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Abstract

Synaptic vesicle loading of glutamate is a pivotal step in glutamate synaptic transmission. The
molecular machinery responsible for this step is comprised of v-type proton-pump ATPase and a
vesicular glutamate transporter. Recent evidence indicates that synaptic vesicles are endowed with
glycolytic ATP-synthesizing enzymes, providing energy for immediate use by vesicle-bound
proton-pump ATPase. In this study, we provide evidence that synaptic vesicles are also capable of
synthesizing the vesicular glutamate transporter substrate glutamate, from a-ketoglutarate and L-
aspartate (as the amino group donor); glutamate thus produced is taken up into vesicles. We also
report a finding thata-ketoglutarate-derived glutamate uptake into synaptic vesicles and aspartate
aminotransferase are inhibited by 2,3-pyrazinedicarboxylate. Evidence is given that this is a
selective inhibitor for aspartate aminotransferase. These observations provide insight into
understanding the nerve endings’ mechanism for high efficiency in glutamate transmission.
Finding this inhibitor may have implications for further experimentation on the role of a-
ketoglutarate-derived glutamate in glutamate transmission.
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In glutamate transmission, glutamate uptake into synaptic vesicles is a pivotal initial step,
enabling glutamate to enter the neurotransmitter pathway (Uedal1986; Maycox et al. 1990;
Ozkan and Ueda 1998; Otsis 2001; Edwards 2007). This uptake system is comprised of v-
type proton-pump ATPase (v-H*-ATPase) and a vesicular glutamate transporter known as
VGLUT (Ueda 1986; Tabb and Ueda 1991; Lewis and Ueda 1998; Takamori et al. 2000;
Bellocchio et al. 2000; Juge et al. 2006). The electrochemical proton gradient generated by
v-H*-ATPase is harnessed by VGLUT to concentrate glutamate in synaptic vesicles. The
substrate for v-H*-ATPase is largely provided by the synaptic vesicle-bound glycolytic

Address correspondence and reprint requests to Dr. Tetsufumi Ueda, Molecular & Behavioral Neuroscience Institute, Medical School,
The University of Michigan at 109 Zina Pitcher Place, Ann Arbor, M1 48109-5720, USA., tueda@umich.edu, Tel: 734-763-3790, Fax:
734-936-2690.

The authors declare no conflict of interest regarding the work reported here.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Takeda et al.

Page 2

ATP-generating enzyme systems, the glyceraldehyde phosphate dehydrogenase/3-
phosphoglycerate kinase complex and pyruvate kinase (Ikemoto et al. 2003; Ishida et al.
2009). Recent evidence suggests that ATP generated by vesicle-bound pyruvate kinase is
more readily utilized by v-H*-ATPase than is ATP added to the medium (Ishida et al. 2009).
This supports the notion that locally produced ATP plays an important role in providing
energy required for vesicular neurotransmitter loading (Ueda and Ikemoto 2007). In this
study, we provide evidence suggesting that local synthesis is also extended to the VGLUT
substrate glutamate, enhancing efficiency in glutamate loading into synaptic vesicles.

Biosynthesis of the VGLUT substrate remains to be established. It is widely thought that
glutamine made in astrocytes serves as the principal precursor of the neurotransmitter
glutamate, which is produced by neuronal glutaminase. However, growing evidence
indicates that the role of the glutamate-glutamine cycle in basal glutamate synaptic
transmission is less clear (for reviews, see Edwards 2007). Biochemically, metabolic
glutamate is produced from a-ketoglutarate (a-KGA) by aspartate aminotransferase (AAT)
and glutamate dehydrogenase as well as from glutamine by glutaminase. We have assessed
the possibility that a-KGA could serve as an immediate precursor for synthesis of the
synaptic vesicular pool of glutamate.

Materials and methods

Tissues

All the tissues used in this study were purchased: frozen rat (male) brains from Pel-Freez
Biologicals and fresh bovine brains (adult male) from a local slaughter house. Thus, this
research did not involve handling of live animals.

Reagents and antibodies

[1-14C]o-Ketoglutaric acid (57 mCi/mmol), L-[3,4-3H(N)]glutamine (50 Ci/mmol), and L-
[3,4-3H]glutamic acid (50 Ci/mmol) were purchased from PerkinElmer. Monoclonal anti-
synaptophysinl antibody was prepared, at the University of Michigan Hybridoma Facility,
from the hybridoma clone 3G12 (Berwin et al. 1998), which was generously provided by
Dr. Eric Floor, Department of Physiology and Cell Biology, University of Kansas. The
culture medium supernatant of hybridoma 3G12 was used. Polyclonal antibodies to
cytosolic and mitochondrial aspartate aminotransferase (AAT) (EC 2.6.1.1), referred to as
GOT1 and GOT2 antibodies, respectively, were obtained from Aviva Systems Biology and
Abnova, respectively. These antibodies were raised against the N-terminal region (1-50) of
human GOT1 and the C-terminal region (331-430) of human GOTZ2; these regions show no
significant sequence homology. Monoclonal anti-VGLUT1 antibody was purchased from
Synaptic Systems; biotin-conjugated rabbit anti-mouse IgG from ZYMED; Monoclonal anti-
cytochrome oxidase subunit IV (20E8) from Molecular Probes; anti-rabbit g, biotinylated
species-specific antibody and streptavidin-conjugated horseradish peroxidase from GE
Healthcare; and an enhanced chemiluminescence detection agent (SuperSignal® West
Femto Maximum Sensitivity Substrate) from Thermo Scientific. All other agents were
purchased from Sigma-Aldrich.

