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Abstract Over the past years, accumulating evidence has
indicated that p-serine is the endogenous ligand for the
glycine-modulatory binding site on the NR1 subunit of
N-methyl-p-aspartate receptors in various brain areas.
D-Serine is synthesized in glial cells and neurons by the
pyridoxal-5" phosphate-dependent enzyme serine race-
mase, and it is released upon activation of glutamate
receptors. The cellular concentration of this novel mes-
senger is regulated by both serine racemase isomerization
and elimination reactions, as well as by its selective deg-
radation catalyzed by the flavin adenine dinucleotide-
containing flavoenzyme p-amino acid oxidase. Here, we
present an overview of the current knowledge of the
metabolism of D-serine in human brain at the molecular and
cellular levels, with a specific emphasis on the brain
localization and regulatory pathways of D-serine, serine
racemase, and Dp-amino acid oxidase. Furthermore, we
discuss how D-serine is involved with specific pathological
conditions related to N-methyl-p-aspartate receptors over-
or down-regulation.

Keywords p-Serine - Gliotransmitter - Serine racemase -
D-Amino acid oxidase - Neurotransmission -
NMDA receptors

L. Pollegioni (PX)) - S. Sacchi

Dipartimento di Biotecnologie e Scienze Molecolari,
Universita degli studi dell’Insubria, Varese, Italy
e-mail: loredano.pollegioni @uninsubria.it

L. Pollegioni - S. Sacchi

Centro di Ricerca Interuniversitario in Biotecnologie Proteiche
“The Protein Factory”, Politecnico di Milano and Universita
degli studi dell’Insubria, via J.H. Dunant 3, 21100 Varese, Italy

Abbreviations

Ap Amyloid f-peptide

AD Alzheimer’s disease

AMPA o-Amino-3-hydroxy-5-methylisooxazole-4-

propionic acid
CNS Central nervous system
Cp Choroid plexus

CSF Cerebrospinal fluid

DAAO p-Amino acid oxidase (EC 1.4.3.3)
D-DOPA  p-3,4-Dihydroxyphenylalanine
DPFC Dorsolateral prefrontal cortex

FAD Flavin adenine dinucleotide

Golga3 Golgin subfamily A member

GRIP Glutamate receptor interacting protein
PDZ PSD95/disc large/ZO-1

PICK1 Protein interacting with C kinase 1
PIP2 Phosphatidylinositol(4,5)biphosphate
PLP Pyridoxal-5' phosphate

NMDAR  N-methyl-p-aspartate receptor

NO Nitric oxide

SR Serine racemase (EC 5.1.1.18)

p-Serine as neuromodulator

Natural amino acids are utilized by mammalian brain and
most of them are present in the L-form. The opposite iso-
mers, the p-amino acids, were considered to be restricted to
bacteria (e.g., as components of the cell wall of microor-
ganisms): the discovery of D-serine in the brain at
concentrations higher than many other L-amino acids has
forced researchers to reconsider the view that only L-amino
acids occur in mammals. It is now accepted that higher
organisms produce Dp-amino acids (and in particular
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D-serine) by the enzyme serine racemase (SR), in both
astrocytes and neurons [1, 2]. Notably, the relative roles of
glial and neuronal p-serine has not yet been defined, and
this in our opinion will require further investigations.

D-Serine is a “new” neuromodulator, playing a major
role in the central nervous system (CNS). It has been
localized to the protoplasmic astrocytes that wrap nerve
terminals in areas rich in heterotetrameric N-methyl-p-
aspartate receptors (NMDARs) [3], key receptors for
excitatory transmission and cognitive functions [4]. p-ser-
ine is likely the main endogenous ligand for the strychnine-
insensitive glycine-binding site (also referred to as the
GlyB site) of NR1 subunit of NMDARSs: activation of
NMDARSs requires glutamate and a coagonist and D-serine
might be an alternative to glycine for NMDAR activation
[5, 6]. p-serine release from astrocytes in culture is due to a
specific activation of metabotropic and non-NMDA iono-
tropic glutamate receptors; glutamate is also released from
glial cells following stimulation of metabotropic and non-
NMDA glutamate receptors (for further details, see
[7-10]). p-Serine is not restricted to glial cells: it was
identified in neurons of the cerebral cortex, the forebrain,
the brainstem, and the olfactory bulb [11-13].

Cellular uptake of extracellular p-serine is due to several
low-affinity neutral amino acid transporters located in
neurons and astrocytes, which are not only selective for
p-serine and are Na' and/or K'-dependent (the glial
Na*t-dependent transporter resembles the ASCT2 trans-
porters) [7, 14, 15]. In addition, a faster Na*—independent
alanine—serine—cysteine transporter 1 (Asc-1) is present on
presynaptic terminals, dendrites, and soma of neurons,
showing a high affinity for p-serine [15-18]. Further
investigations are required to elucidate the role that this
transporter might play in regulating synaptic D-serine level.
Once Dp-serine is taken up into the neurons and astrocytes,
the peroxisomal flavoenzyme p-amino acid oxidase
(DAAOQO) degrades the neuromodulator. While this seems to
be the case in the brainstem and cerebellum, a different
mechanism might be active in the forebrain, as DAAO is
virtually absent in this region [2]. In fact, histochemical
analysis mapping of p-serine and DAAO localization in
adult rat brain shows an intense presence of D-serine in the
forebrain but a virtual absence in the brainstem and cere-
bellum, where, instead, DAAO shows the strongest staining
(see below) [2, 19].

The current view of synaptic NMDAR function regu-
lation by glial-neuronal interaction proposes that glutamate
release from neurons stimulates AMPA/kainate receptors
on glial cells [7-9], as well as on neurons [12], to release b-
serine, which then acts as an endogenous coagonist of
NMDAR in the presence of the agonist glutamate [20].
This binding enhances the flux of Ca®" current through this
ligand-gated channel, thus mediating diverse functions

(Fig. 1): learning and memory, long-term changes in syn-
aptic plasticity, and neural development [10, 21-23].

The biochemistry of brain serine racemase

Mammalian serine racemase was isolated in 1999 from
rodent brain by Snyder’s group [2]. It is a pyridoxal-5’
phosphate (PLP)-containing enzyme that catalyzes the
racemization of L-serine to bD-serine (Fig. 2a). Subse-
quently, SR has also been shown to catalyze o,f-
elimination of water from L- or D-serine to yield pyruvate
and ammonia (Fig. 2b) [24, 25]. Mouse SR (mSR) has a
molecular mass of 36.3 kDa (319 amino acids), is a
homodimer in solution, shows an activity optimum at pH
8.5 and 37°C, and is highly selective for serine [2]. A few
months later, the same group reported on the molecular
cloning of mSR cDNA [26]; a sequence comparison with
known PLP-containing racemases identified K56 as the
lysine residue that forms the Schiff base with PLP during
catalysis (Fig. 2a) [26]. Furthermore, the authors demon-
strated that SR distribution resembles that of endogenous
D-serine, with the highest concentrations in the forebrain
and negligible levels in brainstem, and that both SR and
D-serine are enriched in astrocytes concentrated in the gray
matter [26]. Studies on the recombinant mSR expressed in
HEK?293 cells [27] demonstrated that divalent cations
and ADP/ATP were physiological cofactors of this enzyme
[24, 28, 29]. In particular, the racemization and elimination
reactions of L-serine as a substrate were activated 5- to
tenfold by >10 uM MgCl,/CaCl, and by >100 uM ATP.
The racemase activity was independently stimulated by
both Mg2+ and ATP: in fact, the nucleotide was able to
increase SR activity even in the presence of EDTA, and the
effect due to divalent ion and ATP was additive, suggesting
a role for an Mg-ATP complex in activating SR [28]. It is
noteworthy that Mg”" and ATP modulate SR activity at
concentrations well below those found in the cytosol (0.6
and 3-6 mM, respectively). In the presence of 1 mM ATP,
the K,, for L-serine is decreased ~tenfold with little
change in V.« [30]. Since ATP and ADP (as well as
nonhydrolyzable analogues) are almost equally effective
on SR activation, it was argued that its physiological role is
not related to an energy requirement for enzyme activity
but rather represents a means of lowering the K, for
L-serine, reaching a value close to the cytosolic concen-
tration of L-serine. Concerning the elimination activity,
EDTA impairs the o,f-elimination reaction (while it does
not affect protein stability), which is stimulated by
~100 pM Mg*" in the absence of exogenous ATP or by
10 uM of divalent ion in the presence of the nucleotide
[25, 28]. These results were also confirmed using the
recombinant SR purified from bacteria [29]. In this paper,
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Fig. 1 Model for SR’s and DAAQ’s role in p-serine signaling in the
brain. Glutamate released from presynaptic neuron acts on the
postsynaptic neuron as well as on the surrounding astrocytes (red
arrow), activating metabotropic glutamate receptors mGIuR5 [and
subsequent degradation of PIP2 to inositol triphosphate (/P;) and
diacylglycerol (DAG) by phospholipase C, PLC] and synthesizing
D-serine from SR. Activation of glial SR presumably is due to an
association with GRIP proteins and/or phosphorylation. Since GRIP-1
is expressed in neurons where the large majority of AMPAR are found,
this mechanism might also activate neuronal SR. In the synaptic cleft,
D-serine binds to the glycine-binding site on the NMDAR and in
conjunction with glutamate results in the opening of the receptor

