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Abstract-The enzyme glutathione-S-transferase, which plays a crucial role in xenobiotic detoxification, 
was investigated in Drosophila melanogaster. Based upon examination of substrate specificities and pH 
optima, it was observed that the enzyme in Drosophila is considerably more restricted in its activities 
than in mammals. The effects of various xenobiotics on activities in third instar larvae were examined. 
While Pnaphthoflavone and phenobarbital had no effect, pentamethyl benzene (PMB) administration 
resulted in a 50% increase in enzyme activity. Comparison of lines of known genetic composition 
indicates that the degree of response to PMB is modulated by genes on chromosome II, and that 
differences exist with respect to the patterns of response of activities towards the substrates l-chloro- 
2,4_dinitrobenzene and ethacrynic acid. Results obtained suggest the existence of at least two loci on 
chromosome II that code for glutathione S-transferase isozymes. 

Glutathione-S-transferases play a critical role in the 
Phase II conjugation of electrophilic intermediates 
[ 11, and are thus particularly important in the detox- 
ification of alkylating compounds [2]. The enzyme 
has been most thoroughly studied in rat liver, in 
which at least six distinct cytosolic isozymes and one 
microsomal species have been purified and charac- 
terized [2-4]. While all of these isozymes dem- 
onstrate activity towards common substrates, each 
one can be distinguished on the basis of its relative 
activities towards different substrates. Thus, in this 
species, there exists a complex suite of isozymes, 
suggesting the evolution of a system designed to 
allow for the effective metabolism of a wide spectrum 
of substrates. Comparable complexity of isozymes 
has been reported in human [4,5] and mouse prep- 
arations [6]. 

Glutathione-S-transferase activity is extremely 
high in insects and has been studied largely with 
respect to its role in the conferral of pesticide resist- 
ance [7-lo]. In different species, glutathione-S-trans- 
ferase activity is inducible by phenobarbital [ll-131, 
as well as by various plant secondary products 
[14,15]. Biochemical investigation of this enzyme 
in insects has been limited; however, most reports 
suggest the existence of no more than three isozymes 
[16-191. Thus, the question remains as to whether 
glutathione-S-transferases in insects are as het- 
erogenous as are those in mammals. 

An approach that has not been exploited exten- 
sively with respect to this enzyme is the examination 
of the genetic control of its expression, largely due 
to the fact that the potential for genetic manipulation 
of studied organisms is limited. Drosophila mel- 
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anogaster does not suffer from this limitation and 
has been demonstrated to possess considerable glu- 
tathione-S-transferase activity [ 181. A recent report 
provides evidence for the existence of at least three 
distinct forms of the enzyme [19]. Furthemore, this 
organism is widely employed in genetic toxicity 
assays; thus, an understanding of the metabolic capa- 
bilities of the species is of critical importance in 
assessing its applicability as a model system. We 
therefore undertook to examine this enzyme in this 
species in a variety of manners. First, its activities 
towards several substrates were measured, in order 
to be able to compare the Drosophila enzyme to 
those of mammals. Second, lines of known genetic 
constitution were surveyed with respect to their indu- 
cibility by particular xenobiotics. The results 
obtained could then be interpreted both in terms of 
the control of this enzyme in Drosophila itself, as 
well as within the context of the question of the 
suitability of this species as a model for the study of 
detoxification mechanisms in higher organisms. 

MATERIALS AND METHODS 

Chemicals. Reduced glutathione, ethacrynic acid 
(EA), and Tween 80 were obtained from Sigma. l- 
Chloro-2,4_dinitrobenzene (CDNB), 3,4-dichloron- 
itrobenzene (DCNB) > 1,2-epoxy-3-(p-nitro- 
phenoxy)propane, trans-4-phenyl-3-butene-2-one, 
Pnaphthoflavone (BNF), and pentamethyl benzene 
(PMB) were obtained from Aldrich. 

