find a correlation between daao and pGL72 protein gene
polymorphism and predisposition to schizophrenia [19,
20].

! Long-term potentiation (LTP) is an increase of synaptic transmission
between two neurons maintained for a long time after the effect on the
synaptic pathway. LTP participates in mechanisms of synaptic plastic-
ity determining the adaptability of the nervous system of living organ-
isms to the changing environment.
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Regulation of hormone secretion. D-Aspartate is one
of the most important regulators of hormone secretion. It
is present in significant quantities in brain tissues, and its
concentration increases with aging by up to 0.14% per
year [21, 22]. The highest concentration of D-Asp is
observed in the secreting glands [23, 24]. D-Asp regulates
the secretion of melatonin [25], prolactin [26], testo-
sterone [27], luteinizing hormone, and growth hormone
[28]. The content of D-Asp in crystalline, dentin, knee
cartilage, and white matter increases with aging [29-32].

Regulation of arterial hypertension. N°-Nitroargi-
nine exists in the cell as a mixture of L- and D-isomers:
initially, NS-nitro-D-Arg is synthesized, and then it is
converted into the L-form. Both compounds are relevant
to arterial hypertension, but the organism reacts much
less and slower to the D-isomer than to the L-form [33,
34]. Thorough studies showed that N¢-nitro-D-Arg
effectiveness is based on its potent inhibition of NO syn-
thase [35], a key regulator of intercellular processes
including arterial hypertension [36]. Prolonged action of
NOS-nitro-D-Arg is provided by its slow racemization in
kidney. One of the key enzymes catalyzing its racemiza-
tion is the kidney DAAO [37].

Regulation of D-alanine level. Significant levels of
D-Ala have been found in the tissues of Crustacea and
Bivalvia. Under conditions of salt stress, this amino acid
accumulates in all tissues. Abe et al. [38] proposed that
D-Ala plays an important role in the regulation of intra-
cellular osmotic pressure. The content of D-Ala in the
gray matter of Alzheimer’s patients is 2.2 times higher
than in control groups [39]. In addition to D-Ala, the
patients show increased content of free D-Asp and D-Ser
and overall D-amino acids in the spinal fluid [40]. These
observations are explained in terms of a combined effect
of decreased DAAO activity and increased activity of the
corresponding racemases compared to the control
groups.

Regulation of D-proline level. D-Pro and D-Leu
content is in the fourth place, after D-Ser, D-Asp, and D-
Ala [41, 42]. Currently, the physiological role of D-Pro is
actively discussed in the literature. In long-living tissues
such as dentine, tooth enamel, crystalline, etc., there is a
clear parallel between the human age and content of D-
oxyproline and D-aspartate [22, 31]. Data on neuro-,
hepato-, and nephrotoxicity of D-proline in rats is a focus
of discussion [43, 44]. Studies on D-Pro content in dif-
ferent tissues of daao knock-out mice show that the latter
accumulate significant amounts of D-Pro in the kidneys,
which is then cleared naturally [45].

PRACTICAL APPLICATION
OF D-AMINO ACID OXIDASE

DAADO is finding more and more practical applica-
tions (Fig. 1).
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Fig. 1. Practical application of D-amino acid oxidase.

Quantification of D-amino acids and DAAQO assay.
The important role played by D-amino acids in metabo-
lism is now well established, i.e. their content as well the
activity of DAAO changes in response to various patho-
logical conditions in brain tissues, serum, and spinal
fluid. Therefore, DAAO assay and quantification of the
levels of D-amino acids is an important problem whose
solution may help tremendously in early diagnostics and
disease monitoring. However, only recently some efforts
in this direction have been reported: two papers were pub-
lished in 2008. The first by Pernot et al. describes the
development of a micro-biosensor for determination of
D-serine in vivo [42]: the biosensor (25 x 150 ym) is a
cylindrical platinum microelectrode covered by a layer of
poly-m-phenylenediamine, a selective mediator for
H,0,. The enzyme from Rhodotorula gracilis (RgDAAQO)
and pkDAAO for comparison were physically adsorbed
on the electrode surface. For in vivo experiments, the
enzyme layer was protected with an additional Nafion
membrane.