activation of SR by Ca”" binding was also observed at a
concentration two orders of magnitude higher than the
resting value within the cell.

The activity of mSR is inhibited by amino acids con-
taining —SH groups (cysteine and homocysteine) or
electron-withdrawing groups on the f-carbon of alanine
(B-haloalanine) because they react with the pyridoxal
phosphate cofactor to yield thiazolidine derivatives. Most
importantly, glycine and rL-aspartate are also competitive
SR inhibitors (K; is 0.15 and 1.9 mM, respectively), indi-
cating that their in vivo concentration plays a role in
D-serine synthesis since glycine is present in astrocytes at
relatively high concentrations (3—-6 mM) [31]. In contrast,
Strisovsky et al. [32] reported a different K; value for
glycine (=1.6 mM), and also showed that several dicar-
boxylic acids are strong, competitive inhibitors of SR.

As a general rule, PLP-dependent enzymes have the
ability to catalyze more than one reaction type with a single
substrate, with one reaction being more effective than
others. This has also been observed for mSR: while the
elimination reaction starting from L-serine shows a higher
kinetic efficiency than the racemization reaction (20
and 12 mM~! min—!, respectively), the V,,../K,, ratio for
racemization of p-serine into L-isomer is threefold higher
than for elimination to pyruvate (Table 1) [24, 32]. The
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channel. The activity of SR is switched off by different mechanisms: (1)
Ca*" entering the postsynaptic neuron activates neuronal NO synthase,
producing NO, which can diffuse into adjacent cells. In astrocytes and
neurons, NO gives nitrosylation of SR at Cys113, preventing ATP
binding and thus inactivating the enzyme (green arrow). (2) The
binding of SR to membrane PIP2 inhibits the enzyme according to a
competitive mechanism with ATP. (3) SR is degraded through the
ubiquitin-proteasomal system, a process which is modulated by Golga3
(gray arrow). Golga3 interacts with the N-terminal 66 residues of SR,
decreasing the ubiquitin/proteasomal degradation of SR, probably
interfering with binding of a still unidentified E3-ubiquitin ligase, and
increases its steady-state levels (and p-serine synthesis)

o,f-elimination activity was selectively impaired by
introducing the Q155D mutation in mSR [25]. This work
also demonstrated that the elimination reaction competes
with the isomerization reaction mechanism for regulating
intracellular p-serine levels, especially in forebrain areas
which lack DAAO activity [25].

The cloning and expression of human SR (hSR) was
reported in 2000: the gene encompasses seven exons and
localizes to chromosome 17q13.3 [33]. The human enzyme
(340 amino acids) is ~ 88% identical to the mSR. The hSR
mRNA (2.7 kb) is mainly localized in brain areas con-
taining high levels of endogenous bp-serine (i.e.,
hippocampus and corpus callosum). Subsequently, North-
ern-blot analysis identified hSR mRNA in brain, heart,
skeletal muscle, kidney, and liver tissues: at least three
different transcripts were identified [34, 35]. Indeed, mul-
tiple protein isoforms of hSR were apparent in Western-
blot analysis: a single band at 39 kDa was observed in
HEK?293-transfected cells, a single band at 42 kDa in
human brain extracts, and a band at 62 kDa in kidney and
heart, where an additional band at 80 kDa is also apparent
[34]: these results require further substantiation by using an
additional specific antibody. The most prominent differ-
ence in kinetic properties between human and mouse SRs
is represented by the threefold higher K,, for p-serine in
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Fig. 2 Reaction mechanism for serine racemization (a) and o,f3-
elimination (b) by SR [25]. PLP bound to SR through an internal
aldimine with Lys56 reacts with L-serine yielding an external
aldimine; o-proton abstraction from this intermediate gives a
resonance-stabilized carbanion. This intermediate can follow two
pathways: for racemization reaction (a), the reprotonation of the
intermediate on the opposite face of the planar carbanion generates

elimination for the human enzyme (Table 1) [36]. Changes
are also evident considering classical competitive inhibi-
tors (i.e., malonate or glycine): K; values are two- to
fivefold lower for human than for mouse SR [36].
Sequence analysis indicates that SR belongs to the type
II-fold group of PLP-dependent enzymes, together with
many other racemases and dehydratases. The structure of
mammalian SR has not been resolved to date; however,
that of SR from Saccharomyces pombe (PDB code 1WTC),
which was used as a template for building a 3D model of
hSR (Fig. 3a), is known [37]. As a result of this analysis, a
model could be proposed for mammalian SR structure and
in particular of the active site (the microenvironment
surrounding PLP is highly conserved), the putative Ca**-

the external aldimine which releases D-serine via transimination with
Lys56; for «,f-elimination reaction (b), the elimination of the -OH
group from the carbanionic intermediate leads to the formation of the
aminoacrylate-PLP intermediate; subsequent transimination releases
iminopyruvate product, which non-enzymatically hydrolyzes to
pyruvate and ammonia

binding domain and ATP-binding site, the mode of
monomer—monomer contact, and interaction with PDZ6
domains (see below). This model suggests that the binding
sites for the various effectors are spatially distinct and may
modulate enzyme function through different mechanisms
[38].

The biochemistry of human p-amino acid oxidase

p-Amino acid oxidase, a flavin adenine dinucleotide
(FAD)-dependent enzyme, catalyzes with a strict stereo-
specificity the oxidative deamination of p-amino acids to
give a-keto acids and ammonia with the concomitant
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Table 1 Comparison of kinetic properties of human and mouse SR (see reaction reported in Fig. 2)

mSR hSR
Vinax (min™") K, (mM) Vinax/Km MM ™" min™") V., (min™") K, (mM) Vinax/Kpm (mM ™" min™")
Racemization reaction
L-Serine 455+ 0.5 3.8 +0.1 12.0 +£ 0.4 415+ 1.5 4.1+0.2 10.0 + 0.8
D-Serine 113 £3 145+ 1.1 7.8 +£0.6 849 + 42 10.8 + 0.8 7.9 +09
o, f-Elimination reaction
L-Serine 81.3 £ 0.8 40+ 05 203 £ 2.6 100 £ 5.1 47+ 04 212+ 2.7
p-Serine 8.8 £0.3 32403 27+04 7.7 £ 0.3 9.5+ 0.6 0.81 + 0.09
L-Serine-o-sulfate 967 + 17 049 +0.05 1,973 + 205 807 + 49 0.43 £ 0.05 1,879 + 352

For both SRs the measurements were carried out in the presence of 10 uM PLP, 1 mM MgCl,, 5 mM DTT, and 1 mM ATP, at pH 8.0 and 37°C
[32, 36]. The steady-state V,,.x and K, kinetic parameters were determined according to the Michaelis—Menten equation. Values are given as

means = SEM

Fig. 3 a Model of the dimeric

structure of hSR as proposed by A 0

[37, 38] (reproduced with 1 N\

permission). PLP is shown in ‘;“j "Ei = A4 ;4—}' & “ ."Jf :\’\Ufa:; {
blue, Ca*" in green, and ATP N\ -,:: STk @" H\._ ] "(‘? Y
analogue { \ \) Q JJ? Q.ﬁ;
phosphomethylphosphonic acid . :. :5‘:\ 2 . l\-‘,-éﬂ&\"_ 2
(ACP) in red. b Dimeric O et raé g
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with imino-serine (PDB code: { ,q'_f; Lfv - £ 158 \ 4
2e49) [52]. FAD cofactor is b v ey - O o

represented in yellow, ligand
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two-electron reduction of the FAD cofactor, which then
reoxidizes on dioxygen (Fig. 4) [39, 40]. This flavooxidase
was discovered 75 years ago by Krebs after he observed
that amino acids belonging to the “d-series were deami-
nated much more rapidly than the natural isomerides” by
fresh pig kidney and liver homogenates [41]. DAAO is
almost ubiquitous in eukaryotic organisms, from the sim-
plest ones, such as fungi, to fishes and mammals, where its
presence was first detected [40, 41].