Drosophila stocks. In initial characterization of 
glutathione-S-transferase, a heterogenous wild type 
stock, designated BMC, was employed. This stock 
was originally established from a collection of wild 
flies in Bloomington, IN, in 1976, and has been 
maintained in large population cultured since that 
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time 1201. The isogenic lines utilized were con- 
structed by Laurie-Ahlberg et al. 1211, and are 
described therein. Briefly, each line is completely 
homozygous, but differs from every other one in the 
origin of one of the two major autosomes. Thus, any 
phenotypic difference that is evident between lines 
that differ only in the origin of one chromosome can 
be ascribed to the action of genes located on that 
particular chromosome. 

Extract preparation and enzyme assays. Soluble 
extracts were prepared as follows. Ten to twenty 
larvae were homogenized in 1 ml of 0.1 M sodium 
phosphate buffer, pH 7.4, ~ontainingZO% (v/v) glyc- 
erol, 1 mM EDTA, and 0.1 mM phenyf thiourea, 
using a motorized Potter-Elvehjem homogenizer. 
These preparations were then centrifuged at 12,800 g 
for 15min, and the supernatant fraction was 
employed for enzyme assay. Microsomal pellets were 
obtained by centrifugation of this supernatant frac- 
tion at 105,000 g for 60 min. 

Glutathione-S-transferase activity was assayed 
essentially as described by Habig et al. [2], with the 
following modifications. The pH of the reaction, 
as well as the concentration of the substrate, was 
adjusted to maximize activity while minimizing the 
degree of nonenzymatic conjugation (see Results). 
Assays were performed in semimicrocuvettes in an 
LKB model 4070 spectrophotometer, with the total 
cuvette volume being 0.4 ml. For every combination 
of substrate and pH, change in absorbance was moni- 
tored in the absence of enzyme, to allow correction 
of the data for nonenzymatic conjugation. Assays 
were performed for 2 min at 27”. Table 1 presents 
the substrate concentration and pH employed for 
standard assays with the different substrates. Protein 
concentrations were determined by the method of 
Bradford (221 with bovine serum albumin as 
standard. 

Ammonium sulfate fractionation. Approximately 
1 g of third instar larvae was collected and homo- 
genized as described. Solid ammonium sulfate was 
added slowly, with stirring, to successive con- 
centrations of 20,40,60,75, and 90%. After each 
addition, precipitated proteins were collected by cen- 
trifugation at 10,000 g, resuspended in 
homogenization buffer, and assayed for glutathione- 
S-transferase activity as described. 

Treatment of laruae. Administration of xenobiotics 
to third instar larvae was performed by a modification 
of the method of Hallstrom et al. [23]. Two- to four- 
day-old adults were allowed to oviposit on the surface 
of Brewer’s yeast medium in 15 X 100 mm petri pla- 
tes for 612 hr. These plates were then incubated at 
25” for 60 hr, at which time they were warmed gently 
on a hot plate, until the young third instar larvae 
emerged on the surface of the medium. These larvae 
were then collected and transferred to half-pint milk 
bottles containing 2 ml of supplemented Penassay 
broth (see below) absorbed onto a piece of Whatman 
No. 1 filter paper. 

Pentamethyl benzyne, /I-naphthoflavone, and 
phenobarbital were administered in concentrations 
of 0.5%. 0.1% and 1.0% (w/v) respectively. Appro- 
priate amounts of each compound were initially dis- 
solved in 4 ml of Tween SO, after which Penassay 
broth [24] was added to a total volume of 2.5 ml. Two 

Table 1. Activities of glutathione-S-transferase in Dro- 
so@~ilu towards various substrates 

Concn Glutathione 
Substrate (mM) concn (mM) pH N* Sp. Act.+ 

CDNB I .o 1.0 7.1 4 1203 I 16 
EA 0.2 0.25 7.1 3 24.x +- 3.2 
DCNB 1.0 1.0 7.5 3 9.9 k 2.1 

* Number of preparations assayed. 
t Mean f S.E. Activities are in nmoles conjugate 

formed per min per mg protein at 27”. 

milliliters of this suspension was then placed in each 
bottle used for larval treatment. Control larvae were 
placed in bottles containing Tween 80 and Penassay 
broth alone. Larvae were incubated under these 
conditions for 48 hr at 18”, at which time they were 
prepared for enzyme assay as described. Under these 
conditions, there was no detectable larval mortality. 

