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The dipeptide N-acetylaspartyl-glutamate (NAAG) is an
abundant neuropeptide in the mammalian brain. Despite this
fact, its physiological role is poorly understood. NAAG is syn-
thesized by a NAAG synthetase catalyzing the ATP-dependent
condensation of N-acetylaspartate and glutamate. In vitro
NAAG synthetase activity has not been described, and the
enzyme has not been purified. Using a bioinformatics approach
we identified a putative dipeptide synthetase specifically
expressed in the nervous system. Expression of the gene, which
we named NAAGS (for NAAG synthetase) was sufficient to
induce NAAG synthesis in primary astrocytes or CHO-K1 and
HEK-293T cells when they coexpressed the NAA transporter
NaDC3. Furthermore, coexpression of NAAGS and the recently
identified N-acetylaspartate (NAA) synthase, Nat8l, in CHO-K1
or HEK-293T cells was sufficient to enable these cells to synthe-
size NAAG. Identity of the reaction product of NAAGS was con-
firmed by HPLC and electrospray ionization tandem mass spec-
trometry (ESI-MS). High expression levels of NAAGS were
restricted to the brain, spinal cord, and testis. Taken together
our results strongly suggest that the identified gene encodes a
NAAG synthetase. Its identification will enable further studies
to examine the role of this abundant neuropeptide in the verte-
brate nervous system.

N-acetylaspartylglutamate (NAAG)? is an abundant neu-
ropeptide in the central nervous system of mammals, present in
high micromolar to low millimolar concentrations (for review
see Refs. 1-3). It was first identified in rabbit and horse brain
tissue by Curatolo et al. (4) and in bovine brain by Miyamoto et
al. (5). NAAG is present in all regions of the central nervous
system of mammals, though the highest concentrations are
found in the spinal cord and stem brain (6). Despite its abun-
dance throughout the mammalian nervous system, its physio-
logical role is not fully understood.

Because NAAG synthesis in sensory ganglia was not blocked
by translation inhibitors, it was assumed that NAAG is not
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derived from a post-translational process, but is synthesized by
a neuron specific NAAG synthetase, catalyzing the condensa-
tion of N-acetylaspartate (NAA) and glutamate (Ref. 7; see Fig.
1). After its calcium-dependent release from synaptic termi-
nals, NAAG can be degraded by glutamate carboxypeptidase II
(N-acetylated-a-linked-acidic dipeptidase; GCP-II) or GCP-III,
membrane-bound enzymes mainly expressed by astrocytes (for
review see Ref. 8). The released NAA is then taken up by glial
cells via the high-affinity, sodium-dependent dicarboxylate
(NaDC3) transporter (9). In oligodendrocytes, NAA can then
be hydrolyzed to aspartate and acetate by aspartoacylase II (8).
The released acetate may be used for lipid synthesis by myeli-
nating oligodendrocytes (10, 11). To what extent NAA is taken
up by astrocytes iz vivo and its metabolic fate in these cells is not
clear. Deficiency in aspartoacylase II leads to accumulation of
NAA, but also NAAG (11), and causes a rare leukodystrophy,
Canavan disease (12, 13).

Studies on the role of NAAG mainly relied on increasing
NAAG concentrations through inhibition of GCP-II or inject-
ing NAAG. Changes in NAAG concentration affect long-term
potentiation and depression in the hippocampus (14, 15).
Impaired NAAG-mediated signaling has been implicated in
schizophrenia (16, 17). Elevating NAAG levels through GCP-II
inhibition is also neuroprotective in different in vivo and in vitro
model systems (see Ref. 16 for review). The effects of NAAG
appear to be mediated by its agonistic binding to type 3 metabo-
tropic glutamate receptor (mGIluR3). In this model, activation
of presynaptic mGluR3 reduces neurotransmitter release, thus
reducing glutamate release from glutamatergic synapses. In
addition, activation of mGluR3 on astrocytes may be neuropro-
tective by stimulating TGE-f release (16). However, a recent
study suggested that NAAG may not be an agonist of mGIuR3
(18). In principle, inhibition of GCP-II may also be neuropro-
tective by reducing the amount of glutamate released from
NAAG.

In Pelizaeus-Merzbacher disease, which is caused by muta-
tions in the proteolipid protein, a major myelin component,
elevated NAAG concentrations in the cerebrospinal fluid were
observed (19). In addition, increased concentrations of NAAG
have been found in Pelizaeus-Merzbacher-like disease, which is
caused by mutation in the connexin 47 gene (20) Whether ele-
vated NAAG levels contribute to the pathogenesis of these dis-
eases is currently unknown.