Preparation of subcellular fractions

Synaptic vesicles were prepared from frozen rat brain (Pel-Freez Biologicals) by differential
and sucrose gradient centrifugation as described previously (Ishida et al. 2009). Rat crude
synaptic vesicles were prepared as described (Kish and Ueda 1989) and suspended in 4 mM
HEPES-KOH (pH 7.4) containing 0.1 mM dithiothreitol. Crude synaptic vesicle fractions
(1.0 ml x 6) obtained from 100 rat brains were layered on top of the sucrose gradients in the
above buffer (10.5 ml x 6), each consisting of 3.5 ml 0.2, 0.3, and 0.4 M sucrose, and
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centrifuged at 4° C at 24,800 rpm (109,400 gmax) in @ Beckman SW 40Ti rotor for 2 h. The
sample layer was discarded. The interface between the sample layer and the 0.2 M sucrose
layer (SV-A), the 0.2 M sucrose layer (SV-A'), the interface between 0.2 M and 0.3 M
sucrose layers (SV-B), the 0.3 M sucrose layer (SV-B’), the interface between 0.3 M and 0.4
M sucrose layers (SV-C), the 0.4 M sucrose layer (SV-C’), and the pellet (D) were collected.
These fractions, except D, were diluted 2-3 fold with 4 mM HEPES-KOH (pH 7.4)
containing 0.1 mM dithiothreitol, and centrifuged at 4° C at 55,000 rpm (278,000 gmnax) in @
Beckman 70.1Ti rotor for 60 min. All the pellets were suspended in a solution containing
0.32 M sucrose, 4 mM HEPES-KOH (pH 7.4) and 0.1 mM dithiothreitol, and frozen in
liquid nitrogen. Purified synaptic vesicles (0.4 M sucrose layer) were also prepared from
fresh bovine brain by a conventional method using sucrose density gradient centrifugation at
28,000 rpm (141,000 gmax) for 2 h in a Beckman SW 28 rotor, as described previously (Kish
and Ueda, 1989). The synaptosomal cytosol (synsol) fraction and the plasma membrane plus
mitochondria fraction were prepared from frozen rat brain, as previously described (Ueda et
al. 1979).

Crude synaptosomes (P2 fraction) were prepared from fresh calf frontal cortex (Ueda et al.
1979), and purified by Percoll gradient centrifugation (Dunkley et al. 2008). Fraction 4, the
richest in synaptosomes, was used as purified synaptosomes in this study. Protein was
determined by the method of Bradford (1976), with bovine serum albumin as standard. The
nonsynaptic mitochondria fraction was prepared from frozen rat brain as described by Lai
and Clark (1979).

Uptake of a-KGA-derived products into isolated synaptic vesicles

Vesicular a-KGA-derived uptake was measured by the filtration-based assay using
Whatman GF/C filters, as described previously (Kish and Ueda 1989), with minor
modifications. In the standard assay, aliquots (50-100 ug protein) of rat brain synaptic
vesicle fraction SV-A’ were incubated at 30° C for 15 min with 30 or 60 uM [14C]a-KGA
(57 mCi/mmol) in a mixture (final volume, 0.1 ml) containing 20 mM HEPES-Tris (pH 7.4),
100 or 250 mM sucrose, 4 mM MgSOy4, 4 mM KCI, and 2 mM L-aspartate, with or without
2 mM ATP. ATP-dependent uptake of a-KGA-derived glutamate into vesicles in the
presence of 100 mM sucrose was found to be virtually the same as uptake in the presence of
250 mM sucrose, using a set of three independent rat SV-A’ preparations: 326 + 8 vs. 328 +
8 pmol/mg/15 min.

Analysis of a-KGA-derived products accumulated in isolated synaptic vesicles

Synaptic vesicle fraction SV-A’ was incubated with 30 uM [14C]a-KGA in the presence of
ATP and aspartate, and filtered as described above; radioactive material on the filter was
extracted with 80% ethanol. The extract from multiple filters was concentrated and
dissolved in 0.5 ml of 13 mM trifluoroacetic acid containing 1 mM 1-octanesulfonate, and
an aliquot subjected to HPLC, as described previously (Ishida et al. 2009).

Aspartate aminotransferase enzyme activity assay

Enzymatic activity of synaptic vesicle-associated AAT was measured by the method of Rej
and Horder (1983) with the following modifications: in order to minimize the effect of
endogenous malate dehydrogenase-like activity associated with synaptic vesicles, NADPH
was used instead of NADH. Aspartate aminotransferase enzyme activity was monitored by
changes in fluorescence of NADPH at 460 nm (excitation wave length, 390 nm) rather than
by changes in absorption at 340 nm. Purified synaptic vesicle fraction SV-A’ (40-50 ug)
was incubated at 30° C for 2 min in 100 mM Tris-HCI (pH 7.5) containing 193 uM
NADPH, malate dehydrogenase (107 units/ml), and a test amino acid as amino donor (50
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mM). The reaction was initiated by addition of 10 mM a-KGA to the mixture (final volume,
0.15 ml).

Glutaminase activity assay

Phosphate-dependent glutaminase activity of nonsynaptic mitochondria was determined at
30° C by the method of Curthoys and Lowry (1973). Fluorescence of NADPH formed was
detected at 460 nm (excitation wave length, 340 nm).

Western blot analysis

Protein samples were electrophoresed and transferred onto Immobilon-P polyvinylidene
difluoride membrane (Millipore) as described (Harlow and Lane 1988). After blocking, the
membrane was incubated overnight at 4° C with respective first antibodies, and then with
biotinylated rabbit anti-mouse IgG (1:2000 dilution) or anti-rabbit Ig, biotinylated species-
specific antibody (1:2000 dilution) for 2 h at room temperature. This was followed by
incubation with streptavidin-horseradish peroxidase conjugate (1:500 dilution) for 40 min at
room temperature. Western blots were visualized by an enhanced chemiluminescence
detection procedure, using FAS-1000 (Toyobo) or LAS-1000 (GE Healthcare) image
analyzers.

