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SUMMARY 

A method for determination of glutathione in its reduced (GSH) and oxidized 
(GSSG) forms in Scats pine extracts by reversed-phase high-performance liquid chro- 
matography utilizing monobromobimane as the derivatization reagent was devel- 
oped. The recovery and the precision for GSH in pine needles was high, cu. 99 and 
3.6%, respectively. The determination of GSSG showed lower recovery (cu. 80%) 
and poorer precision (13.3%). The identity of the putative GSH-bimane derivative 
was confirmed indirectly by gas chromatography-mass spectrometry. GSH com- 
prised 77% of water-extractable thiols in pine needles, and the ratio GSSG/GSH was 
low (0.024). 

INTRODUCTION 

Glutathione (y-L-glutamyl+cysteinylglycine) is thought to be the major low- 
molecular-weight thiol in most living eucaryotic cells. Although convincing evidence 
for its wide distribution has not been established in the plant kingdom’, it is suggested 
to be involved in numerous processes in the cell’ such as a component of the hydro- 
gen-scavenging system in chloroplasts3. 

Traditionally, quantitative analyses of reduced glutathione (GSH) in plants 
have been performed by titration of the total amount of free thiols with the sulph- 
hydryl reagent 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB)4. A more reliable proce- 
dure for the determination of GSH and also the oxidized form of glutathione (GSSG) 
is based on the highly specific enzyme glutathione reductase (E.C. 1.6.4.2)5. In the 
presence of reduced nicotinamideadenine dinucleotide phosphate (NADPH) this 
enzyme catalyses the reduction of GSSG to GSH and with the addition of DTNB to 
the reaction mixture, the stoichiometric formation of the 5-thio-2-nitrobenzoic acid 
(TNB) occurs. 

Recently, the rapid development of high-performance liquid chromatography 
(HPLC) has rendered alternative procedures for analysis of thiols, and techniques for 
the separation, derivatization and detection of GSH have been described. Saetre and 
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Rabenstein’ presented a method based on a mercury electrochemical detection, and 
Reeve et aL7 utilized Ellmans reagents to convert GSH and GSSG into the mixed 
disulphides of TNB which were separated by reversed-phase HPLC. An alternative 
HPLC technique for determining thiols is based on carboxymethylation of the thiol 
group to block thiol-disulphide exchange reactions’. Free amino groups are then 
converted into 2,4-dinitrophenyl derivatives by reaction with I-fluoro-2,4-dinitroben- 
zene, providing a chromatophoric group that can be detected at the nanomole level. 
Another procedure has been described by Newton et aI.’ for determination of thiols 
at the picomole level. This method is based on the conversion of thiols into fluo- 
rescent derivatives with monobromobimane (mBBr) and separation of the bimane 
derivatives by reversed-phase HPLC. 

Glutathione, as well as other thiols, is considered to be an important metabolite 
in relation to the phytotoxicity of air pollutants to plants. In experiments with Scats 
pine” and Picea abies” it has been shown that GSH can serve as an indicator of the 
phytotoxic effects of compounds such as SO2 and OS. However, the analysis of glu- 
tathione in conifer extracts requires special precautions, both during the initial extrac- 
tion and the subsequent analysis, GSH oxidizes readily12 and conifers are known to 
contain a number of compounds including high levels of phenolic compounds and 
terpenes r3, that might interfere ‘n i the analysis. Adaption of an analytical method for 
quantitative analysis of glutathione in conifer tissues therefore necessitates careful 
examination to optimize the procedure. 

The aim of the present study was to investigate possibilities of adapting the 
method by Newton et al.’ for the analysis of GSH and GSSG in extracts from conifer 
needles. Quantitative analysis by reversed-phase HPLC with fluorescence detection of 
GSH-bimane derivatives in pine extracts was examined in terms of accuracy and 
precision. The identity of the putative GSH-bimane HPLC peak was subsequently 
confirmed by gas chromatography-mass spectrometry (GC-MS). 

EXPERIMENTAL 

Millipore water was used in all steps of analysis. 

Extraction of plant material 
Extraction was performed in a cold room (4°C) by grinding 200 mg needles of 

Scats pine (Pinus sylvestris L.) in liquid nitrogen in a mortar. The plant material was 
then transferred to a glass column and eluted twice with a total of 5 ml of an ice cold 
medium consisting of water or 0.1 mM dithiothreitol (DTT) and 1 mM EDTA. The 
whole procedure was completed within 10 min. An aliquot of the extract was used for 
determination of GSH or GSSG. 