The enzyme(s) synthesizing NAAG have not been character-
ized. Biosynthesis of NAAG could be demonstrated in neural
tissue explants (21-23), astrocytes (23), and in neuroblastoma
cells (24). However, no in vitro enzyme assay could be estab-
lished, preventing purification of the enzyme. We hypothesized
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FIGURE 1. Schematic presentation of NAAG metabolism. The aspartate
N-acetyltransferase Nat8l (NAA synthase), a membrane-bound microsomal
N-acetyltransferase, catalyzes the N-acetylation of aspartate, forming NAA.
The condensation of NAA and glutamate is catalyzed by NAAGS, in an ATP-
dependent and ADP-generating reaction. NAAG is released from nerve ter-
minals most likely via synaptic vesicles. The transporter responsible for the
translocation of NAAG into synaptic vesicles is unknown. Released NAAG can
be degraded extracellularly by GCP-IIl or GCP-IIl (not shown), liberating NAA
and glutamate. NAAG may also bind to mGIuR3 on presynaptic membranes
and astrocytes. The NAA transporter NaDC3 is expressed by astrocytes and
oligodendrocytes. Using ASPA-I|, the latter can hydrolyze NAA. The released
acetate may be used for myelin lipid synthesis in myelinating oligodendro-
cytes (see Ref. 8 for review).

OLIGODENDROCYTE

that the NAAG synthetase shall be homologous to other pep-
tide synthetases or amino acid ligases. Using prokaryotic and
eukaryotic genes as queries, BLAST searches were performed
that identified a putative dipeptide synthetase, NAAGS (for
NAAG synthetase), highly expressed in the nervous system. We
show here that expression of this gene together with the
recently identified NAA synthase is necessary and sufficient to
induce NAAG synthesis in CHO-K1 or HEK-293T cells, indi-
cating that the newly identified gene encodes an N-acetylaspar-
tylglutamate synthetase.

EXPERIMENTAL PROCEDURES

BLAST Search and Sequence Analysis—Protein sequences of
known eukaryotic and prokaryotic peptide synthetases/amino
acid ligases were used as queries for BLAST searches of the
GenBank™ database via NCBI BLAST. Identified sequences
were used to perform additional BLAST searches. Candidate
genes were further examined regarding their expression pat-
tern using the NCBI EST database. Candidate genes strongly
expressed in nervous tissue were further analyzed by database
searches to identify homologous genes in other organisms.
Multiple sequence alignments were calculated using M-Coffee
(25).

Northern Blotting—Total RNA was isolated from various
organs of adult (10-week-old) C57BL/6 mice using Trizol
(Sigma) following the manufacturer’s instruction. RNAs (20 ug
per lane) were separated by gel electrophoresis in 1% agarose/1
M formaldehyde gels and transferred onto Hybond N+ nylon
membranes (GE Healthcare Europe, Freiburg, Germany) as
described (26). Membranes were hybridized to digoxigenin-la-
beled antisense NAAGS cRNA probe, followed by chemilumi-
nescence detection, as described (26).

¢DNA Synthesis and Real-time RT-PCR—Total RNA from
various mouse tissues (of 10-week-old C57BL/6 mice) was pre-
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FIGURE 2. Sequence comparison of NAAG synthetases of different verte-
brate species. A, amino acid sequences of NAAG synthetases from mouse
(m.musculus; GenBank™ accession number: NP_081940), human (h.sapiens;
NP_065785), bovine (b.taurus; NP_001069581), chicken (g.gallus; XP_
416481), and zebrafish (d.rerio; NP_001004554) were aligned using the Clust-
alW algorithm. The sequence of the related mouse Rimkla gene product
(Rimkla m.m.; NP_808240) was included in the alignment. The alignment was
manually corrected, where residues were obviously misaligned. Both variants
of NAAGS (v1, v2) identified in mouse and human are shown. Residues iden-
tical in all sequences (including mouse Rimkla) are shaded black, and similar
residues in all sequences are shaded gray (note that the C-terminal part of the
splice variants v2, indicated by a broken line, was not considered). The ATP-
grasp domain is underlined. B, two NAAGS variants (v1 and v2) are generated
by differential polyadenylation and alternative splicing. The internal poly-
adenylation site (pA) in exon 6 and the polyadenylation site at exon 9 were
confirmed by 3’-RACE-PCR (data not shown). The second pA site at exon 6
was deduced from the cDNA sequences in the ensemble database.

pared using Trizol. Superscript II reverse transcriptase
(Invitrogen, Karlsruhe, Germany) and oligo(dT) primer were
used to synthesize cDNA, according to the manufacturer’s
instruction. Quantitative real-time PCR was done using
SybrGreen mix (Sigma) and the specific primers shown in
supplemental Table S1, as described (27). Ubiquitin C was used
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restriction endonucleases and ligated
into pFLAG (28), pEGEP-C1 (Clon-
tech, Heidelberg, Germany), or
pcDNA3 vector (Invitrogen) (see

2ss B ¥
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supplemental Table S1). All DNA
constructs were confirmed by DNA
sequencing. As controls the following
plasmids were used: pFLAG-ME14
(encoding FLAG-tagged MacGAP
(29) from hamster),* pDsRed, and
’ pEGFP-CI1 (Clontech) plasmids.

splice variant 1 splice variant 2

Western Blotting—SDS-PAGE and
Western blotting using chemilumi-
nescence detection was done as de-
scribed (30). The following antibodies
were used: mouse M2 anti-FLAG-
epitope (Sigma), rabbit anti-green
fluorescent protein (Abcam, Cam-
bridge, United Kingdom), and per-
oxidase conjugated goat anti-
mouse and anti-rabbit antisera
(Dianova, Hamburg, Germany).

