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Abstract

By exposure to excess heavy metals, plants induce phytochelatins [PCs; (g-Glu–Cys) –Gly, n$2] and their desglycyln

peptides (hereafter, both are referred to as class III metallothioneins, CIIIMTs). To analyze respective CIIIMT species
induced by cadmium along with glutathione (GSH) and g-Glu–Cys (gEC) that may be precursors of CIIIMT, HPCE was
applied. EDTA and ABD-F (4-aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole, a thiol (SH)-reacting agent) were added to the
supernatant fraction of root cultures of Rubia tinctorum L., and the solution was applied to HPCE apparatus [capillary zone
electrophoresis, borate buffer (pH 8.5)], and the SH group was monitored at 380 nm. GSH, gEC, and respective CIIIMT
species were separated well, and the analysis was performed within 6 min. Consequently, HPCE was found to be very useful
for CIIIMT analysis.  1998 Elsevier Science B.V.
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1. Introduction in root cultures of Rubia tinctorum L. [4]. PCs and
desglycyl PCs are classified as class III metallothio-

Phytochelatins [PCs; (g-Glu–Cys) –Gly, n$2] neins [5], and therefore both together are referred ton

are induced in plants through exposure to excess as CIIIMTs hereafter.
heavy metals. The role of PCs is proposed in metal To clarify the induction mechanism of the de-
detoxification and metal homeostasis [1]. Recently, sglycyl PCs, the determination of glutathione (GSH)
therefore, PCs have also been used as indicators of and g-Glu–Cys (gEC), which may be precursors of
forest decline caused by heavy metal pollution [2,3]. PCs [6], is essential. However, the separation of

Although the structures of PCs are conservative in these two compounds is poor on the post-column
a wide range of plants, we have shown by post- derivatization HPLC analysis under the conditions
column derivatization HPLC and LC–MS that the used for PC determination [7].
desglycyl peptides of PCs are also induced when Capillary zone electrophoresis (CZE) has been
large amounts of PCs are induced by cadmium (Cd) applied successfully to the separation of various

peptides [8,9]. Therefore, we applied HPCE to
*Corresponding author determine the two compounds and respective
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CIIIMT species simultaneously. EDTA and ABD-F window at 50 cm)375 mm I.D. (Beckman) was
(4-aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole, a housed in a cartridge which allowed liquid cooling.
thiol (SH)-reacting agent) [10] were added to the The capillary was prepared by flushing the column 5
sample solution to prevent interference of Cd bound min each with 0.1 M HCl and 0.1 M NaOH solutions
to CIIIMTs, and to detect the SH group of GSH, alternatively twice, and with water for 1 min, and
gEC, and respective CIIIMT species at 380 nm, then rinsed with the buffer solution for 1 min.
respectively. Between the sample analyses, the capillary was

successively rinsed with 0.1 M NaOH (5 min), water
(1 min), and the buffer (1 min). To 20 ml of the

2. Experimental supernatant fraction of CIIIMT-containing root cul-
tures, 10 mM (in general) EDTA (5 ml) and 20 mM

2.1. Reagents ABD-F (20 ml) were added, and the solution was
reacted at 508C for 15 min. Pressure (0.5 p.s.i.)

Cadmium chloride hemipentahydrate and reduced injection for 5 s was used, and HPCE run was
glutathione were purchased from Wako (Osaka, performed with 100 mM borate buffer (pH 8.5 in
Japan). gEC was obtained from Kohjin (Tokyo, general) (voltage, 30 kV; temperature, 258C), and the
Japan). EDTA disodium salt was purchased from SH-containing compounds were detected at 380 nm
Dojindo Labs. (Kumamoto, Japan). Other chemicals with diode array detector (Beckman).
were of reagent grade or the highest grade commer-
cially available. Ultrapure water ($18 MV cm) 2.5. Metal determination
prepared with a Milli-Q SP Reagent Water System
(Millipore, Bedford, MA, USA) was used as water Portions of about 0.1 g of the root cultures were
throughout the experiment. digested with mixed acid (HNO –HClO , 5:1), and3 4

the solution was diluted with water to 3 ml. Metal
2.2. Tissue culture in Cd-containing medium concentrations were determined by inductively cou-

pled plasma atomic emission spectrometry (ICP-
Root cultures used were those reported previously AES) (ICAP-61, Thermo-Jarrell Ash, Waltham, MA,

[11]. Cd (1 mM) and GSH (2 mM) were added to USA).
the culture medium, and the root cultures were
maintained for 5 days, then washed with water, and
stored at 2808C. 3. Results and discussion

2.3. Postcolumn derivatization HPLC analysis 3.1. Effect of EDTA

PCs and desglycyl PCs were analyzed according CIIIMTs induced by Cd are bound with Cd
to the method of Grill et al. [7] with some modi- through the SH group [11]. Accordingly, ABD-F
fications reported previously [4]. may not react with SH group of CIIIMTs in the

supernatant fraction. To prevent the interference of
2.4. HPCE analysis with ABD-F Cd (and other metals), therefore, EDTA was added to

the supernatant fraction. Fig. 1 shows the effects of
A 0.2-g portion of the root cultures was milled in EDTA on the electropherogram. Assignments were

two volumes of 0.1% NaBH aqueous solution (400 performed with the respective isolated species [4].4

ml) with an agate motor. After centrifugation (11 000 The peak areas of (gEC) G, (gEC) , (gEC) G,3 3 4

g, 10 min), the supernatant fraction was obtained (gEC) , and (gEC) G increased with the EDTA4 5

(approximately 500 ml). CZE was performed using a concentration until 10 mM, and those of (gEC) G2

P/ACE 5500 system with System Gold software and (gEC) increased until 2 mM, while those of2

(Beckman Instruments, Fullerton, CA, USA). An GSH and gEC remained almost constant regardless
untreated fused-silica capillary of 57 cm (detection of the presence of EDTA.
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Fig. 1. Dependency of peak areas of GSH, g EC, and CIIIMT species on the concentration of EDTA added.