Since 1935 DAAO has been the focus of an over-
whelming body of research and has become a model for the
oxidase class of flavoenzymes: the chemical aspects of
enzyme reactivity have previously been described in detail
using the protein purified from pig kidney (pkDAAO) and
the recombinant enzymes from microbial sources, in par-
ticular the yeast proteins (for a review see [39, 40]). The
combination of results gathered from determining the high-
resolution structure of DAAO from different sources with
the results of linear free-energy correlations and site-
directed mutagenesis studies provided strong support for a
classical hydride transfer mechanism [40]. The “dark side”
of this very well studied enzyme was actually its physio-
logical role, considering the atypical stereochemistry of its
substrates. This problem persisted until 1992, when high
concentrations of D-serine in the brain were demonstrated,

ﬁ o)
. \
Ho "';/\o‘ + E-FAD =——= Ho/\l)\o- + E-FADH:
+ +
NH, NH,
D-serine imino pyruvic acid
|(|) 0]
\
HO/\AO_ + HO _— Hoﬁﬁ\o_ + NH4*
NH; 0o
hydroxypyruvic acid ammonia
E-FADH; + O, =———== E-FAD + H0:
dioxygen hydrogen peroxide

Fig. 4 Reaction catalyzed by DAAO [39, 40]. The hydride-transfer
of the a-proton of p-serine to the oxidized N(5) FAD position yields
imino pyruvic acid and reduced (anionic) flavin. The imino pyruvic
acid is then non-enzymatically hydrolyzed to pyruvate and ammonia;
the reduced flavin is re-oxidized by dioxygen yielding hydrogen
peroxide

a discovery representing a milestone in our understanding
of DAAO function in mammals [5, 42—45]. In humans, the
gene encoding for this flavoenzyme is present as a single
copy in the genome on chromosome 12 (region 12q23-24),
spans 20 kb, and comprises 11 exons and 10 introns [46].
The identification of an internal promoter-like region in the
first intron suggested a differential regulation for DAAO
gene expression. Up to now, however, no experimental



2392

L. Pollegioni, S. Sacchi

Table 2 Properties of human DAAO

Spectral and binding properties Values References
€454 om (MM~ cm™h) 122 [49, 69]
pKa, N(3)-H 10.3 £ 0.15
K4, FAD (uM)
Free form 8+2
Benzoate complex 03 +£0.1
K4, benzoate (LM) 7+£2
K4, anthranilate (LM) 40 £ 10
Ky, sulfite (M) 64 £9
E., (mV), pH 8.0
Free form —100 £+ 11
Benzoate complex —134 £ 8
Substrate specificity Vimax,app s™H K app (MM) Vimax.app/ References
D-Serine 3.0 7.5 0.4 [49, 51, 69]
D-Alanine 5.2 1.3 4
D-Proline 10.2 8.5 1.3
D-Aspartate 6.7 2,000 0.003
Glycine 0.9 180 0.005
p-Phenylalanine 15.5 1.1 14.1
p-Tyrosine 14.8 1.5 9.9
p-DOPA 21.7 1.5 14.5
Temperature-induced unfolding (7,,,, °C) Holoenzyme Apoprotein References
Far-UV CD (220 nm) 57.0 £ 1.0 51.0 £ 1.0 [50]
Trp fluorescence (335 nm) 57.7+£03 48.6 = 1.0

The Viax,app @and K app values are the kinetic parameters determined for the listed substrates at air oxygen saturation (0.25 mM)

The temperature-induced unfolding of holo- and apoprotein forms of hDAAO were determined by temperature ramp experiments following the
signals associated to secondary (decrease of CD signal at 220 nm) and tertiary (increase in Trp fluorescence at 335 nm) structure [50]

evidence of different mRNA species in human tissues has
been reported.

Although the cDNA encoding the human flavoprotein
was isolated in 1988 [47], only little was undertaken in
the following years to biochemically characterize
hDAAO. The main reason for this lies in the difficulty
encountered in expressing this human protein in a heter-
ologous system such as E. coli. A robust and reliable
process at the lab bioreactor scale was recently estab-
lished reaching ~ 100 mg of hDAAO/liter culture [48].
The recombinant hDAAO has been isolated as a holoen-
zyme, showing the typical absorbance spectrum of the
FAD-containing flavoenzymes [49]. The enzyme contains
one molecule of non-covalently bound FAD per protein
monomer and tightly binds the classical DAAO ligands,
such as benzoate, anthranilate and sulfite (K4 values for
the various ligands are reported in Table 2). The oxidized
form of the flavin cofactor is fully converted to the
reduced species following the addition of substrate under
anaerobic conditions. Intriguingly, the amount of the

anionic semiquinone form of FAD produced upon
anaerobic photoreduction depends largely on the experi-
mental conditions, ranging from <5% (in Tris—HCl
buffer, pH 8.0) to ~77% (in bicine buffer, pH 8.3). The
addition of 1 mM benzoate caused a 34-mV negative shift
of the midpoint redox potential for the two-electron
transfer reaction (Table 2) [49].

The human DAAO binds the flavin cofactor weakly (it
can be easily isolated from the apoprotein by dialysis in
1 M KBr): the estimated Ky for FAD (=8 x 10°° M) is
significantly higher than the one measured for any other
known DAAO, which is typically in the 107 '-10% M
range [40, 49]. For this reason, hDAAO exists as an
equilibrium of holo- and apoprotein forms in solution. The
very low affinity for the cofactor raised the focal question
of how much active hDAAO is possibly present in vivo
(and in particular in brain tissues). It is noteworthy that a
20-fold tighter interaction between the FAD and the apo-
protein moiety is observed in the presence of a ligand
(substrate analogue) in the active site, such as the inhibitor



D-serine metabolism

2393

benzoate (Kgpap = 3 X 1077 M, a value comparable to
that determined for pkDAAO) [49].

A further peculiar feature of hDAAO was made evident
through gel permeation chromatography experiments. The
native protein is a dimeric holoenzyme in the 1- to 24-
mg protein per concentration range [49], an oligomeriza-
tion state different from that of the closely related porcine
DAAO, whose oligomeric state depends on the protein
concentration [39]. Moreover, the dimeric state is retained
also by apoprotein form of the human enzyme whereas the
apoproteins of the other known DAAOs are stable 40-kDa
monomers [49]. Differences in protein conformation are
apparent between the holo- and apoprotein forms of
hDAAQO: altered tryptophan fluorescence, higher exposure
of hydrophobic surfaces, and higher sensitivity to proteo-
lytic cleavage of the apoprotein form with respect to the
holoenzyme [50]. In any case, the far-UV circular dichro-
ism spectrum of the hDAAO apoprotein is similar to that of
the holoenzyme, which suggests that a large part of the
dimerization interface is conserved in the apoprotein.