RESULTS 

It has been reported previously that high leveis of 
enzymatic conjugation of CDNB to glutathione were 
demonstrated in preparations of Drosophila adults 
[18,19]. Our first concern was to extend these obser- 
vations to larvae, since this is a stage of active feeding 
and metabolism [ZS], and to determine the range 
of substrates upon which this enzyme could act. 
Accordingly, preparations of BMC larvae were 
assayed, using the substrates and conditions indi- 
cated in Table 1. The results presented indicate 
that, of the five substrates examined, only three 
(CDNB, EA, and DCNB) underwent measurable 
conjugation. Of these substrates, CDNB was clearly 
the most effective, in that the specific activity of the 
enzyme for it was over loo-fold higher than that for 
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Fig. 1. Effects of pH and pentamethyl benzene adminis- 
tration on glutathione-S-transferase activity towards l-chlo- 
ro-2,4_dinitrobenzene. Key: (O-0) activity of third instar 
larvae placed on control medium; and (n---n) activity 
in preparations of larvae exposed to 0.5% pentamethyl 
benzene for 24 hr prior to assay. Each point represents the 
mean activity of four separate preparations. Specific activity 
is expressed as nmoles CDNB conjugated per min per mg 

protein at 27”. 
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DCNB. We then determined pH optima for each of 
these activities. Results, presented in Fig. 1, indicate 
that activity towards CDNB showed a pH optimum 
of about 7.1 to 7.5. At pH levels above this range, 
it was impossible to reliably assay activity towards 
CDNB, since the rate of nonenzymatic conjugation 
became excessively high. Similar examination of 
activity towards EA and DCNB gave similar results 
(data not shown). 

The data reported thus far provided no direct 
evidence with respect to the question of the het- 
erogeneity of this enzyme in D. melanogaster, 
although the range of substrates amenable to con- 
jugation appears to be more limited than that of 
mammalian liver. A second source of adaptive flexi- 
bility in gene-enzyme systems is in their inducibility, 
as has been amply demonstrated in Drosophila 
[26--281. Accordingly, we examined the inducibility 
of glutathione-S-transferases by likely xenobiotics. 
Larvae were treated with phenobarbital, BNF, and 
PMB, and the extracts obtained were assayed for 
activity towards CDNB. Neither phenobarbital nor 
BNF had any significant effect on enzyme activities 
at any pH (data not shown). Results from larvae 
treated with PMB are shown in Fig. 1. It is evident 
that, over the range of assay pH levels examined, 

MN05 KAlS 

; 800 
5 

E 
4 

600 

0 
G G 100 

200 

KA16 KAO6 RI06 KA16 KA08 RI06 

dietary administration of this compound resulted 
in a significant increase in the specific activity of 
glutathione-S-transferase. 

The existence of this response, combined with the 
availability of flies of well-defined genetic compo- 
sition, allowed the further examination of the genetic 
basis of this response, especially, with regard to 
variation in response to PMB and coordinate control 
of different conjugation activities. Larvae from six 
isogenic lines, three with unique second chro- 
mosomes and three with unique third chromosomes, 
were treated as described and assayed for activity 
towards CDNB and EA at pH 7.1 (measurements of 
activity towards DCNB provided to be too variable 
for reliable analysis). Results of this experiment are 
illustrated in Fig. 2. Upon qualitative examination, 
it appeared, especially with respect to CDNB con- 
jugation, that there were, in fact, strain-specific dif- 
ferences in control activities, as well as in the degree 
of response to PMB, among these lines. The dif- 
ferences are most notable among lines isogenic for 
different second chromosomes (Fig. 2A). This 
impression was confirmed by two-way, fixed-factor 
analyses of variance of the two activities [29]. The 
significant results can be summarized as follows: 

