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mammals using two-step high-performance liquid chromatography
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Abstract

A sensitive and selective method for the determination of four threonine (Thr) isomers (l-Thr, d-Thr, l-allo-Thr andd-allo-Thr) in
mammalian tissues has been established using two-step high-performance liquid chromatography. This method includes the precolumn
fluorescence derivatization of amino acids with 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), and the separation using a combination of a
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eversed-phase column and a chiral column. The calibration ranges ofd-Thr, d-allo-Thr andl-allo-Thr spiked in the rat cerebellum sam
re 2.5 fmol–5 pmol per injection, and that ofl-Thr is 50 fmol–50 pmol. Within-day and day-to-day precisions of the determination of th
hr isomers are approximately 5% in the rat cerebellum. By using this method, the tissue distributions ofd-Thr, d-allo-Thr andl-allo-Thr

n mammals have been demonstrated for the first time in rats, and found that significant amounts ofd-Thr andd-allo-Thr are present in th
rontal brain areas and urine. Among the 12 tissues tested, the highest amounts ofd-Thr (0.85± 0.05 nmol/g wet tissue) andd-allo-Thr (5.01

0.32 nmol/g wet tissue) were found in the corpus striatum.l-allo-Thr was not present in any of the tested tissues and physiological
2004 Elsevier B.V. All rights reserved.
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. Introduction

The presence of freed-amino acids has recently been
hown in various living organisms including mammals, and
heir functions and origins have gradually been determined
1,2]. In mammalian tissues, relatively large amount ofd-
erine (d-Ser) is present in the frontal brain areas and is
hought to be an endogenous agonist of theN-methyl-d-
spartate (NMDA) subtype of the glutamate receptors[3–5].
-Aspartic acid (d-Asp) is reported to play important roles in

he hormonal regulations of various endocrine glands[6–9].
n addition tod-Ser andd-Asp, small amounts ofd-amino
cids such asd-alanine (d-Ala) [10,11], d-leucine (d-Leu)

12,13] andd-proline (d-Pro) [14] are found in a variety of
ammalian species, and their tissue distributions and regu-
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lation mechanisms have been partially investigated[15,16].
Although their physiological functions have not yet been c
ified, thesed-amino acids of small amounts are thought to
novel physiologically active substances and their detaile
vestigations are expected.

d-Threonine (d-Thr) is one of these rared-amino acids
and it has been reported that a small amount ofd-Thr is
present in the urine of mammals[17–19]. However, the tissu
distribution ofd-Thr in the mammalian body has never b
reported. In addition, Thr has two chiral centers as show
Fig. 1, and four isomers (l-Thr,d-Thr,l-allo-Thr andd-allo-
Thr) are present. Concerning the epimerization ofl-Thr, the
reversal of the chiral center at the�-carbon, which usuall
occurred for other amino acids[20,21], producesd-allo-Thr.
The conversion of the chirality at the�-carbon ofl-Thr pro-
ducesl-allo-Thr. d-Thr is produced by the reversal of t
optical forms on both of the two chiral carbons. Theref
in the research of the Thr epimers, not onlyd- andl-Thr, but

570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Structures ofl-Thr, d-Thr, l-allo-Thr andd-allo-Thr.

also the enantiomers of allo-Thr should be considered, and
the clarification of these amounts in mammals is helpful for
the study on the metabolisms of amino acids having two chi-
ral centers. In addition,d-Thr andd-allo-Thr have structures
similar to that of the widely observedd-Ser (Thr has a methyl
group instead of a hydrogen at the�-carbon), therefore, a de-
tailed investigation of the Thr isomers could also provide
an important insight into the biochemistry ofd-amino acids.
However, the analytical method that enables the determina-
tion of both Thr and all-Thr enantiomers in the complicated
tissue samples has never been reported, and there has bee
no report showing the amounts in mammals.

In the present report, a highly sensitive method for the de-
termination of the four isomers of Thr in mammalian tissues
has been established using a two-step HPLC system. This
method includes the pre-column derivatization of amino acids
with the highly fluorescent derivatizing reagent, 4-fluoro-
7-nitro-2,1,3-benzoxadiazole (NBD-F)[22], and the NBD-
derivatives are separated by a combination of a micro-ODS
column and a chiral column. Using this method, the presence
of d-Thr, l-Thr, d-allo-Thr andl-allo-Thr in the rat tissues
and physiological fluids has clearly been demonstrated.

