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a b s t r a c t

A validated two-dimensional HPLC system combining a microbore-monolithic ODS column and a
narrowbore-enantioselective column has been established for a sensitive and simultaneous analysis of
hydrophilic amino acid enantiomers (His, Asn, Ser, Gln, Arg, Asp, allo-Thr, Glu and Thr) and the non-
chiral amino acid, Gly, in biological samples. To accomplish this goal, the amino acids were first tagged
with 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) to the respective fluorescent NBD derivatives which
were separated in the first dimension by a micro-reversed-phase column. The automatically collected
luorescence
fractions of the target peaks were then transferred to the second dimension consisting of a Pirkle type
enantioselective column generating separation factors higher than 1.13 for all the enantiomeric target
analytes. The system was validated using standard amino acids and a rat plasma sample, and analyti-
cally satisfactory calibration and precision results were obtained. The present 2D-HPLC system enables
the fully automated determination of hydrophilic amino acid enantiomers in mammalian samples. The

tigate
d-isomers of all the inves

. Introduction

It had been long believed that only the l-isomers of proteino-
enic amino acids were present in higher animals. However, several
ey reports showing the presence, function and origin of some
-amino acids in mammals were published during the last two
ecades [1–3], and these d-amino acids are now widely accepted as
andidates of novel physiologically active substances and biomark-
rs in mammals. Especially d-aspartic acid (d-Asp) and d-serine
d-Ser) have been intensively investigated. For instance d-Asp is
bserved in various endocrine and neuroendocrine tissues, and
egulates the hormonal synthesis and/or secretion in tissues [4,5].
-Ser is localized to the frontal brain areas, and regulates N-methyl-
-aspartate (NMDA) receptor mediated neurotransmission [6–8].

n 2008, the biosynthesis of d-Ser by Ser racemase in mammalian

rain was demonstrated using a Ser racemase knock-out mouse
9], and d-Ser is now recognized as an enzymatically synthesized
euroactive amino acid in mammals.

∗ Corresponding author. Tel.: +81 92 642 6598; fax: +81 92 642 6601.
E-mail address: hamase@phar.kyushu-u.ac.jp (K. Hamase).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.09.002
d 9 amino acids were found in rat urine but at various enantiomeric ratios.

© 2009 Elsevier B.V. All rights reserved.

Several other d-amino acids have been reported to be also
present in mammals [2,10–21]. These d-amino acids are expected
to be intrinsic physiologically active molecules and/or biomarkers,
and the simultaneous analysis of structurally related amino acid
enantiomers thus became matters of interest also in the course
of metabolomic studies. In this context the simultaneous deter-
mination of hydrophilic amino acid enantiomers including above
mentioned d-Ser and d-Asp, and the structurally related analogs,
threonine (Thr), allo-Thr, glutamic acid (Glu), asparagine (Asn)
and glutamine (Gln) raised our interest. However, the expected
amounts of most of thed-amino acids besides their l-congeners are
extremely small, and their reliable determination in mammalian
tissues and physiological fluids is difficult because of the lack of
appropriate analytical methods.

The aim of the present paper is to establish a 2D-HPLC
method for the simultaneous and sensitive determination of
hydrophilic amino acid enantiomers, and to evaluate their amounts
in mammalian tissues and physiological fluids. For the analysis

of d-amino acids in mammals, a variety of methods including GC
and HPLC have been reported [22,23]. Especially, chiral-GC meth-
ods using enantioselective columns such as Chirasil-l-Val [24,25]
and Chirasil-�-Dex [26] are useful for the enantioselective analysis
of most of the proteinogenic amino acids. HPLC methods apply-

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:hamase@phar.kyushu-u.ac.jp
dx.doi.org/10.1016/j.chroma.2009.09.002
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ng the diastereomer formation reagents such as o-phthalaldehyde
OPA) plus chiral thiols [11,27–30], (+)-1-(9-fluorenyl)ethyl chlo-
oformate (FLEC, [31]) and 1-fluoro-2,4-dinitrophenyl-5-l-alanine
mide (FDAA, [32]) are also suitable. These methods are powerful
ools for the investigation of d-Ser and d-Asp in mammalian tis-
ues which are present in relatively high amounts, e.g., d-Ser in
he frontal brain tissues [6–8] and d-Asp in the endocrine tissues
4,5]. However, the determination of small amounts of d-amino
cids (the amounts are around 1% or less of those of l-amino acids)
s difficult in most cases, because of the potential interferences

ith a great number of peptides and amino compounds presented
n the biological matrix. Therefore, a more selective method is
eeded, and the use of a two-dimensional chromatographic tech-
ique seems a straightforward approach for the analysis of small
mounts of d-amino acids in mammalian tissues and physiological
uids.