Cell Culture and Transfection—
Mixed brain cultures were prepared
from newborn mouse brains as
described (31). After reaching con-
fluency, microglia and oligodendro-
cytes were removed by incubating
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FIGURE 3. Expression of NAAGS in different mouse tissues. A, Northern blot analysis of NAAGS in different
tissues of 10-week-old C57BL/6 mice. Northern blot membrane was hybridized to a full-length digoxigenin-
labeled antisense cRNA probe, followed by chemiluminescence detection. High level expression was only
found in brain and testis. Longer exposure times (*) showed also weak hybridization signals in thymus, lung,
kidney, and skeletal muscle, in line with the real-time PCR data shown below. B, real-time RT-PCR of NAAGS
expression in tissues of 10-week-old mice. C, upscaling of the panels shown in B revealed low expression of
NAAG synthetase also in thymus, lung, skeletal muscle (sk. muscle), kidney, skin, spleen, and heart. No expres-
sion was found in the liver. The relative expression levels calculated by the 2~ 2< method, normalized to
ubiquitin C, are shown. The data shown are the mean = S.E. (n = 3) of three independent experiments (using
three independent RNA preparations from three different animals per tissue).

as housekeeping control. Data were analyzed by the 27 2<
method.

Plasmids—Mouse brain cDNA was synthesized from mouse
brain total RNA by reverse transcription with superscript II
reverse transcriptase (Invitrogen) using oligo(dT)-primer.
NAAGS, NaDC3, and Nat8l cDNAs were amplified by PCR with
Phusion™ DNA-polymerase (New England Biolabs, Frankfurt,
Germany), using the oligonucleotides shown in supplemen-
tal Table S1. PCR products were digested with the appropriate
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the culture flasks on an orbital
shaker and the remaining astrocyte
monolayer was trypsinized. Astro-
cytes were grown in DMEM
medium containing 10% fetal calf
serum (FCS), 2 mMm L-glutamine,
penicillin, and streptomycin. Astro-
cytes were transfected by electropo-
ration using the Amaxa nucleofec-
tor kit (Amaxa, Cologne, Germany).
CHO-K1 and HEK-293T cells were
maintained in DMEM/Nut Mix F12
(1:1) with 10% FCS, 2 mm L-gluta-
mine, penicillin, and streptomycin.
HEK-293T cells were transfected
using calcium phosphate. CHO-
K1 cells were transfected using
ExGen500 (Fermentas, St. Leon-
Rot, Germany), according to the
manufacturer’s instruction. Human
SH-SY5Y neuroblastoma cells were
grown in DMEM/Nut Mix F12 (1:1) with 20% FCS, 1 mMm L-glu-
tamine, penicillin, and streptomycin.

Metabolic Labeling—For metabolic labeling, the medium
was exchanged against 1 ml of fresh medium per 35-mm well,
16-20 h after transfection. Cells were metabolically labeled
with [**C]-glutamate (0.5 uCi/well), **C-protein hydrolysate

4 M. Eckhardt, unpublished data.
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FIGURE 4. In situ hybridization of mouse brain sections. Paraffin sections of 10-week-old mouse brains were
hybridized to digoxigenin-labeled cRNA NAAGS antisense (A-C) or sense probes (D-F). NAAGS expression was
detectable in the neocortex (A), cerebellum (B), and stem brain (C). The higher signal intensities in the stem
brain compared with forebrain is in line with the higher NAAG concentration in the former. cc, corpus callosum;

ob, olfactory bulb. Scale bar, 500 um.
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Mem. Cyt. kDa
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CHO-K1 cells. Scale bars, 10 um (C), 20 um (D).

