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Abstract

A sensitive and selective method for the determination of four threonine (Thr) isomdtsr,(p-Thr, L-allo-Thr andp-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
reversed-phase column and a chiral column. The calibration range3of, p-allo-Thr andc-allo-Thr spiked in the rat cerebellum sample
are 2.5 fmol-5 pmol per injection, and thatief hr is 50 fmol-50 pmol. Within-day and day-to-day precisions of the determination of the four
Thr isomers are approximately 5% in the rat cerebellum. By using this method, the tissue distributiefisrob-allo-Thr andr-allo-Thr
in mammals have been demonstrated for the first time in rats, and found that significant amaufts ahdp-allo-Thr are present in the
frontal brain areas and urine. Among the 12 tissues tested, the highest amanitisrdD.85+ 0.05 nmol/g wet tissue) anstallo-Thr (5.01
+ 0.32 nmol/g wet tissue) were found in the corpus striatthallo-Thr was not present in any of the tested tissues and physiological fluids.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction lation mechanisms have been partially investigdié16]
Although their physiological functions have not yet been clar-
The presence of free-amino acids has recently been ified, theseo-amino acids of small amounts are thought to be
shown in various living organisms including mammals, and novel physiologically active substances and their detailed in-
their functions and origins have gradually been determined vestigations are expected.

[1,2]. In mammalian tissues, relatively large amountoef p-Threonine H-Thr) is one of these rare-amino acids,
serine p-Ser) is present in the frontal brain areas and is and it has been reported that a small amounb-dthr is
thought to be an endogenous agonist of Mwenethylp- presentin the urine of mammdlis’—19] However, the tissue
aspartate (NMDA) subtype of the glutamate recept®+5]. distribution ofp-Thr in the mammalian body has never been
D-Aspartic acid p-Asp) is reported to play importantrolesin  reported. In addition, Thr has two chiral centers as shown in
the hormonal regulations of various endocrine glggd9)]. Fig. 1, and four isomers£Thr, p-Thr, L-allo-Thr andb-allo-

In addition top-Ser andp-Asp, small amounts af-amino Thr) are present. Concerning the epimerization-ghr, the
acids such ag-alanine 6-Ala) [10,11] p-leucine 6-Leu) reversal of the chiral center at thecarbon, which usually

[12,13]andp-proline (-Pro)[14] are found in a variety of  occurred for other amino acifi20,21], produces-allo-Thr.
mammalian species, and their tissue distributions and regu-The conversion of the chirality at tiiecarbon ofL-Thr pro-
ducest-allo-Thr. p-Thr is produced by the reversal of the
* Corresponding author. Tel.: +81 92 642 6596; fax: +81 92 642 6601. OPtical forms on both of the two chiral carbons. Therefore,
E-mail addresszaitsu@phar.kyushu-u.ac.jp (K. Zaitsu). in the research of the Thr epimers, not onhandr-Thr, but
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Hs F was a product of Tokyo Kasei. Methanol (MeOH) and
i conversion on i acetonitrile (MeCN) of HPLC grade were purchased from
HO™—C==H B positon H™—¢—=OH Nacalai Tesque (Kyoto, Japan). Trifluoroacetic acid (TFA),
HNm—C=~=COOH * > H,Nw—C—=COOH 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).

T
Tl

L-Thr L-allo-Thr 2.2. Animals

conversions on Male Wistar rats (8 weeks of age, specific-pathogen free)
@ and /3 positions were purchased from Seac Yoshitomi (Fukuoka, Japan) and
were housed atan animal center of Kyushu University, Gradu-
ate School of Pharmaceutical Sciences, under a 12-hlight/12-

conversion on
& position

CH CH :
H 8 H 8 h dark cycle for one week (lights on at 07:00 a.m.). They had
HO s C—emH H me—C —= OH free access to diet (type NMF, Oriental Yeast, Tokyo, Japan)
| and water.
HOOC m—C—=NH, HOOC =—C —=NH,