Until now, several 2D-HPLC methods combining a microbore-
eversed-phase column and an enantioselective column have been
ublished for the determination of a single d-amino acid such
s d-Ala [14], d-Ser [33], d-Leu [34] and d-Pro [16], and for
he simultaneous determination of structurally related d-amino
cids, such as branched aliphatic amino acids [17] and proline
nalogs [18]. However, a 2D-HPLC system for the simultaneous
etermination of hydrophilic amino acid enantiomers including
ll of the Ser analogs (Ser, Thr and allo-Thr) and Asp analogs
Asp, Glu, Asn and Gln) has not been reported. Because the
hysiological and diagnostic aspects of these d-isomers in mam-
als are of high interest, the proposed 2D-HPLC method turns

ut to be useful especially in the fields of neuroscience and
ndocrinology.

. Experimental

.1. Reagents and animals

The amino acid enantiomers were obtained from Sigma (St.
ouis, MO, USA), Tokyo Kasei (Tokyo, Japan), Nacalai Tesque (Kyoto,
apan) and Wako (Osaka, Japan). The fluorescence derivatizing
eagent, 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), was from
okyo Kasei. Methanol (MeOH), trifluoroacetic acid (TFA), citric acid
onohydrate and boric acid were from Wako. Acetonitrile (MeCN)

f HPLC grade was purchased from Nacalai Tesque. Water was puri-
ed using a Milli-Q gradient A 10 system (Millipore, Bedford, MA,
SA). All other reagents were of the highest reagent grade and used

ithout further purification. Male Wistar rats (6–7 weeks of age,

pecific-pathogen free) were purchased from Kyudo (Kumamoto,
apan). All experiments were performed with the permission
A21-005-0) of the Animal Care and Use Committee of Kyushu
niversity.

ig. 1. Flow diagram of the 2D-HPLC system used in the present study for the determin
ntegrator; HPV, high pressure valve; DG, degasser.
1217 (2010) 1056–1062 1057

2.2. Sample preparation procedure of the tissues and
physiological fluids

The rats were anesthetized with diethyl ether and euthanized
by exsanguination from the abdominal aorta, and the blood was
collected in a heparinized tube (Nippon Becton Dickinson, Tokyo,
Japan). After centrifugation at 4500 × g and 4 ◦C for 15 min, the
plasma was obtained. The cerebrum was quickly excised; the urine
was collected from the urinary bladder and stored at −80 ◦C until
use. For the physiological fluids, 200 �l of MeOH was added to 10 �l
of the fluids, and mixed for 2 min. The tissues were homogenized at
3500 rpm for 2 min in MeOH (20× volume of the tissue wet weight)
using a micro-homogenizing system (Micro SmashTM MS-100R,
Tomy, Tokyo, Japan) at 4 ◦C. The obtained MeOH mixtures of the
plasma and urine, and the MeOH homogenates of the tissues were
centrifuged at 12,000 × g for 10 min to obtain the supernatants.

2.3. Pre-column fluorescence derivatization of amino acids with
NBD-F

The supernatants (10 �l) obtained from the tissues and physio-
logical fluids were evaporated to dryness under reduced pressure
at 40 ◦C. To the residue, 20 �l of 200 mM sodium borate buffer (pH
8.0) and 5 �l of 40 mM NBD-F in dry MeCN were added and the
samples were heated at 60 ◦C for 2 min. To the reaction mixture,
75 �l of 2% (v/v) TFA in water was added and 2 �l of the reaction
mixture was then injected into the HPLC.