Binding of the flavin cofactor only increases the struc-
tural stability of hDAAO towards chemical denaturation
slightly. In contrast, a most significant effect is evident for
the thermal unfolding: the 7}, value for the unfolding of the
apoprotein is 6-9°C lower than that of the holoenzyme
(Table 2) [50]. The urea-induced unfolding process of both
the hDAAO holo- and apoprotein forms can be considered
as a two-step (three-state) process. It is noteworthy that the
denaturant-induced dissociation of dimeric hDAAO into
monomers produces “adhesive” protein conformers, which
are prone to aggregation. The reconstitution process of
hDAAO holoenzyme consists of the rapid binding of FAD
to the apoprotein, related to attaining enzymatic activity,
followed by a slower secondary conformational change
[50]. From a physiological point of view, the weak inter-
action between the apoprotein moiety and its cofactor may
represent a means of evolving an enzyme that is largely
present in the holoenzyme (active) form only in the pres-
ence of an active site ligand, i.e., the substrate p-serine or a
still unknown physiological ligand. Considering the overall
physiological concentration of p-serine and FAD in human
brain tissues, in vivo hDAAO should be largely present in
the inactive apoprotein form. It is tempting to speculate
that the low affinity of hDAAO for the cofactor has been
selected to control p-serine concentration in brain, avoiding
an excessive degradation of the neuromodulator. Indeed,
this hypothesis also correlates with the long half-life of
D-serine in brain (~ 16 h) [23].

The apparent kinetic parameters indicate that hDAAO
possesses a low catalytic efficiency and substrate affinity
on the putative physiological substrate p-serine (a higher
activity was determined on p-alanine and D-proline,
Table 2) [49]. Interestingly, the enzyme can even degrade

glycine and p-aspartate (both present at relevant concen-
trations in the brain); although the relative affinity for these
amino acids is very low (see Table 2). hDAAO was also
reported to catalyze the oxidation of p-3,4-dihydroxy-
phenylalanine (D-DOPA) into dihydrophenylpyruvic acid
[51]. At low concentration, b-DOPA is oxidized by the
human flavoenzyme more efficiently than any previously
identified substrate (Table 2) but a substrate inhibition
effect is evident at high concentrations (as also observed
using D-tyrosine and D-phenylalanine as substrate).

In 2006, we investigated the kinetic mechanism of
hDAAO both by the enzyme monitored turnover method
(steady-state kinetics) and rapid measurements (pre-steady-
state kinetics), using p-alanine and D-serine as substrates
[49]. The rate of the main phase of flavin reduction is
significantly higher than the turnover number, while the
rate for the product release from the reduced enzyme is too
low to belong to the catalytic cycle (~0.6-0.9 s™'). The
step of reoxidation of reduced flavin is consistent with a
second-order reaction in dioxygen (a reoxidation constant
of 1.7£06x 10" M™'s™' and 125+04 x 10°
M~! s7! was calculated for the free and imino acid-com-
plexed reduced enzyme, respectively). Taken together,
these kinetic measurements indicated that hDAAO follows
a sequential kinetic mechanism in which the rate of product
release from the reoxidized enzyme form represents the
rate-limiting step in catalysis, analogously to what was
observed for pkDAAO [49].

The hDAAO structure contains 11 o-helices and 14
p-strands, which fold into two domains, the FAD-binding
domain and the interface domain (Fig. 3b) [52]. The
C-terminus of hDAAO (residues 341-347, containing the
peroxisomal targeting signal) was not visible on the elec-
tron-density map, indicating the flexibility of this region.
The overall dimeric structure was identical to the “head-to-
head” structure as observed for porcine DAAO but
the frequency of substitution at the dimer interface was
higher than the overall substitution frequency (33 vs.
15%, respectively). Furthermore, the electrostatic surface
potential at the dimer interface of hDAAO is negatively
charged while that of the porcine enzyme is positively
charged [53, 54]: these changes account for the different
stability of the dimeric state of human and pig DAAO:s.
Both these DAAOs show a loop (residues 217-227),
referred to as “the active site lid”, which movement allows
substrate binding and product release. When complexed
with the substrate-analogue benzoate, the conformation of
the active site lid is in a closed state, with the inhibitor
sandwiched between the flavin ring and the aromatic ring
of Tyr224 [52]. The structure of hDAAO in complex with
imino-DOPA showed additional H-bonds between the
ligand and GIn53 and His217 [51], thus suggesting that
these residues could be involved in determining the
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substrate specificity. As expected from the 85% sequence
identity, the active site geometry was fully conserved
between the human and the porcine DAAO at the re-face of
the flavin ring [52-54]. However, at the si-face a difference
was observed: the conformation of the hydrophobic stretch
(VAAGL, residues 47-51) covering the si-face of the flavin
ring differs significantly in hDAAO where it is shifted
away from FAD, resulting in the loss of the H-bond
between the flavin N(5) and the backbone N atom of Ala49.
Since no further remarkable differences were observed
within 6 A from FAD, the authors argued that the VAAGL
stretch plays an important role in determining the affinity
for the cofactor [52].

Regulation of SR and DAAO
Nitrosylation

The work of Suzuki’s group on the human glioblastoma cell
line U87 by using NOR-3 as NO donor recently demon-
strated that SR activity is inversely regulated by p-serine and
nitric oxide. SR activity was enhanced up to fivefold and in a
dose-dependent manner by D-serine and was inhibited by NO
[55]: indeed, p-serine induces the denitrosylation of SR.
Interestingly, DAAO activity was altered by NO in a dose-
dependent manner as well but in this case nitrosylation
resulted in an enhancement of the flavooxidase activity [56].
The authors proposed that NMDAR-mediated Ca”" influx at
postsynaptic neurons involves Ca>*/calmodulin-dependent
activation of neuronal NO synthase (without affecting
endothelial NO synthase) with production of NO. This NO
diffuses into adjacent astrocytes or neurons to give nitrosy-
lation and inhibition of SR and activation of DAAO (Fig. 1)
[55, 56]. This model of SR activation was subsequently
confirmed [57]: treatment of mixed cortical neuron-glial
cultures with S-nitroso-glutathione (as NO donor) aug-
mented SR S-nitrosylation. Furthermore, Cysl113 was
identified as the target residue of nitrosylation, using both the
recombinant enzyme and HEK?293 transfected cells [57].
Cysl13 is in close proximity to the putative ATP-binding
region of the enzyme and thus nitrosylation might displace
ATP from its binding site and inactivate SR: ATP and NO
reciprocally activate and inhibit the enzyme by acting at the
same protein site [57]. NO produced in neurons may repre-
sent a inhibitory feedback mechanism to finely modulate the
metabolism of D-serine in astrocytes, in particular to prevent
overproduction.

SR-interacting proteins: GRIP, PICK1, and Golga3

The yeast two-hybrid screening technique against a rat
hippocampus and cortex cDNA library using SR as bait

identified the hepta-PDZ protein GRIP, glutamate receptor
interacting protein (usually coupled to the Glu2/3 subunits
of the o-amino-3-hydroxy-5-methylisooxazole-4-propionic
acid~AMPA—Ca®" channel) as a binding partner [58].
GRIP proteins play a major role in the proper trafficking
and assembly of the glutamate receptors of the AMPA/
kainate type (as well as of accessory proteins). In partic-
ular, the C-terminal end of mouse and human SR contains a
ValSerCys sequence, a motif resembling the type II con-
sensus sequence for binding to PSD95/disc large/Z0O-1
(PDZ) domains [59]. SR binds specifically to the PDZ6
domain of GRIP by means of its C-terminal PDZ-binding
motif, and it is activated by this interaction. It has been
proposed that GRIP proteins were released from AMPA
receptors (AMPAR) following their stimulation and phos-
phorylation, which would allow GRIPs to interact with SR
in the cytosol and result in an increase in SR activity (and
consequently in D-serine concentration, Fig. 1) [58]. This
sequence of events was confirmed by [37], although only a
limited (1.5-fold) activation of SR by full-length GRIP was
observed. These authors reported that binding to PDZ6
alone was not sufficient for activation: the remaining part
of the C-terminal region of GRIP (the PDZ7 module and a
linking segment between PDZ6 and PDZ7) was required
for full activation of SR, both in vitro and in vivo. GRIP
adenovirus-infected P8 glial cerebellum mice cells showed
a twofold increased D-serine concentration and granule cell
migration by activating NMDAR [58]. This activation
process is switched off by releasing GRIP and SR after the
GluR2 subunit of AMPAR is phosphorylated, thus pre-
venting calcium from activating SR [38]. The putative
phosphorylation of SR following GRIP interaction remains
to be established, likewise the ability of GRIP to bring SR
in proximity of the calcium channel. Anyway, and in
agreement with the results of [58], a modulation of p-serine
synthesis by Ca®" concentration can be postulated, as also
suggested by the trimeric GluR2-GRIP-SR complex
recently observed using a mouse brain lysate [38].