2.3. Sample preparation procedure

T
Il

The rats were anesthetized with diethyl ether and killed by

D-allo-Thr D-Thr 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-
also the enantiomers of allo-Thr should be considered, andnized in 20« volumes MeOH on ice, and the homogenates
the clarification of these amounts in mammals is helpful for were centrifuged at 4508 g for 5min to obtain the super-
the study on the metabolisms of amino acids having two chi- natants. The blood collected from the abdominal aorta was
ral centers. In additiom-Thr andp-allo-Thr have structures  centrifuged at 4500« g at 4°C for 15min, and to the ob-
similar to that of the widely observedSer (Thr has amethyl  tained serum, 20 volumes of MeOH was added and mixed
group instead of a hydrogen at tBecarbon), therefore, ade-  for 2min. The urine was collected from the urinary blad-
tailed investigation of the Thr isomers could also provide der, and 2& volumes of MeOH was added and mixed for
an important insight into the biochemistrymfamino acids. 2min. These mixtures were centrifuged at 45Q0g for
However, the analytical method that enables the determina-5min, and the supernatants were collected. The supernatants
tion of both Thr and all-Thr enantiomers in the complicated (10pl) obtained from the tissues and physiological fluids
tissue samples has never been reported, and there has be&fere evaporated to dryness under reduced pressure @t 40
no report showing the amounts in mammals. To the residue, 2@l of 200 mM sodium-borate buffer (pH

In the present report, a highly sensitive method for the de- 8.0) and 1Qul of 20 mM NBD-F in dry MeCN were added,
termination of the four isomers of Thr in mammalian tissues and heated at 6@ for 2 min. To the reaction mixture, 20
has been established using a two-step HPLC system. Thisof 5% (v/v) TFA in water was added and the mixture was
method includes the pre-column derivatization of amino acids filtered through a 0.2sm membrane filter (W-3-2, Tosoh,

with the highly fluorescent derivatizing reagent, 4-fluoro- Tokyo, Japan), and 5l of the filtrate was then injected into
7-nitro-2,1,3-benzoxadiazole (NBD-I)2], and the NBD- the HPLC.

derivatives are separated by a combination of a micro-ODS

column and a chiral column. Using this method, the presence2. 4. HPLC system for the determination of Thr isomers

of o-Thr, L-Thr, p-allo-Thr andr-allo-Thr in the rat tissues

and physiological fluids has clearly been demonstrated. The HPLC system consisted of a DG 980-50 de-
gasser (JASCO, Tokyo, Japan), an LG-980-02 gradient unit
(JASCO), a PU-980 pump (JASCO), a 7725 injector (Rheo-

Fig. 1. Structures of-Thr, p-Thr, L-allo-Thr andp-allo-Thr.

2. Experimental dyne, Cotati, CA, USA), a C0O-965 column oven (JASCO),
an FP-920 fluorescence detector and an 807-IT integrator
2.1. Chemicals (JASCO). The analytical column for the reversed-phase sep-

aration was a Capcell pak C18-AQ (250 mm2.0 mm i.d.,

p-Thr and L-Thr were purchased from Wako (Osaka, Shiseido, Tokyo, Japan) maintained at°85 The mobile
Japan), ana-allo-Thr andr-allo-Thr were purchased from  phase was MeCN-TFA-water (12/0.08/88, v/v) and the flow
Tokyo Kasei (Tokyo, Japan). The derivatizing reagent NBD- rate was 0.2 ml/min. The column was washed using a mobile
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phase with a high concentration of MeCN (80%) for 5 min 801
after analyzing the tissue samples. -

The analytical column for enantioseparation was a .S 701
Sumichiral OA-2500S (250 mmnx 4.6 mm i.d., Sumika An- £
alytical Center, Osaka, Japan) maintained a&t@5The mo- g 601 Thr
bile phase was 1 mM citric acid in the mixed solution of = Glu
MeOH-MeCN (60/40, v/v), and the flow-rate was 1 ml/min. & 501

