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Widespread distribution of free p-aspartate in rat periphery
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We have identified and quantified free p-aspartate in adult rat peripheral organs using gas chromatographic-mass spectrometric and high-

performance liquid chromatographic techniques. The level of free p-aspartate was highest in the adrenal, testis, spleen and pituitary, followed by

the thymus, lung, ovary, placenta, pancreas and heart, and below the detection hmit in the kidney, liver. bram. muscle and serum. These data provide

the first evidence that a high level of free p-aspartate widely occurs in the adult rat periphery and suggest that the p-amino acid may be an endogenous
substrate for p-aspartate oxidase.

p-Aspartate; p-Aspartate oxidase: p-Serine: p-Enantiomer; Rat periphery

1. INTRODUCTION

It has long been assumed that L-forms of amino acids
exclusively constitute free amino acid pools in mamma-
lian tissues [1]. However. recent evidence has demon-
strated that free p-aspartate occurs in the developing
central nervous system (CNS) and aduit pituitary of
chickens, rodents and humans at markedly high concen-
trations [2-4], and a persistently high level of free p-
serine exists in rodents and human CNS tissues
throughout life [4-8]. Furthermore, the anatomical dis-
tribution of CNS D-serine is closely correlated with that
of the N-methyl-p-aspartate (NMDA)-type excitatory
amino acid receptor-associated recognition sites [7]. Be-
cause D-aspartate and D-serine are well characterized to
potentiate the NMDA receptor-mediated responses by
selective stimulation of the excitatory amino acid recog-
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nition site and the strychnine-insensitive glycine recog-
nition site, respectively [9-11], it is proposed that these
p-forms of amino acids are novel candidates as intrinsic
ligands for the NMDA receptor-related recognition
sites in the brain [4-8].

Recently, a high-affinity vL-glutamate/L-aspartate
transport system has been cloned and characterized in
mammalian CNS and periphery [12,13]. Like r-gluta-
mate and L-aspartate, D-aspartate is also shown to be
a selective substrate for this system [12.13]. Further-
more, D-aspartate oxidase, which selectively catalyzes
the oxidative deamination of p-aspartate, is phylogenet-
ically conserved in mammalian CNS and periphery [14—
18], although the endogenous substrate for this enzyme
so far has not been established [15]. Thus, these facts
suggest that not only the pituitary but also other periph-
eral tissues may contain free p-aspartate. In order to
explore this possibility. we identified and quantified free
p-aspartate in adult rat peripheral organs using gas
chromatographic (GC)-mass spectrometric (MS) and
high-performance liquid chromatographic (HPLC)
techniques.

2. MATERIALS AND METHODS

2 1. Reagents

All amino acids except p-homocysteic acid (D-HCA), trichlo-
roacetic acid (TCA), glacial acetic acid and o-phthaldialdehyde (OPA)
were obtained from Nacarai Tesque (Japan). D-HCA, N-tert-butyl-
oxycarbonyl-L-cysteine (Boc-L-Cys), pentafluoroproptonic anhydride
(PFPAY} and all solvents of HPLC grade were purchased from Sigma
(USA), Novabiochem (Switzerland), G.L.C Science (Japan) and
Kanto Chemicals (Japan), respectively

Published by Elsevier Scicnce Publishers BV
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Fig. 1. Electron-impact 1onization mass spectra of N-PFP-isopropyl derivative of authentic p-aspartate (a) and the compound. which co-eluted
with the authentic p-aspartate derivative, in the testis extract {b).

2.2. Ammals and tissue preparation

Male and female rats (Clea Japan, Japan) weighmg 160-170 g at the
time of the experiments were used. The ammmals were housed at
22.0 £ 0.5°C in a humidity-controlled room under a 12-h hight-dark
cycle (light on at 8.00 h) and were allowed food and water ad libitum.
The animal was perfused with physiological saline under pentobarbi-
tal anesthesia (40 mg/kg, intraperitoneally) to eliminate contamination
by amino acids in the blood. The perfused tissue sample was homog-
enized in 10 vols. of 5% TCA after the addition of D-HCA, and the
homogenate was centrifuged at 18,000 x g for 30 min at 4°C. To
remove TCA, the supernatant was extracted three times with water-
saturated diethyl ether. The aqueous layer was then passed through
a Millipore filter, HV (0.45 gm) and stored at ~80°C until derivatiza-
tion.