Solubilization of vesicle-bound AAT

The crude synaptic vesicle fraction (1 mg/ml) was treated on ice for 60 min with various
concentrations of KCI, and centrifuged at 438,000 gynax for 60 min; the pellets were
suspended in the original volume of 2 mM Tris-maleate (pH 8.0) containing 80 mM sucrose
and 0.1 mM dithiothreitol. The supernatant and pellet proteins were precipitated with
trichloroacetic acid, and dissolved in 60 pl of SDS-PAGE sample buffer. Aliquots (20 pl)
were subjected to SDS/western blotting and probed with GOT2 antibodies.

Synaptosomal uptake of a-KGA and glutamine

Purified synaptosomes (Percoll gradient fraction 4, 155 or 164 ug protein) were suspended
in 0.2 ml oxygenated (95% O,-5% CO,) Krebs-Ringer buffer containing 140 mM NacCl, 1.5
mM KoHPQy4, 2 MM MgCl,, 1.3 mM CaCly, 5 mM glucose and 10 mM HEPES-NaOH (pH
7.4), and preincubated at 37° C for 10 min. After addition of 50 uM [*4C]a-KGA (57 mCi/
mmol) and 500 puM [3H]glutamine (37 mCi/mmol), incubation was continued for an
additional 30 min. Aliquots (40 ul) were removed and filtered on Whatman GF/C filters, and
radioactivity (4C and 3H) retained on the filter determined in a Beckman LS 6500
scintillation spectrophotometer.

Statistical analysis

Data are presented as the mean + SEM. Statistical analysis was performed with student t-test
for difference between two values. Significance was set at p < 0.05.

Results

Synaptic vesicles are endowed with the capacity to synthesize the VGLUT substrate for
immediate use

The concept that local synthesis of ATP is an efficient mechanism for fueling vesicular
glutamate uptake is supported by the observations (Ikemoto et al. 2003; Ishida et al. 2009)
that synaptic vesicles bear two glycolytic ATP-generating enzyme systems, and that they are
able to provide sufficient energy to activate VGLUT. In further support for this concept, we
have observed that endogenous ATP generated from phosphoenol pyruvate and ADP by
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vesicle-bound pyruvate kinase is more effective than added exogenous ATP (Ishida et al.
2009; also Takeda and Ueda, unpublished observation).

In light of these observations, it was considered reasonable that the VGLUT substrate
glutamate would also be supplied locally by a biosynthetic enzyme bound to synaptic
vesicles. We explored the possibility that AAT might serve this function. Aspartate
aminotransferase catalyzes the reversible formation of glutamate from o-KGA at the
expense of the aspartate (Hayashi et al. 1990). We incubated isolated synaptic vesicles with
[14C]a-KGA in the presence of L-aspartate, and determined the ability of synaptic vesicles
to accumulate endogenously generated [C]glutamate. As shown in Fig. 1, synaptic vesicles
incorporated radioactive material in a time-dependent manner. This required the presence of
L-aspartate as well as ATP. Aspartate-, ATP-, and time-dependent uptake of radioactive
material into vesicles was observed with synaptic vesicles purified from frozen rat brain
(Ishida et al 2009) as well as from fresh bovine brain (Kish and Ueda, 1989). An efflux
system for accumulated radioactive material appears to be quite active in bovine vesicles,
however. The time course difference between rat and bovine synaptic vesicles remains to be
understood. This might be due to the difference in developmental stage or represent species
difference. The physiological significance of the efflux is not clear at present. The
radioactive material was extracted from rat brain vesicles, and identified largely as
glutamate (Fig. 2). These observations suggest that synaptic vesicles are endowed with AAT
converting [*4Clo-KGA to [14C]glutamate, which is readily transported into vesicles.

In contrast, synaptic vesicles have a substantially reduced ability to convert glutamine to
glutamate for vesicular accumulation, even in the presence of the glutaminase activator
inorganic phosphate at a concentration higher than is physiologically relevant (Fig. 3). The
rate of a-KGA-derived glutamate uptake is reduced in the presence of 3 mM phosphate
compared with the uptake in its absence (cf. Fig. 3 and Fig. 1: 118 + 9 vs. 207 + 21 pmol/
mg/15 min, n=3). This inhibition by phospahe could be largely due to competition of
phosphate (3 mM) with a-KGA (50 uM) for the a-KGA binding site of AAT; phosphate (3
mM) does not cause significant inhibition of vesicular uptake of glutamate at 50 pM.
Glutamine-derived glutamate uptake (17 pmol/mg) was only 8% of unsuppressed a-KGA-
derived glutamate uptake (207 pmol/mg) at 15 min.

Vesicle-bound transaminase is AAT specific to L-aspartate as amino donor

Figure 4 shows that vesicular uptake of a-KGA-derived glutamate is dependent on aspartate
concentration; the concentration required for half-maximal uptake is about 0.9 mM. The
ATP-dependent uptake obeyed Michaelis-Menten kinetics, and K, for L-aspartate was
determined to be 0.9 mM. A similar K, value (1.5 mM) was obtained with bovine brain
synaptic vesicles incubated in the presence of 250 mM sucrose (data not shown). Direct
measurement of synaptic vesicle-bound AAT enzyme activity yielded a similar K, value
(data not shown). These values are in agreement with the Ky, values (0.87 mM) for L-
aspartate of brain synaptic mitochondrial AAT (Dennis et al. 1977), but are different from
that (6.7 mM) of the cytosolic enzyme (Magee and Phillips 1971).