. . . . . = allo-Thr

For the confirmation of the determined values in the tis- = Gly
sue samples, a Sumichiral OA-2500R (250 nxm.6 mm % 401 Reagent peak 2
i.d., Sumika Analytical Center) was also used with a mobile T T —o Rezgem peak 1
phase of 3mM citric acid in MeOH. Fluorescence detection 30 ' , - : -
of NBD-Thr and NBD-allo-Thr was carried out at 530 nm 0.00 0.02 0.04 0.06 0.08 0.10
with excitation at 470 nm. TFA (%)

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

3. Results and discussion

3.1. Two-step HPLC separation of the enantiomers of peaks. The HPLC conditions are as follows: column, Capcell Pak C18

Thr and allo-Thr AQ (250 mmx 2.0mm i.d., 35C, Shiseido); mobile phase, mixed solu-
tions of MeCN-TFA—-water (concentration of MeCN is 12%, v/v); flow rate,
0.2 ml/min.

For the determination of the- andiL-enantiomers of Thr
and allo-Thr in biological samples, a two-step HPLC system
has been developed. Because the amountsTdir, p-allo-
Thrandc-allo-Thrin biological samples are extremely small,

tiomers of the NBD-amino acids could be clearly separated
using a Pirkle-type chiral column, Sumichiral OA-2500S

the determination of these Thr isomers is difficult due to the With MEOH containing citric acid as the mobile phase. In the
interference of large amounts pfamino acids and a large present investigation, the enantiomers of NBD-Thr, the enan-

number of biological substances such as peptides and aminesgomerS of rI:IBI;).—arI]Io—Thr and N_BD-GfIy Slhc_)UI%_b? sgpallrated,
Atwo-step HPLC system is a powerful tool for the separation ecause the hig c_oncentratlon o G y In biological sam-
and determination of small amounts of substances in biolog- PI€S @lways results in the contamination of a non-negligible

ical samples, and in the present research, a combination o2Mount of Gly into the fraction of NBD-allo-Thr. Thus, the
a C18-column and a Pirkle-type chiral column was adopted. separation conditions were investigated using a mixed solu-

For the sensitive determination, these amino acids are deriva-tlon of these five amino acids. The enantiomers of NBD-Thr

tized with a fluorescence derivatizing reagent, NBD-F. B ar?d'NB[?-gllo-'I"hrwere clearly separgted gsing MeOH con-
using this system, NBD-Thr and NBD-allo-Thr can be sepa- taining citric acid, however, the retention time of NBD-Gly

rated a® andr. mixtures using a C18-column: the fractions of 'S @lmost the same as that of NBiallo-Thr. Therefore, we
these NBD-amino acids are collected for 5 min (the volumes Nvestigated the addition of MeCN to the mobile phasg. 3.
of both fractions are 1 ml). Portions (1040 of these frac- ShOV‘{S the effect of MeCN added to the mobile phase ('T"’fed
tions are then subject to a chiral column, and the enantiomersso!m,Ion of MeOH and M('aCN., the concentration of citric
of Thr and allo-Thr are determined. acid is 2mM) on the retention times of NBD-Thr, NBD-allo-

For the reversed-phase separation of NBD-Thr and NBD- 'I_'hr E_md NBD-G_Iy. With an increase_in th_e MeCN concentra-
allo-Thr from the other amino acids and interfering sub- tion in the mobile phase, the retention time of NBD-Gly de-

stances such as excessive reagent, the concentration of Mecﬁreased more t.han those of ,NBD'Tr_" and NB_D'a”O'ThF and
and TFA added to the mobile phase was investigated. The@ good resolution was obtained using the mixed solution of
concentration of MeCN was investigated in order to obtain ME_:OH_MGCN (_60/40’ viv) contamlng citric acid. _The C'_m_c
good separation of the NBD-amino acids, and 12% (v/v) was acid concentration was selected in order to obtain sufficient
selected. The concentration of TFA strongly affected the re- separation of the five NBD-amino acids, and 1 mM citric acid

tention times of the reagent peaks, and as showFign 2, in MeOH-MeCN (60/40, v/v) was used as the mobile phase of
their retention times became drastically shorter by increasing

the chiral separation. The typical chromatograms obtained by
the concentration of TFA. As a result, satisfactory separation

amicro-ODS-column and a chiral column are showit 4.