2.3, GC-MS analysis

The electron-impact 10nization (EI-MS analysis was performed on
a Fisons VG MD-800 mass spectrometer (Jasco, [nternational Co..
Japan), equipped with a Hewlett-Packard 5890A gas chromatograph
(Hewlett-Packard, Japan) and a Chirasil-L-Val capillary column (25
m % 0.25 mm, Gasukuro Kogyo, Japan) as previously described [5].
After the TCA extract was derivatized with isopropanol/2 N HCl and
PFPA, the N-PFP-isopropyl amino acid derivative was injected mnto
the gas chromatograph.

2.4. HPLC analvsis

The simultaneous determination of free amino acid enantiomers
and non-chiral amino acids 1 the rat tissues was accomplished by
HPLC equipped with a fluorometric detector and a 4-um Nova-Pak
C18 column (Waters, Japan) as previously described [6]. Briefly, the
TCA extract was derivatized with Boc-L-Cys and OPA for 2 min at
room temperature, and the dervatized sample was immediately ap-
plied to the HPLC system.

3. RESULTS

GC-MS analysis was performed in order to demon-
strate the presence of free p-aspartate in rat periphery.
Two distinct peaks, which showed the same retention
times as the N-PFP-isopropyl derivatives of authentic
p- (14.9 min) and L-aspartate (15.2 min), respectively,
were observed on a gas chromatogram of a rat testis
sample (data not shown). Fig. la and b shows the EI
mass spectra of the authentic p-aspartate (a) and the
compound, which co-eluted with the authentic D-aspar-
tate, in the testis extract (b). The EI mass spectrum of
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Fig. 2. Tissue distribution of free p-aspartate (a) and L-aspartate (b) in 7-week-old rats. The ratios of - to total (D + L) aspartate are expressed
as percentages in parentheses. Values represent means with S.E.M of three to six samples. ND, not detectable.

the authentic p-aspartate displayed a base peak at m/z 234
[CF,CF,CONHCHCH,COOH]" and/or [CF;CF,CON-
HCH(CH,)COOH]* and four prominent fragment
peaks at m/z 189 [CF,CF.,CONHCHCH,]". at m/z 216
[(CH;),CHOCOCH(NH)CH,COOCH(CH,),]*. at mi/z
262 [CF;CF,CONHCHCOOCH(CH,),]* and at m/z
276 [CF,CF,CONHCH(CH,)COOCH(CH,),]" and/or
[CF,CF,CONHCHCH,COOCH(CH,),]* (Fig. la).
Among them, the peak at m/z 216, which is characteris-
tic of the structure of the aspartate derivative, was also
found in the spectrum of the compound in the testis
extract (Fig. 1b). Although some weak fragment peaks,
which are considered to be derived from impurities in
the sample, were present in the El-mass spectrum of the

6

compound, the spectrum was almost identical to that of
the authentic p-aspartate (Fig. 1b). The spectrum of the
compound, which co-eluted with the authentic L-aspar-
tate, also contained these characteristic fragment peaks
(data not shown). Consequently, these data prove that
these two compounds of the testis extract are p- and
L-aspartate, respectively.

The concentrations of free p- and L-aspartate in rat
peripheral tissues were estimated using the HPLC tech-
nique as previously reported [6]. As shown in Fig. 2a,
D-aspartate was unevenly distributed in the peripheries
of a 7-week-old rat. The content of free p-aspartate and
the ratio of p- to total aspartate were highest in the
adrenal (0.20 + 0.03 umol/g wet weight, 44.1%, n = 3).
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Higher contents were seen in the adrenal, testis, spleen
and pituitary, followed by the thymus, lung, ovary, pla-
centa, pancreas and heart, and under the detection limit
in the kidney, liver, brain and femoral muscle (<0.01
umol/g wet weight). In contrast, L- aspartate ubiqui-
tously occurred in these peripheral tissues and the re-
gional variation of L-aspartate was entirely different
from that of p-aspartate (Fig. 2b). The level of L-aspar-
tate was higher in the brain, pituitary, spleen, thymus,
ovary, kidney and pancreas, with decreasing levels in
the liver, heart, lung, testis, adrenal, placenta and femo-
ral muscle. The serum contents of p- and L-aspartate
were below the detection limit and 45.0 £ 3.7 (nmol/ml,
n = 6), respectively. There was no significant correla-
tion between the D-aspartate content and the L-aspar-
tate content in these organs.