(GE Healthcare) (2 uCi/well), or [**C]NAA (0.25 uCi/well) for
4 or 16 h. In some experiments, 10 mm NAA was added to the
culture medium 1 h before starting the metabolic labeling. Cells
were washed three times with phosphate-buffered salt solution
(PBS) and scraped in 1 ml of ice-cold 90% methanol. Samples
were centrifuged for 5 min at 10,000 X g and the peptide con-
taining supernatant was dried in a speed vac concentrator. The
dried extract was dissolved in water, and the pH was adjusted to
5-6 with sodium hydroxide, if necessary. To remove cations
from the extract, the solution was passed through a cation
exchange column (AG 50 W X8 resin; Bio-Rad, Munich, Ger-
many), and the eluate fractions were dried in a speedvac con-
centrator. Dried samples were dissolved in 20 ul of 20% ethanol,
containing 5 mm NAAG as internal standard, and applied onto
silica gel 60 HPTLC plates (Merck, Darmstadt, Germany).
Chromatograms were developed in one of the following solvent
systems: (a) butanol/acetic acid/water (12:3:5) or (b) chloro-
form/methanol/acetic acid (9:1:5). Radioactive signals were
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FIGURE 5. Western blot and immunofluorescence analysis of NAAGS. A, Western blot analysis of cell lysates
from CHO-K1 cells transiently transfected with pFLAG-NAAGS, an irrelevant control plasmid (pFLAG-MacGAP),
PEGFP-NAAGS, or empty pEGFP vector identified FLAG- and EGFP-tagged proteins of the expected molecular
mass. B, subcellular fractionation of EGFP-NAAGS expressing CHO-K1 cells into total membrane fraction (Mem.)
and cytosol (Cyt.), indicated cytosolic localization of NAAGS. C, fluorescence detection of EGFP-NAAGS coex-
pressed with DsRed. D, immunofluorescence detetction of FLAG-tagged NAAGS in transiently transfected
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visualized using Bioimager screens
(Fujifilm, Diisseldorf, Germany).
The unlabeled NAAG standard was
detected by UV scanning at 215 nm.
Synthesis of '*C-labeled NAA—
Radioactive NAA was synthesized
using ['*Claspartate (GE Health-
care) and anhydrous acetic acid
(Merck, Darmstadt, Germany). The
reaction was started by adding 11.7
nmol of acetic acid anhydride to 2.7
nmol of [**C]aspartate in 500 wl of
Y water, and the reaction mixture was
vigorously mixed for 30 min, until a
phase separation was no longer vis-
ible. To remove any remaining cat-
ions, the reaction mixture was
passed through a AG 50 W X8 cat-
ion exchange column (Bio-Rad).
NAA Transport Assay—NAA
transport assays were done as
D described (23). Briefly, primary

astrocytes or transfected CHO-K1

cells were washed twice with
Locke’s buffer (154 mm NaCl, 5.6
mMm KCl, 3.6 mm NaHCO,, 1.3 mMm
CaCl,, 1 mm MgCl,, 5 mm glucose,
10 mm HEPES, pH 7.4) and then
incubated in Locke’s buffer contain-
ing 4 um ["*C]NAA for 40 min at
37 °C. Thereafter, cells were washed
three-times with ice-cold Locke’s
buffer and lysed in 1% SDS. Radio-
activity was determined by liquid
scintillation counting.

In Situ Hybridization—Digoxige-
nin-labeled c¢RNA antisense and
sense probes were transcribed from
the pFLAG-NAAGS expression
plasmid using respectively SP6- and
T7-RNA polymerase, and digoxigenin-dNTP mix (Roche
Molecular Diagnostics, Mannheim, Germany), according to
the instructions of the manufacturer. Brain paraffin sections
from 10-week-old C57BL/6 mice were hybridized to antisense
and sense cRNA probes as described previously (32). Bound
probes were visualized using anti-digoxigenin Ig-alkaline phos-
phatase conjugate and nitro blue tetrazolium chloride and
5-bromo-4-chloro-3-indolyl phosphate as substrate.

HPLC and ESI-MS—For HPLC/MS quantification of NAAG
and NAA, cells were harvested 48 h after transfection. Cells
were washed three times with PBS. Cell pellets from two
35-mm dishes were resuspended in 300 ul of ice-cold 90%
methanol and sonicated. Protein precipitates were sedimented
by centrifugation at 20,800 X g for 15 min at 4 °C. The protein
pellet was used to measure protein concentration by the bicin-
choninic acid assay (Bio-Rad). The peptide extract was dried
under vacuum and dissolved in 200 ul of distilled water (over-
night at room temperature). The solution was centrifuged at
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origin| (S D @IS & N origin] thetase should be a brain-specifi-

FIGURE 6. NAAG synthesis by NAAGS. A, NAA transport assay with untransfected CHO-K1 (control), CHO-K1
cells transiently transfected with a plasmid encoding the NAA transporter NaDC3, and primary astrocytes.
B, thin layer chromatogram of peptide extracts from CHO-K1 cells transiently transfected with NaDC3 or NaDC3
together with NAAGS. Transfected cells were metabolically labeled with ["*CINAA for 16 h. Methanolic peptide
extracts were separated by TLC, and radioactivity was detected using a Bioimager screen. C, quantification of
NAA and NAAG synthesized in CHO-K1 cells expressing NaDC3 or cells cotransfected with NaDC3 and NAAGS
expression plasmids. D, representative Bioimager and UV (215 nm) scans of a thin layer chromatogram of a
peptide extract from CHO-K1 cells coexpressing NAAGS and NaDC3 and metabolically labeled with ['*CINAA.
E, in vitro NAA synthase assay using [*Claspartate and acetyl-CoA. To confirm synthesis of NAA, aliquots of the
reaction products were treated with ASPA-II. F, metabolic labeling with ['*Clglutamate of CHO-K1 cells tran-
siently expressing Nat8l, Nat8l, and NAAGS, or NAAGS. Control cells were transfected with the plasmid pFLAG-

ME14, encoding hamster MacGAP.