2.4. Two-dimensional HPLC system for the determination of
hydrophilic amino acid enantiomers

The HPLC system (NANOSPACE SI-2 series, Shiseido, Tokyo,
Japan) consisted of a type 3010 degasser, two 3201 pumps, a
3033 auto sampler, a 3004 column oven, two 3013 fluorescence
detectors, a 3012 column-selection unit and a laboratory made
multi-loop unit (set 9 loops (750 mm × 0.5 mm I.D., the volume of
1 loop is 150 �l) between dual 1- in 10-out valves (C5-2340EMTD,
Valco instruments, Houston, TX, USA)). A data processing program,
EzChrom Elite Client, was used to monitor the detector response,
and the column-selection unit and the multi-loop unit were con-
trolled by the KSAA valve controlling system (Shiseido). The flow
diagram is shown in Fig. 1.

The analytical column for the reversed-phase separation was a
microbore-monolithic ODS column (1000 mm × 0.53 mm I.D., pre-
pared in a fused silica capillary, provided from Shiseido) maintained

at 45 ◦C. The mobile phase was 6% (v/v) MeCN and 0.06% (v/v) TFA
in water and the flow rate was 25 �l/min. For enantiomer separa-
tions, a narrowbore-Sumichiral OA-2500S enantioselective column
(250 mm × 1.5 mm I.D., self-packed, material was from Sumika
Chemical Analysis Service, Osaka, Japan) was used at 25 ◦C. The

ation of hydrophilic amino acids as their NBD derivatives. P, pump; D, detector; R,



1058 K. Hamase et al. / J. Chromatogr. A 1217 (2010) 1056–1062

F time
4 ention

m
c
t
2
v
a
F
a
e
m
I
t
w

3

3
N

h
A
t
T
h
6
c
s
1
o
c
a
a
o
p
i
a
c
u
I
u
t
6
a
t

ig. 2. Effects of column temperature and the TFA concentration on the retention
5 ◦C was used as the column temperature. Dotted lines (symbol ×) indicate the ret

obile phase for Asn, Ser, Gln, Gly, allo-Thr and Thr was 5 mM
itric acid in the mixed solution of MeOH–MeCN (25:75, v/v) at
he flow rate of 200 �l/min. The mobile phase for Glu and Asp was
.5 mM citric acid in the mixed solution of MeOH–MeCN (25:75,
/v) at the flow rate of 200 �l/min (that for His was 0.5 mM citric
cid in MeOH, 200 �l/min; that for Arg was pure MeOH, 75 �l/min).
or confirmation of the quantitative data of the d- and l-amino
cids as their NBD derivatives in the analyzed tissue samples, an
nantioselective column containing the opposite chiral selector
aterial (narrowbore-Sumichiral OA-2500(R), 250 mm × 1.5 mm

.D.) was used as it leads to an inversion of the elution order of
he enantiomers. Fluorescence detection of the NBD-amino acids
as carried out at 530 nm with excitation at 470 nm.

. Results and discussion

.1. Reversed-phase separation of hydrophilic amino acids as
BD derivatives

First the reversed-phase separation profiles of the 10
ydrophilic NBD-derivatized amino acids (His, Asn, Ser, Gln, Arg,
sp, Gly, allo-Thr, Glu and Thr) were investigated by varying

he mobile phase compositions with respect to the MeCN and
FA content. To obtain the appropriate retention of the NBD-
ydrophilic amino acids, the MeCN composition was selected at
% (v/v), and the column temperature (40, 45 and 50 ◦C) and the
omposition of TFA (0.03–0.07%, v/v) were examined. Fig. 2(A)
hows the effect of column temperature on the retention of the
0 target analytes. For all the tested TFA concentrations, the res-
lution of NBD-Glu and NBD-Thr increased with the increasing
olumn temperature, and good separation was observed using 45
nd 50 ◦C. On the other hand, NBD-Arg was not sufficiently sep-
rated from NBD-Asp and NBD-Gln at 40 and 50 ◦C. The effect
f the TFA concentration was also examined at all column tem-
eratures. The retention time of NBD-Arg increased with the

ncreasing TFA concentration in the mobile phase, most prob-
bly due to an ion pairing effect, as shown in Fig. 2(B); it
ould not be separated from NBD-Ser, NBD-Gln and NBD-Asp
sing the mobile phases containing 0.03–0.05% and 0.07% TFA.