Amino group donor specificity for rat brain vesicular loading of glutamate derived from a-
KGA is shown in Fig. 5a. We have tested various amino group donors, including D-
aspartate, L-asparagine, L-lysine, L-serine, L-threonine, GABA, L-alanine, ammonium
chloride, L-arginine, and L-leucine for the ability to serve as an amino group donor in the
presence of 100 mM sucrose, and compared their ability with that of L-aspartate. L-
Aspartate was found to be the most effective of all the amino group donors tested. Figure 5b
shows that nearly identical results were obtained with synaptic vesicles purified from fresh
bovine brain by a conventional method (Kish and Ueda, 1989, Ueda et al, 1979), even when
they were incubated in the presence of 250 mM sucrose. These data indicate that vesicular
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filling of a-KGA-derived glutamate almost exclusively depends upon L-aspartate with
respect to amino group donor. This suggests that synaptic vesicle-bound transaminase is
highly specific to L-aspartate, in support of the presence of AAT in synaptic vesicles. We
have directly measured the enzyme activity of AAT in the presence of the various amino
group donors. As shown in Fig. 5¢, the amino group donor specificity of vesicle-bound AAT
is essentially identical to that of a-KGA-derived glutamate vesicular uptake. In contrast,
alanine has been shown to serve as an amino group donor to form releasable glutamate from
a-KGA in cerebellar granule cells in culture (Peng et al. 1991).

Vesicle-bound AAT is of the mitochondrial AAT type, but associated with synaptic vesicles
via charge-charge interaction

Aspartate aminotransferase is comprised of two identical subunits, whose molecular weight
is approximately 45,000 (Hayashi et al. 1990). Two types of AAT are well known, one
present in the cytosol and another in mitochondria, referred to as GOT1 and GOT2,
respectively, which are immunologically and genetically distinct (Panteghin 1990). Figure
6a shows that AAT in synaptic vesicle fraction SV-A' strongly interact with GOT2
antibodies, but are hardly recognized by GOT1 antibodies. This indicates that synaptic
vesicle-bound AAT responsible for synthesis of the VGLUT substrate is distinct from
cytosolic AAT (GOTL); it is highly similar if not identical to mitochondrial AAT (GOT2).
This is consistent with the observation mentioned above that the affinity for aspartate of
vesicle-bound AAT resembles that of the mitochondrial enzyme, but differs from the
cytosolic enzyme. It was noted that AAT in the synsol fraction was recognized by both
GOT1 and GOT2 antibodies (Fig. 6a). This could be due in part to the possibility that a
fraction of originally vesicle-bound AAT could be dissociated from vesicles during the
vesicle preparation. Vesicle-bound AAT was dissociated from vesicle membranes by
increasing salt concentration; it was partially extracted with 0.2 M KCI, and almost entirely
with 0.8 M KCI (Fig. 6b), indicating it is a peripheral protein associated with synaptic
vesicles via ionic bonding.

Vesicular uptake of glutamate made from a-KGA by vesicle-bound AAT is mediated by v-
H*-ATPase and VGLUT

In order to determine if a-KGA-derived glutamate uptake into synaptic vesicles is mediated
by v-H*-ATPase and VGLUT, we have examined the effect of the v-H*-ATPase inhibitor
bafilomycin (Tabb and Ueda 1991), the electrochemical gradient dissipator carbonyl cyanide
p-(trifluoromethoxy)-phenylhydrazone (FCCP) (Naito and Ueda 1983; Maycox et al. 1988;
Tabb et al. 1992), the VGLUT substrate/inhibitor trans-1-aminocyclopentane-1,3-
dicarboxylate (ACPD) (Winter and Ueda 1993; 2008; Moriyama and Yamamoto 1995), and
the VGLUT inhibitors Trypan Blue (Roseth et al. 1998) and Rose Bengal (Ogita et al.
2001). As shown in Fig. 7, all these agents inhibited vesicular uptake of a-KGA-derived
glutamate. Omission of a low millimolar concentration of chloride (e.g., 4 mM), a well-
known stimulator of vesicular glutamate uptake (for review, see Ozkan and Ueda 1985;
Schenck et al. 2009), from the incubation medium also resulted in a reduction of a-KGA-
derived glutamate uptake. In contrast to trans-ACPD, cis-ACPD, which does not interact
with VGLUT (Winter and Ueda, 1993; 2008; Moriyama and Yamamoto, 1995), hardly
affected a-KGA-derived glutamate uptake into synaptic vesicles. These results indicate that
glutamate produced by vesicle-bound AAT is taken up by VGLUT at the expense of an
electrochemical gradient generated by v-H*-ATPase. All these observations together support
the notion that synaptic vesicles have the capacity to biosynthesize the VGLUT substrate
from a-KGA, using L-aspartate as the specific amino group donor, and that glutamate thus
locally produced is readily transported into vesicles by VGLUT. The vesicular localization
of the glutamate synthesis-uptake system is supported by the observation that a-KGA-
derived glutamate uptake is the highest in synaptic vesicle fraction SV-A’, the fraction
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richest in synaptic vesicles of the various subcellular fractions tested (Figs. 8a and 8b). This
figure shows that the subcellular distribution of a-KGA-derived glutamate uptake activity
parallels that of the synaptic vesicle-specific proteins VGLUT1 and synaptophysinl. As
expected, the plasma membrane plus mitochondria fraction was shown to be essentially
devoid of such a process and of synaptophysini, a vesicular marker protein. Fraction SV-A’
is free of mitochondrial contamination as indicated in Fig. 8c, which shows that SV-A’ is
devoid of the mitochondrial marker cytochrome oxdase subunit V1.