20,800 X g (20 min), and the supernatant was directly subjected
to HPLC.

Samples were analyzed by a tandem LC/MS-spectroscopy
method. For HPLC (HPLC 1200 series, Agilent Technologies,
Santa Clara, CA) a column (organic acid resin 250 X 4 mm
sphere image; CS-chromatography service GmbH, Langer-
wehe, Germany) of organic acid resin, PS-DVB with sulfonic
acid changer, was used. The mobile phase consisted of 0.05%
formic acid, and absorbance was detected at 214 nm. For equil-
ibration, the column was washed with the mobile phase for 1 h
with a flow rate of 1 ml/min. The flow rate for all analysis was
0.5 ml/min. The detection limit for the HPLC measurement of
NAAG was 0.006 (HEK-293T cells) and 0.009 nmol/mg protein
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cally expressed member of the ATP-
grasp family of amino acid ligases.
Therefore, BLAST searches were
performed with known (eukaryotic
and prokaryotic) dipeptide syn-
thetases/amino acid ligases as que-
ries. Identified sequences were then
examined regarding their tissue
specific expression pattern by
examination of the EST databases.
As NAAG is present in all verte-
brates, but appear not to be absent in most invertebrates, the
additional criterion was that the identified candidate genes
have to be present in all vertebrates but not in invertebrates. A
single gene, Rimklb ribosomal modification protein rimK-like
family member B (GenBank™ accession number AA097693),
fulfilled all these criteria. We renamed this gene NAAG synthe-
tase (NAAGS). Orthologous sequences were found in all verte-
brate genomes accessible in the ensemble genome database.
Sequence alignment of NAAGS sequences from different ver-
tebrates shows a high degree of similarity (Fig. 2A4). The
NAAGS sequence shows significant similarity to a-L-glutamate
ligases (RimK family), and bacterial glutathione synthetases.
RimK proteins add glutamate residues to the C terminus of the
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the eyes is in accordance with the
significant amounts of NAAG in the
retina (37). Relatively weak signals
were observed in thymus, lung, kid-
ney, and skeletal muscle (Fig. 3B).
RT-PCR confirmed these data and
revealed very low expression of
NAAGS also in spleen, skin, and
heart (Fig. 3C). NAAGS was unde-
tectable in liver. The relative expres-
sion of the two splice variants vl and
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FIGURE 7. HPLC detection and quantification of NAAG synthesis. Representative HPLC spectra of metha-
nolic extracts from transiently transfected cells are shown. A, HEK-293T cells cotransfected with plasmids
encoding FLAG-Nat8| and NAAGS (unbroken line). The same peptide extract was reanalyzed after addition of
NAAG and NAA as internal standards (dotted line). (B) CHO-K1 cells transfected with a plasmid encoding FLAG-
Nat8l, analyzed in the absence (unbroken line) or presence (dotted line) of NAAG and NAA internal standards.
NAAG and NAA concentrations were determined by integration of the HPLC peak areas. The combined data of

all experiments are given in Table 1.

TABLE 1
NAAG synthesis in NAAGS-expressing cells

FLAG-tagged NAAGS was used in all experiments. Data shown are mean = S.D.
(n = 3) of three independent experiments.

Cell line Transfected cDNAs NAAG NAA
nmol/mg protein nmol/mg protein

CHO-K1 NAAGS+NaDC3“ 0.03 = 0.01 0.17 = 0.07
CHO-K1 NAAGS+Nat8l 0.07 = 0.02 0.02 = 0.00
CHO-K1 NAAGS ND? ND

CHO-K1 Nat8l ND 0.12 = 0.03
HEK-293T NAAGS+NaDC3“ 0.28 = 0.08 1.16 = 0.31
HEK-293T NAAGS+Nat8l 0.39 £ 0.12 0.08 = 0.02
HEK-293T NAAGS ND ND

HEK-293T Nat8l ND 1.01 = 0.16

“10 mm NAA was added to the culture medium.
2 ND, not detectable.

ribosomal protein S6, and other prokaryotic members of this
family include Methanococcus jannaschii y-F420 —2:glutamate
ligase and tetrahydromethanopterin:glutamate ligase (34).
Sequence similarities are also found to bacterial p-alanine:Dn-
alanine ligase and another recently identified mammalian
dipeptide synthetase, i.e. carnosine synthetase (35) (see
supplemental Fig. S1). Moreover, most residues of the ATP-
grasp domain that have been shown to be involved in ATP
binding in the p-alanine:p-alanine ligase from Escherichia coli
(36) are conserved in NAAGS (see supplemental Fig. S1). The
Rimkla gene, which is present in mammals but according to a
database search not in other vertebrates, exhibits significant
sequence similarity to NAAGS (Fig. 2A4). Rimkla may also
encode a NAAG synthetase. However, this possibility has not
yet been tested experimentally.

Different mouse and human NAAGS mRNA variants, that
potentially encode at least two different proteins (variants v1
and v2) that differ in their C terminus were found in the
GenBank™ database (Fig. 2B). The presence of the two vari-
ants in mouse brain could be confirmed by 3'-rapid amplifi-
cation of cDNA ends (data not shown).

