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bstract

A simple and versatile methodology using high-performance liquid chromatography (HPLC) with fluorimetric detection was developed to
imultaneously determine d-serine along with other metabolically related neuroactive amino acids in the glutamatergic system: l-serine, l-
lutamate, l-glutamine, and glycine. On-column sensitivity was in the lower picomole range. Of two chiral thiol reagents investigated, amino

cid derivatives of o-phthaldialdehyde (OPA) in combination with N-isobutyryl-l-cysteine were found to have consistently higher responses than
heir corresponding N-tert-butyloxycarbonyl-l-cysteine derivatives. This methodology was applied to the quantitative detection of amino acids in
uman plasma and lays the foundation for further investigations of the role of neuroactive amino acids in the pathophysiology and treatment of
eurological and psychiatric disorders.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Several lines of evidence suggest that changes in periph-
ral amino acids may be linked to central brain functions and
hat alterations in amino acid availability and/or metabolism

ay play a role in the pathogenesis of psychiatric disorders.
ysfunction in glutamatergic neurotransmission via N-methyl-
-aspartate (NMDA)-type glutamate receptors in the central
ervous system has been proposed to be associated with the
athophysiology of schizophrenia and other psychiatric and neu-
ological disorders [1–4]. Accumulating evidence for the role
f d-serine as an allosteric regulator of NMDA-type glutamate

eceptors [5,6] indicates the importance of sensitive analytical
ethods which can detect and quantify this compound in bio-

ogical samples. Changes in plasma levels of amino acids in
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chizophrenia and correlation of these measures to the response
o antipsychotic drug treatments have been investigated previ-
usly [7–9], but without differentiation of d- and l-serine or a
argeted focus on amino acids involved with the glutamatergic
ystem. The present study was undertaken to develop a sim-
le and sensitive methodology to differentiate l- and d-serine
somers (l-Ser and d-Ser) and simultaneously measure the neu-
oactive amino acids glycine (Gly), l-glutamate (l-Glu) and
-glutamine (l-Gln) in human plasma. These amino acids are
eadily interconverted in vivo to modulate a number of neuro-
ogical functions (Fig. 1) and Gly in particular is known to act
s a coagonist at the NMDA glutamate receptor [10].

The most common and well-known method to determine
mino acids, namely, reacting with o-phthaldialdehyde (OPA)
n combination with 2-mercaptoethanol (2-ME) to produce

uorescent isoindole derivatives which are separated by
igh-performance liquid chromatography (HPLC) and detected
uorimetrically, does not differentiate amino acid enantiomers.
y substituting a chiral thiol reagent for 2-ME, diasteromeric
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Fig. 1. Metabolic relationship of the amino acids investigated in this study.

erivatives are produced which can be separated by HPLC.
here are a number of studies investigating the derivatization
f amino acids with OPA and the chiral thiols N-acetylcysteine
NAC), N-tert-butyloxycarbonyl-l-cysteine (Boc-l-Cys), and
-isobutyryl-l-cysteine (IBC) for the detection of d-amino
cids in a variety of biological matrices including bacteria,
lants, foods, urine, and human serum [11–15]. The reaction
cheme for derivatizing amino acids with OPA and chiral thiols
s shown in Fig. 2. This principle has also been applied pre-
iously to simultaneously detect free amino acid enantiomers
n combination with non-chiral amino acids in rat brain and
erum by derivatizing with OPA and Boc-l-Cys prior to HPLC
eparation [16]. In a study by Soto-Otero et al. [17], free amino
cids in rat brain were derivatized using a combination of OPA
nd NAC prior to analysis by HPLC, but enantiomers were
ot resolved. The methodology described in our study is an
daptation of some of the principles underlying these previous
tudies to specifically target amino acids in the glutamatergic
ystem. This methodology has relevance for studying the role
f peripheral and central amino acids in brain disorders as well
s elucidating the neurochemical bases of drug interventions.

. Experimental

.1. Chemicals and reagents

Individual amino acid standards, o-phthaldialdehyde, and
-tert-butyloxycarbonyl-l-cysteine were obtained from Sigma

hemical Co. (St. Louis, MO, USA). N-isobutyryl-l-cysteine
as purchased from Novabiochem (La Jolla, CA, USA). All

olvents were of HPLC grade and water was distilled and puri-
ed by reverse osmosis before use.

1
l
1

Fig. 2. Amino acid deriv
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.2. Apparatus

High-performance liquid chromatography was performed
sing a Waters Alliance 2690XE instrument equipped with an
utosampler, thermally controlled sample and column compart-
ents, and a Waters 474 programmable fluorescence detec-

or (Waters Corporation, Milford MA). Data were acquired
nd processed using the Empower Pro software package from
aters. Separation was carried out on a Symmetry C18 column

4.6 mm × 150 mm, 3.5 �m) coupled with a guard column con-
aining the same stationary phase (3.9 mm × 20 mm, 5 �m), both
rom Waters.