of NBD-Thr and NBD-allo-Thr from the large reagent peak
was obtained using MeCN-TFA-water (12/0.08/88, v/v) as 3.2. Validation of the method
the mobile phase. Under these separation conditions, NBD-
Thr and NBD-allo-Thr are eluted in about 60 min with mini- For the validation of this method, calibration lines, within-
mized interference by excess reagents and other amino acidsday precisions and day-to-day precisions were investigated

The conditions for the enantioseparation were also inves- using the rat cerebellum. Because the cerebellum is well
tigated. As described in previous repofi8,23] the enan- known to have a higlb-amino acid oxidase activity, which
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60+ Z,‘_ (A) allo-Thr > i (B) Mer-Tm
§2) Thr 'z Gly
§ l l § ll ’/ p-allo-Thr
—_ 501 = = l L-allo-Thr
g ! 8 8 l
E 5
2 40 2 2
o [
5 5 5
= = =
[ 3
-8 30+ L-allo-Thr p— : : -
3 D-allo-Thr 0 20 40 60 0 20 40
L Gly Retention time (min) Retention time (min)
R 20, L-Thr
D-Thr Fig. 4. Chromatograms of NBD-derivatives of standard amino acids. (A)
10 Standard allo-Thr and 20 amino acids constructing proteins were deriva-
y y y ) tized and injected into the reversed phase column (injection amount of each
0 20 40 60 80 i : o
A o amino acid, 10 pmol). The HPLC conditions are as follows: column, Capcell
cetonitrile (%) Pak C18 AQ (250 mnx 2.0 mmi.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-
Fig. 3. Effect of MeCN added to the mobile phase used for chiral sep- drophobic amino acids eluted later than NBD-Thr are not shown. (B) Sep-
aration on the retention times of NBRt-Thr, NBD-p,L-allo-Thr and aration of NBDp-Thr, NBD-L-Thr, NBD-b-allo-Thr, NBD+.-allo-Thr and
NBD-Gly. The HPLC conditions are as follows: column, Sumichiral OA-  NBD-Gly using a Sumichiral OA-2500S chiral column (injection amount,
2500S (250 mmx 4.6 mm i.d., 35C, Sumika Analytical Center); mobile 250fmol each). The HPLC conditions are as follows: column, Sumichi-
phase, 2mM citric acid in the mixed solution of MeOH-MeCN; flow rate, ral OA-2500S (250 mmx 4.6 mm i.d., 35C, Sumika Analytical Center);
1.0 ml/min. 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.
catalyzes the oxidation of various neutnaamino acids, this
tissue usually contains extremely low levels of neutsal Thr, andy = 72. + 0.602 ¢ = 0.9986) forL-allo-Thr; the
amino acidg1,13]. For the calibration lines a$-Thr, p-allo- slopes are almost equal to those describdélie 1 Within-
Thr andr-allo-Thr, 0.25, 0.5, 2, 10, 100 and 500 pmol of day and day-to-day precisions were investigated using a rat
D-Thr, p-allo-Thr andc-allo-Thr (injection amounts of these  cerebellum sample spiked with 10 pmolmfT hr, p-allo-Thr
amino acids on the chiral column are 0.0025, 0.005, 0.02, andr-allo-Thr in 10l of the supernatant (injection amounts
0.1, 1 and 5 pmol, respectively) were added to a supernatanbof these spiked amino acids are 100 fmol on the chiral col-
(10l) of a cerebellum sample. In mammalian tissues, large umn). Concerning.-Thr, the intrinsic amount was used for
amounts of -amino acids are present, therefore, the calibra- the precision tests. As shownTable 1 the within-day and
tion line of L-Thr was constructed by adding 5, 20, 100, 1000 day-to-day precisions as described by the R.S.D. values of
and 5000 pmol of-Thr (injection amounts are 0.05, 0.2, 1, five analyses are 1.99-6.76%.
10 and 50 pmol) to the supernatant {ilp of a cerebellum For the determination of the Thr and allo-Thr iso-
sample. As shown iffable 1 all of these calibration lines  mers, pre-column derivatization reversed-phase HPLC meth-
were linear with good correlation coefficients. In contrast to ods usingN-a-(2,4-dinitro-5-fluorophenyl)}-alanineamide
the abundant-Thr in the tissue samples, the amountef (FDAA) [24], or the combination ofo-phthaldialdehyde
Thr,p-allo-Thr and.-allo-Thr are extremely small, therefore, (OPA) andN-isobutyryl4i.-cysteine (IBLC)[25] have been
scaled calibration lines have also been constructed (injectionreported. These methods have been established with the view
amount on the chiral column is 2.5-100 fmol). The equations of the simultaneous determination of various amino acid