The biosensor based on RgDAAO exhibited higher
sensitivity for D-Ser (9.2 pA/mM in the range of 0.1-
500 uM) compared to that for pkDAAO (6.5 pA/mM).
The theoretical detection limit for D-Ser for the former
was 16 nM. The major advantage of the former was the
selective detection of D-Ser originated from the substrate
specificity of RgDAAO: the ratio of the activities towards
D-Ser and the other D-amino acids was 100 : 5.5 and 100 :
104 for D-Ser/D-Asp and D-Ser/D-Ala pairs, respective-
ly. In the case of pkDAAO the corresponding activity
ratios were 100 : 36.8 and 100 : 165 for D-Ser/D-Asp and
D-Ser/D-Ala, respectively. Of note, the equal RgDAAO
activities towards D-Ser and D-Ala restrict the selectivity
of D-Ser detection in the presence of equal concentra-
tions of D-Ala. High selectivity of D-Ser in vivo detection
is the result of the low content of D-Ala in brain tissues,
i.e. 7% of that of D-Ser content. Obviously, in the case of
pathologies resulting in increased levels of D-Ala and
decreased levels of D-Ser, the correct determination of
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the concentration of D-Ser will not be possible. For these
conditions, one has to develop an enzyme that has no
activity towards D-Ala and D-Asp.

We have performed site-directed mutagenesis of the
T. variabilis enzyme (TvDAAO) [46]. The wild-type
enzyme was known to be inactive towards D-Asp, being
however very active with D-Ala [47]. Our studies resulted
in the construction of three mutant forms inactive
towards D-Ala. In addition, one of the mutants lost activ-
ity towards D-Pro, which also has a tendency to accumu-
late under pathological conditions (see above). Compared
to the wild-type enzyme, two mutants show no decrease
in the specific activity towards D-Ser, while one demon-
strated a 30% increase. Thus, the created mutant forms of
TvDAAO are perfectly suitable for selective determination
of D-Ser in excess of D-Ala, D-Asp, and D-Pro [48].

Broad substrate specificity of DAAO is a plus when
considering the determination of overall concentration of
D-isomers of amino acids in food and drinks. D-Amino
acids, and in particular D-Ala, are components of bacte-
rial cell walls. Their appearance in foods is a marker of
bacterial contamination [49]. A detailed discussion on
previously published research (to 2006) can be found in
[4]. In 2007, an amperometric biosensor with DAAO
immobilized on a graphite electrode whose surface had
been modified with Prussian blue was described [50]. To
enhance the electrode response, the surface of the elec-
trode was additionally modified by carbon nanotubes.
The magnitude of the registered signal was linearly
dependent on D-Ala concentration in the range of 5 to
200 uM.

A number of methods have been developed for
detection of DAAO activity [51-61]. Most are based on
the coupling of the DAAO-catalyzed reaction with that of
horseradish peroxidase [52]. The great variety of peroxi-
dase substrates allows various types of assay to be per-
formed: UV-Vis [56] and fluorimetric [60], in gel [52,
53], and directly in tissue slices [57, 58]. Very recently, a
highly sensitive DAAO assay in complex mixtures,
including screening of recombinant libraries of E. coli,
has been developed [61]. The sensitivity of detection was
as low as 0.13 ng per sample (1.6:10~"> mole).

Diagnostics and prophylaxis of psychosomatic dis-
eases and cancer. As discussed above, some psychosomat-
ic diseases such as schizophrenia and Alzheimer’s and
Parkinson’s diseases result in significant changes in the
levels of some D-amino acids (D-Ser, D-Ala, D-Asp) in
serum, white and gray matters, and spinal fluid. The
determination of D-amino acids under normal and
pathological conditions created a basis for the develop-
ment of diagnostic criteria and monitoring of these dis-
eases [39, 40, 62-64].

