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a  b  s  t  r  a  c  t

HPLC  eluent  systems  employing  acetonitrile  and methanol  were  evaluated  for the  quantitation  of  glu-
tathione  (GSH)  and  phytochelatin  (PCn),  a family  of  peptides  implicated  in  heavy-metal  detoxification  in
higher plants.  The  detection  system  is based  on the  dequenching  of copper(I)–bathocuproine  disulfonate
and  is  specific  for soft-metal  chelators.  Although  both  elution  systems  yielded  comparable  analytical  per-
formance  for  each  PCn, the  acetonitrile  system  had  a  lower  sensitivity  for GSH  and  a steadily  increasing
baseline.  The  inferior  properties  of the acetonitrile  system  may  be  due  to complex  formation  between
lutathione
athocuproine disulfonate
equenching

acetonitrile  and Cu(I)  ions.  Both  methods  were  applied  to measure  peptide  levels  in the  primitive  red
alga  Cyanidioschyzon  merolae.  Coefficients  of  variation  (CVs)  were  less  than  5%,  except  for  GSH  and  PC4

determinations  in  the  acetonitrile  system,  in cases  when  CV  values  were  found  to be 8.8%  and  6.3%,
respectively.  Recoveries  were  greater  than 96%,  except  for GSH  determination  in  the  acetonitrile  system,
with a recovery  of 84.4%;  however,  the  concentration  measured  in the  acetonitrile  system  did  not  differ

e  me
from that measured  in  th

. Introduction

The toxicity of Cd(II) in both the plant and animal kingdoms is
idely known. To alleviate metal toxicity, peptides named phy-

ochelatins (PCs) are synthesized in high plants [1],  algae [2],  and
ome fungal species [3].  A PC has a general structure of (�-Glu-
ys)n-Gly (PCn), with n ≥ 2, and it can bind Cd(II) through the
hiolate groups of the peptide. PCn peptides are synthesized using
lutathione (�-Glu-Cys-Gly; GSH) and/or previously synthesized
Cn−1 as substrates in a reaction catalyzed by phytochelatin syn-
hase (PCS), where Cd(II) is required to activate the enzyme [4].

Quantitation of these peptides has relied solely on their thiol
roups. Separation of the peptides on an HPLC column and a post-
olumn reaction with 5,5′-dithiobis(2-nitrobenzoic acid) yields the
-nitro-5-thiobenzoate anion. Monitoring the absorption of this
nion affords moderate levels of sensitivity [5] and is frequently
mployed in PCS enzyme assays [6]. Derivatization of the thiol
roups with the fluorescent reagent monobromobimane (mBBr)
rior to HPLC analysis and the use of a fluorescence detection sys-
em also result in high sensitivity [5].  However, this method is
arely applied in enzyme assays because excessive levels of GSH

ay  remain in the PCS assay solution and interfere with the flu-

rescent labeling of PCn. Recently, an HPLC detection system for
helators that favorably bind to soft-metal ions was established

∗ Corresponding author. Tel.: +81 3 5841 5153; fax: +81 3 5841 8027.
E-mail address: ayoshim@mail.ecc.u-tokyo.ac.jp (E. Yoshimura).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.10.005
thanol  system  at a  significance  level  of  0.05.
© 2012 Elsevier B.V. All rights reserved.

in which competition for Cu(I) between the fluorescent reagent
bathocuproine sulfonate (BCS) and the chelators of interest was
exploited [7,8]. After HPLC separation and post-column mixing
with a solution containing Cu(I)–BCS complexes, the chelators
capable of binding Cu(I) prevented binding of Cu(I) ions to BCS,
thereby allowing free BCS molecules to fluoresce. The present
method employs post-labeling strategies that afford a sensitive PCS
activity assay. Additionally, its sensitivity to PCn was comparable to
that of the mBBr pre-label method [9].  Differences were observed
in baseline levels and signal intensities of GSH when eluting with
acetonitrile and methanol.