Derivatization 
Typically, 500 ,~l of sample or standard were added to a premixed solution of 

200 ,~l 0.1 M Tris-HCl (pH 8), 100 ~14 mM mBBr in a 3-ml test-tube. The samples 
were mixed vigorously and the reaction continued for 30 min in darkness at 25°C. A 
150~~1 volume of glacial acetic acid was then added to stop the reaction, and the 
samples were diluted to a final volume of 1 ml in water. Prior to HPLC analysis the 
samples were centrifuged at 7000 g (Labofuge 6000, Heraeus) for 10 min. Samples 



HPLC OF GLUTATHIONE 337 

eluted with 5sulphosalicylic acid (5%, v/v) were derivatized with mBBr according to 
Anderson and Meister”. 

GSSG was determined in extracts or standard samples after alkylation of GSH 
by derivatization with the sulphhydryl reagent 2-vinylpyridiner4. This was achieved 
by vigorously mixing 2-ml samples with 100 ~10.1 M Tris-HCl (pH 6.5) and 40 ~19.3 
M 2-vinylpyridine in test-tubes. After 60 min at 25°C excess of 2-vinylpyridine was 
removed by partitioning the sample three times against 150-~1 volumes of diethyl 
ether. Then the GSH content of one part of the sample was determined and used as a 
blank and the other part was used for the determination of GSH after GSSG had 
been reduced to GSH. This was carried out by adding 50 $4 mM NADPH and 2 ~1 
glutathione reductase from spinach (cu. 59 units ml-l, Sigma) to the derivatization 
mixture with mBBr as described above. 

Derivatization of GSH and GSSG utilizing 9-fluorenylmethyl chloroformate 
(FMOC) was performed according to Nasholm et a1.l’. 

High-performance liquid chromatography 
Solvents were delivered at a flow-rate of 1 ml min- ’ by a Waters liquid chroma- 

tographic system consisting of two M 45 pumps, a dynamic solvent mixer and a M 
680 gradient master. Samples were introduced off-column via a Valco loop injector 
fitted with a 25-~1 loop. Reversed-phase separations were carried out on a 250 mm x 
4.6 mm I.D. ODS-Hypersil(5 pm) column eluted from 0 to 20 min with an isocratic 
system using 85% of solution A [lo% methanol (v/v) and 0.25% glacial acetic acid 
(v/v), adjusted to pH 3.9 with NaOH] and 15% of solution B [90% methanol (v/v) 
and 0.25% glacial acetic acid (v/v), adjusted to pH 3.9 with NaOH], followed by 
100% of solution B to regenerate the column. The column effluent was directed to a 
Shimadzu Model RF fluorimeter (excitation at 379 nm, emission at 475 nm). 

The separation and detection of GSH and GSSG-FMOC derivatives by re- 
versed-phase HPLC was performed according to procedures described for amino 
acids by Nlsholm et a1.15, with a slight modification of the solvent programme. The 
separation was carried out with the following percentages of methanol in buffer (7 ml 
glacial acetic acid and ‘1 ml triethylamine to 1 1 water, adjusted to pH 4.2 with NaOH): 
O-15 min, 55%; 15-20 min, 55-65%; 20-40 min, 65%; 40-50 min, 100% and 50-60 
min, 55%. 

GC-MS analysis 
Qualitative analysis of GSH in an extract from pine needles was carried out 

using the procedure outlined in Fig. 1. Approximately 90 nmol of the putative GSH- 