of these scaled calibration lines are= 98.4« + 0.078 ( = enantiomers in a single separation, and the lower limits of
0.9998) fom-Thr,y = 86.6< — 0.001 ¢ = 0.9997) fom-allo- detection were reported to be low picomoles per injection.
Table 1
Calibration lines and the precisions of the method
Amino acid Calibration ling Precision (R.S.D., %)

Calibration range (pmol) Equatibn Correlation coefficient Within-dayn(= 5) Day-to-day (5 days)
p-Thr 0.0025-5 y=101x — 0.193 1.000 5.29 4.54
L-Thr 0.05-50 y=98.%+ 166 1.000 5.40 6.76
p-allo-Thr 0.0025-5 y=82.4+0.426 1.000 4.17 1.99
L-allo-Thr 0.0025-5 y=70.+0.829 1.000 3.93 2.42

@ Calibration lines were constructed by adding known amounts of standard amino acids to a rat cerebellum sample.

b Equations were made whexds the amount of amino acids added (injection amount on the chiral column, pmoly,iaride fluorescence intensities
(peak height, mV).

¢ within-day and day-to-day precisions were determined using a rat cerebellum sample spiked 100 fmol (injection amount on the chiral esltimn) of
p-allo-Thr andc-allo-Thr.
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Table 2 tained values were 1.3& 0.10 and 5.43+ 0.81 nmol/ml
Distribution ofp-Thr, p-allo-Thr,L-Thr andL-allo-Thr in the rat tissues and urine forp-Thr andp-allo-Thr, respectively; these values are
physiological fluids almost equal to those describedTiable 2 The authentic-

Tissue D-Thr p-allo-Thr _ -Thr L-allo-Thr ity of p-Thr andp-allo-Thr is confirmed in all tissues using
Brain tissues Sumichiral OA-2500R, as well as carefully spiked checks
geregr‘l‘lm 0-36i0-05 3-d39i0-22 33;:&;1;; ”-3- using two different separation conditions, indicating that the
erepellium n.a. n.a. . n.d. . .
Corpus striatum  0.85:0.05 501£0.32 58823 n.d. peaks observed at the retention times-dthr andp-allo-Thr
Hypothalamus  n.@. 2.00+0.09  46(:28.7 n.d. are acFuaIIy these compounds. . _
. , Until now, p-Thr was determined in the serum and
Peripheral tissues . . . . .
Kidney nd. nd. 383183 nd. urine of various animals including humafi¥-19] and the
Liver n.d. n.d. 222047  nd. amounts ob-Thr in the urine were reported to be lower than
Heart n.d. n.d. 202212 n.d. 11.4 nmol/ml. However, inthe serumy,Thr was not observed
Lung n.d. n.d. 584422 nd. in all species. In the present investigatiodT hr was not ob-
Pancreas n.d. n.d. 485425 nd. served in the serum of the rat, and the value for the urine was
Spleen n.d. n.d. 348109 nd. . . .
Adrenalgland  n.d. nd. 377193  nd. 1.16 nmol/ml; these results are consistent with those previ-
Testis n.d. n.d. 14%88 nd. ously reported for other animals. In addition to the urine and
. . serum, the tissue distribution of Thr was investigated for
Physiological fluids . . . .
Serum nd. nd. 19210.7 n.d. the first time, and it was found that considerable amount of
Urine 1.16+0.12 5.40x0.85 47281  n.d. D-Thris presentin the frontal brain areas (cerebrum and stria-