2. Experimental

2.1. Chemicals and reagents

Phytochelatins PC2, PC3, and PC4 were purchased from
Hayashi-Kasei (Osaka, Japan); BCS and GSH were purchased from
Sigma–Aldrich (Tokyo, Japan). CuSO4·5H2O and ascorbic acid
were purchased from Wako Pure Chemicals (Tokyo, Japan), HPLC
grade acetonitrile and methanol were from Kokusan Chemical
(Tokyo, Japan), and N-cyclohexyl-2-aminoethanesulfonic acid was
obtained from Nacalai Tesque (Kyoto, Japan).
2.2. Analytical procedure

After injection of a 20 �L sample, the peptides were separated on
an octadecylsilane column (4.6 mm � × 150 mm,  TSKgel ODS-80TM;

dx.doi.org/10.1016/j.jchromb.2012.10.005
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:ayoshim@mail.ecc.u-tokyo.ac.jp
dx.doi.org/10.1016/j.jchromb.2012.10.005
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Fig. 1. HPLC chromatograms of GSH and PCn using the acetonitrile elution system.
Peaks corresponding to GSH, PC2, PC3, and PC4 are marked 1, 2, 3, and 4, respectively.
(a) A standard solution containing 5 �M GSH and 500 nM PCn . (b) A minute PC2

signal is apparent in the chromatogram of the extract obtained from C. merolae cells

ison of calibration slopes obtained using the two elution systems.
The slope of the line obtained using the acetonitrile system was
0.076, whereas that of the line obtained using the methanol system
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Fig. 2. HPLC chromatograms of GSH and PCn using the methanol elution system.
Peaks corresponding to GSH, PC2, PC3, and PC4 are marked 1, 2, 3, and 4, respectively.
S. Ogawa, E. Yoshimura / J.

osoh, Tokyo, Japan), and the eluate was merged with a post-
olumn solution containing 0.2 �M CuSO4, 0.5 �M BCS, and 5 �M
scorbic acid in a 50 mM N-cyclohexyl-2-aminoethanesulfonic
cid–NaOH buffer (pH 10.0). Cu(II) ions were reduced to Cu(I) ions
y a reaction with the ascorbic acid. A stream of He gas was  bub-
led through the post-column solution to prevent reoxidation of
he Cu(I) ions. In the acetonitrile elution system, the mobile phase
onsisted of 5% acetonitrile for the first 5 min. This was followed by

 linear gradient elution from 5 to 20% acetonitrile over 25 min  in a
ackground of 0.1% trifluoroacetic acid (TFA). The methanol system
egan with 8% methanol for 5 min  prior to an 8–25% linear gradient
f methanol over 25 min  in a background of 0.1% TFA. The mobile
hase was eluted using a PU-1580 pump (Jasco, Tokyo, Japan) at a
ow rate of 1.0 mL/min. The post-column solution was eluted using

 PU-980 pump (Jasco, Tokyo, Japan) at a flow rate of 1.0 mL/min.
he fluorescence intensity was monitored using an FP-920 fluores-
ence detector (Jasco) at 395 nm with an excitation wavelength of
80 nm.

.3. Culturing of Cyanidioschyzon merolae and the determination
f peptide concentrations

The alga Cyanidioschyzon merolae (10D strain) was distributed
rom the Microbial Culture Collection of the National Insti-
ute for Environmental Studies (Tsukuba, Japan). The algal cells
ere grown as described previously [10] using modified Allen’s
edium consisting of 40 mM (NH4)2SO4, 4 mM MgSO4·7H2O,

 mM KH2PO4, 1 mM  CaCl2, 100 �M Fe-ethylenediaminetetraacetic
cid, 100 �M H3BO3, 30 �M MnCl2·4H2O, 1.5 �M ZnCl2, 4.5 �M
a2MoO4, 0.6 �M CoCl2·6H2O, and 0.6 �M CuCl2. The pH of the

olution was adjusted to 2.8 with H2SO4. The cells were cul-
ured phototrophically at 37 ◦C under continuous illumination at
2 �mol  photon m−2 s−1 with continuous shaking at 100 rpm.