AAT-selective inhibitor

In order to determine whether a-KGA-derived glutamate is used as a neurotransmitter in
electrophysiological experiments, it would be essential to have a specific or selective
inhibitor of AAT at hand. However, to our knowledge, no such a readily available agent has
been reported. Hence, we have sought such an agent. The following aspartate-related
compounds were tested for the ability to inhibit uptake of a-KGA-derived glutamate into
isolated synaptic vesicles: 2,3-pyrazinedicarboxylate (2,3-PDC); dimethyl 4, 5-
imidazoledicarboxylate; 2,3-pyridinedicarboxylate; 4,5-imidazoledicarboxylate; L-trans-
pyrrolidine-2,4-dicarboxylate; pyridine-2,3-dicarboxylic acid dimethyl ester; 2-
isopropyl-1H-imidazole-4,5-dicarboxylate; and 4-methyl-quinoline-2,3-dicarboxylic acid
dimethyl ester. Of these agents tested, 2,3-PDC exhibited the most potent inhibitory effect,
whereas 2,3-pyridinedicarboxylate and 4,5-imidazoledicarboxylate were less potent, and L-
trans-pyrrolidine-2,4-dicarboxylate, a glutamate analog, had no effect (data not shown).

HO OH

o]
M, 'L oH " Q o=
[“‘Nj::l""["uH " o N~ 0

H ©OH

o
Q

2,2-Pyrazinedicarboxylic acid 4, 5-Imidazole dicarbesybe acid L-trans-Pyriobdine-2 4-dicarbosylic acid

In an effort to determine the specific/selective action of this compound on AAT, we have
compared the effect of various concentrations of 2,3-PDC on the vesicular uptake of a-
KGA-derived glutamate with that on the vesicular uptake of exogenous (directly added)
glutamate. As shown in Fig. 9a, 2,3-PDC inhibited a-KGA-derived glutamate in a
concentration-dependent manner, whereas it had a minimal effect on exogenous glutamate
uptake in the same concentration range tested, indicating that it has little if any effect on v-
H*-ATPase or VGLUT. As expected, it exhibited a dose-dependent curve indistinguishable
from that of AAT enzymatic activity (Fig. 9b). These observations indicate that the
inhibitory effect of 2,3- PDC on a-KGA-derived vesicular glutamate uptake is largely due to
its action on vesicle-bound AAT. However, this agent exhibited no effect on Na*-dependent
a-KGA or glutamine uptake into synaptosomes (Fig. 9c, 9d) or on phosphate-dependent
glutaminase activity in mitochondria (Fig. 9¢). Thus, the inhibitory action of 2,3-PDC is
quite selective to vesicle-bound AAT among vesicle-bound AAT, v-H*-ATPase, VGLUT,
synaptosomal a-KGA uptake, synaptosomal glutamine uptake, and mitochondrial
glutaminase. These data further support the notion that a-KGA-derived glutamate uptake
into synaptic vesicles is mediated by vesicle-bound AAT.

Discussion

We have provided evidence that synaptic vesicles are endowed with AAT, which
synthesizes the VGLUT substrate glutamate from a-KGA and L-aspartate. This vesicle-
bound transaminase is highly specific to L-aspartate with respect to the amino donor. It
belongs to the mitochondrial AAT type, as judged by its kinetic properties and cross-
reactivity with GOT2 antibodies, which are in agreement with proteomics analysis of highly
purified synaptic vesicles, reporting detection of GOT2 peptides (Takamori et al. 2006,
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Supplemental data; Burré et al. 2006). However, the manner in which it is solubilized
suggests that it is bound to the cytosolic side of the vesicle membrane, whereas
mitochondrial AAT is localized to the mitochondrial interior (McKenna et al. 2000). The L-
aspartate affinity of vesicle-bound AAT is higher than that of the cytosolic enzyme. The
vesicle-bound enzyme’s Ky, value for L-aspartate is below the cytosolic concentration of L-
aspartate (Benjamin and Quastel 1972; Taguchi et al. 1993), whereas that of the cytosolic
enzyme is higher. At physiologically relevant L-aspartate concentrations, vesicle-bound
AAT should function close to maximal velocity, the cytosolic enzyme far below it. This
distinct difference in the L-aspartate affinity would endow vesicle-bound AAT with a
kinetic advantage, i.e., more rapid cytosolic a-KGA-glutamate conversion than in the case of
cytosolic AAT. Glutamate thus produced from a-KGA by vesicle-bound AAT would be
immediately taken up by VGLUT energized by a v-H*-ATPase-generated-electrochemical
gradient. In contrast to a-KGA, glutamine is not converted to glutamate by synaptic vesicles
(Fig. 3); this conversion occurs largely in mitochondria, which are situated away from
synaptic vesicles. Hence, vesicle-bound AAT could play a role in prompt, efficient supply of
the neurotransmitter pool of glutamate from its precursor a-KGA.

Nerve terminals have the capacity to take up a-KGA (Shank and Campbell 1984; also Fig.
9c). Astrocytes has been shown to release a-KGA (Westergaard et al. 1994). Astrocytes are
rich in the CO,-fixing enzyme pyruvate carboxylate (Cesar 1995), which form oxaloacetate,
resulting in de novo synthesis of a-KGA via the TCA cycle. Hassel and Brathe (2000) have
provided evidence that neurons are also capable of incorporating CO5 into pyruvate in
mitochondria by malic enzyme, abundant in neurons (Vogel et al. 1998); this leads to de
novo synthesis of releasable glutamate through a-KGA formation. a-Ketoglutarate is also
produced from glutamine-derived glutamate by glutamate dehydrogenase rich in nerve
terminal mitochondria (McKenna 2007), as well as from pyruvate via the TCA cycle. o-
Ketoglutarate supplied from either astrocytes (Westergaard et al. 1994) or mitochondria
(Palaiologos et al. 1988; Bolli et al. 1989; Hassel and Brathe 2000; McKenna et al. 2000;
McKenna 2007) in nerve terminals, or from both sources, could be rendered available for
preferential use by vesicle-bound AAT in order to generate the VGLUT substrate glutamate.
The other AAT substrate L-aspartate would be provided from mitochondria via the malate-
aspartale shuttle (Palaiologos et al. 1988; Yudkoff et al. 1994; McKenna et al. 2000;
McKenna, 2007). Thus, we propose here that vesicle-bound AAT could play a role in
glutamate transmission by supplying the transmitter glutamate via local synthesis at the site
of utilization (Fig. 10). Local synthesis of the VGLUT substrate at the synaptic vesicle site,
coupled to the mitochondrial aspartate-malate shuttle and a-KGA transport, as well as to the
nerve terminal uptake of a-KGA, could represent an efficient mechanism for vesicular
glutamate loading, hence for synaptic glutamate transmission.