A further yeast two-hybrid screening analysis using a
human hippocampal cDNA library identified the protein
interacting with C kinase 1 (PICK1), a different PDZ
domain-containing protein, as interactor of SR [60]. PICK1
is a scaffolding protein that has been proposed to regulate
subcellular localization and membrane expression of vari-
ous binding partners. The PDZ domain of PICK1 can
interact with lipid membranes, an essential step for the
clustering of AMPAR and synaptic plasticity [61].
Although protein kinase C may phosphorylate SR brought
into proximity by PICKI1 binding (Fig. 1), no data are
available regarding the effect of the binding of PICK1 on
SR activity. Anyway, an increase in D-serine concentration
was observed in HEK293 cells transfected with SR or
PICK1 (or both) [62]. By using siRNA to PICKI to
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decrease PICK1 expression or by using SR or PICKI1
variants that cannot interact with each other, this concen-
tration increase could be prevented. Furthermore, p-serine
levels were reduced (~30%) in the forebrain of neonatal
PICK1 knockout mice.

In another important study from Wolosker’s laboratory
[63], SR was demonstrated to be degraded through the
ubiquitin—proteasomal system, a process which is modu-
lated by the Golgi-localized protein, Golgin subfamily A
member 3 (Golga3). In fact, the yeast two-hybrid screening
identified Golga3 as an interactor of SR [63]. Golga3
interacts with the N-terminal 66 residues of SR to decrease
its ubiquitin/proteasomal degradation, probably interfering
with binding of a still unidentified E3-ubiquitin ligase (an
almost threefold increase in average half-life was
observed), and thus increasing SR cellular steady-state
levels and p-serine synthesis. Golga3 and SR colocalized in
the cytosol perinuclear Golgi region and in neuronal and
glia processes in primary cultures [63]. It was proposed that
Golga3 mediated binding of SR to the Golgi membrane and
thus acts by constituting a pool of available SR to be
exported/targeted to different cell compartments.

Very recently, Wolosker’s group demonstrated that
NMDAR activation promotes translocation of cytosolic SR
to the plasma membrane and dendrites in primary neuronal
cultures of rat brain, a process that dramatically decreases the
enzymatic activity of the PLP-dependent enzyme (Fig. 1)
[64]. Binding of SR to membrane was proposed to be due to
palmitoylation with a serine or threonine residue and to
require phosphorylation at Thr227. It was suggested that SR
inhibition by translocation is a fail-safe mechanism to pre-
vent NMDAR overactivation in vicinal cells or synapses.
Binding SR to phosphatidylinositol(4,5)biphosphate (PIP2)
represents another mechanism for sequestering inactive
enzyme to the membrane in glial cells, a process that inhibits
the enzyme according to a competitive mechanism with
ATP. By activating metabotropic glutamate receptors
mGIuRS, phospholipase C can degrade PIP2 and thus
recover the active SR form (Fig. 1) [65]. Site-directed
mutagenesis of residues important for lipid-binding (i.e.,
K96A, K137A, and L168A SR variants) produced enzyme
forms totally resistant to inhibition by PIP2.

In conclusion, brain SR shares numerous properties with
other members of the type II-fold PLP-dependent race-
mase/dehydratase family; however, it is distinct because of
specific regulation in the brain through interaction with
specific glial or neuronal proteins.

DAAO and pLG72 interaction and significance
of a “odd couple”

An analysis of single-nucleotide polymorphisms (SNPs)
and haplotypes found an association between schizophrenia

and the newly identified primate specific gene G72,
encoding for the small protein pLG72 (18 kDa) [66]. The
yeast two-hybrid system identified DAAO as a putative
pLG72-interacting partner; subsequently, DAAO indepen-
dently was associated with schizophrenia [67]: both genes
are located in a chromosomal region showing evidence for
linkage with the disease (see below). Chumakov et al. [66]
reported that mixing pkDAAO with a large molar excess of
pLG72 enhances basal levels of activity by threefold.
Therefore, the authors proposed a model whereby an
enhanced expression of pLG72 produces an increase in
DAADO activity and a concomitant p-serine depletion, which
would result in hypofunction of glutamatergic synapses and
thus increase susceptibility of individuals to schizophrenia
(see “p-serine and human diseases” paragraph). As sug-
gested by [19], the genetic association is intriguing but the
proposed biochemical mechanism does not fit with other
observations (see below). In order to investigate the effect
of pLG72 on the structural and functional properties of
hDAAO, both human proteins were produced as recombi-
nant protein in E. coli [49, 68]. Their use confirmed the in
vitro “physical” interaction between hDAAO and pLG72,
but failed to reproduce the effect of pLG72 binding to the
pig enzyme previously reported by [66]: specifically,
pLG72 did not activate mammalian DAAOs [69]. By using
a variety of experimental methods (namely, far Western-
blot analysis, size exclusion chromatography, and surface
plasmon resonance analysis), we demonstrated that pLG72
interacts with both the holo- and the apoprotein forms of
hDAAO to yield an ~ 200-kDa complex, constituted by two
hDAAO homodimers (2 x 80 kDa) and two pLG72 mol-
ecules (2 x 20 kDa). The K4 for complex formation is
~8 x 107° M [69]. Binding of pLG72 to hDAAO did not
significantly affect the catalytic efficiency and the kinetic
parameters of the reaction catalyzed by the enzyme on
D-serine, nor was the affinity for the coenzyme or the rate
constant of its binding to the apoprotein affected. The main
effect of binding is a faster time course for enzyme inacti-
vation (i.e., a decrease in hDAAO stability) when an excess
of pLG72 is present (Fig. 5a) [69]. We have attributed this
effect to a decrease in the amount of the active form of
holoenzyme in solution (Fig. 5a). This inactivation of
hDAAQO is not related to the depletion of FAD in solution
(although pLG72 possesses a binding site for molecules
with a large hydrophobic moiety, such as FAD) as the same
result was obtained when an excess of free FAD was present
in the assay mixture. Visible absorbance and near-UV CD
spectroscopy analyses showed that pLG72 binding altered
the tertiary structure of hDAAO, suggesting that the mod-
ification destabilizes the holoenzyme form [69].

Human U87 glioblastoma cells transfected with expres-
sion vectors encoding for EGFP-hDAAO or EGFP-pLG72
fused proteins showed significantly lower p-/L-serine ratios
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Fig. 5 Effect of pLG72 on hDAAO activity in vitro (a) and in U87
glioblastoma-transfected cells (b) and on p-serine cellular concentra-
tion [69]. a Effect of pLG72 binding on hDAAO activity: black bars
activity measured without preincubation or gray bars after 30 min of
pre-incubation of a fixed amount of hDAAO (0.1 nmol/ml) with
increasing amounts of pLG72; (white bars) effect of pLG72 on the
reactivity of the hDAAO-bound FAD. In this latter case, the oxidized
hDAAO was incubated with a stoichiometric amount of free FAD and
increasing amounts of pLG72 and subsequently was anaerobically
reduced by adding 1 mM p-serine: the bars report the percentage of
reduced flavin. b (Black bars) Summary histogram of the p-/L-serine
ratio (percentage) in U87 control cells (CTRL) and in the same cells
transfected with hDAAO or pLG72: the change was significant for
hDAAO (p = 0.004) and not significant for pLG72. (Gray bars)
Summary histogram of the hDAAO activity (arbitrary units) in the
same U87 cells: the change in activity with respect to the control was
statistically significant for hDAAO (p = 0.012) and not significant for
pLG72. The data are reported as mean == SEM

(as determined by HPLC analysis) when hDAAO was
overexpressed (~ 10%) with respect to nontransfected cells
or EGFP-pLG72 or in cotransfected cells (~13.0%,
Fig. 5b). The measured DAAO activity values increased in
EGFP-hDAAO-transfected cells but were practically neg-
ligible in cells transfected with the EGFP-pLG72 expression
plasmid and in cotransfected cells (Fig. 5b) [69]. This result
indicated that p-serine levels decrease upon transient
transfection of hDAAO in US87 cells, according to the
function of this flavoenzyme in the catabolism of the glio-
transmitter, and further supported the proposal that in vivo
pLG72 interacts with hDAAO, functioning as an endoge-
nous negative modulator of the flavoenzyme.