Northern blot analysis demonstrated high level expression of
NAAGS in the nervous system (Fig. 34), though the highest
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v2 was comparable in all tissues,
except for testis. The functional rel-
evance of NAAGS expression in
non-neuronal tissues is unclear, as it
is not known whether the NAA syn-
thase Nat8l (38) is also expressed in
these tissues.

In situ hybridization of brain par-
affin sections using digoxigenin-labeled NAAGS antisense
cRNA probes showed expression of NAAGS in neurons of var-
ious brain regions, including the neocortex (Fig. 44), with rel-
atively high expression levels in the midbrain (Fig. 4B), the gray
matter of the brainstem (Fig. 4C), and Purkinje cells in the cer-
ebellum (Fig. 4B). The strong expression in the brainstem and
midbrain is in line with the high NAAG concentration in neu-
rons of this area (6).

pFLAG-NAAGS and pEGFP-NAAGS plasmids encoding
NAAGS with N-terminal FLAG or EGFP-tag were generated.
Western blot analysis of FLAG- and EGFP-tagged variants of
NAAGS identified proteins of about 45 and 70 kDa, respec-
tively, in cell lysates of transiently transfected CHO-K1 cells
(Fig. 5, A and B), in agreement with the predicted molecular
mass of the proteins. Fluorescence detection of the EGFP- and
FLAG-tagged NAAGS suggested cytosolic expression of the
protein (Fig. 5, C and D), which was confirmed by subcellular
fractionation (Fig. 5B). The following experiments were per-
formed using FLAG epitope-tagged NAAGS.

NAAG Synthesis in NAAGS-expressing Cells—No in vitro
NAAG synthetase assay has been described. Therefore, to test
our hypothesis that the NAAGS gene encodes NAAG synthe-
tase, we initially expressed NAAGS (variant v1) in primary
astrocytes, which are known to express the NAA transporter
NaDC3 (39). Transfected cells were incubated for 4 h with
[**C]glutamate (in the absence or presence of unlabeled 10 mm
NAA in the culture medium). TLC analysis of peptide extracts
from NAAGS-expressing astrocytes revealed a radioactive
product comigrating with NAAG standard that was absent
from control cells (data not shown).

Because uptake of NAA by astrocytes was relatively low, and
furthermore, to address the question whether NAAGS expres-
sion was sufficient to induce NAAG synthesis in a cell line with
no intrinsic NAA/NAAG metabolizing enzyme activities, fur-
ther tests were performed in CHO-K1 cells. NAA uptake was
significantly increased in CHO-K1 cells transiently expressing
the NaDC3 transporter, when compared with primary astro-

time [min]
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cytes (Fig. 6A). CHO-K1 cells

expressing NaDC3 or NAAGS alone A < Nat8l NAA [M-H]
or in combination were metaboli- 128 1743
cally labeled by addition of 327.0

[M*CINAA to the culture medium
for 16 h. A methanolic peptide
extract of the cells was subjected to

0.75 293.0

3111

TLC analysis (Fig. 6, B and C). A 0.50 1683152 [la172 302.2
radioactive product comigrating a0z 2653 2490
with NAAG standard (added as 025 56 e 2043
internal standard and detected by 1, o1 1285 IH ™
UV scanning; see Fig. 6D) was OO s e 7 200 225 250 275 300 325 miz !
detectable only when NAAGS was B ™
NAAGS+Nat8I 53032
coexpressed with NaDC3. ac NAAG [M-H] 3210

The NAAG precursor NAA is
synthesized by the NAA synthase 1.00
(N-acetyltransferase Nat8l; Ref. 38).

As shown in Fig. 6E, NAA synthase 075 293.0
activity is absent from untrans- 70n 1952 s

fected CHO-K1 cells, but can be 050 b Y T 311.1320.1
detected in cell lysates from 025 156 174318831 5oa5 |l 2295 | 2511 ‘
CHO-K1 cells expressing Nat8l. To 1465
confirm identity of the reaction ooble . b ‘Ih.nl\ll.\ll
product, reaction mixtures were e e e
treated with aspartoacylase-II, s e 303.2 > MS2
which specifically hydrolyzes NAA 4
(Fig. 6E, + ASPA-II). We transiently
coexpressed NAAGS and NAA syn-
thase (Nat8l) in CHO-K1 cells and
metabolically labeled them with Int. T
[**C]glutamate. In cells expressing x10%
Nat8l, NAA but no NAAG was syn-
thesized (Fig. 6F). In cells coex- 15
pressing Nat8l and NAAGS, NAAG
was synthesized. In addition, minor Lo
radioactive products could be A 1823
detected that were absent from cells
transfected with a control vector. 0.5
However, the same reaction prod-
ucts were visible in cells transfected 0.0 | \ -
Only With NAAGS CDNA, indicat_ 100 120 140 160 180 200 220 240 260
ing that they do not contain NAA. D o P
Accordingly, these products were Ho O—‘ 2412 HO O—‘
not observed when cells were meta- - C2H40
bolically labeled with [“C]NAA o — I i
(Fig. 6B). Because of the low abun- \[(NH NH OH  -H:0 ﬁ?&NH NH \I
dance of these products, it was not e} OH O e} OH
yet possible to identify them. - NHJ

