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A highly sensitive assay for glutathione transferase using 
4,5-dihydro-epoxybenzo(a)pyrene as substrate 

(Received 28 Much 1983; acceppred 10 September 1984) 

Arene oxides. which arise from the enzymatic oxidation of 
pofycyclic aromatic hydrocarbons (PAH), are electm- 
phrhcally reactive agents which can alkylate biological 
nucleophiles (e.g. DNA) leading to toxic, mutagenic or 
carcinogenic effects [ 1,2]. Besides their importance as 
direct noxious substances, they are. after hydration to 
dihydrodiols. the precursors of the ultimate carcinogens of 
PAH, the dial-epoxides [3]. 

Epoxides can be metabolized by epoxide hydrolase (EH: 
EC 3.3.2.3.) yielding the already mentioned dihydrodiols 
or by glutathione-transfe~se (GSH-T: EC 2.5.1.18) cata- 
lysing the nucleophilic attack of the sulphur anion of glu- 
tathione (GSH) on the epoxide. leading to the cor- 
responding conjugate. Whereas the effect of EH can be 
considered as either toxification. providing the precursors 
of the dial-epoxides, or detoxification. providing a possible 
conjugative pathvvay of sulphotransferase action of the 
dihydrodiols. the GSH-7‘ action is generally considered to 
act as detoxification of the parent compound. 

In the present report we describe a fluorometric assay 
for the conjug~~tion of 4.5-d~h!~dro-epoxybenzo(~)pyrene 
(BPO) with gfutathione. The method has several advan- 
tages over earlier published assays for this enzyme. 

Materiak and merhods 

Chemicals. BP0 was obtained from the National Cancer 
Institute Chemical Repository at the IIT Research Institute 
(Chicago. IL). 17/J-Estradiol-3-monosulphate was pur- 
chased from Sigma (St, Louis, MO). Reduced glutathione 
was from Boehringer Mannheim (Mannheim. F.R.G.). 
L-Glycine-2-~H-~luta~hione (reduced; specific activity 
1 Ci/mmole) was obtained from New England Nuclear 
(Dreieich, F.R.G.). TLC plates (silica gel 60, without fluor- 
escence indicator) were from Merck (Darmstadt, F.R.G.). 

Sot~ce of enzyme. Liver tissue was obtained from Wistar 
rats. After coarsely mincing the tissue with scissors the liver 
was homogenized. in buffer (0.1 M potassium phosphate 
~DH 7.9). lO’% (v/v) glvcerol and 1 mM EDTA) using 
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a Potter S homogenizer (Braun). The homogenate was 
centrifuged at 10.OOOg for I hr at 4”. The resulting super- 
natant was used for preparation of the cytosol by cen- 
trifugation at ~~~,~~O~ for I hr at 4”. The protein content 
of the supernatant was determined by the method of Lowry 
Et al. [4] with bovine serum albumin as the reference 
standard. 

Assay procedure. All assays were performed in triplicate. 
For each assav 105,OOOn supernatant (representing 5.5 ua 
protein) and .lO {II glumthibne (20 mMj were added ‘to 
0.5 ml final volume 25 mM alvcine (DH 10.0) in an Eooen- 
dorf reaction vial. The vialiwere pye-warmed for 5 mm in 
a shaking water-bath at 37”. The reaction was initiated by 
addition of 4 ,uI BP0 dissolved in DMSO~ethanol (1: I, 
v/v; final BP0 concentration was 15 uM) and carried out 
in a water-bath at 37”. After the required incubation time 
(standard time: 5 mm) the reaction was stopped by adding 
0.5 ml trichloroacetic acid (TCA. 7.5%. w/v). After cen- 
trifugation for 2 min in an Eppendorf minifuge the reaction 
mixture was transferred to a glass tube and put on ice. To 
remove the unmetabolized BPO. 3 ml of hexane was added 
and the tubes were mixed on a Vortex mixer for 60sec. 