Furthermore, hDAAO and pLG72 were identified in the
same astrocytes of the human cerebral cortex by immu-
nofluorescence experiments on tissue slices [69]; the

coimmunoprecipitation of the two proteins further sup-
ported this interaction in vivo. Concerning the subcellular
localization of DAAO and pLG72 in human cultured
astrocytes, only 5% of the cells display overlapping sig-
nals, with a mean average of 8.1% colocalization [69]. This
suggests that pLG72 interaction with hDAAO is probably
driven by specific spatiotemporal stimuli, the features of
which remain elusive.

Despite the aforementioned observations, pLG72 func-
tion is still controversial. It was recently reported that
pLG72 is a mitochondrial protein that promotes robust
fragmentation in mammalian cell lines, including human
and rat primary neurons [70]. Even more recently,
“humanized” BAC transgenic mice (G72Tg) expressing
alternatively spliced G72 and G30 transcripts and pLG72
were generated [71]: the G72 gene expression is prominent
in granular cells of the cerebellum, the hippocampus, the
cortex, and the olfactory bulb. The G72Tg mice exhibited
enhanced locomotor responses to PCP, a noncompetitive
antagonist of NMDA receptors, which suggests a higher
sensitivity of the transgenic animals to drugs affecting the
glutamatergic system. The authors concluded that the
expression of the human G72/G30 gene locus in mice
produces behavioral phenotypes that are relevant to psy-
chiatric disorders (see below).

SR and DAAO distribution in the CNS
Serine racemase

The gene for SR was identified in mice, rats, and humans
[26, 33, 72]. It is noteworthy that, differently from other
peripheral tissues (see above), a single transcript of 2.6 kb
corresponding to SR was identified in brain. The distribu-
tion of the PLP-dependent enzyme is very similar to that
reported for endogenous bD-serine, with the highest
expression in the forebrain. The highest levels are found in
the hippocampus and corpus callosum, with intermediate
levels in substantia nigra and caudate, and very low levels
in the amygdala, thalamus, and subthalamic nuclei [26, 33,
34, 72]. In the CNS, SR was initially reported as being
expressed mostly by glial fibrillar acidic protein (GFAP)-
positive astrocytes [13, 26, 34], with some expression
detected in quiescent and activated microglia [13, 73].
However, neither SR nor p-serine is a strict marker of glia:
in fact, they both have been subsequently detected in some
neurons of the cerebral cortex [12, 13] and in hindbrain
glutamatergic neurons [13]. Different studies showed that
cultured neurons contained both SR mRNA and protein and
that these cells catalyzed p-serine synthesis to levels
comparable to those observed within astrocytes [12, 74,
75]. SR neuronal expression was also confirmed by in situ
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hybridization, which revealed the presence of high levels of
SR mRNA in neurons of the brain [75] and in neuronal
ganglion cells of the retina [76] where, however, the
enzyme was also detected in Miiller cells (i.e., retinal glial
cells) and astrocytes [77]. By using the same method, a
neuronal-like distribution of SR mRNA was demonstrated
in the hippocampus, with little or no SR message evident in
astrocytes at the corpus callosum [78].

Subsequently, Miya et al. [79] examined SR distribution
in the brain during postnatal development and also in
cultured cells by using novel SR knockout mice as negative
control. Based on results from Northern-blot, Western-blot,
and immunohistochemistry analyses, the authors concluded
that SR is localized in glutamatergic neurons in the cere-
bral cortex and in the glutamatergic pyramidal neurons of
the hippocampus, where the enzyme is mainly present at
postsynaptic sites. In the adult cerebellum, SR expression
levels are lower than those reported for the telencephalic
regions. They also detected significant, though weak,
expression of SR in GABAergic Purkinje cells [79]. Taken
together, these findings suggest that the p-serine-producing
enzyme is expressed in principal neurons of given neuronal
regions, irrespective of the excitatory or inhibitory signa-
ture. Furthermore, SR was unambiguously identified by
means of mass spectrometrical methods in samples from
the perireticular nucleus, a transient structure of developing
brain in humans. This observation may indicate the
importance of SR function for developing correctly formed
corticothalamic and thalamocortical connections, by stim-
ulating p-serine-dependent NMDA receptor activity [80].

p-Amino acid oxidase

This flavoprotein oxidase was observed in mammalian
nervous tissues already in 1966, even in humans [81, 82].
Earlier papers reported on DAAO distribution in rat brain
by using different cytochemistry methods to assay activity
[83-86]: a regional heterogeneity of DAAO activity dis-
tribution in rat CNS was observed. Specifically, DAAO
appears to be most abundant in the cerebellum and the
brainstem with respect to the forebrain. DAAO activity has
also been observed in the gray matter of the medulla and
thoracic spinal cord, except for discrete areas, including
those involved in autonomic function [86]. Different
groups provided evidence that the DAAO activity is
localized in astrocytes but not in other glial cell types or
neurons [83, 84]. A complete map of DAAO distribution in
rat brain was subsequently obtained by using an immuno-
cytochemical assay: this work reported the presence of the
flavoenzyme in both neuronal and glial cells, albeit at
different concentrations [87]. In detail, the richest cell
types in DAAO were astrocytes and radial glia cells;
ependymal cells also contained moderate amounts of the

enzyme, whereas other cells were apparently immuno-
negative. Regional differences have also been detected:
astroglial cells of the caudal brainstem and of the cere-
bellum are generally more immunoreactive than those
located in the forebrain. The neuronal immunoreactivity is
generally stronger in the hindbrain than in the forebrain
although numerous neuronal subtypes in this region display
high staining intensities [87]. DAAO gene expression was
also investigated by RT-PCR in cultured rat astrocytes:
higher levels were detected in type-1 than in type-2 cells
[88]. In addition, and consistent with histochemical studies,
DAAO expression levels were higher in cerebellum
astrocyte cultures than in cerebral cortex ones [89].

Most recently, different groups reported on regional and
cellular expression of DAAO in human brain. In 2007,
Verral et al. [90] focused on areas relevant to schizophrenia
and where hDAAO was reputed to be abundant or impor-
tant. By Western-blot analysis they observed a strong
immunospecific signal in cerebellum and spinal cord. On
the other hand, in human dorsolateral prefrontal cortex
(DPFC) extracts DAAO detection was extremely variable
and sometimes absent [90]. In DPFC gray matter sections,
hDAAO immunostaining was predominantly neuronal and
visible throughout the cytoplasm of pyramidal neuron cell
bodies, sometimes granular, and surrounding unstained
nuclei. Granular immunoreactivity may reflect the peroxi-
somal localization of hDAAO staining, as was observed in
rat [83, 87]. The authors observed punctuate spots of
immunoreactivity throughout the neuropil. Furthermore,
small round cells, which were presumed to be glial cells
based on their size morphology and location, were stained.
In situ hybridization experiments revealed that hDAAO
mRNA signals clustered over pyramidal neurons, whereas
in the white matter the same signals were marginal [90].
The difficulties in obtaining a reliable signal corresponding
to hDAAO in this brain region brought the authors to
assume that there is a regional difference in the antigenicity
of the enzyme, possibly reflecting differences in post-
translational modification or conformation, which differ-
entially affected Western-blot and immunohistochemical
detection systems. Subsequently, our group confirmed the
presence of DAAO in human brain cortex by Western-blot
analysis, immunoprecipitation experiments, and immuno-
fluorescence localization both in tissue slices and
secondary cultured astrocytes [69]. So far, the inferred
isoforms of hDAAO have not been identified.