n addition, NBD-Asn was not separated from the reagent peak

sing the TFA concentration lower than 0.05%. As a result of all
hese systematic investigations, an aqueous solution containing
% (v/v) MeCN and 0.06% (v/v) TFA with the column temper-
ture of 45 ◦C was selected as isocratic elution condition for
he first LC dimension, and the complete separation of the 10
of the NBD-amino acids. (A) 0.06% TFA was used as the TFA concentration and (B)
time of the large peak derived from the reagent.

hydrophilic NBD-amino acids could be accomplished as shown in
Fig. 3(A).

3.2. Enantiomer separation of hydrophilic amino acids as NBD
derivatives

The enantiomer separations of 9 NBD-amino acids were
investigated using a Pirkle type enantioselective column, Sumichi-
ral OA-2500S. In order to perform the fully automated and
highly sensitive analysis, a narrowbore-enantioselective column
(250 mm × 1.5 mm I.D.) was packed and the separation profiles
were examined using organic solvents (mixtures of MeOH and
MeCN) containing citric acid as the mobile phases. By increasing the
citric acid and MeCN concentrations, the elution of the NBD-amino
acids became faster, and the appropriate retention was obtained
using different concentrations of citric acid and MeCN depending
on the characteristics of amino acids tested. As shown in Table 1,
applying a mixed solution of MeOH and MeCN containing 5 mM
citric acid, the enantiomers of NBD-Asn, NBD-Ser and NBD-allo-Thr
were sufficiently separated, while those of NBD-Gln and NBD-Thr
were separated using 4 mM citric acid. The enantiomers of NBD-Asp
and NBD-Glu were resolved using 2.5 mM citric acid, and those of
NBD-His and NBD-Arg were separated using 0.25 mM citric acid and
pure MeOH, respectively. Concerning the elution order of the NBD-
amino acid enantiomers, the d-enantiomers eluted faster than the
l-enantiomers in all cases using the Sumichiral OA-2500S column.
Under these conditions, the enantiomers of these NBD-amino acids
were sufficiently separated with practically negligible interference
from intrinsic compounds being present in the tissues and phys-
iological fluids. Concerning NBD-Gly, appropriate retention was
observed using a mixed solution of MeOH and MeCN (25:75, v/v)
containing 5 mM citric acid as a mobile phase.

3.3. Establishment of a fully automated 2D-HPLC system and the
method validation

Combining a microbore-monolithic ODS column and a
narrowbore-enantioselective column via a high pressure valve (for
column-switching) and a multi-loop valve (for fraction collection),
a 2D-HPLC system for the simultaneous analysis of the enantiomers

of the pre-selected hydrophilic amino acids in the form of their
NBD derivatives was established. In the first dimension, the target
analytes were separated as shown in Fig. 3(A) under the conditions
described in Section 3.1, and the peak fractions (shown in gray bars)
were collected in the multi-loop valve. The fractions were then
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ig. 3. Separation of hydrophilic amino acids as their NBD derivatives using a mic
arrowbore-Sumichiral OA-2500S column (B). The mixtures of NBD-derivatized d-

s 250 fmol, and that for the l-form is 1 pmol). The fractions indicated by gray bars a
y the second pumping system. Asterisks indicate the peaks derived from the reage

uccessively introduced to the narrowbore-enantioselective col-
mn representing the second dimension. By using the appropriate
obile phases shown in Table 1, all of the enantiomers were suf-

ciently separated, and the d- and l-amino acids were determined
ualitatively and quantitatively by a fluorescence detector.