The principal precursor of the neurotransmitter glutamate is generally thought to be
glutamine (Bradford et al.; Hamberger et al. 1979; Laake et al. 1995; Sibson et al. 1997;
Hertz and Zielke 2004), which is provided by astrocyes (Shank and Aprison 1988;
Schousboe et al. 1997). Glutamate released from neurons is taken up by astrocytes (Danbolt
2001) and transformed to glutamine by glutamine synthetase, which is highly enriched in
astrocytes (Martinez-Hernandez et al. 1977). Glutamine is then transferred to neurons via
neuronal glutamine transporters (Varoqui et al. 2000) and converted back to glutamate by
mitochondrial glutaminase (Bradford and Ward 1976; Roberg et al. 1995). Glutamate thus
produced is utilized as a neurotransmitter.

However, several recent lines of evidence suggest that the role of the glutamate-glutamine
cycle is not unequivocally established in providing the immediate precursor for the
transmitter glutamate, which is responsible, in particular, for spontaneous synaptic
transmission (for reviews, see Edwards 2007). Kam and Nicoll (2007) provided evidence
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that spontaneous excitatory synaptic transmission was not affected by pharmacological
interruption of the glutamate-glutamine cycle. Masson et al. (2006) showed that the
knocking out of glutaminasel failed to disrupt spontaneous glutamate transmission.
McKenna et al. (2000) have reported a high level of glutamate dehydrogenase in synaptic
mitochondria, suggesting an important role for this enzyme in converting glutamine-derived
glutamate to a-KGA in mitochondria (McKenna 2007). Moreover, Hassel and Brathe (2000)
have demonstrated that de novo synthesis of exocytotically releasable glutamate by CO,
fixation occurs in neurons, and suggested re-evaluating the importance of the glutamate-
glutamine cycle in glutamate synaptic transmission.

Evidence presented here supports the notion that a-KGA could serve as an immediate
precursor for a neurotransmitter pool of glutamate. A specific/selective inhibitor of AAT
would be instrumental in testing this hypothesis, using electrophysiological experimental
paradigms. The well known AAT inhibitors aminooxyacetate and hydroxylamine are not
specific to AAT; they inhibit a number of pyridoxal phosphate-conjugated enzymes,
including transaminases, DOPA carboxylase (John et al. 1978), glutamate carboxylase
(Roberts and Simonsen 1963), histidine carboxylase (Leinweber 1968), and cystathionase
(Beeler and Churchich 1976). Moreover, we have found that they also exhibit substantial
inhibition of Na*-dependent a-KGA and glutamine uptake into synaptosomes (data not
shown), most likely due to breaking the acyl (aspartic acid residue)-phosphate bond of the
activated intermediate of Na*/K* ATPase, the enzyme responsible for maintaining the Na*
gradient.

In contrast to hydroxylamine and the hydroxylamine analog aminooxyacetate, 2,3-PDC (an
alternative AAT inhibitor which we identified) caused no inhibition of Na*-dependent
uptake of a-KGA or glutamine into synaptosomes, or of mitochondrial glutaminase activity.
This indicates that 2,3-PDC is distinct from hydroxylamine analogs, which are known to
react not only with the pyridoxal group, but also with acid anhydrides and thioesters; hence
2,3-PDC fails to disrupt the acyl phosphate bond of Na*/K*-ATPase. Thus, this compound
may inhibit AAT without interacting with its pyridoxal moiety. Notably, 2,3-PDC had
minimal effect on v-H*-ATPase/VGLUT, yet it displayed differential inhibitory effects on
vesicle-bound AAT and v-H*-ATPase/VGLUT (reflected in the effects on a-KGA-derived
glutamate uptake and exogenous glutamate uptake, respectively). However, improvement
for higher potency and stringency is awaited. That 2,3-PDC has no effect on glutaminase is
of particular interest, since this suggests this agent is expected not to affect the
neurotransmitter pool of glutamate directly derived from glutamine. Thus 2,3-PDC or, better
yet, a more potent and specific inhibitor derivative of this compound, could be of use in
testing the hypothesis that o—KGA serves as an immediate precursor for synthesizing the
vesicular pool of glutamate, which functions as an excitatory neurotransmitter.
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FCCP carbonyl cyanide p-(trifluoromethoxy)-phenylhydrazone
2,3-PDC 2,3-pirazinedicarboxylate
synsol synaptosomal cytosol
VGLUT vesicular glutamate transporter
v-H*-ATPase v-type proton-pump ATPase
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Fig. 1.

Time course of a-KGA-derived glutamate uptake into isolated synaptic vesicles. Rat
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synaptic vesicles (a) or bovine synaptic vesicles (b), 100 ug protein each, were preincubated
at 30° C for 2 min in the medium containing 250 mM sucrose described in Materials and
Methods, in the absence (o) or presence (o) of 2 mM ATP each with 2 mM L-aspartate, or
in the absence of aspartate but in the presence of 2 mM ATP (A). Following addition of 60
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uM [14CJa-KGA, incubation was continued at 30° C for the various periods of time
indicated. Vesicular accumulation of radioactive material was determined, as described in
Materials and Methods. The value (72 + 10 pmol/mg) obtained in the absence of ATP with 0
min incubation was subtracted from all values in each experiment shown in (a), and the
value (40 £ 5 pmol/mg) from all values in each experiment shown in (b). The results in (a)
show the mean + SEM from three separate rat brain SV-A’ preparations, and those in (b) the
average in percentage of two separate bovine synaptic vesicle preparations; 100% represent
215 + 65 pmol/mg. SV, synaptic vesicle; Glu, glutamate; Asp, aspartate.
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Fig. 2.