The expression of the NAAGS © 226.3
splice variant 2 after transient trans- 303.2 J

175 200 225 250 275 300 325 m/z

O = N W

1285
|

2263 285.2 —> MS3

185.5 2412

285.2

fection was very low, and we were e
unable to detect any reaction prod- COOH_‘

-CO2 o

COOH_‘ —‘
ucts of this variant by metabolic o]
labeling or mass spectrometry of )k

0
H
i —> O N~
peptide extracts (data not shown). HN - CsH20 HW)J\NH \I P \:k/\
0 COOH

Thus, it remains unknown whether CHz o)
NAAGS variant v2 encodes an 128.5 182.3 155.5
active NAAG synthetase. It may be
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that the protein or its mRNA are very unstable. The latter pos-
sibility is supported by the fact that the size of the major
NAAGS mRNA as detected by Northern blotting corresponds
to the predicted size of the v1 variant (4.7 kb), whereas no signal
corresponding to the expected size of the v2 variant (<3 kb) was
detectable in brain (see Fig. 3A4).

Taken together, the above data show that in the presence of
NAA, expression of NAAGS (variant v1) is necessary and suf-
ficient to induce synthesize of a dipeptide, comigrating with
NAAG, using NAA as substrate, strongly suggesting that
NAAGS is an N-acetylaspartylglutamate synthetase.

HPLC/MS Detection of NAAG in NAAGS-expressing Cell
Lines—To confirm the structural identity of the NAAGS reac-
tion product, we repeated the assays using unlabeled NAA and
analyzed peptide extracts of transfected cells by HPLC and
mass spectrometry. CHO-K1 or HEK-293T cells were tran-
siently transfected with NAAGS and the NaDC3 transporter or
Nat8l, and incubated for 16 h with or without 10 mm NAA
added to the culture medium. The peptide containing metha-
nol extract was subjected to HPLC and NAAG and NAA were
detected by UV(214 nm) measurement using authentic NAAG
and NAA as references. The eluate was further subjected to
mass spectrometry using an ion-trap ESI-MS. Only in cells
transfected with NAAGS together with Nat8l or NaDC3 (and
then in the presence of NAA in the culture medium) did we
observe a reaction product comigrating with the NAAG stan-
dard by HPLC (Fig. 74; Table 1). In cells expressing only Nat8l,
NAA but no NAAG was detectable (Fig. 7B).

The eluate fractions of the HPLC were further examined by
ESI-MS (in negative ion mode). The expected mass peak of
m/z = 303.2 [M-H] for NAAG was absent from cells express-
ing only Nat8l (Fig. 84). However, a mass peak at m/z = 174.3
was in line with the presence of NAA (which was further con-
firmed by tandem-MS; data not shown). In accordance with the
metabolic labeling experiments shown above, the NAA mass peak
declined in cells coexpressing Nat8l and NAAGS, whereas a mass
peak of m/z = 303.2 [M-H] ™~ was in accordance with the presence
of NAAG (Fig. 8B). Tandem MS (MS2 and MS3) of this ion gen-
erated a fragmentation pattern (Fig. 8C) that was in agreement
with the NAAG structure (Fig. 8D) and identical to the fragmen-
tation pattern of authentic NAAG standard (data not shown).

DISCUSSION

Using a bioinformatic approach, we identified a new member
of the ATP-grasp domain family that is strongly expressed in
the nervous system. A similar approach recently led to the iden-
tification of the NAA synthase (38). Thus, all enzymes directly
involved in the metabolism of NAAG (see Fig. 1) have now been
characterized at the molecular level.

The following arguments clearly indicate that the newly
identified gene encodes a NAAG synthetase: 1) NAAG was pro-
duced in all cell types tested, when they expressed NAAGS; 2)

N-Acetylaspartylglutamate Synthetase

NAAG synthesis strictly depended on the presence of NAA;
and 3) ESI-MS tandem mass spectrometry of the mass peak of
m/z = 303.2 generated the expected fragment ions, demon-
strating the presence of NAAG in cell lines expressing NAAGS
in combination with NAA synthase or NaDC3 transporter. In
addition, the expression pattern as determined by Northern
blotting, RT-PCR, and i situ hybridization was in accordance
with the tissue-specific distribution of NAAG reported in the
literature. Although we observed high expression level of
NAAGS in testis, presence of NAAG in this tissue has, to our
knowledge, not been described. Probably, low NAA levels may
limit NAAG synthesis in testis, as we found only very low or no
expression of the NAA synthase Nat8l in mouse testis samples
by quantitative real-time RT-PCR.”