The present 2D-HPLC system was validated by calibration lines,
ithin-day precision and day-to-day precision using the standard

mino acid and the rat plasma samples. As shown in Table 2A, all
f the calibration lines constructed using standard d- and l-amino
cids were linear with correlation coefficients higher than 0.9999.
ithin-day precision and day-to-day precision were obtained for 3

ifferent concentrations, and the RSD values of all the amino acids
re around 5% or lower. Concerning the validation results obtained
sing the rat plasma sample (Table 2B), the calibration lines for the
piked amino acids were linear with correlation coefficients higher
han 0.995, and the slopes were almost the same as those obtained
or the standard amino acids. The RSD values of within-day and day-
o-day precision were lower than 6.47%. These results indicate that
he present 2D-HPLC system is practically acceptable for the simul-
aneous determination of hydrophilic amino acid enantiomers in

iological samples.

For the rapid separation of almost all hydrophilic amino
cid enantiomers, a chiral-GC method using Chirasil-l-Val as a
tationary phase [23] has been reported. However, during the

able 1
nantiomer separation of hydrophilic amino acids as their NBD derivatives using a Pirkle

Retention time (min) ˛ Rs

d-Form l-Form

His 22.64 28.33 1.28 2.57
Asn 9.32 10.46 1.15 1.98
Ser 9.23 10.47 1.17 2.14
Gln 8.87 10.09 1.17 1.97
Arg 16.54 18.54 1.19 1.12
Asp 30.12 33.76 1.13 1.67
allo-Thr 8.62 10.41 1.26 3.52
Glu 16.12 18.45 1.16 2.01
Thr 7.00 8.20 1.23 2.59

: separation factor; Rs: resolution.
-ODS column (A) and the continuously interlinked enantiomer separation using a
amino acids in a molar ratio of 1:4 were analyzed (injection amount of the d-form

line collected to a multi-loop device and transferred to the enantioselective column

derivatization procedure of the amino acids, Asn and Gln were
hydrolyzed to form Asp and Glu derivatives. HPLC methods using
the diastereomer formation with chiral active reagents are also
widely used for the simultaneous determination of hydrophilic
amino acid enantiomers. Using FLEC, the enantiomers of 17 pro-
teinogenic amino acids including 7 hydrophilic ones could be
separated in about 70 min in a single run [31]. The use of OPA
plus chiral thiol compounds, such as N-acetyl-l-Cys [28] and N-
tert-butyloxycarbonyl-l-Cys [29,30], enables the diastereoselective
separation of 6–8 hydrophilic amino acids by a reversed-phase
column within 40 min. For the simultaneous determination of 41
amino compounds including the pairs of 17 proteinogenic amino
acids, Brückner et al. reported the use of OPA in combination with
N-isobutyryl-l-Cys [11,35]. By this method, all of the hydrophilic
amino acid enantiomers except for allo-Thr were completely sepa-
rated within 75 min. However, the determination of small amounts
ofd-amino acids in mammalian tissues and physiological fluids fre-
quently requires a higher selectivity to eliminate the co-elution
of unknown substances in the biological matrices. For that pur-
pose, a multi-dimensional method using a chiral derivatization

reagent, FDAA, in combination with preparative 2D-TLC followed
by a reversed-phase HPLC determination of the enantiomers except
for Arg and allo-Thr has been reported [13]. A 2D-HPLC setup for the
enantiomer separation of 17 proteinogenic amino acids including

type column, Sumichiral OA-2500S.

Mobile phase Flow rate (�l/min)

Citric acid (mM) MeOH–MeCN

0.25 96.25–3.75 200
5.0 25–75 250
5.0 25–75 250
4.0 40–60 250
– 100–0 75
2.5 25–75 250
5.0 25–75 250
2.5 25–75 250
4.0 40–60 250
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Table 2A
Calibration lines of standard amino acids and precision of the method.

Amino acids Calibration line Precisiona

Calibration
range (pmol)

Equationb Correlation
coefficient

Within-day Day-to-day

Low Middle High Low Middle High

His
d 0.0025–2.5 y = 4.62x − 0.03 0.9999 4.01 4.17 3.06 5.15 6.23 6.95
l 0.01–10 y = 3.49x − 0.22 0.9999 3.78 4.23 3.30 5.79 6.78 7.46

Asn
d 0.0005–2.5 y = 49.4x − 0.03 1.000 1.24 0.32 2.38 2.27 3.89 2.96
l 0.01–10 y = 40.1x − 0.27 1.000 1.06 0.24 2.10 1.85 4.04 2.91