Values represent meass S.E.M. (nmol/g wet tissue) of five rats. Values  tum). The distribution ob-allo-Thr andc-allo-Thr in mam-

for serum and urine are mea#sS.E.M. (nmol/ml) of three rats; n.d.: not ~ mals were also investigated for the first time, showing that

determined (smaller than the lower limit of determination); lower limit of | _3[lo-Thr are not present in mammalian tissues and phys-

determination: 0.5 nmol/g wet tissue or m iological fluids, even though it is an-amino acid. On the

@ Trace amount ob-Thr was observed. . . .
contraryp-allo-Thris presentin the frontal brain areas (cere-

h uti dth o frici brum, striatum and hypothalamus) with higher amounts than

However, the resolution and the sen5|t|V|ty are not sufficient those ofo-Thr. In mammalian tissues and physiological flu-

for the determination of small amountsefThr, p-allo-Thr 45 3 jarge amount of-Thris present, and the reversal of the
andc-allo-Thr in the tissue samples. In the presentinvestiga- -niral center at thei-carbon of.-Thr produces>-allo-Thr.

tion, all of the four isomers of Thr could be clearly separated gqih of the chiral centers should be changed to forhr.
from other amino acids and the interfering substances in theTherefore it is likely thab-allo-Thr is a major component
tissues using the two-step HPLC, and the lower quantitation compared’ to-Thr.

limitis 2.5 fmol per injection. In addition, the present method Concerning the distribution af-Ser, it is widely known
has sufficient R.S.D. values for the within-day and day-to-day 14 pe present in the frontal brain areas at an extremely high

precisions. These results indicate that the present method i$.qcentration (about 200 nmol/g wet tiss{ie)8]. Because
suitable for the determination of Thr,L-Thr, p-allo-Thr and '

L-allo-Thr in mammalian tissues. (A) (B)

3.3. Tissue distribution of the four Thr isomers in the rat L-Thr D-allo-Thr

tensity
~

The amounts of the four Thr isomers were determined in
12 tissues including the brain and periphery using the two- °

n
—
@

°
I
1Y)
—
O
n

<
a
—
®
3
o
®
0
e}
=
o
@
Q
o
o
e}
<
@
_|
>
@
o
3
<}
c
S
—
»
o
=3
—
=0
o
—
=)
nce in

isomers in the serum and urine were also investigated. The§ \
results are presented Table 2 In all the tested tissues, a
high concentration af-Thr (over 100 nmol/g wet tissue) was
present, while the concentration ofallo-Thr was smaller

Fluorescence intensity

Fluore

than the lower limit of determination. Concerning the r T . T n T
isomers, low but significant amountsmfThr andp-allo-Thr 0 20 40 0 20 40
Retention time (min) Retention time (min)

are present in the frontal brain areas and urine. Compared to
the ancenvatlons af-Thr, th(_a Concemrat'onslmﬁalIO_Th.r Fig. 5. Chromatograms of NBB-Thr, NBD-L-Thr and NBDp-allo-Thr in

are higher in all the tested tissues. In the urine, the highestrat urine obtained using a Sumichiral OA-2500S chiral column. Fractions
concentrations ab-Thr andp-allo-Thr were observed; their  of (A) NBD-Thr and (B) NBD-allo-Thr collected by a micro-ODS-column
typical chromatograms are showrHig. 5. As a confirmation were injected and the enantiomers were separated. The HPLC conditions are
ofthe results. the amountsofThr andp-allo-Thr in the urine as follows: column, Sumichiral OA-2500S (250 m&4.6 mm i.d., 35C,

’ . . . . . Sumika Analytical Center); mobile phase, 1 mM citric acid in MeOH-MeCN
were also determined using a different chiral column havmg (60/40, v/v); flow rate, 1.0 ml/min. The other conditions are described in the
an opposite chiral center (Sumichiral OA-2500R). The ob- texi.
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p-Thr andp-allo-Thr have structures similar to thatmfSer,
itis not unlikely that the amounts of these tw@amino acids
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