2. Experimental

2
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F was a product of Tokyo Kasei. Methanol (MeOH) and
acetonitrile (MeCN) of HPLC grade were purchased from
Nacalai Tesque (Kyoto, Japan). Trifluoroacetic acid (TFA),
citric acid monohydrate, and boric acid were obtained from
Wako. Water was purified using a Milli-Q gradient A 10 sys-
tem (Millipore, Bedford, MA, USA).

2.2. Animals

Male Wistar rats (8 weeks of age, specific-pathogen free)
were purchased from Seac Yoshitomi (Fukuoka, Japan) and
were housed at an animal center of Kyushu University, Gradu-
ate School of Pharmaceutical Sciences, under a 12-h light/12-
h dark cycle for one week (lights on at 07:00 a.m.). They had
free access to diet (type NMF, Oriental Yeast, Tokyo, Japan)
and water.

2.3. Sample preparation procedure

The rats were anesthetized with diethyl ether and killed by
exsanguination from the abdominal aorta, and then specific
tissues (cerebrum, cerebellum, corpus striatum, hypothala-
mus, adrenal gland, kidney, liver, lung, pancreas, spleen,
testis, and heart) were excised; these tissues were weighed
and stored at−80◦C until use. The tissues were homoge-
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.1. Chemicals

d-Thr and l-Thr were purchased from Wako (Osa
apan), andd-allo-Thr andl-allo-Thr were purchased fro
okyo Kasei (Tokyo, Japan). The derivatizing reagent N
n

ized in 20× volumes MeOH on ice, and the homogena
ere centrifuged at 4500× g for 5 min to obtain the supe
atants. The blood collected from the abdominal aorta
entrifuged at 4500× g at 4◦C for 15 min, and to the ob
ained serum, 20× volumes of MeOH was added and mix
or 2 min. The urine was collected from the urinary bl
er, and 20× volumes of MeOH was added and mixed
min. These mixtures were centrifuged at 4500× g for
min, and the supernatants were collected. The supern

10�l) obtained from the tissues and physiological flu
ere evaporated to dryness under reduced pressure at◦C.
o the residue, 20�l of 200 mM sodium-borate buffer (p
.0) and 10�l of 20 mM NBD-F in dry MeCN were adde
nd heated at 60◦C for 2 min. To the reaction mixture, 20�l
f 5% (v/v) TFA in water was added and the mixture w
ltered through a 0.2-�m membrane filter (W-3-2, Toso
okyo, Japan), and 5�l of the filtrate was then injected in
he HPLC.

.4. HPLC system for the determination of Thr isomers

The HPLC system consisted of a DG 980-50
asser (JASCO, Tokyo, Japan), an LG-980-02 gradien
JASCO), a PU-980 pump (JASCO), a 7725 injector (Rh
yne, Cotati, CA, USA), a CO-965 column oven (JASC
n FP-920 fluorescence detector and an 807-IT integ
JASCO). The analytical column for the reversed-phase
ration was a Capcell pak C18-AQ (250 mm× 2.0 mm i.d.
hiseido, Tokyo, Japan) maintained at 35◦C. The mobile
hase was MeCN-TFA-water (12/0.08/88, v/v) and the
ate was 0.2 ml/min. The column was washed using a m
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phase with a high concentration of MeCN (80%) for 5 min
after analyzing the tissue samples.

The analytical column for enantioseparation was a
Sumichiral OA-2500S (250 mm× 4.6 mm i.d., Sumika An-
alytical Center, Osaka, Japan) maintained at 35◦C. The mo-
bile phase was 1 mM citric acid in the mixed solution of
MeOH–MeCN (60/40, v/v), and the flow-rate was 1 ml/min.
For the confirmation of the determined values in the tis-
sue samples, a Sumichiral OA-2500R (250 mm× 4.6 mm
i.d., Sumika Analytical Center) was also used with a mobile
phase of 3 mM citric acid in MeOH. Fluorescence detection
of NBD-Thr and NBD-allo-Thr was carried out at 530 nm
with excitation at 470 nm.