The trace or low levels of p-serine were also demon-
strated in these tissues except the brain tissue (unpub-
lished data). Furthermore, p-glutamate and the other
p-amino acids were below the detection limit (<0.01
umol/g wet weight).

4. DISCUSSION

The present results demonstrate that a peak, which
exhibited the identical retention time as the N-PFP-
isopropy! authentic p-aspartate derivative, is detected in
the rat testis and the EI mass spectrum of the peak of
the testis extract is almost identical to that of the au-
thentic p-aspartate. We further demonstrate that a high
content of p-aspartate is widely present in the adult rat
periphery. A markedly high level of p-aspartate in the
pituitary and non-detectable levels of the p-form in the
kidney, liver, brain and serum correspond well with
previous reports {2,3,7,8]. The accuracy of quantifica-
tion of p-aspartate was further confirmed by the obser-
vation that a similar distributional profile was demon-
strated in rat tissues by refined HPLC determination
after derivatization with N-acetyl-L-cysteine and OPA
[19] (data not shown).

The characteristic distributional profile of p-aspar-
tate might solely reflect regional activity of p-aspartate
oxidase or regional variation of the rL-glutamate/L-as-
partate transport system. However, this is unlikely be-
cause, (a) although the activity of p-aspartate oxidase
is known to be high in the kidney, liver and brain and
below the detection limit in the heart and serum [16]. the
level of D-aspartate is at a trace or a non-detectable level
in these organs (the present study) and (b) despite the
predominant expression of this transporter mRNA in
kidney and brain [13], the levels of the p-amino acid are
below the detection limit in these organs. In contrast,
it seems likely that p-aspartate oxidase may participate
in the catabolism of the p-amino acid in at least the
CNS, because the p-aspartate content dramatically de-
clines to a trace level by postnatal day 10 in rat brain
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[2], while CNS p-aspartate oxidase activity increases
rapidly from birth to postnatal day 10 or week 4 [16,17].

The source and metabolic system of peripheral p-
aspartate remain to be resolved. Free p-aspartate might
originate from the diet or from intestinal bacteria. How-
ever, this possibility appears to be ruled out by the facts
that the serum and total blood contents of free p-aspar-
tate are only at trace levels [2] or below the detection
limit in the present study and the absorption of amino
acids from the small intestine prefers 1~ to p-amino
acids [20,21]. Because the p-aspartyl residue is present
in long-living proteins, free p-aspartate might be de-
rived from the degradation of such molecules [22,23].
However, the fact that fetal blood and CNS in rats and
humans contain a much higher content of p-aspartate
than the adult blood and CNS conflicts with the above
possibility {2-4]. because the formation of p-amino acid
in these proteins following post-translational racemiza-
tion increases with advancing age or remains relatively
constant during aging [22,23].

These observations, together with the fact that the
total p-aspartate content of the chicken egg increases
with the incubation period [3], provide further support
for the possibility that de novo synthesis of p-aspartate
occurs in mammalian CNS and peripheral tissues. Al-
though aspartate racemase is proven to exist only in
bacteria {24], it is plausible that this enzyme might be
phylogenetically conserved in mammalian tissues and
synthesize endogenous p-aspartate.

In conclusion, the present data demonstrate that a
high level of free p-aspartate is extensively distributed
in adult rat periphery and suggest that the p-amino acid
may be an endogenous substrate for p-aspartate oxi-
dase. Because the peaks of p-aspartate content in the
heart, brain and retina of rats and chickens coincide
well with the period of completion of organogenesis
and/or functional maturation of each organ [3.25], free
p-aspartate could play a pivotal role in the maturation
of organs. Alternatively, because a lot of p-aspartate-
rich organs such as adrenal, testis, pituitary, ovary and
pancreas secrete a wide variety of hormones, the p-
amino acid might be involved in the regulation of the
endocrine system. Further study is required to elucidate
the metabolic system and the physiological significance
for free p-aspartate in mammals.
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