Upon reaching an optical density of 1.0 at 750 nm,  the culture
as supplemented with 1.0 mM CdSO4 and incubated for another

 h. The cells were collected by centrifugation at 1500 × g for 15 min
t 4 ◦C. After centrifugation, 380 �L of 0.1% TFA was  added, and the
ells were sonicated on ice. The homogenate was  centrifuged at
2,000 × g for 5 min  at 4 ◦C. The resulting supernatant was adjusted
o 50 mM HClO4 prior to filtration through a membrane filter with a
ore size of 0.22 �m (Millipore, Bedford, MA,  USA). While measur-

ng PCn concentrations, the solution was diluted with 0.1% TFA by a
actor of 2 in both elution systems. While measuring GSH concen-
rations, the solution was diluted with 0.1% TFA by factors of 10 and
00 in the acetonitrile and methanol elution systems, respectively.
ample volumes of 20 �L were subjected to analysis.

. Results and discussion

.1. Method validation

Fig. 1a shows an HPLC chromatogram of a solution containing
SH (5 �M)  and PC2–PC4 (500 nM each) obtained with the ace-

onitrile elution system. The peak corresponding to GSH elution
xhibited a retention time of 3.23 min, followed by peaks corre-
ponding to PC2, PC3, and PC4 at retention times of 7.16, 15.05,
nd 19.91 min, respectively. Each of the peptides was  sufficiently
esolved using this elution system. Although the baseline level
emained nearly unchanged at retention times up to 10 min, it
ontinuously increased between 10 and 35 min.

The methanol elution system also yielded a well-resolved chro-

atogram for the peptides, with peaks corresponding to GSH, PC2,

C3, and PC4 appearing at retention times of 3.33, 8.24, 17.93,
nd 25.38 min, respectively (Fig. 2a). In contrast to the acetoni-
rile system, however, no baseline elevation was observed when
incubated in the absence of Cd. In (c), all of the above peptides and an additional
unknown peak (5) are evident in the chromatogram of the extract obtained from C.
merolae cells incubated in 1.0 mM Cd.

eluting with methanol. In fact, baseline levels in the methanol sys-
tem decreased slightly in a linear fashion during the course of the
analysis (Fig. 2a).

The increased baseline levels observed during sample elu-
tion with acetonitrile may  be due to the formation of complexes
between acetonitrile and Cu(I) [11]. The binding of Cu(I) by ace-
tonitrile would result in an increase in the relative concentration
of unbound, fluorescent BCS molecules. This is consistent with an
increase in baseline levels as more acetonitrile is added to the post-
column solution during sample elution.

Furthermore, peak intensities for GSH in the acetonitrile sys-
tem were lower than those in the methanol elution system (Fig. 1a
versus Fig. 2a). This trend was  evident despite 10-fold concentration
differences. The lower sensitivity of GSH is evidenced by a compar-
(a) A standard solution containing 500 nM GSH and 500 nM PCn .  (b) A minute PC2

signal is apparent in the chromatogram of the extract obtained from C. merolae cells
incubated in the absence of Cd. In (c), all of the above peptides and an additional
unknown peak (5) are evident in the chromatogram of the extract obtained from C.
merolae cells incubated in 1.0 mM Cd.
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Table 1
Calibration line equations and limits of detection for GSH and PCn using the acetoni-
trile elution system.

Peptides Linear regression
equation

Linearity
range (nM)

R2 Detection
limit (nM)a

GSH y = 0.076x + 1.758 0–1000 0.9919 72.6
PC2 y = 1.605x + 1.887 0–1000 0.9955 4.15
PC3 y = 2.457x − 41.304 0–1000 0.9982 1.74
PC4 y = 2.671x + 37.312 0–1000 0.9932 1.27

a Detection limit is defined as the concentration of peptide yielding a peak area
corresponding to three times the standard deviation of the peak area obtained from
three replicate measurements of GSH (500 nM), PC2 (50 nM), PC3 (20 nM), and PC4

(20 nM)  concentrations.

Table 2
Calibration line equations and limits of detection for GSH and PCn using the methanol
elution system.

Peptides Linear regression
equation

Linearity
range (nM)

R2 Detection
limit (nM)a

GSH y = 2.751x + 5.353 0–100 0.9910 1.94
PC2 y = 1.950x + 7.796 0–600 0.9961 1.87
PC3 y = 3.641x + 67.226 0–600 0.9934 1.04
PC4 y = 2.906x + 26.493 0–600 0.9959 1.37
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Table 3
Concentrations of GSH and PCn in the extract of C. merolae cells incubated in a Cd-
containing medium and their percent recovery using the acetonitrile elution system.