3. Results and discussion

3.1. Two-step HPLC separation of the enantiomers of
Thr and allo-Thr

For the determination of thed- andl-enantiomers of Thr
and allo-Thr in biological samples, a two-step HPLC system
has been developed. Because the amounts ofd-Thr, d-allo-
Thr andl-allo-Thr in biological samples are extremely small,
the determination of these Thr isomers is difficult due to the
i e
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Fig. 2. Effect of the concentration of TFA added to the mobile phase used
for the reversed-phase separation on the retention times of the NBD-amino
acids and the reagent peaks. Filled circles denote the retention times of
the NBD-amino acids, and the open circles denote those of the reagent
peaks. The HPLC conditions are as follows: column, Capcell Pak C18
AQ (250 mm× 2.0 mm i.d., 35◦C, Shiseido); mobile phase, mixed solu-
tions of MeCN–TFA–water (concentration of MeCN is 12%, v/v); flow rate,
0.2 ml/min.

tiomers of the NBD-amino acids could be clearly separated
using a Pirkle-type chiral column, Sumichiral OA-2500S
with MeOH containing citric acid as the mobile phase. In the
present investigation, the enantiomers of NBD-Thr, the enan-
tiomers of NBD-allo-Thr and NBD-Gly should be separated,
because the high concentration of Gly in biological sam-
ples always results in the contamination of a non-negligible
amount of Gly into the fraction of NBD-allo-Thr. Thus, the
separation conditions were investigated using a mixed solu-
tion of these five amino acids. The enantiomers of NBD-Thr
and NBD-allo-Thr were clearly separated using MeOH con-
taining citric acid, however, the retention time of NBD-Gly
is almost the same as that of NBD-d-allo-Thr. Therefore, we
investigated the addition of MeCN to the mobile phase.Fig. 3
shows the effect of MeCN added to the mobile phase (mixed
solution of MeOH and MeCN, the concentration of citric
acid is 2 mM) on the retention times of NBD-Thr, NBD-allo-
Thr and NBD-Gly. With an increase in the MeCN concentra-
tion in the mobile phase, the retention time of NBD-Gly de-
creased more than those of NBD-Thr and NBD-allo-Thr, and
a good resolution was obtained using the mixed solution of
MeOH–MeCN (60/40, v/v) containing citric acid. The citric
acid concentration was selected in order to obtain sufficient
separation of the five NBD-amino acids, and 1 mM citric acid
in MeOH–MeCN (60/40, v/v) was used as the mobile phase of
t d by
a

3

in-
d ated
u well
k h
nterference of large amounts ofl-amino acids and a larg
umber of biological substances such as peptides and am
two-step HPLC system is a powerful tool for the separa

nd determination of small amounts of substances in bio
cal samples, and in the present research, a combinat

C18-column and a Pirkle-type chiral column was adop
or the sensitive determination, these amino acids are d

ized with a fluorescence derivatizing reagent, NBD-F.
sing this system, NBD-Thr and NBD-allo-Thr can be se
ated asd andl mixtures using a C18-column; the fractions
hese NBD-amino acids are collected for 5 min (the volu
f both fractions are 1 ml). Portions (100�l) of these frac

ions are then subject to a chiral column, and the enantio
f Thr and allo-Thr are determined.

For the reversed-phase separation of NBD-Thr and N
llo-Thr from the other amino acids and interfering s
tances such as excessive reagent, the concentration of
nd TFA added to the mobile phase was investigated
oncentration of MeCN was investigated in order to ob
ood separation of the NBD-amino acids, and 12% (v/v)
elected. The concentration of TFA strongly affected th
ention times of the reagent peaks, and as shown inFig. 2,
heir retention times became drastically shorter by increa
he concentration of TFA. As a result, satisfactory separa
f NBD-Thr and NBD-allo-Thr from the large reagent pe
as obtained using MeCN-TFA-water (12/0.08/88, v/v

he mobile phase. Under these separation conditions, N
hr and NBD-allo-Thr are eluted in about 60 min with mi
ized interference by excess reagents and other amino
The conditions for the enantioseparation were also in

igated. As described in previous reports[13,23], the enan
.

he chiral separation. The typical chromatograms obtaine
micro-ODS-column and a chiral column are shown inFig. 4.