.3. Chromatographic conditions

The sample and column compartments were maintained
t 4 and 30 ◦C, respectively, for all analyses. The flow rate
as constant at 1 mL/min and run time was 60 min. Solvent
comprised 850 mL 0.04 M sodium phosphate and 150 mL

ethanol, adjusted to pH 6.2. Solvent B comprised 670 mL
.04 M sodium phosphate, 555 mL methanol, and 30 mL tetrahy-
rofuran, adjusted to pH 6.2. This particular composition of
olvent B has been used in our lab previously when we were
nalyzing amino acids after derivatization with OPA in combi-
ation with mercaptoethanol [18]. Mobile phases were filtered
hrough a 0.22 �m filter prior to use. The amino acids of inter-
st were separated by a concave gradient (Curve 10 in Waters
mpower Pro software) from 15% to 100% B in 35 min. The
olvent mix was returned to intitial conditions by 45 min using
concave gradient (Curve 9 in Waters Empower Pro software)

nd maintained at that composition for 15 min prior to the next
njection. Many gradient profiles were tested and this particu-
ar concave gradient was found to give the best separation of
lycine from other closely eluting peaks while maintaining the
esolution of the other amino acids of interest, as compared to
ome linear gradients investigated during method development.
mino acid derivatives were monitored at excitation and emis-

ion wavelengths of 260 and 455 nm, respectively.

.4. Derivatization procedures
Derivatizing reagent solutions were prepared by dissolving
mg OPA and 2 mg IBC or Boc-l-Cys in 0.1 mL methanol fol-

owed by the addition of 0.9 mL 0.2 M sodium borate buffer (pH
0). The reagent solutions were prepared freshly every second

atization scheme.
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Fig. 3. HPLC chromatographs of (a) a mixture of amino acid standards with con-
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ay and stored at 4 ◦C when not in use. Automated pre-column
erivatization was carried out by drawing up a 5 �L aliquot of
ample, standard, or blank solution and 5 �L of derivatizing
eagent solution, and holding in the injection loop 5 min prior to
njection.

.5. Standards and sample preparation

.5.1. Standard solutions
Stock solutions of l-Glu, l-Gln, l-Ser, d-Ser, and Gly were

repared in 20% (v/v) methanol at a concentration of 1.0 mg/mL.
n intermediate standard mixture was prepared by combining
0 �L each of l-Glu and l-Gln stock solutions and 5 �L each
f l-Ser, d-Ser, and Gly stock solutions with 945 �L 20% (v/v)
ethanol. For calibration using a 7-point standard curve, this

ntermediate standard was diluted to 0.75, 0.5, 0.25, 0.1, 0.025,
nd 0.01 times its original strength.

.5.2. Human plasma samples
To determine reference values for amino acids, blood sam-

les from 28 normal healthy volunteers (male, mean age = 22 ± 3
ears) were collected after an overnight fast. Plasma was sepa-
ated immediately by centrifugation and stored at −80 ◦C until
se. The protocol was conducted with the approval of the Univer-
ity of Alberta Health Research Ethics Board and with written
nformed consent from all participants. On the day of analy-
is, plasma samples were thawed and deproteinized by adding
f 3 volumes of methanol, vortexing thoroughly, and leaving
he sample on ice for 10 min. Following centrifugation at 4 ◦C,
�L of supernatant was analyzed for neuroactive amino acids
s described above.

. Results and discussion

The OPA-IBC derivatives of d- and l-Ser, l-Glu, l-Gln, and
ly were separated within 35 min with excellent resolution. Typ-

cal chromatographs are shown in Fig. 3. These amino acids were
esolved from l-aspartate, l-serine-o-phosphate, l-alanine, �-
minobutyric acid, and l-tryptophan, which were also added
o the standard mixture to test for potential interference from
hese common components in biological samples. The ability to
esolve these additional amino acids in a standard mixture sug-
ests that they could also be determined in biological samples
sing this methodology, provided they can be adequately sepa-
ated from sample matrix interference. In plasma samples, there
as no interference from other unidentified plasma components

o-eluting with the five amino acids of interest.
The fluorescent responses of the amino acid derivatives

ere linear in the range 2.5–100 ng per injection for l-Glu
nd l-Gln and 0.63–25 ng per injection for d-Ser, l-Ser, and
ly (R2 > 0.99 for all). The on-column detection limits for

ach of the amino acids were in the lower picomole range
2.3 pmol for d- and l-Ser, 3.3 pmol for Gly, and 6.8 pmol for

-Glu and l-Gln), which translated under the described sam-
le preparation conditions to 5.5 �mol/L for l-Glu and l-Gln,
.7 �mol/L for Gly, and 1.9 �mol/L for d- and l-Ser on a plasma
asis.

f
s
o
O

entrations of 15, 3.75, 3.75, 15, 3.75 �g/mL for l-glutamate (l-Glu), l-serine
l-Ser), d-serine (d-Ser), l-glutamine (l-Gln), and glycine (Gly), respectively,
nd (b) human plasma.