Two glutamate carboxypeptidases (GCP-II and GCP-III)
capable of hydrolyzing NAAG have been identified (40, 41). In
rat brain, GCP-II is expressed in almost all astrocytes (42). The
distribution of NAAGS expression was to some extent compa-
rable to that of GCP-II, reported by Luthi-Carter et al. (43).
Both, NAAGS and GCP-II show higher expression levels in the
midbrain and brainstem compared with the neocortex. Fur-
thermore, the relatively intense NAAGS in situ-hybridization
signal found in the Purkinje cell layer of the cerebellum corre-
lates with the strong expression signals in Bergmann glia cells
adjacent to the Purkinje cells (42, 43).

There is no in vitro NAAGS enzyme assay available. Initial
experiments to demonstrate in vitro enzyme activity in cell
lysates from NAAGS-overexpressing cells were also unsuccess-
ful.® Furthermore, attempts to demonstrate its in vitro activity
using bacterial expressed NAAGS protein failed, because the
recombinant protein was completely insoluble and entirely
present in inclusion bodies.® Therefore, we cannot formally
rule out the possibility that additional specific co-factors are
needed for NAAG synthesis. However, this appear to be
unlikely as these cofactors would also be present in cell lines like
CHO-K1 or HEK-293T, that per se do not contain the enzy-
matic machinery of NAAG metabolism.

NAAG is released in a calcium-dependent manner from syn-
aptic terminals upon depolarization (for review see Ref. 1), sug-
gesting its presence in synaptic vesicles. Our data show that
NAAGS is localized to the cytosol of transiently transfected
CHO-K1 cells. Thus, there must be a (vesicular) peptide trans-
porter responsible for the transport of NAAG into synaptic
vesicles. Such a transporter has to our knowledge not been
identified yet. Formally, however, we cannot exclude the possi-
bility that the subcellular localization of NAAGS in neurons
differs from that in transiently transfected CHO-KI1 cells.

When NAA levels in cells expressing NAA synthase Nat8l
alone are compared with cells coexpressing NAA synthase and

® L. Wang-Eckhardt and M. Eckhardt, unpublished observation.
% ). Lodder and M. Eckhardt, unpublished observation.

FIGURE 8. ESI-MS/MS detection of NAAG. Methanolic peptide extracts from transiently transfected cells were subjected to HPLC (as shown in Fig. 7), and
eluate fractions containing NAAG were directly analyzed by ESI-MS in the negative ion mode. A, ESI-MS mass spectrum of peptide extract from HEK-293T cells
expressing only Nat8l. The mass peak at m/z = 174.3, which was not present in mock-transfected controls (data not shown), corresponds to NAA [M-H] ™, which
was also confirmed by tandem MS fragmentation (data not shown). B, mass spectrum of peptide extract from cells coexpressing NAAGS and Nat8l revealed a
mass peak with m/z = 303.2, which was absent from control cells (A), and corresponds to the mass of NAAG [M-H] . C, MS/MS (MS2) and MS3 fragmentation
generated ion fragments [M-H] ™ that were in agreement with the presence of NAAG (see fragmentation scheme in D).
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NAAG synthetase, it is obvious that the steady state level of
NAA in the latter was strongly reduced, suggesting a very effi-
cient channeling of synthesized NAA to NAAG synthesis. The
NAA synthase Nat8l is a membrane-bound enzyme of the ER
(38), whereas NAAGS is a soluble protein in the cytosol. The
membrane topology of Nat8l, which contains a single trans-
membrane domain, has not been determined yet, but one
should expect that the carboxyl-terminal catalytic domain is
localized to the cytosolic side of the ER membrane. It would be
interesting to examine whether these two functionally interact-
ing enzymes also interact physically.

While metabolic labeling of NAAGS-expressing cells with
["*C]NAA generated a single radioactive product that could be
identified as NAAG, labeling with [**C]glutamate in addition
allowed detection of minor products, beside the main product,
NAAG. These products were generated independent of the
presence of NAA. Probably, NAAGS has a broader substrate
specificity and may to some extent accept other amino acids or
biogenic amines. In line with this, other dipeptide synthetases
show a relatively broad substrate specificity. For example, car-
nosine synthetase uses both, beta-alanine and GABA to synthesize
carnosine and homocarnosine, respectively (44). Moreover, using
purified carnosine synthetase, Drozak et al. (35) could show that
the enzyme, which also belongs to the ATP-grasp domain family,
accepts different amino acids or amines as the second substrate.
The physiological relevance of the additional NAAGS products, if
produced at all in vivo, remains to be determined.

Synthesis of NAA and NAAG in human neuroblastoma cells
may in part be regulated by protein kinase C and A activity (45).
Potential protein kinase C and A phosphorylation sites are present
in the NAAGS sequence, though it is currently not known,
whether NAAGS is a substrate of one these kinases. The further
characterization of NAAG synthetase described here, and the gen-
eration of NAAGS-deficient mice, which will be available in the
future, will probably improve our understanding of the physiolog-
ical and pathophysiological role of this abundant neuropeptide.
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