HPLC chromatogram of a-KGA-derived products in synaptic vesicles. Synaptic vesicle
fraction SV-A’ was incubated with 30 pM [14C]a-KGA for 15 min in the presence of 2 mM
L-aspartate and 2 mM ATP, and filtered. Radioactive compounds on the filter were analyzed
by HPLC, as described in Materials and Methods. Authentic L-[3H]glutamate was used to
identify the major radioactive peak as glutamate. Glu, glutamate.
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The ability of isolated synaptic vesicles to convert glutamine to glutamate and accumulate is
minimal compared with that to cause a-KGA-derived glutamate uptake. Rat synaptic vesicle
fraction SV-A’ (50ug) was incubated in the presence of 250 mM sucrose at 30° C for
various periods of time with 50 uM [3H]glutamine (0.4 mCi/mmol) or 50 uM [}4C]a-KGA
(57 mCi/mmol), 2 mM aspartate, and 3 mM inorganic phosphate, each with or without 2
mM ATP. The mixture without [3H]glutamine or [1*C]a-KGA was preincubated at 30° C
for 2 min. After addition of 50 uM [3H]glutamine or 50 uM [}4C]a-KGA, the mixture was
further incubated for various periods indicated. VValues obtained in the absence of ATP were
subtracted from all values. The data represent the mean + SEM from three separated
preparations. *, p<0.05; **, p<0.005. Glu, glutamate; GIn, glutamine; SV, synaptic vesicle.
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isolated synaptic vesicles. Two preparations of rat synaptic vesicle fraction SV-A’ (50 ug
protein) were combined and incubated at 30° C for 15 min with 30 uM [*4C]a-KGA in the
medium containing 100 mM sucrose described in Materials and Methods, in the absence (o)
or presence (o) of 2 mM ATP with various concentrations of L-aspartate. Values are the
mean + SEM of triplicate determinations. Glu, glutamate; v, the initial velocity of vesicular
uptake of o-KGA-derived Glu uptake expressed in pmol'min~'mg™1.

J Neurochem. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Takeda et al.

Fig. 5a

At Rat SV

0-KGA-derived Glu Uptake into SV
(()

>
V5]

£ 1004 Bovine SV
= .

< 80- |
-2

=

652@60— E
o

o 401 ]
é

& 201 ]
QO

M

3 0-

R X . A% .l > .
'b{{b ’bép{&%\o 9‘2@‘&@& OYS’ %’Q& &
o » »

J Neurochem. Author manuscript; available in PMC 2013 April 1.

Page 19



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Takeda et al.

Page 20

Fig. 5¢

100 - .

[0 2]
(=)
]
1

N
(=)
]
1

40 - i

AAT activity
(%)

20 - 4

0. -
i& ‘?o
?,‘BQ'a Q {a‘

© 2P . °
vf" 6“?;@0‘\ SN “‘»*’

Fig. 5.

Amino-group donor specificity of vesicular a-KGA-derived glutamate uptake and vesicle-
bound AAT enzyme activity. (a) Rat vesicular a-KGA-derived glutamate uptake. Rat
synaptic vesicle fraction SV-A’ (50 ug protein) was incubated at 30° C for 15 min with 30
uM [14CJa-KGA in the presence of the indicated amino group donors, in the vesicular
uptake medium containing 100 mM sucrose, as described in Materials and Methods. All
amino donor agents were tested at 2 mM. The results are expressed as percentage of activity
in the presence of 2 mM ATP with 2 mM L-aspartate (238 + 59 pmol/mg, n=3). Values
obtained in the presence of 2 mM ATP without aspartate were subtracted from all values.
Each value represents the mean + SEM, obtained using three separate preparations, except
for D-aspartate (triplicates with one preparation). Glu, glutamate. (b) Bovine vesicular a-
KGA-derived glutamate uptake. Bovine synaptic vesicles (100 ug protein) were
preincubated at 30° C for 2 min, without [14CJa-KGA, in the vesicular uptake medium
containing 250 mM sucrose. After addition of 30 uM [14CJa-KGA, the mixture was
incubated for additional 3.5 min. The results are expressed as percentage of activity in the
presence of 2 mM ATP with 2 mM L-aspartate (112 = 49 pmol/mg, n=2). Values obtained
in the presence of 2 mM ATP without aspartate were subtracted from all values. (c) AAT
activity. Rat synaptic vesicle fraction SV-A’ (46 ng) was incubated at 30° C for 2 min to
determine AAT activity in the presence of various amino donors (50 mM) in the medium
described in Materials and Methods. The results are expressed as percentage of activity with
50 mM L-aspartate (122 nmol/min/mg).
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Fig. 6a
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Fig. 6.

Vesicle-bound AAT belongs to the mitochondrial-bound AAT type and is associated with
vesicles via ionic interaction. (a) Reactivity of vesicle-bound AAT and synsol AAT with
antibodies against mitochondrial AAT and cytosolic AAT. Synaptic vesicle fraction SV-A’
(4 ng) and the synsol fraction (4 pg) were subjected to SDS/western blotting, and each
probed with antibodies against the cytosolic AAT (GOT1, 1:500 dilution) and the
mitochondrial AAT (GOTZ2, 1:1000 dilution). (b) Vesicle-bound AAT is extracted with high
salt. Synaptic vesicle fraction SV-A’ was treated with various concentrations of KCI and
centrifuged, as described in Materials and Methods, and supernatants (sup) and pellets (ppt)
subjected to SDS/western blotting and probed with GOT2 antibody.
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Vesicular uptake of a-KGA-derived glutamate uptake is affected by agents known to act on
v-H*-ATPase and VGLUT. Synaptic vesicle fraction SV-A’ (50 ug protein) was incubated
at 30° C for 15 min with 30 uM [14CJa-KGA in 0.1 ml of the medium described in Materials
and Methods, with addition or omission of the indicated compounds. The concentrations
used were: 12.5 uM (FCCP); 2 mM (trans-ACPD); 2 mM (cis-ACPD); 1 uM (bafilomycin);
1 uM (Trypan Blue); 1 uM (Rose Bengal). The value obtained in the absence of ATP with 0
min incubation was subtracted from all values. The results are expressed as percentage of
control values (196 + 22 pmol/mg, activity in the presence of ATP with no addition of test
agents and no omission of chloride). Each value represents the mean + SEM, obtained using
three separate preparations. *, p<0.001. Glu, glutamate.
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Fig. 8a
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Fig. 8.