Scats pine extract 
I 

GSH-FMOC 

Reversed-&se HPLC 

Hydrolysis kith NH 4 OH 

GSH-5 ------- Hydrolysis with HCI 

Re”ersed!~hase HPLC Silylation 

G&MS 

Fig. I. Qualitative analysis of reduced glutathione in Scats pine. 
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FMOC peak from reversed-phase HPLC of a Scats pine extract were collected and 
200 ~1 concentrated ammonium hydroxide were added for 12 h at 100°C to perform 
base hydrolysis of the FMOC derivative. An aliquot of the sample was thereafter 
reduced to dryness with a stream of nitrogen and dissolved in 200 ~1 medium (0.1 mM 
DTT and 1 mA4 EDTA). This sample was taken for determination of GSH by deri- 
vatization with mBBr and analysis by reversed-phase HPLC to confirm the peak 
identity. The other part of the base hydrolysed putative GSH-FMOC fraction was 
reduced to a dryness with a stream of nitrogen and hydrolysed with 6 M HCl under 
vacuum for 24 h at 100°C. Thereafter the sample was again reduced to dryness, 
dissolved in 100 ~1 acetonitrile and silylated with bis(trimethylsilyl)trifluoroacetamide 
(100 ~1, 80°C for 12 h). Mass spectrometric analysis of concentrated aliquots was 
performed with a HP 5890 gas chromatograph linked via a direct capillary inlet to an 
HP 5970B mass selective detector equipped with an HP 9000 computer system. Sam- 
ples were introduced in the splitless mode (splitless time 2 min) at 225°C onto a 25 m 
x 0.31 mm I.D. cross-linked methyl silicone capillary column with a 0.52~pm film. 
The column temperature was initially held at 60°C for 3 min, then raised at 30°C 
min-’ to 130°C than at 7°C min- ’ to 235°C. The interface temperature was main- 
tained at 250°C. The retention time for air was 63 s. 

GSH standards and the total water extractable thiol concentration in Scats pine 
needles were estimated by the method described by Grill et al.16. 

RESULTS 

Extraction 
The maximum yield of GSH was achieved by grinding approximately 200 mg 

needles in liquid nitrogen in a mortar and extracting the material with 5 ml ice-cold 
medium, consisting of 0.1 mM DTT and 1 mM EDTA or water, 1.103 and 1.146 
pmol GSH (g fresh weight)) r, respectively (Table I). Extraction of the plant material 
with additional medium, or by using extended extraction times, did not improve the 
yield. In addition, hot ethanol also gave low yields of GSH”. The stability of GSH 
during the extraction was tested after 0, 15 and 60 min after initial extraction in the 
presence of 0.1 mM DTT and 1 mM EDTA or 5-sulphosalicylic acid (results not 
shown). It was found that GSH is stable within the time used for the assay. A slight 

TABLE I 

COMPARISON OF DIFFERENT EXTRACTION MEDIA AS REGARDS THE YIELD OF GLU- 
TATHIONE EXTRACTED FROM PINE NEEDLES 

The samples were derivatized with monobromobimane and the values are the averages of three separate 
extractions, except for S-sulphosalicylic acid (n = 2). Data are mean f S.D. 

Extraction 

Water 
0.1 mM DTTjl mM EDTA 
Ascorbate (0.15%) 
5-Sulphosalicylic acid (5%) 

GSH Yield 

(Pmo~lg~w) (W 

1.146 f 0.033 100 f 2.9 
1.103 f 0.024 96.3 f 2.2 
0.884 f 0.008 77.1 f 0.9 
0.924 f 0.007 80.6 f 0.7 
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reduction of GSSG standards by 0.1 mM DTT and 1 mM EDTA was however 
detected (3.1%) when compared to samples dissolved in water. 

Derivatization 
Samples and standards showed maximum derivatization efficiency at a buffer 

pH of 8-9 (Fig. 2). The derivatization efficiency with time indicated that a deri- 
vatization time of 15 min was sufficient. 

6 I 8 9 

PH 

Fig. 2. pH dependence of the yield of reduced glutathione from a standard and an extract of Scats pine. 0. I 
M sodium phosphate buffer was used in the derivatization mixture in the range pH 5-7, and 0.1 M 
Tris-HCl in the range pH 8-9. Standards were dissolved in 0.1 mM DTT/l mM EDTA and needles were 
eluted in 0.1 mM DDT/l mM EDTA or 0.15% ascorbate. 0 = standard; q = extract in 0.1 mM DTT/ 
1 mM EDTA; n = extract in 0.15% ascorbate. 

HPLC separation 
The chromatographic conditions used give a separation of the GSH-bimane 

derivative peak from other components in the pine needle extract (Fig. 3). There was 
no significant background interference with the analysis and when GSH was masked 
with 2-vinylpyridine prior to derivatization no GSH-bimane peak was detectable 
(data not shown). Using FMOC as a chromatographic group it was possible to get a 
separation of both GSSG and GSH from pine needle extract (Fig. 4). The GSSG- 
FMOC peak was identified by spiking the sample with standard GSSG-FMOC (Fig. 
4b). 