Interassay variability was evaluated by injecting on three non-
onsecutive days a standard mixture containing l-Glu and l-Gln
t concentrations of 15 �g/mL each, and l-Ser, d-Ser, and Gly
t concentrations of 3.75 �g/mL each. To evaluate the interassay
ariability in plasma samples, two different samples were each
njected on three non-consecutive days. Results of the interassay
ariability study are reported in Table 1. Measurements in the
lasma samples were slightly more variable than in the standard
ixture, but were still within acceptable limits. No breakdown

f glutamine to glutamate was observed as a result of the deriva-
ization conditions or during storage of the standard mixtures
or several weeks at 4 ◦C.

Since previous work has shown that Boc-l-Cys is a use-

ul reagent to determine amino acid enantiomers in biological
amples [16], we were interested in comparing the responses
f amino acids derivatized with either OPA/Boc-l-Cys or
PA/IBC. To adequately separate the more hydrophobic Boc-l-
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Table 1
Interassay variability (%) of amino acid standards and amino acids in two dif-
ferent human plasma samples over three non-consecutive days

Standard Plasma 1 Plasma 2

l-Glutamine 4.3 2.5 4.5
Glycine 3.1 7.4 10.2
l-Serine 3.6 2.3 6.8
l-Glutamate 4.3 2.5 4.5
d-Serine 3.5 11.4 8.2
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verage 3.8 5.2 6.8

ys derivatives, the initial conditions of the gradient described
bove were changed to 45% B instead of 15%. All amino acid
erivatives of IBC had greater signal intensity than the corre-
ponding Boc-l-Cys derivatives over the studied concentration
ange. The response per unit mass was greater by 58%, 39%,
8%, 29%, and 19% for IBC derivatives of Gly, l-Ser, l-Ser,
-Glu and l-Gln, respectively. Thus, the thiol component of the
erivatizing reagent affects the sensitivity of the assay and the
hange in response does not necessarily apply uniformly to all
nalytes. For this reason, the peak profile in a mixture may not be
onsistent among analyses using different thiol reagents. Using
-Ser as a reference peak, we found that the relative response
f the IBC derivative of Gly was significantly higher than its
oc-l-Cys derivative (p < 0.05), and the relative responses of

BC derivatives of l-Glu and l-Gln were significantly lower
han their Boc-l-Cys counterparts (p < 0.05). There was no rela-
ive difference in d-Ser response, which suggests that d- and
-Ser react and respond similarly. Since the signal response
as consistently higher for IBC derivatives, this reagent was

hosen over Boc-l-Cys for subsequent analysis of the plasma
amples.

Having established suitable analytical conditions, amino
cids in plasma from 28 healthy volunteers were determined
nd these values were similar to those reported previously in
ther studies (Table 2). d-Serine was detectable in most of the
lasma samples, but levels were just above the limit of detec-
ion. Our findings are in agreement with previous studies which
ave shown that blood concentrations of d-Ser tend to be very
ow in comparison to brain levels [3], possibly due to the high

ctivity of d-amino acid oxidase in liver and kidney. Because
f the extensive metabolism of d-Ser in peripheral tissues, it is
hought that d-Ser in the blood originates from the brain [1].

able 2
omparison of amino acid concentrations in plasma of healthy volunteers

mean ± standard deviation, n = 28) to literature values

mino acid Present study
(�mol/L plasma)

Literature values

�mol/L plasma n Reference

-Glutamine 490.6 ± 84.3 468 ± 76 32 [20]
lycine 212.4 ± 57.4 226.5 ± 114.8 11 [9]
-Serine 70.3 ± 19.6 175.0 ± 30.6 42 [9]
-Glutamate 26.0 ± 14.3 38.8 ± 18.6 11 [1]
-Serine 3.6 ± 2.2 2.3 ± 0.6 42 [1]

[

[
[

[
[

[

r. B 844 (2006) 278–282 281

hus, peripheral measurement of d-Ser may reflect central lev-
ls. Furthermore, intraperitoneal injection of either l- or d-serine
as been shown to elevate brain levels of both l- and d-serine
n rats [19], suggesting a link between the two compartments.
nterestingly, the same study found that glycine administered
ntraperitoneally also resulted in elevated brain levels of both l-
nd d-serine. These findings highlight the importance of analyti-
al methods which can simultaneously determine metabolically
elated compounds.

. Conclusion

The method described in our study is sensitive, sample prepa-
ation is rapid and simple, and derivatization is automated. The
ethod has the advantage of simultaneously measuring several

mino acids which are readily interconverted in vivo and have
nique neurochemical activites of their own. This methodology
s useful for studying the role of amino acids in the glutamater-
ic system in the pathophysiology and treatment of neurological
nd psychiatric disorders. It is readily adaptable to other biolog-
cal tissues and fluids, as well as to the simultaneous analysis of
ther relevant amino acids and their enantiomers.
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