Studies on daao knock-out mice demonstrated the
absence of compensatory effects for the null DAAO activ-
ity. This observation opens new horizons for the treatment
of schizophrenia with enzyme inhibitors whose applica-
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tion will normalize levels of D-Ser to stimulate
NMDA-receptors [65] (for comparison, a common
approach is direct injections of D-Ser in addition to
anti-psychic prophylaxis [66-68]). To realize the new
approach, the authors developed a high throughput screen-
ing protocol for cell-based DAAO assay [69]: the primary
screen resulted in the selection of 1966 hits for further stud-
ies. The others, based on a similar approach, came up with
5-methylpyrazol-3-carbonic acid [70] as a drug candidate.
Its injection into rats results in significant increase of D-
Ser in cerebral cortex and midbrain; moreover, its contin-
uous injection for 4 weeks gave no side effects.

Dopamine is a well-known prophylaxis and treat-
ment medication for Parkinson’s disease [71]. Very
recently, it has been shown that D-3,4-dihydroxyphenyl-
alanine (D-DOPA) is a better substrate for human DAAO
than D-Ser [72]. The catalytic efficiency (k./K,) for
D-DOPA is 14-fold higher than that for D-Ser. Thus,
human DAAO provides an alternate metabolic route for
D-DOPA conversion into dopamine.

Another promising application for DAAO is its rele-
vance to cancer diagnostics and possibly treatment. It has
been demonstrated that parenteral injection of D-amino
acid-containing solutions into cancer patients results in
improved nutritional status and inhibits cancer cell
growth [73, 74]. Later, research performed on rats showed
no DAAO activity in cancer cells [75].

Japanese authors [76, 77] proposed polyethylene
conjugated DAAO for treatment of cancer. Accumulation
of injected pkDAAO in the tumor has been shown in
mice, thus showing the targeted delivery of the anticancer
agent. The mechanism of exogenously administered
DAADO into cancer cells only is unknown. One can spec-
ulate that higher metabolic level of cancer cells results in
increased delivery rates of any compound. “Targeted
delivery” of this type has been described for many com-
pounds. Administration of the enzyme followed by the
injection of D-proline (which is the best substrate for
pkDAAO) resulted in significant inhibition of the cancer
cell growth because of increased production of hydrogen
peroxide and other products of oxidative metabolism in
cancer cells, while not affecting the metabolism in
healthy cells. To prolong DAAO lifetime in the body, the
enzyme was attached to polyethylene glycol.

The next step was the use of recombinant pk DAAO
expressed in E. coli [78]. Its high efficiency as an anti-
cancer treatment in combination with D-Pro was shown
for various cancer cell lines and models. It has also been
demonstrated that the activity of catalase, which degrades
peroxide, is 1-2 orders of magnitude lower in cancer cells
than in healthy cells. Thus, targeted delivery of DAAO
into cancer cells combined with the much lower activity
of catalase increases the burden of cytotoxic compounds
in cancer cells specifically. Therefore, stable DAAO con-
jugates can be considered as promising anticancer treat-
ments in the future.
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To conclude this chapter, we must say that the devel-
opment of medical treatment for neurodegeneration and
cancer based on DAAO regulation and monitoring of D-
amino acid content is not a trivial task, mainly because of
the multiple roles played by DAAO in the cell. One and
the same enzyme changes the levels of various D-amino
acids, which in turn exhibit different effects depending on
the amino acid nature and place in metabolism. For
example, increase in D-Ser stimulates NDMA-receptors,
while increase in D-Ala is linked to Alzheimer’s disease.
Tissue-specific gene therapy could be the solution for this
uncertainty in predicting the drug effects. Tissue-specific
mutagenesis of DAAO resulting in the desired substrate
specificity profiles in a particular tissue will allow one to
selectively affect only one D-amino acid content, without
changes in the enzyme biosynthesis levels. This approach
may be realized in the near future: (i) the possibility of tis-
sue-specific effects on the DAAO gene was demonstrated
in mice [45], and (ii) our results show that site-directed
mutagenesis yield desired mutant forms with the neces-
sary profile of substrate specificity.