Peptide Concentration (pmol/unit of C. merolae cells)a Recovery (%)

Initial Added Found

GSH 683 ± 60.3 250 894 ± 38.0 84.4 ± 28.5
PC2 342 ± 3.06 25 367 ± 1.24 100.0 ± 1.3
PC3 49.9 ± 2.48 25 73.9 ± 1.62 96.0 ± 1.2
PC4 45.1 ± 2.90 25 71.6 ± 2.09 106.0 ± 1.4

a One unit is defined here as the amount of C. merolae cells in 1 mL  of culture with
an  OD750 of 1.0.

Table 4
Concentrations of GSH and PCn in the extract of C. merolae cells incubated in a Cd-
containing medium and their percent recovery using the methanol elution system.

Peptide Concentration (pmol/unit of C. merolae cells)a Recovery (%)

Initial Added Found

GSH 789 ± 29.6 250 1034 ± 17.2 98.0 ± 13.7
PC2 345 ± 4.17 25 371 ± 2.35 104.0 ± 1.9
PC3 44.1 ± 1.99 25 70.3 ± 2.53 104.8 ± 1.9
PC 41.9 ± 1.50 25 67.0 ± 1.55 100.4 ± 0.9

[10] Y. Osaki, T. Shirabe, S. Tamura, E. Yoshimura, Biosci. Biotechnol. Biochem. 72
a Detection limit is defined as the concentration of peptide yielding a peak area
orresponding to three times the standard deviation of the peak area obtained from
hree replicate measurements of GSH (10 nM)  and PCn (10 nM) concentrations.

as 2.751 (Tables 1 and 2). In contrast, comparable slope values
ere obtained in both systems for PCn (Tables 1 and 2). These sen-

itivities are consistent with the similar detection limits obtained
or both systems.

Complex formation between acetonitrile and Cu(I) may  cause a
uffering action with respect to the level of free Cu(I). Weak bond-

ng between GSH and Cu(I) would modestly reduce Cu(I) levels and
ive rise to small enhancements in the fluorescence of the post-
olumn solution. The strong binding of PCn to Cu(I) may outweigh
he buffering capacity of the Cu(I) CH3CN system, resulting in high
ignals in the acetonitrile elution systems. The absence of such a
uffering action in the methanol elution system may  account for
he higher slope of the calibration line and the lower detection limit
or GSH. The solvent may  affect signal intensity as revealed by the
alibration-line slopes for PCn in the methanol elution system. The
lope of the calibration line for PC2 is lower than that for GSH, and
he slope of the calibration line for PC4 is lower than that for PC3
egardless of the binding constant [12] (Table 2). Taken together,
hese findings indicate that both solvent systems exhibited compa-
able sensitivities for PCn, whereas markedly lower sensitivity was
bserved for GSH in the acetonitrile elution system.

.2. Determination of GSH and PCn concentrations in
yanidioschyzon merolae cultured with or without Cd

HPLC chromatograms obtained using the acetonitrile elution
ystem of the extract of C. merolae in the absence and presence
f Cd(II) show the Cd(II)-induced synthesis of PCn (b and c in Fig. 1).

 similar result was obtained using the methanol elution system

b and c in Fig. 2). Peptide concentrations in the algal cells treated
ith Cd(II) were determined using both eluent systems. The results

or acetonitrile and methanol elution are shown in Tables 3 and 4,
espectively. With the exception of GSH in the acetonitrile

[

[

4

a One unit is defined here as the amount of C. merolae cells in 1 mL  of culture with
an  OD750 of 1.0.

system, peptide recovery was  greater than 96.0%. The poor recovery
and high variability of GSH measurements in the acetonitrile sys-
tem (Table 3) may  be due to the lower sensitivity described above.
Although the acetonitrile elution system yielded nominally lower
GSH concentrations than the methanol elution system, a statistical
analysis of peptide concentrations revealed no difference between
the two eluents at a significance level of 0.05.

4. Conclusions

Two HPLC eluents, acetonitrile and methanol, were compared in
the quantitation of GSH and PC2–PC4 using fluorescence dequench-
ing of the Cu(I)–BCS complex. The elution systems exhibited
comparable analytical performance for PCn. However, the acetoni-
trile elution system was  much less effective in determining levels
of GSH.
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