Ser
d 0.0005–2.5 y = 72.7x − 0.12 1.000 1.60 0.62 1.81 3.72 4.52 1.68
l 0.01–10 y = 56.2x + 0.63 1.000 2.98 0.73 2.86 2.96 4.85 1.91

Gln
d 0.0005–2.5 y = 42.5x + 0.00 1.000 2.57 5.30 3.49 2.51 4.03 3.38
l 0.01–10 y = 39.2x − 0.29 1.000 2.51 5.60 2.10 0.98 3.15 3.42

Arg
d 0.0005–2.5 y = 15.5x − 0.10 0.9999 3.08 4.67 2.60 5.83 2.16 6.03
l 0.01–10 y = 13.2x − 0.83 0.9999 5.69 5.46 3.18 5.10 1.90 6.12

Asp
d 0.0025–2.5 y = 12.0x + 0.01 1.000 3.37 4.36 3.65 2.69 5.98 0.75
l 0.01–10 y = 11.0x + 0.11 1.000 3.39 0.96 3.59 4.79 5.43 0.97

Gly
– 0.01–10 y = 61.6x + 1.50 1.000 2.24 2.32 1.95 4.13 5.31 2.54

allo-Thr
d 0.0005–2.5 y = 84.1x − 0.10 1.000 1.52 0.96 1.27 3.48 4.51 2.68
l 0.01–10 y = 63.8x − 0.89 1.000 1.10 1.05 2.20 2.59 4.60 2.87

Glu
d 0.0005–2.5 y = 24.6x + 0.01 1.000 1.78 2.58 4.07 4.91 5.46 1.67
l 0.01–10 y = 20.0x + 0.08 1.000 2.58 2.26 3.98 4.59 5.36 1.81

Thr
d 0.0005–2.5 y = 85.8x − 0.19 1.000 1.17 1.77 3.04 2.85 3.71 1.97
l 0.01–10 y = 67.8x − 1.21 1.000 1.17 1.62 3.31 2.42 4.16 2.23

a Within-day precision and day-to-day precision (n = 4, RSD (%)) were determined using 25, 250 fmol and 2.5 pmol (injection amount) of d-amino acids and 100 fmol, 1
a

moun
o acids

a
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nd 10 pmol of l-amino acids.
b Equations were made where x is the amount of amino acids added (injection a

f d-amino acids are 0.0005, 0.0025, 0.025, 0.25, 2.5 and 5 pmol. Those for l-amino

ll of the hydrophilic amino acids except for allo-Thr has also been
eported combining a manual RP-HPLC fractionation of the NBD-
erivatized amino acids and enantiomer separation of each amino
cid fraction using a Pirkle type enantioselective column [36].
owever, these multi-dimensional methods require the tedious
anual collecting and concentration steps of the amino acid frac-

ions containing the target amino acid derivative, and therefore a
ully automated method with a high reliability was in focus for this
ork. Emphasis was also given to the analysis of allo-Thr should

lso be included because the conversion of the alpha position of
hr predominantly occurs in biological matrices.

The 2D-HPLC method established in the present study is a fully
utomated procedure enabling the complete enantioseparation
f 10 hydrophilic amino acids including allo-Thr as NBD deriva-
ives in a single two-dimensional run. As raised before, similar
D-HPLC procedures for the enantiomer determination of a sin-
le amino acid [14,16,33,34], branched aliphatic amino acids [17]
nd Pro analogs [18] have already been demonstrated in our previ-
us studies. However, hydrophilic amino acids being characterized
y additional polar functional groups within their structures, such
s hydroxyl, carboxyl and amide groups, make their simultane-

us 2D-HPLC separation in a single run more difficult due to the
ariety of chemical property. In the present report, we have opti-
ized the chromatographic conditions in both the first and second

imensions, and the comprehensive 2D-HPLC system, which could
e applied to the determination of small amount of d-amino acids
t, pmol), and y is the fluorescence intensities (peak height, mV). Injection amounts
are 0.01, 0.1, 1 and 10 pmol.

in mammalian samples, has been established for the first time. The
present 2D-HPLC system has the same sensitivity as those of the
previously reported 2D-HPLC procedures using the combination
of a microbore-ODS column and a narrowbore-enantioselective
column following the derivatization of amino acids with NBD-F
[18,33]. The present method also has a sufficient selectivity to be
applicable to biological samples.