The a-KGA-derived glutamate uptake system is the most abundant in the subcellular
fraction, the richest in synaptic vesicles and devoid of mitochondrial contamination. (a) a-
KGA-derived glutamate uptake. Various subcellular fractions were analyzed for ATP-
dependent a-KGA-derived glutamate uptake in the presence of 60 uM [1Cla-KGA, using
75 pg protein. SV-A, SV-A’, SV-B, SV-B’, SV-C, SV-C', and D: synaptic vesicle (SV)
subfractions obtained upon sucrose density-gradient centrifugation of the crude synaptic
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fraction, as described in Materials and Methods. Values are the mean £ SEM of 4 or 5
separate preparations. (b) Relative contents of VGLUT1 and synaptophysinl in various
synaptic vesicle fractions and plasma membranes. Various synaptic vesicle fractions and the
plasma membrane fraction, 4 ug each, were subjected to SDS/western blotting, and probed
with antibodies against VGLUT1 (1:1000 dilution) and synaptophysinl (1:5000 dilution).
Glu, glutamate; PM, plasma membrane plus mitochondrial fraction. (c) Relative contents of
cytochrome oxidase subunit IV in various synaptic vesicle fractions and the mitochondria
fraction. Various synaptic vesicle fractions and the mitochondria fraction, 10ug each, were
subjected to SDS/western blotting, and probed with antibodies against cytochrome oxidase
subunit IV (1:5000 dilution). Mit, mitochondria; A, SV-A; A’, SV-A’; B, SV-B; B’, SV-B’; C,
SV-C; C’, SV-C'; D, pellet.
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Fig. 9.

2,3-Pyrazinedicarboxylate is an AAT-selective inhibitor among AAT, v-H*-ATPase,
VGLUT, plasma membrane a-KGA and glutamine transporters, and glutaminase. (a)
Vesicular uptake of a-KGA-derived glutamate vs. exogenous glutamate. Synaptic vesicle
fraction SV-A’ (50 pg) was incubated at 30° C for 10 min in the presence of 2 mM ATP, 2
mM L-aspartate, and 100 mM sucrose, with 50 uM [24C]a-KGA or 50 uM [3H]glutamate
(180 mCi/mmol), in the presence of various concentrations of 2,3-PDC, as described in
Materials and Methods. Values obtained in the absence of ATP and test agents were
subtracted from all values. Control values (100%): 204 £ 35 pmol/mg for a-KGA-derived
glutamate uptake; 787 = 94 pmol/mg for exogenous glutamate uptake. Each value represents
the mean + SEM, obtained using five separate preparations. *, p<0.005; **, p<0.001. (b)
AAT enzymatic activity. Synaptic vesicle-associated AAT activity was measured as
described in Materials and Methods, except that the reaction was carried out in 50 mM Tris-
HCI (pH 7.5) containing 2 mM L-aspartate, 200 uM NADPH, 140 units/ml malate
dehydrogenase, and the indicated concentrations of 2,3-PDC. The reaction was initiated by
addition of 50 uM a-KGA to the mixture. Control values (100%): 11.6 = 3.1 nmol/min/mg.
Each value represents the mean + SEM, obtained using 3 separate preparations. The insert
shows the direct comparison of (b) with (a). (c and d) Synaptosomal a-KGA uptake and
glutamine uptake, respectively. Purified synaptosomes were incubated 0.2 ml oxygenated
(95% 0,-5% CO,) Krebs-Ringer buffer with both 50 uM [14CJa-KGA and 0.5 mM
[3H]glutamine (double labeling), in the presence of various concentrations of 2,3-PDC, and
the amount of the radioactive materials determined, as described in Materials and Methods.
Control values (100%): 3.3 + 0.1 nmol/mg and 24.9 + 2.4 nmol/mg for a-KGA uptake and
glutamine uptake, respectively. Each value represents the average of two separate
preparations with the variations indicated. (e) Glutaminase activity. Phosphate-dependent
glutaminase activity in the mitochondria fraction (1.7 ug) was determined as described in
Materials and Methods, in the presence or absence of the indicated concentrations of 2,3-
PDC. Phosphate—independent glutaminase activity, which was less than 10% of phosphate—
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dependent glutaminase activity, was subtracted from all values. Control values (100%):
0.983 £ 0.025 umol/min/mg. Each value represents the average + variations of duplicate
determinations. Shown is the representative of two independent experiments with similar
results. Glu, glutamate; Gln, glutamine.
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Fig. 10.

VGLUT substrate glutamate is synthesized from a-KGA by vesicle-bound AAT at the
expense of Asp. AAT, aspartate aminotransferase; a-KGA, a-ketoglutarate; Asp, aspartate;
Glu, glutamate; OAA, oxaloacetate; 2,3-PDC, 2,3-pirazinedicarboxylate; SV, synaptic
vesicle; VGLUT, vesicular glutamate transporter; v-H*-ATPase, v-type proton-pump
ATPase.
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