Synthesis of physiologically active compounds. As
noted above, DAAO is highly specific to D-isomers of
amino acids. Depending on the task to be solved, this par-
ticular property of the enzyme can be modulated to pro-
duce a racemic mixture or the major reaction product,
a-keto acids, or natural or non-natural L-amino acids of
high optical purity (ee > 99). Both a.-keto acids and non-
natural L-amino acids are widely used as precursors for
various drugs.

Pig kidney DAAO was first used in 1971 to make
L-pipecolic acid from a racemic mixture via D-isomer
oxidation [79]. L-Pipecolic acid is an intermediate of L-
Lys catabolism and accumulates in the organism as a
result of peroxisome dysfunction [80]. This amino acid
plays a very important role in the organism, and particu-
larly in the development of various diseases of the nervous
system [81]. L-Pipecolic acid derivatives are components
of medications used as immunodepressants and anti-
cancer and neuroprotective drugs [82]. Later, pkDAAO
was replaced with a more stable and active enzymes from
the yeasts 7. variabilis [83, 84] and Rhodotorula gracilis
[85]. TVDAAO was also used to produce optically active
L-methionine from D-amino acid with the yield of 100%
in a cascade system of four enzymes [86]. Production of
phenyl pyruvate from D-phenylalanine using recombi-
nant TvDAAO and RgDAAO with the yield of 99% is
described in [87, 88]. Ionic liquids were used to increase
the substrate solubility and oxygen concentration [89].

4-Methylthio-2-oxobutyric acid (MTOBA) is an
important compound in pharmaceutics. Being a metabol-
ic precursor of methional, a strong inducer of apoptosis,
MTOBA is used as an anticancer drug. In methionine-
dependent cancer cells, the MTOBA content is lower
than in normal cells. MTOBA can be easily produced via
oxidative deamination of D-methionine. Very recently, a
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more cost-effective method for MTOBA production was
proposed based on the treatment of a racemic mixture of
D,L-methionine [90]. D-Methionine conversion in the
reaction was ~98%.

Another important substance produced with the help
of DAAO is L-6-hydroxynorleucine. This chiral com-
pound is used for the synthesis of Omapatrilat and a
whole series of metalloproteinase inhibitors [91].
Omapatrilat is an inhibitor of angiotensin-converting
enzyme and neutral endopeptidase and is effective as an
antihypertensive drug. The method for L-6-hydroxynor-
leucine stereo-isomer production from a racemic mixture
of 6-hydroxynorleucine with the yield of 97% and purity
of 98% is described in [92].

L-Amino acids containing the naphthalene group are
of great interest for new drug development. For instance,
L-2-naphthylalanine is a component of the peptide drug
Nafarelin [93]. To produce this amino acid from a race-
mate of 2-naphthylalanine, a method based on a three-
enzyme system, e.g. RgDAAO, catalase, and L-aspartate
aminotransferase, was developed [94]. To increase the
RgDAAO specific activity toward D-2-naphthylalanine,
both site-directed mutagenesis [95] and random mutage-
nesis (“directed evolution”) methods were used [95], but
in the latter case the best multi-point mutants were less
active than single-point mutant RgDAAO Met213Gly
generated using the former approach [96].

Cephalosporin C conversion. Development of antibio-
tic resistance is a well-known property of microorganisms
[97]. Resistance toward penicillin-based antibiotics made
cephalosporin-based antibiotics of different generations
the most popular ones used in practice: more than half of
antibiotics used worldwide are cephalosporins. 7-
Aminocephalosporanic acid (7-ACA) is a starting com-
pound for the production of various semi-synthetic
cephalosporins of different generations, and until recent-
ly it has been produced by chemical hydrolysis of the nat-
ural antibiotic cephalosporin C. The disadvantage of this
method is multiple steps, low yield, and use of various
organic solvents.