3.4. Determination of hydrophilic amino acid enantiomers in rat
tissues and physiological fluids

Using the 2D-HPLC system as described above, the amounts of
hydrophilic amino acid enantiomers could be determined in rat
cerebrum, plasma and urine. In the cerebrum, a large amount of
d-Ser was observed, and small amounts of d-Asp, d-allo-Thr and
d-Thr were also found. In the plasma, small amounts of d-Ser and
d-Asp were observed. On the other hand, as shown in Fig. 4, all of
the d-enantiomers of the hydrophilic amino acids were present in
the urine. Especially, the amounts of d-Asn and d-Arg were high,
and almost half of Asn and Arg were of the d-form. The amounts
found for the hydrophilic amino acid enantiomers are summarized

in Table 3; the values were confirmed by either using the opposite
enantioselective column, Sumichiral OA-2500(R), or by changing
the mobile phase compositions.

In the cerebrum, d-Ser is reported to be synthesized by Ser
racemase [9], and the presence of d-Ser in the frontal brain areas
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Table 2B
Calibration lines of amino acids spiked to a rat plasma sample and precision of the method.

Amino acids Calibration line Precisiona

Spiked amount (pmol) Equationb Correlation coefficient Within-day Day-to-day

His
d 0.0025–2.5 y = 4.90x − 0.02 1.000 2.38 4.13
l 0.1–10 y = 3.80x + 1.57 0.9992 2.68 4.18

Asn
d 0.0025–2.5 y = 52.1x + 0.11 1.000 1.49 6.42
l 0.1–10 y = 41.3x + 22.36 0.9999 0.83 6.37

Ser
d 0.0025–2.5 y = 70.6x + 1.27 1.000 1.55 2.01
l 0.1–10 y = 55.1x + 103.32 0.9997 1.15 3.49

Gln
d 0.0025–2.5 y = 43.0x + 0.80 1.000 1.02 5.16
l 0.1–10 y = 39.2x + 228.44 0.9951 1.67 5.96

Arg
d 0.0025–2.5 y = 14.7x − 0.21 0.9997 3.07 4.84
l 0.1–10 y = 13.3x + 11.83 0.9993 3.14 4.47

Asp
d 0.0025–2.5 y = 10.6x + 0.07 1.000 5.40 6.47
l 0.1–10 y = 9.89x + 0.76 1.000 3.07 3.67

Gly
– 0.1–10 y = 61.5x + 215.60 0.9985 1.08 4.24

allo-Thr
d 0.0025–2.5 y = 83.4x − 0.10 1.000 1.38 3.52
l 0.1–10 y = 64.0x − 0.86 0.9987 1.48 3.81

Glu
d 0.0025–2.5 y = 22.0x − 0.14 0.9999 1.73 3.62
l 0.1–10 y = 17.8x + 14.67 0.9998 2.76 3.73

Thr
d 0.0025–2.5 y = 83.7x − 0.15 1.000 1.68 2.68
l 0.1–10 y = 67.6x + 143.44 0.9994 1.35 3.27

a Values represent RSD (%) of 4 analyses. Spiked amount; 250 fmol for d-amino acids and 1 pmol for l-amino acids.
b Equations were made where x is the amount of amino acids added (spiked amount, pmol), and y is the fluorescence intensities (peak height, mV). Spiked amounts of
d-amino acids are 0.0025, 0.025, 0.25 and 2.5 pmol. Those for l-amino acids are 0.1, 1 and 10 pmol.

Fig. 4. Separation of NBD-derivatized hydrophilic amino acids in rat urine using the described 2D-HPLC system: a microbore-ODS column (A) and the continuously interlinked
enantiomer separation using a narrowbore-Sumichiral OA-2500S column (B). The fractions indicated by gray bars are on-line collected to a multi-loop device and successively
transferred to the enantioselective column.
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Table 3
Amounts of hydrophilic amino acid enantiomers in the rat cerebrum, plasma and urine.