.2. Validation of the method

For the validation of this method, calibration lines, with
ay precisions and day-to-day precisions were investig
sing the rat cerebellum. Because the cerebellum is
nown to have a highd-amino acid oxidase activity, whic
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Fig. 3. Effect of MeCN added to the mobile phase used for chiral sep-
aration on the retention times of NBD-d,l-Thr, NBD-d,l-allo-Thr and
NBD-Gly. The HPLC conditions are as follows: column, Sumichiral OA-
2500S (250 mm× 4.6 mm i.d., 35◦C, Sumika Analytical Center); mobile
phase, 2 mM citric acid in the mixed solution of MeOH–MeCN; flow rate,
1.0 ml/min.

catalyzes the oxidation of various neutrald-amino acids, this
tissue usually contains extremely low levels of neutrald-
amino acids[1,13]. For the calibration lines ofd-Thr,d-allo-
Thr andl-allo-Thr, 0.25, 0.5, 2, 10, 100 and 500 pmol of
d-Thr, d-allo-Thr andl-allo-Thr (injection amounts of these
amino acids on the chiral column are 0.0025, 0.005, 0.02,
0.1, 1 and 5 pmol, respectively) were added to a supernatant
(10�l) of a cerebellum sample. In mammalian tissues, large
amounts ofl-amino acids are present, therefore, the calibra-
tion line ofl-Thr was constructed by adding 5, 20, 100, 1000
and 5000 pmol ofl-Thr (injection amounts are 0.05, 0.2, 1,
10 and 50 pmol) to the supernatant (10�l) of a cerebellum
sample. As shown inTable 1, all of these calibration lines
were linear with good correlation coefficients. In contrast to
the abundantl-Thr in the tissue samples, the amounts ofd-
Thr,d-allo-Thr andl-allo-Thr are extremely small, therefore,
scaled calibration lines have also been constructed (injection
amount on the chiral column is 2.5–100 fmol). The equations
of these scaled calibration lines arey = 98.4x + 0.078 (r =
0.9998) ford-Thr,y= 86.6x− 0.001 (r = 0.9997) ford-allo-

Table 1
Calibration lines and the precisions of the method

Amino acid Calibration linea Precision (R.S.D., %)c

Calibration range (pmol) Equationb Correlation coefficient Within-day (n = 5) Day-to-day (5 days)

d 1.0
l 1.0
d 1.0
l 1.0

tandar
(injec es

(
t cereb n) of

d

Fig. 4. Chromatograms of NBD-derivatives of standard amino acids. (A)
Standard allo-Thr and 20 amino acids constructing proteins were deriva-
tized and injected into the reversed phase column (injection amount of each
amino acid, 10 pmol). The HPLC conditions are as follows: column, Capcell
Pak C18 AQ (250 mm×2.0 mm i.d., 35◦C, Shiseido); mobile phase, a mixed
solution of MeCN–TFA–water (12/0.08/88, v/v); flow rate, 0.2 ml/min. Hy-
drophobic amino acids eluted later than NBD-Thr are not shown. (B) Sep-
aration of NBD-d-Thr, NBD-l-Thr, NBD-d-allo-Thr, NBD-l-allo-Thr and
NBD-Gly using a Sumichiral OA-2500S chiral column (injection amount,
250 fmol each). The HPLC conditions are as follows: column, Sumichi-
ral OA-2500S (250 mm× 4.6 mm i.d., 35◦C, Sumika Analytical Center);
mobile phase, 1 mM citric acid in MeOH–MeCN (60/40, v/v); flow rate,
1.0 ml/min. The other conditions are described in the text.

Thr, andy = 72.2x + 0.602 (r = 0.9986) forl-allo-Thr; the
slopes are almost equal to those described inTable 1. Within-
day and day-to-day precisions were investigated using a rat
cerebellum sample spiked with 10 pmol ofd-Thr, d-allo-Thr
andl-allo-Thr in 10�l of the supernatant (injection amounts
of these spiked amino acids are 100 fmol on the chiral col-
umn). Concerningl-Thr, the intrinsic amount was used for
the precision tests. As shown inTable 1, the within-day and
day-to-day precisions as described by the R.S.D. values of
five analyses are 1.99–6.76%.