Idenhjication of GSHfrom a pine extract by GC-MS analysis 
The putative GSH-bimane derivative peak from HPLC was identified by using 

the procedure outlined in Fig. 1. 
Silylated amino acids produce characteristic ions at M+ - 15, M+ - 43 and 

M+ - 117 corresponding to loss of -CH3, -COCH3 and -COO-TMS respectively18, 
but also ions with m/z 73 [Si(CH3)3] and 147 [(CH3)3SiOSi(CH3)2] are diagnostic for 
silylated amino acids. 

Retention times in the CC system for the putative N-trimethylsilyl esters of 
Gly, CySH and Glu of a hydrolysed GSH fraction from HPLC were 9.11, 12.70 and 
13.64 min. In all GC peaks the base fragments for the corresponding amino acid were 
present [M + - 117, m/z 174,220 and 246 for Gly, CySH and Glu, respectively (Table 
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Retention time, min 

Fig. 3. Representative chromatogram of reduced glutathione (GSH) from an extract of Scats pine needles 
derivatized with monobromobimane. 

III)], together with m/z 73 and 143. Only the putative Glu peak produced a detectable 
M+ [Glu(TMS)& together with m/z 84 and 156, which were specific for the Glu and 
Gln derivatives. The largest fragment of the putative CySH was m/z 322 correspond- 
ing to M+- 15 (bis-TMS). In addition, a fragment at m/z 218 (TMS-NHCHCOO- 
TMS) was present, which represents loss of the side chain from the molecular ion of 
CySHl’ Ions at m/z 174 and 86 are diagnostic for the structure RCH2NH2, and both 
were piesent in the putative Gly peak [m/z 174, (TMS)2N+ =CHz; 86, 
(CH3)&+ = CH2] 18. In addition, a characteristic ion for CySH at m/z 248 was also 
observed in this spectrum. 

Recovery and precision 
The accuracy of the method was determined by comparing standards with 

standards of different concentrations mixed with subsamples from pine needle ex- 
tract. The amount of GSH-bimane derivatives detected was linear (tested by least 
squares linear regression) in the concentration range tested. The recovery of 50 and 
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GSH 

I 
GSSG 

a)x5 

I. I I I - I I 1 I I 

25 30 35 40 45 50 55 60 

Rententlon time, min 

Fig. 4. (a) Chromatogram of Scats pine needles extract derivatized with 9-fluorenylmethyl chloroformate 
(FMOC). (b) As in (a) but spiked with 200 pmol GSSG derivatized with’FMOC. 

250 nmol GSH added to extracts was 99 and 100.3%, respectively (Table II). Recov- 
eries from extracts spiked with 1 and 2 nmol GSSG were 80 and 86.7%, respectively 
(Table II). 

The precision of the method was calculated as the standard deviation of the 
amount of GSH and GSSG determined in subsamples of three individual pine ex- 
tracts. The precision was 3.6% for the determination of GSH and 13.3% for GSSG 
(Table II). 

Analysis of GSH, GSSG and water-extractable thiols from a pine extract 
Pine needles collected outdoors in April (1987) in Umea were analysed for 

GSH, GSSG and water-extractable thiols and the averages from two samples were 
0.201, 0.0045 and 0.26 ,umol (g fresh weight))‘, respectively. 
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TABLE II 

RECORDER RESPONSES FROM STANDARDS AND STANDARDS OF DIFFERENT CONCEN- 
TRATIONS MIXED WITH SUBSAMPLES FROM A PINE NEEDLE EXTRACT 

Samples were derivatized with monobromobimane and prepared for analysis as described in the text. Data 
are mean f S.D. of three samples. 

Amount added Recorder response (mV, relative unit) Recovery 

(PM) W) 
Standard Standard + extract 

GSH 
0.00 - 13.0 f 0.5 - 

0.05 69.0 f 0.9 81.2 f 1.4 99 

0.25 354.0 f 1.2 368.0 f 4.2 100.3 

GSSG 
0.000 - 9.8 f 1.3 - 

0.001 20.2 f 2.3 24.0 f 4.2 80 
0.002 31.6 f 2.7 41.1 f 2.0 86.7 

TABLE III 

CHARACTERISTIC AND ABUNDANT IONS IN THE 70 eV ELECTRON IMPACT MASS SPEC- 
TRA OF AMINO ACIDS FROM A HYDROLYZATE OF GLUTATHIONE FROM PINE NEEDLES 

Amino acid M+ Mf-15 Base peak Other characteristic ions 

[ml2 W)l I+ (“A)/ (m/Z) lmlz W)l 

CySH - 322(3) 220 218(88) lOO(22) 
Glu 363(2) 348(5) 246 156(16) 84(8) 
Gly 

- 276(6) 174 248(17) 86(15) 