Moreover, in the cerebellum hDAAO immunoreactivity
localized predominantly to the Purkinje cell layer and
therein to small round cells which were recognized as
putative Bergmann glia, whereas Purkinje cells themselves
were not labeled [90]. The molecular layer and the granule
cell layer also demonstrated occasional immunolabeling of
small round cells, although in the latter Golgi cells and
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granule cells were not labeled. In situ hybridization
revealed that hDAAO mRNA signals primarily clustered
over putatively Bergmann glia cells in the Purkinje cell
layer. In midbrain sections, hDAAO staining was, how-
ever, strong in neurons containing melanin pigment within
the substantia nigra pars compacta (putatively dopaminer-
gic neurons) [90]. This observation is consistent with that
reported in rats [87] and it is clinically significant, given
that hDAAO can oxidize p-DOPA in an alternative path-
way for dopamine synthesis [51].

Most recently, Ono et al. [91] analyzed in parallel the
distribution of DAAO mRNA and protein in rat and human
brain. Concerning DAAO expression in rat brain, the fla-
voprotein was detected in the prefrontal cortex and
thalamus and its presence was also confirmed in the cho-
roid plexus (CP) and hippocampus. The results of the
immunohistochemistry experiments on human brain tissues
were in agreement with those obtained with rat samples:
the staining corresponding to hDAAO was observed in
glial cells of the rhomboencephalon and in the CP.
hDAAO-immunopositive cells were detected in the
molecular and Purkinje cell layers in the cerebellum, as
previously reported [90], as well as in the CP, pons, and
medulla oblongata sections, whereas only modest levels of
immunoreactivity were observed within the cerebral cortex
and in the spinal cord (both in the white and gray matter)
[91]. Tt was suggested that the expression of hDAAO in CP
epithelial cells, whose main function is to produce cere-
brospinal fluid (CSF), is related to a specific regulatory
mechanism governing D-serine levels in the CSF. They
assumed that hDAAO in CP modulates the amount of
p-serine entering the CSF from blood, and that the levels of
this neuromodulator in the CSF influence the composition
of the brain interstitial fluid and neuronal tissue function.

Taken together, these findings raise two issues worthy of
mention. The first is that in human brain cortex DAAO
immunoreactivity was observed both in glial cells [69] and
in neurons [90], whereas it is largely—if not exclusively—
glial in the cerebellum [90, 91]. The basis and significance
for this still remain obscure. The fact that in DPFC hDAAO
staining is largely neuronal implies that, to a large extent
and at least in the cortex, D-serine catabolism is neuronal
rather than glial, consistent with recent observations that
the major D-serine transporter Asc-1 is also predominantly
neuronal [92]. The second question concerns the reason
why hDAAO expression in the cortex is robust but corti-
cally detected activity practically negligible [3, 85]. Two
possible responses have been previously proposed [90].
The first is that cortical hDAAO is de facto inactive
because it is only a residue from an earlier developmental
function, although its significant and prolonged expression
argued against this assumption. Otherwise, in the cortex the
flavoenzyme might be active on a substrate other than

D-serine and catalyze a reaction not detected by the com-
monly used functional assays; however, this is unlikely and
raises the alternative question of how p-serine is degraded
in this brain region. Our hypothesis is that in the cortex
some kind of negative effector is present along with
hDAAO: a small ligand or an interacting protein that is
able to down-regulate its activity. This fits nicely with the
difficulties encountered in detecting the enzyme activity in
tissue slices and it would also explain why the levels of
D-serine in the forebrain, and particularly in cortex, are
relatively unchanged in adult DAAO-deficient mice while
a significant increase in D-serine levels is observed in
regions typically displaying low concentrations of neuro-
modulator in wild-type animals (mainly the cerebellum and
the brainstem). Finally, it was argued that in the forebrain
areas D-serine concentration is tuned by other mechanisms
[93], suggesting that SR would offer an alternative pathway
to regulate the intracellular content of the neuromodulator;
however, this is yet to be proven.

p-Serine and human diseases

Glial cells play a fundamental role in governing NMDAR
function and because of this they may be implicated in
pathological events related to neuronal degeneration and
altered neurotransmission. Over- or down-stimulation of
NMDARs is implicated in psychiatric disorders (such as
schizophrenia) and in many acute and chronic degenerative
disorders, including stroke, epilepsy, peripheral neuropa-
thies, and Parkinson’s and Alzheimer’s disease (AD).
p-Serine, together with glutamate, is supposed to
represent a link between neuroinflammation and excito-
toxicity: this effect has been related to neuronal death
in AD and other neurodegenerative diseases [73, 94].
Excitotoxicity depends on NMDAR activation, which
requires the action of a coagonist at a glutamate-binding
site and a coagonist at the glycine-binding site. Neuro-
toxicity induced by amyloid f-peptide (Af) is exacerbated
by the release of NMDAR co-agonists, such as p-serine. In
fact, neurotoxicity induced on primary hippocampal neu-
rons cells by a primary microglia-conditioned medium
treated with 15 pM Apf (containing elevated levels of
p-serine) was rescued when the medium was treated with
DAAO, the p-serine degrading enzyme, as well as by
addition of 5,7-dichlorokynurenic acid (DKCA), an
antagonist of the glycine modulatory site of NMDAR [73].
Furthermore, amyloid precursor protein increased the
steady-state level of SR on microglia cells, probably acting
at the transcriptional level [94]. A further evidence that
D-serine plays an essential role in Apf-induced neurotox-
icity originates from the observation that SR knockout
mice showed a 90% decrease in forebrain p-serine content
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as well as a reduced neurotoxicity induced by NMDA and
A peptide injections in forebrain [95].

Concerning amyotrophic sclerosis, glutamate toxicity
enhanced by D-serine overproduced in glia has been pro-
posed as a mechanism for motoneuronal death: increased
levels of glial p-serine and SR were observed with disease
progression [96]. Similarly, endogenous supply of D-serine
(as a glycine site agonist) was demonstrated to be impor-
tant for neuronal injury involving NMDAR overactivation
in the cerebral cortex: in fact, DAAO markedly inhibited
neuronal damage [97]. Subsequently, ischemic cell death
induced by oxygen/glucose deprivation was reported to
be not affected by the exogenous addition of glycine or
p-serine, although it did depend on NMDAR activation
(e.g., by MK-801 administration) [98]. This observation
was explained by the extracellular levels of glycine site
agonist that are elevated under ischemic conditions, thus
saturating the glycine site.

Schizophrenia is a severely debilitating psychiatric dis-
order that affects ~ 1% of the population worldwide. It is
characterized by the psychotic features of delusions, hal-
lucinations, and disorganized thought as well as by
profound cognitive deficits (including impairments in
attention, learning, and memory) and by negative symp-
toms that involve social withdrawal and affective
flattening. Schizophrenia is known to be influenced by
heritable factors, and genetic studies have identified a
number of susceptibility genes that modulate NMDAR
function [99]. This indicates that deficient glutamatergic
neurotransmission mediated by these receptors may be
involved in the pathophysiology of schizophrenia, although
monoaminergic theories of the treatment of schizophrenia
have dominated research and drug development for many
years. Non-competitive antagonists of the NMDAR, such
as phencyclidine, elicit schizophrenic-like symptoms in
healthy individuals and exacerbate such symptoms in
patients [100]. An increasing body of evidence indicates
that an abnormality in available p-serine may be involved
in the pathogenesis of schizophrenia. This neuromodulator
is enriched in brain regions implicated in the pathogenesis
of schizophrenia, such as prefrontal and parietal cortex.
Moreover, the original association between SNPs and
haplotypes in G72 and schizophrenia [66] was supported
by a number of subsequent studies: these results imply that
genes encoding for proteins involved in D-serine metabo-
lism (SR, DAAO and G72) might potentially contribute to
the pathogenesis of schizophrenia (see below). Mice with
mutations in the SR gene, which gave a complete loss of
enzymatic activity and dramatically reduced p-serine lev-
els, displayed behaviors relevant for schizophrenia
(impairment in prepulse inhibition, sociability, and spatial
discrimination) [101]. These deficits were augmented by
using an NMDAR antagonist and improved by using

clozapine (an atypical antipsychotic) or D-serine.
Decreased p-serine levels and altered glutamatergic neu-
rotransmission and behavioral abnormalities that reflect
hyperactivity and impaired spatial memory have been also
observed by [102] using independently generated SR
knockout mice.