Alternatively, 7-ACA can be produced using a bio-
catalytic method based on DAAO and glutaryl hydrolase.
The scheme of the process is shown in Fig. 2.

Currently, there are many various methods for bio-
catalytic oxidation of cephalosporin C. Detailed analysis
of these methods can be found in [4, 98]. Analysis proves
that being relatively expensive, the enzyme does not
exhibit the operational stability required for commercial
production.

The solution of this problem could be based on the
development of enzyme mutant forms with improved cat-
alytic activity and thermal and operational stability. Such
mutant forms of TVDAAO have recently been produced in
our laboratory [46, 48]. Two forms among all that were
produced exhibited a 4- and 2-fold higher catalytic effec-
tiveness with respect to cephalosporin C compared to the
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Fig. 2. Production of 7-aminocephalosporanic acid (7-ACA) from
cephalosporin C using the two-enzyme system D-amino acid oxi-
dase/glutaryl hydrolase.

wild-type enzyme. Half-inactivation period for one of the
mutants at 54°C was 2.2 times longer than for the original
DAAO [99]. Of note, the effect was achieved using single-
point mutations based on the structural model build in
our laboratory [3]. In addition, methods for recombinant
TvDAAO immobilization with activity yield of 80% have
been developed; for comparison, the best analogs
described in the literature provide no more than 30%
activity yield upon immobilization.

STRUCTURAL STUDIES
OF DAAO FROM Trigonopsis variabilis

One of the single-point mutants of TVDAAO was
crystallized and the structure was solved at 1.8 A resolu-
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Fig. 3. Dimeric structure of mutant D-amino acid oxidase from 7.
variabilis.

tion. Of note, currently only three DAAO crystal struc-
tures are available: pig kidney [100], R. gracilis [101], and
human [102], the latter appearing in 2006 at resolution of
2.5 A. In the case of wild-type TVDAAO, many attempts
during the last 30 years have given no enzyme crystals
suitable for structural analysis.

The structure of mutant TvDAAO is shown in Fig. 3.
Like R. gracilis DAAO, TvDAAO is a dimer; however, the
interface between the subunits is 20% smaller than that
for RgDAAO. The active site has two entries and has a sig-
nificant volume to bind bulky molecules such as
cephalosporin C. The upper subunit in Fig. 3 has a hollow
channel with a clearly seen portion of an FAD molecule
(shown in gray color). Detailed analysis of the enzyme
structure—activity relationship can be found in [99]. The
solution of crystal structure of TVDAAO gives an instru-
ment to analyze the structure—function relationships of
the enzyme by means of site-directed mutagenesis and
construction of new enzyme forms with desired proper-
ties.

Analysis of the literature on D-amino acid oxidase
shows that the interest in this enzyme is continuously
growing: the number of publications on its physiological
roles and practical applications rises by 15-20% a year.
Significant success in fundamental studies on DAAO has
been achieved in the last five years. In addition to the
crystal structures of pkDAAO and RgDAAO, two other
very important enzymes, human and 7. variabilis DAAO,
have had their structures resolved in 2006 and 2008.
Genomic and proteomic approaches allow a completely
new level of research on physiological roles of DAAO.
From the practical point of view, more biosensors based
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on mutant DAAO with specifically designed profile of
substrate specificity will appear. The major requirement
for the realization of these ambitious plans will be the
development of approaches to govern the changes in
DAAO properties; it is likely that covalently attached
FAD will become the first priority, as has happened in the
case of other oxidases.

This work was supported by the Russian Foundation
for Basic Research (grant 08-04-01703) and Federal
Agency for Science and Innovations (State contract No.
02.512.12.2002).
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