Cerebrum Plasma Urine

d l d l d l

His n.d. 145.7 ± 1.5 n.d. 61.3 ± 2.9 1.7 ± 0.2 52.9 ± 7.3
Asn n.d. 185.8 ± 8.7 n.d. 53.1 ± 1.8 28.9 ± 4.5 41.2 ± 5.1
Ser 257.6 ± 8.1 933.7 ± 42.4 1.1 ± 0.1 141.4 ± 9.4 7.3 ± 1.3 64.6 ± 7.3
Gln n.d. 7618 ± 288 n.d. 710.2 ± 24.4 9.1 ± 1.4 314.8 ± 41.8
Arg n.d. 178.5 ± 9.9 n.d. 185.8 ± 15.0 88.3 ± 26.4 75.1 ± 12.6
Asp 10.7 ± 1.0 5672 ± 577 0.5 ± 0.1 9.5 ± 1.1 0.9 ± 0.2 15.3 ± 2.1
Gly – 2083 ± 13a – 250.7 ± 20.4a – 347.3 ± 30.7a

allo-Thr 7.6 ± 0.2 n.d. n.d. n.d. 8.3 ± 1.2 n.d.
Glu n.d. 9702 ± 346 n.d. 87.3 ± 2.5 1.6 ± 0.1 70.0 ± 6.8
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Thr 2.3 ± 0.1 488.5 ± 174.4 n.d.

alues represent mean ± SE (nmol/g or ml) of 3 analyses. Rat: Wistar, male, 7 week
a Values for Gly are indicated in the columns for l-form.

as been described previously [8,30,36,37]. The reported amount
f d-Ser in the cerebrum is around 300 nmol/g tissue, which is
onsistent with the values obtained in the present study. The pres-
nce of small amounts of d-Asp [38], d-Thr and d-allo-Thr [15] in
he cerebrum was also reported, and the amounts were 13, 3.4
nd 0.6 nmol/g, respectively. These values are also consistent with
hose obtained in the present study. In the plasma, small amounts
f d-Ser and d-Asp were observed, and the values agreed with
hose reported in previous studies (d-Ser, 3.0 nmol/ml [30] and
-Asp, 2.2 nmol/ml blood [38]). In the urine, the presence of var-

ous d-amino acids has already been published [10–12,39–41], and
oncerning the hydrophilic d-amino acids, d-Ser [10,11,39–41], d-
hr [10,15,39–41], d-allo-Thr [15], d-Gln [11], d-Asx [10,40,41] and
-Glx [10,40,41] have been found using various species of mam-
als. In the present study, d-Ser, d-Thr and d-allo-Thr were also

bserved, and the amounts were consistent with the previously
eported values. Concerning Asx and Glx, the present 2D-HPLC sys-
em is able to determine Asn besides Asp, and Gln besides Glu.
n this context, relatively large amounts of d-Asn and d-Gln were
ound (see Table 3). In addition to these d-amino acids, a large
mount of d-Arg and a small amount of d-His were observed. Espe-
ially, 41% of the urinary Asn and 54% of the urinary Arg were
he d-enantiomers, and these results clearly indicate the necessity
o separately determine amino acid enantiomers for the clinical
nalysis and diagnosis. The present study also demonstrated that
arious d-amino acids were present in mammals, and further stud-
es to clarify their physiological meanings and diagnostic values are
ighly recommended.

. Conclusion

In the present study, we have established a 2D-HPLC system for
he simultaneous determination of hydrophilic amino acid enan-
iomers in the form of their NBD derivatives. The system was suc-
essfully validated using a rat plasma sample. The method should
e a powerful tool for the metabolomic study of hydrophilic amino
cid enantiomers in mammals. In rat urine, the d-enantiomers of
ll the 9 hydrophilic amino acid tested (His, Asn, Ser, Gln, Arg, Asp,
llo-Thr, Glu and Thr) were found in various amounts. Further appli-
ations of the fully automated method to analyze diverse tissue
amples and clinical samples, along with the studies to clarify the
hysiological and diagnostic meanings of the found d-enantiomers
f target amino acids, are currently under investigation.
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