In 2003, serum levels of p-serine in patients with
schizophrenia were demonstrated to be significantly lower
than those of healthy controls (1.86 £ 0.53 vs.
2.28 £ 0.59 puM, respectively) [103]. The levels of p-ser-
ine measured in cerebrospinal fluid were decreased but
unchanged in parietal cortex; SR protein levels and hip-
pocampal SR/DAAO ratio protein levels were significantly
decreased in frontal cortex and hippocampus, while the
amount of hippocampal hDAAO was 77% higher in
patients who have been treated for over 20 years [104]. The
decreased level of hippocampal SR in schizophrenic
patients disagrees with the slightly increased level identi-
fied in the same region by [105] and in dorsolateral
prefrontal cortex by [90]. The previous authors, using
human postmortem brain tissues, detected a significant
increase in SR expression in hippocampus of schizo-
phrenics whereas no changes were observed in any of the
cortical areas, suggesting that the alteration in SR levels is
region specific [105]. SR Immunoreactivity was also
increased in the DPFC but not in the cerebellum in
schizophrenia, a change not accompanied by elevated
levels of SR mRNA [90]. This last observation suggests
regulation at the translational or post-translational level
(see above). One possibility is that protein degradation is
decreased as SR protein levels are regulated by ubiquitin-
dependent proteasomal degradation, a process modulated
by the interaction with Golga3 (see above and Fig. 1) [63]:
whether Golga3 is altered in schizophrenia is not known. A
37% increase in cerebellar hDAAO activity in schizo-
phrenia as compared to controls, as well as an increase with
duration of the illness was also reported [106]. Similarly, a
twofold increase in hDAAO activity in postmortem cortex
samples from schizophrenia patients as compared to con-
trols was found although no correlation with other factors
(duration of disease, gender, age on onset, cumulative
lifetime antipsychotic, etc.) was evident [107]. It is also
noteworthy that a similar pattern of hDAAO distribution in
human brain was apparent between schizophrenic patients
and controls [91].

An analysis of SNPs and haplotypes found an associa-
tion between the gene G72 with schizophrenia [66].
Subsequently, DAAO itself was associated with schizo-
phrenia and combinations of G72/DAAO genotypes had a
synergistic effect on disease risk. Both genes are located in
chromosomal regions showing evidence for linkage with
this disease. Differently from the previous proposal [66],
we recently demonstrated that binding of pLG72 to
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Fig. 6 Proposed role of the interaction between hDAAO and pLG72
on the p-serine bioavailability at glutamatergic synapses under normal
and pathological (schizophrenia susceptibility) conditions [69]. Up to
now, pLG72 was identified only in glial cells, therefore we focused on
the modulation of hDAAO activity in astrocytes. According to our
hypothesis, pLG72 modulates the amount of active hDAAO acting on
the stability of the flavoenzyme (left panel). An abnormal, low

hDAAO decreases the stability of the flavoenzyme (see
above) [69]. We proposed that hDAAO hyperactivity due
to loss of the negative control exerted by pLG72 interaction
decreases D-serine concentration and causes hypofunction
of NMDARs, thus predisposing individuals to schizo-
phrenia (see Fig. 6) [69]. Following the original genetic
association between G72 gene and schizophrenia [66],
significant associations have been reported in various
populations, such as French Canadians, Russians, Ger-
mans, Palestinian Arabs, South Africans, Ashkenazy Jews,
Chinese, Taiwanese, Scots, Koreans, and the Irish (see
[108] and references therein). The majority of replication
studies of G72 have indicated significant associations of
alleles, genotypes, or haplotypes with schizophrenia. For
example, one haplotype within the G72 gene was associ-
ated to schizophrenia and specifically with one aspect of
cognitive performance, semantic fluency [109], or for
cognitive variables assessing working memory and atten-
tion [110]. However, a few studies have reported that there
is no association between G72 gene and schizophrenia
[106].

The results from genetic association analyses in SR or
DAAO genes and schizophrenia are also quite contrasting.
A recent genetic analysis on a Japanese population iden-
tified a two and a three SNP-based haplotype of DAAO
gene associated with schizophrenia [111]. In contrast, a
different association analysis on a Japanese population [35]
and Caucasian samples were demonstrated to be not sig-
nificant [110]: minor ethnic heterogeneity or reduced
power may affect the genetic association data, which are at
borderline significance. In fact, when this analysis was

* serine racemase

Presynaptic neuron

Postsynaptic neuron
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ar-hoetn ackd
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expression of pLG72 under pathological conditions could result in
hyperactivation of hDAAO and decrease p-serine concentration (right
panel). Importantly, the decrease in b-serine concentration results in a
lower amount of activated NMDAR and, thus, in a hypofunction of
the glutamatergic neurotransmission (see also Fig. 1 for details about
the overall mechanisms of D-serine regulation at synapsis)

carried out using a very large sample size, nominal evi-
dence was found for an association of a number of allele
and haplotypes with schizophrenia: these associations were
no longer positive after correction for multiple testing
[108]. Furthermore, the work from [35] did not identify a
correlation between D-serine concentration and the SR or
DAAO genotypes either. On the other hand, variants in the
promoter and 5'-terminus of SR gene demonstrated a sig-
nificant association with schizophrenia [101, 112, 113],
contrary to polymorphisms in the central and 3’-terminus.
For example, a significant excess of a SNP of the 5’ region
of the SR gene (the IVSla + 465G — C allele) was found,
especially in the paranoid subtype: this allele showed a
60% lower promoter activity [113].

Finally, the level of SR expression was reported to be
modulated under different pathological and therapeutic
conditions. A significant increase in the level of mRNA and
protein expression of SR was observed in all rat brain
regions following repeated administration of morphine for
30 days, paralleled by a slight increase in D-serine con-
centration in cortex, striatum, and hippocampus, while no
significant changes in DAAO levels were observed [114].
These observations suggest that chronic treatment with
morphine elevates D-serine levels that at least in part are
involved in the activation of NMDAR. On the other hand,
both mRNA and protein level of SR and p-serine concen-
trations were decreased in the hippocampus (but not in the
cerebral cortex or cerebellum) of Wistar rats, whereas
DAAO expression was unchanged [22, 115], thus indicat-
ing that the SR-dependent pathway is a main objective of
hippocampus-dependent cognitive deficits related to aging.
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Conclusions

D-Serine plays an essential role in the mammalian brain, in
particular by modulating NMDAR function. It is involved
in the mechanism by which astrocytes control synaptic
transmission and plasticity. However, a number of impor-
tant questions remain to be addressed. For example, does a
reciprocal control exist between SR and DAAO expression
and/or activity levels (in addition to nitrosylation)? Con-
sidering its physiological function in human brain, DAAO
activity might be finely modulated by interacting proteins
or still unknown effectors. More specifically from a path-
ological point of view: to what extent is chronic
potentiation of a hypofunctional or normal NMDAR ben-
eficial? Will excitotoxicity possibly persist over a long
period of elevated p-serine levels near the NMDAR? Over-
and down-stimulation of NMDARs are crucial initial
pathological events in a number of psychiatric and
degenerative disorders. In fact, a number of findings from
preclinical and clinical investigations demonstrated bene-
ficial effects of NMDAR activators acting at the glycine
binding site in the treatment of schizophrenia. A more
effective strategy could use molecules acting on proteins
involved in p-serine metabolism: these novel therapies will
substantially improve treatment, with fewer side-effects
than the antipsychotics currently being used. Similarly, and
since D-serine has been demonstrated to be deleterious for
neurons in ischemia, inflammation, and excitotoxic insults,
molecules that affect hDAAO and/or SR activity would
presumably be neuroprotective.
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