After centrifu~ation for 5 min at 5000 g, the hesane fraction 
was removed and 0.5 ml aqua bidest added to the water 
phase. In control experiments. using “H-labelled gluta- 
thione. it was shown that only a negligible amount of 
conjugated glutathione was recovered in the hexane phase 
(less than 0.05%). The fluorescence of the conjugate was 
measured in a Perkin Elmer 650-40 spectrofluorometer 
at an excitation wavelength of 305 nm and an emission 
wavelength of 425 nm. Quinine HBr in 0.1 M H2SOA was 
used for calibration of the fluorometer. 

Ca~i~ratjun curve of rhe c~~j~~a~e. ~uanti~cat~~~n of the 
adduct was performed by overnight TLC separation of the 
reaction mixture as described by Nemoto and Gelboin [5] 
using ZH-labelied glutathione (0.3 @/incubation), diluted 
to the standard concentration of 400 ,uM. The reaction was 
stopped by putting the reaction vials on ice instead of 
addine TCA. The area of the coniueate CR, = 0.15) was 
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scraped off the plate and the conjugate isolated by extrac- 
tion with water. A sample of the extract was analysed for 
radioactivity and the amount of conjugate formed was 
calculated from the specific activity of the compound. 
Fluorescence was correlated to the amount of conjugate 
by preparing dilutions of conjugate-extracts (i.e. without 
‘H-glutathione) obtained simultaneously under standard 
conditions. Enzymatic activities were expressed as pmole 
conjugate/ng protein/min. This establishment of the 
relation between units of fluorescence and amount of con- 
jugate has to be performed only once. 

Result5 

Comparison of the excitati[~n and emission spectra of 
the BP-GSH conjugate isolated from TLC and from the 
aqueous phase after the enzymatic reaction using rat liver 
supernatant showed the similarity of the maximum exci- 
tation and emission wavelengths of hoth products. This 
demonstrates that the fluorescence in the aqueous phase 
almost entirely results from the BP-GSH conjugate. 
Addition of 17/j-estradiol-3-monosulnhate. which has been 
described as a selective inhibitor of ieveral forms of GSH- 
T [6], results in a 25% decrease of enzyme activity. Hg, for 
which an inhibitory role. among other heavy metals, of 
GSH-T in vitro has been documented 171, results in about 
the same percentage of enzyme inhibition. The enzymatic 
nature of the reaction is further demonstrated by the low 
rate of conjugation using boiled supernatant, at 0” and in 
the absence of BP0 (Table 1). 

From Fig. 1 it can be concluded that linearity is main- 
tained until 7 min of incubation (A) and until 7 pg protein 
(B). The pH-optimum is reached at pH 10.0 and the non- 
enzymatic addition of glutathione to BP0 is strongly pH- 
dependent and particularly manifests at pH > 10 (Fig. 1C). 
BP0 concentrations exceeding IO l&l (Fig. 1 D) and GSH 
concentrations exceeding 300 ,uM (Fig. IE) did not result 
in higher enzymatic rates. The K, of the reaction is about 
2.3 PM and the specific activity of the enzyme is 84 pmole/ 
pg protein/min as can be derived from Fig. 1D. It is most 
likely that these results are an average of values of different 
isozymes of GSH-T present in the cytosolic fraction. 
DMSO/ethanol (1 : 1, v/v) concentrations used in the assay 
(0.8%) did not affect the enzyme(s) (Fig. IF). 

BP 34:5-H 703 
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Fig. 1. Kinetics of the enzymatic conjugation of BP0 to glutathione by rat liver supernatant. All data 
are expressed as mean (N = 3) f S.D. and are obtained by substraction of the non-enzymatic blanks 
from the sample values. (A) Time-velocity relation (3 ul supernatant corresponding to 5.5 ~cg protein: 
15 PM BPO: 400 FM GSH: pH 10.0) (B) protein-velocity relation (5 min incubation; 15 #I BPO: 
400 uM GSH: pH 10.0); (C) pH-velocity relation (5 min incubation: S.5 [cg protein; 15 !tM BPO: 400 /tM 
GSH); (D) BPO-velocity relation (5 min incubation; 5.5 ug protein: 400 rtM GSH: pH IO.()): (E) 
GSH-velocity relation (5 min incubation: 5.5 up protein: 15 uM BPO: pH 10.0); (F) DMSO.!cthano- 

velocity relation (5 min incubation: 5.5 ug protein: 15 /tM BPO: 400 !tM GSH: pH IO.0). 