For the determination of the Thr and allo-Thr iso-
mers, pre-column derivatization reversed-phase HPLC meth-
ods usingN-�-(2,4-dinitro-5-fluorophenyl)-l-alanineamide
(FDAA) [24], or the combination ofo-phthaldialdehyde
(OPA) andN-isobutyryl-l-cysteine (IBLC)[25] have been
reported. These methods have been established with the view
of the simultaneous determination of various amino acid
enantiomers in a single separation, and the lower limits of
detection were reported to be low picomoles per injection.
-Thr 0.0025–5 y = 101x− 0.193
-Thr 0.05–50 y = 98.2x + 166
-allo-Thr 0.0025–5 y = 82.4x + 0.426
-allo-Thr 0.0025–5 y = 70.2x + 0.829

a Calibration lines were constructed by adding known amounts of s
b Equations were made wherex is the amount of amino acids added

peak height, mV).
c Within-day and day-to-day precisions were determined using a ra

-allo-Thr andl-allo-Thr.
00 5.29 4.54
00 5.40 6.76
00 4.17 1.99
00 3.93 2.42

d amino acids to a rat cerebellum sample.
tion amount on the chiral column, pmol), andy is the fluorescence intensiti

ellum sample spiked 100 fmol (injection amount on the chiral columd-Thr,
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Table 2
Distribution ofd-Thr, d-allo-Thr,l-Thr andl-allo-Thr in the rat tissues and
physiological fluids

Tissue d-Thr d-allo-Thr l-Thr l-allo-Thr

Brain tissues
Cerebrum 0.56±0.05 3.39±0.22 311± 17.7 n.d.
Cerebellum n.d. n.d. 319± 15.3 n.d.
Corpus striatum 0.85±0.05 5.01±0.32 515± 32.3 n.d.
Hypothalamus n.d.a 2.00±0.09 460± 28.7 n.d.

Peripheral tissues
Kidney n.d. n.d. 383± 18.3 n.d.
Liver n.d. n.d. 222± 4.7 n.d.
Heart n.d. n.d. 202± 21.2 n.d.
Lung n.d. n.d. 584± 42.2 n.d.
Pancreas n.d. n.d. 485± 42.5 n.d.
Spleen n.d. n.d. 348± 10.9 n.d.
Adrenal gland n.d. n.d. 377± 19.3 n.d.
Testis n.d. n.d. 145± 8.8 n.d.

Physiological fluids
Serum n.d. n.d. 197± 10.7 n.d.
Urine 1.16±0.12 5.40±0.85 47.2± 8.1 n.d.

Values represent means± S.E.M. (nmol/g wet tissue) of five rats. Values
for serum and urine are means± S.E.M. (nmol/ml) of three rats; n.d.: not
determined (smaller than the lower limit of determination); lower limit of
determination: 0.5 nmol/g wet tissue or ml.

a Trace amount ofd-Thr was observed.

However, the resolution and the sensitivity are not sufficient
for the determination of small amounts ofd-Thr, d-allo-Thr
andl-allo-Thr in the tissue samples. In the present investiga-
tion, all of the four isomers of Thr could be clearly separated
from other amino acids and the interfering substances in the
tissues using the two-step HPLC, and the lower quantitation
limit is 2.5 fmol per injection. In addition, the present method
has sufficient R.S.D. values for the within-day and day-to-day
precisions. These results indicate that the present method is
suitable for the determination ofd-Thr,l-Thr,d-allo-Thr and
l-allo-Thr in mammalian tissues.