The above findings may be interpreted as follows: the total Cd content may be required to remove Cd
metals bound to GSH and gEC, if any, are replaced from the CIIIMT molecule.
easily by ABD-F without EDTA, while EDTA is
required to remove metals bound to CIIIMTs. The 3.2. Molar ratio of ABD-F to the SH group
fact that larger CIIIMT species require a higher
concentration of EDTA is consistent with the view In this study, ABD-F that was developed as a
that, in larger PC molecules, Cd is sequestered fluorescence reagent for the SH group was used as a
tightly into a Cd(SCys) structure [12]. colorimetric reagent for the SH group. In general4

In Fig. 1, EDTA concentration was sufficient at 10 situations, the content of CIIIMT or the SH group is
mM under the sample conditions. EDTA was added not known before analysis. When fluorescence de-
to prevent the interference of Cd (and other metals) tection is available, a sufficiently high ABD-F/SH
bound to CIIIMTs. Therefore, the required concen- ratio is readily attainable, because the SH content in
tration may be mainly dependent on the Cd con- sample solution could be much lower. For example,
centration in the supernatant fraction. Imai and Toyo’oka proposed an analytical procedure

As described in Section 2.4, a 20-ml portion of the with an ABD-F/SH ratio of 100 [13]. On the other
supernatant fraction was mixed with a 5-ml portion hand, ABD-F/SH ratio is not so high in colorimetry
of EDTA solution. The Cd content analyzed by because of the sensitivity at 380 nm and the solu-
ICP-AES was a 0.04 mmol /20 ml supernatant frac- bility of ABD-F. Therefore, it is necessary to ascer-
tion. Therefore, when 10 mM EDTA solution was tain the sufficienct amount of ABD-F to be added.
added, EDTA:Cd is 5:4 in molar basis. Namely, the Fig. 2 shows the dependency of peak area on the
required molar content of EDTA was near the total ABD-F concentration. At least 10 mM ABD-F was
Cd content. This result may indicate that most Cd necessary, which corresponded to an ABD-F/SH
ions should be chelated before ABD-F (an SH- ratio of about 7, based on the calibration curves for
reacting agent) reacts with the CIIIMT molecule. GSH and gEC (data not shown). An ABD-F con-
When both free Cd and CIIIMT-bound Cd are centration of higher than 20 mM was impracticable
present, EDTA may react first with free Cd and then because of its solubility in water. In the actual
CIIIMT-bound Cd. Therefore, an EDTA content near analysis by colorimetry, a retrial with a half dose of
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Fig. 2. Dependency of peak areas of GSH, g EC, and CIIIMT species on the concentration of ABD-F added.

one sample may be necessary for a series of similar 3.3. Effect of running buffer pH
samples to ascertain the sufficiency of ABD-F
concentration. Fig. 3 shows the effect of running buffer pH on

Imai and Toyo’oka recommended a reaction time the peak areas and migration times of GSH, gEC,
of 5 min [13]. Under our conditions, however, a and CIIIMT species. At pH 7.0, the peak areas were
reaction time of 5 min was insufficient, and 15 min small and the separation of the compounds was not
was necessary because of the higher concentration of good (data not shown). Although the separation
the SH group. became better and the migration times were short at

Fig. 3. Effect of running buffer pH on peak area and migration time of GSH, gEC, and CIIIMT species.
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Fig. 4. Comparison of HPCE electropherogram and postcolumn derivatization HPLC chromatogram for the supernatant fraction of
CIIIMT-containing root cultures.

pH 7.5 and 8.0, the peak areas were still small. The separated in HPLC, at least under the conditions
peak areas were largest at pH 8.5, and this pH was used for PC determination. In HPCE, moreover,
selected in other experiments. respective CIIIMT species were also separated well.

Furthermore, the analysis was performed within 6
3.4. Calibration curve min in HPCE, while 20 min were required in the

postcolumn derivatization HPLC analysis. Conse-
To compare the peak area for both GSH and gEC, quently, the HPCE method accompanied by sample

the calibration curve linearity was followed in a 1:1 pretreatment with EDTA and ABD-F was found to
mixture of the two compounds. The concentration of be very useful for the analysis of GSH and gEC with
added ABD-F was set at 20 mM. Both calibration CIIIMTs.

2curves were linear (R 50.999 and 0.991 for GSH
and gEC, respectively) up to 1.5 mM each (3.0 mM
total SH) and almost overlapped each other (data not

Acknowledgementsshown), which suggested that the reactivity and peak
area of both compounds were almost identical.
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