Table I. The properties of GSH-T 

Samples Activity* 

Complete 100 

+ 17/3-estradiol-3-monosulphate (50 PM) 75 

+ H&l2 (37 PM) 76 

Boiled liver supernatant 12 

Incubation at 0” 11 

- BP0 0 

* The amount of BP-GSH formed in the control, com- 
plete experiment is expressed as 100%. The enzyme assay 
was performed as described in Materials and Methods. 

The assay was also performed with freshly isolated hair 
follicles under standard conditions. It was found that glu- 
tathione-conjugation to PBO could be measured 
adequately in one single hair follicle. Inhibition of the 
reaction by 17/3-estradiol-3-monosulfate and Hg. as well as 

absence of conjugation in boiled hair follicles. at 0” and in 
the absence of BPO, were comparable to that found with 
rat liver supernatant. 

We wish to emphasize that the optimal signal for the 
glutathione-conjugate is only obtained after 3 min. The 
signal is then stable and 30% elevated. The following 
experiments were performed in order to establish the event- 
ual consequence of this phenomcn for the experimental 
procedure: 

1. A spectrum was determined at several intervals 
between 0 and 15 min of irradiation. It was observed that 
the spectrum started to change only after 8 min of 
irradiation. 

2. The observed enhanced signal that was obtained after 
3 min was lost when the sample was stored on ice for 1.5 min. 
Renewed irradiation again showed the same enhancement. 

It is evident that these factors do not negatively influence 
the accuracy of the determination. Although the exact 
molecular nature of the phenomenon is not understood. 
the phenomena mentioned above strongly suggest the 
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Piscussion 

A number of assays for GSH-T has been described 
including titrimetric, calorimetric, spectrophotometric and 
radiochemical methods using a variety of substrates (for 
review see [8]). However, assays using substrates of the 
biologically important PAW have only employed radio- 
active substrates [5,9-111, most of them using a time con- 
suming TLC separation of the conjugate. In addition, 
enzyme activity is often measured at suboptimal pH due to 
the large contribution of non-enzymatic conjugation. The 
present method combines an extreme sensitivity with the 
easy separation of glutathione conjugated with a non-radio- 
active PAH substrate. Optimal conditions (substrate, 
enzyme and giutathione concentrations) were obtained at 
1,‘5 of those described by Cantfort ei af. [P] who have 

(Department of Organic Chemistry, University of Nijme- 
gen) for critical evaluation of the results and helpful sug- 
gestions. We also wish to thank Mr. E. Orlemans for 
valuable discussion. 
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used the same extraction principle. pH-optimum, time- 
denendence and non-enzymatic conjugation were quan- 
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Tricyclic antidepressant drug effects on liposomal membranes 

(Receiued 2 April 1984: accepted 10 August 1984) 

Alterations of membrane lipid structure may be an impor- produce leukopenia [lo] in viuo. Tricyclic antidepressant 
tant mechanism by which hormones and other small mol- drug-induced perturbations of membrane lipid structure 
ecules may regulate cell function [l-4]. The tricyclic anti- may be related to tricyclic antidepressant-induced inhi- 
depressants inhibit lymphocyte mitogenesis [5-8] and bition of lymphocyte mitogenesis [ 111. 
reduce numbers of plaque forming cells [7] in tjirro. and Since biological membranes are enormously complex. 
reduce elevated rheumatoid autoantibody levels [9] and phosphoiipid vesicles or liposomes. representing relatively 