3.3. Tissue distribution of the four Thr isomers in the rat

The amounts of the four Thr isomers were determined in
12 tissues including the brain and periphery using the two-
step HPLC system described above. The amounts of the Thr
isomers in the serum and urine were also investigated. The
results are presented inTable 2. In all the tested tissues, a
high concentration ofl-Thr (over 100 nmol/g wet tissue) was
present, while the concentration ofl-allo-Thr was smaller
than the lower limit of determination. Concerning thed-
isomers, low but significant amounts ofd-Thr andd-allo-Thr
are present in the frontal brain areas and urine. Compared to
the concentrations ofd-Thr, the concentrations ofd-allo-Thr
a hest
c ir
t
o
w ving
a ob-

tained values were 1.38± 0.10 and 5.43± 0.81 nmol/ml
urine ford-Thr andd-allo-Thr, respectively; these values are
almost equal to those described inTable 2. The authentic-
ity of d-Thr andd-allo-Thr is confirmed in all tissues using
Sumichiral OA-2500R, as well as carefully spiked checks
using two different separation conditions, indicating that the
peaks observed at the retention times ofd-Thr andd-allo-Thr
are actually these compounds.

Until now, d-Thr was determined in the serum and
urine of various animals including humans[17–19], and the
amounts ofd-Thr in the urine were reported to be lower than
11.4 nmol/ml. However, in the serum,d-Thr was not observed
in all species. In the present investigation,d-Thr was not ob-
served in the serum of the rat, and the value for the urine was
1.16 nmol/ml; these results are consistent with those previ-
ously reported for other animals. In addition to the urine and
serum, the tissue distribution ofd-Thr was investigated for
the first time, and it was found that considerable amount of
d-Thr is present in the frontal brain areas (cerebrum and stria-
tum). The distribution ofd-allo-Thr andl-allo-Thr in mam-
mals were also investigated for the first time, showing that
l-allo-Thr are not present in mammalian tissues and phys-
iological fluids, even though it is anl-amino acid. On the
contrary,d-allo-Thr is present in the frontal brain areas (cere-
brum, striatum and hypothalamus) with higher amounts than
t flu-
i the
c
B
T nt
c

t high
c e

F
r tions
o n
w ons are
a
S CN
( n the
t

re higher in all the tested tissues. In the urine, the hig
oncentrations ofd-Thr andd-allo-Thr were observed; the
ypical chromatograms are shown inFig. 5. As a confirmation
f the results, the amounts ofd-Thr andd-allo-Thr in the urine
ere also determined using a different chiral column ha
n opposite chiral center (Sumichiral OA-2500R). The
hose ofd-Thr. In mammalian tissues and physiological
ds, a large amount ofl-Thr is present, and the reversal of
hiral center at the�-carbon ofl-Thr producesd-allo-Thr.
oth of the chiral centers should be changed to formd-Thr.
herefore, it is likely thatd-allo-Thr is a major compone
ompared tod-Thr.

Concerning the distribution ofd-Ser, it is widely known
o be present in the frontal brain areas at an extremely
oncentration (about 200 nmol/g wet tissue)[1,3]. Becaus

ig. 5. Chromatograms of NBD-d-Thr, NBD-l-Thr and NBD-d-allo-Thr in
at urine obtained using a Sumichiral OA-2500S chiral column. Frac
f (A) NBD-Thr and (B) NBD-allo-Thr collected by a micro-ODS-colum
ere injected and the enantiomers were separated. The HPLC conditi
s follows: column, Sumichiral OA-2500S (250 mm× 4.6 mm i.d., 35◦C,
umika Analytical Center); mobile phase, 1 mM citric acid in MeOH–Me

60/40, v/v); flow rate, 1.0 ml/min. The other conditions are described i
ext.
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d-Thr andd-allo-Thr have structures similar to that ofd-Ser,
it is not unlikely that the amounts of these twod-amino acids
are higher in the frontal brain areas than those in other tissues.

4. Conclusion

In the present investigation, a sensitive and selective two-
step HPLC method has been established and validated for
the determination of the enantiomers of Thr and allo-Thr in
mammalian tissues. By using this method, the tissue distri-
bution ofd-Thr andd-allo-Thr in mammals has been demon-
strated for the first time, showing that considerable amounts
of these twod-amino acids are present in the frontal brain
areas, whilel-allo-Thr was not observed in all of the tested
tissues. The amounts ofd-allo-Thr are higher than those of
d-Thr andl-allo-Thr, suggesting that the epimerization of
the chiral center of the�-carbon predominantly occurs, com-
pared with the epimerization of the�-carbon or racemization.
The established method and the obtained findings should be
fundamental contributions for the study ofd-amino acids, the
candidates of new biologically active substances.
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