DISCUSSION 

In the present study the method of Newton et aL9, using mBBr as a chroma- 
tophore, originally devised for determining thiols in red blood cells, was applied to 
extracts from Scats pine needles. The method developed for extraction of GSH from 
pine needles and detection of the GSH-bimane derivative by reversed-phase HPLC 
was shown to be acceptable both with regard to recovery (ca. 99%) and precision 
(3.6%) (see Table II). The recovery of GSH was similar to the value reported by 
Fahey et al. l9 for red blood cells (97%). After grinding the needles in liquid nitrogen, 
the extraction with 0.1 mM DTT and 1 mM EDTA or water both showed high yields 
of GSH. Usually extraction of GSH from biological samples has shown a need for 
rapid acidification, because of rapid autooxidation at pH > 7 and the effect of y-gluta- 
my1 transpeptidase ‘O However, acidification was not necessary when GSH was ana- . 
lysed in pine needles. This may be due to the acidic nature of the unbuffered pine 
extract which was typically pH 4.5-5.5. Oxidation of GSH did not occur in the pine 
extract. This was indicated by the amount of GSH remaining unchanged when deriv- 
atized up to 45 min after extraction. Further evidence of the stability of GSH is the 
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fact that yields were not enhanced when tissue was extracted with 5-sulphosalicylic 
acid. This indicates that both extraction with a low concentration of DTT (0.1 mM) 
or water can be used successfully when GSH is extracted from pine needles. However, 
since a small amount of the GSSG (3.1%) in standard solution is reduced to GSH, 
water is preferable when GSSG is analysed. The DTT would not interfere with the 
GSH analysis when the GSSG concentration or any other reducible GSH conjugate is 
low compared to the concentration of GSH. This is obviously the case when pine 
needles were extracted by 0.1 mM DTT since no increase in the yield of GSH was 
detected when 0.1 mM DTT was used compared to water alone (Table I). Reproduc- 
ible results were obtained when samples were derivatized with 0.5 mM mBBr in 25 
mM Tris-HCl at pH 8 for 15 min. The reaction of bromobimanes with GSH are 
second order and dependent on pH, the active nucleophile being the thiolate anion, 
GS-(ref. 21). Although mBBr reacts preferentially with thiols, it also reacts with 
amines, phosphate, carboxylates and other nucleophiles and thus may interfere with 
the analysis . ” Kosower and Kosower23 also showed that amine buffers give an high- 
er background if used above pH 8 due to the amine acting as a nucleophile. It is thus 
preferable to derivatize at a pH that does not enhance nucleophilic reactions that 
could interfere with the analysis. Tests of the stability of GSH in pine needles during 
storage at - 80°C for up to 3 weeks indicated no change in endogenous GSH levels. 

The analyses of GSSG from pine extracts showed lower recoveries (cu. 80%) 
and poorer precision (13.3%) than obtained with GSH (see Table II). The procedure 
for measuring GSSG, after the conversion of GSSG into GSH by glutatione reduc- 
tase, is more complicated than the determination of GSH and this may account for 
the lower recoveries and less precise estimates. One possible reason for the low recov- 
ery is that phenolic and tannin compounds interacted with the enzyme and decreased 
the yield of GSH. 

The reversed-phase HPLC separation of the GSH-bimane derivative was per- 
formed with a slight modification of the isocratic system described by Anderson and 
Meister12. This eluted the GSH-bimane derivative as a single peak. It was not pos- 
sible to characterize this peak by GC-MS, although its identity was confirmed by 
GCMS of rederivatized amino acid components of the GSH-FMOC peak. Lower 
amounts of N-trimethylsilyl esters of CySH were detected compared to esters of Glu 
and Gln. However, CySH is not stable to strong acid24. Using FMOC as a chroma- 
tophoric group it was possible to make qualitative determinations of both GSH and 
GSSG in an extract of Scats pine needles by HPLC. 

A comparison of the amount of GSH to the total water-extractable thiols shows 
that GSH made up 77% of the low-molecular-weight thiols in Scats pine needles 
collected outdoors in April. This value is lower than the 96% reported for Picae dies 
by Grill et al. I6 However it is in agreement with values reported for non-glutathione . 
thiols from hardened citrus leaves I7 The ratio GSSG/GSH was low (0.024) in agree- . 
ment with published data on other species’7,25. 
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