(1) With respect to CDNB conjugation, among 
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Fig, 2. Glutathione-S-transferase activities observed in larvae of isogenic lines. In each pair of bars, the 
left membrane represents activity of larvae reared on a control diet, while the right indicates activity of 
larvae exposed to 0.5% PMB for 24 hr. The left side of the figure describes activity towards CDNB, the 
right towards ethacrynic acid. Errors bar indicate the standard error of the mean of three (ethacrynic 
acid) or four (CDNB) independent measurements. Specific activities are given in nmoles of conjugate 
formed per min per mg protein. Figure 2A; second chromosome lines. Figure 2B; third chromosome 

lines. 



16x2 B. J. COCHKANL. and G. A. LEBLANC 

lines differing for chromosome II, there existed slg- 
nificant line (P < 0.001) and diet (P < 0.01) effects, 
as well as a significant interaction between the two 
(P < 0.001). Among lines differing in their chro- 
mosome III (Fig. 2B) constitution, the only sig- 
nificant effect was observed among lines (P < 0.001). 
It is important to note that there was no significant 
effect of diet, indicating that none of these lines 
shows a measurable response to dietary PMB. 

(2) Among the chromosome II lines, there were 
significant effects of line (P < 0.001) and pre- 
treatment (P < 0.05) on levels of ethacrynic acid 
conjugation; however, no significant interaction 
between these factors was evident. No effect of either 
factor was evident among the chromosome III lines 
(Fig. 2B). 

These results indicate that the major genetic fac- 
tors affecting this enzyme are on chromosome II, 
and that significant variation exists that affects 
responses to PMB. Upon examination of Fig. 2, it is 
clear that the line-diet interaction observed among 
these lines in CDNB conjugation is due to the lack 
of significant response of NC14 to PMB. In contrast, 
the other lines, while differing in control activity, 
showed comparable degrees of response. In addition, 
there was no observable effect of treatment on EA 
conjugation in this line; however, the specific activity 
of this line in control preparations was approximately 
3-fold higher than comparable preparations from the 
other chromosome II lines. Thus, this line is unique 
with respect to both inducibility and relative activity 
towards the two substrates. 

These observations raised the question of how 
many structural genes are involved in coding for 
proteins with the enzymatic activities in question. In 
particular, while the overall correlation of EA and 
CDNB inducibility observed suggests that one pro- 
tein is involved, the behaviour of NC14, particularly 
with respect to the difference from other lines in the 
relative amounts of the two activities, suggests the 
existence of two such proteins with different sub- 
strate specificities. If, indeed, two enzymes with dif- 
ferent properties exist, it might be possible to physi- 
cally separate them. Two experiments were 
performed. First, we collected a 105.000 x g micro- 
somal pellet from BMC larvae and assayed that pellet 
and the supernatant fraction for both activities. No 
activity was present in the pellet (data not shown); 
hence, we ruled out the possibility of there being 
both a soluble and a microsomal enzyme. Second, 
we performed ammonium sulfate fractionation of 
extracts of BMC larvae, as a first step towards purific- 
ation of the enzyme. The results, presented in Fig. 
3, demonstrate that indeed activity towards EA can 
be separated from that towards CDNB. While cu. 
65% of the total activity towards CDNB was pre- 
cipitated by 60-90% saturation with ammonium 
sulfate, only 27% of the total activity towards EA 
was found in those fractions. In contrast. 42% of the 
activity towards EA remained in the supernatant 
fraction following addition of ammonium sulfate to 
90% saturation, while on 12% of that towards CDNB 
was found in this fraction. These data thus suggest 
the existence of two distinct proteins. the first of 
which exhibits a preference for CDNB as a substrate, 
and the second of which has higher activity towards 
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Fig. 3. Ammonium sulfate fractionation of glutathione-S- 
transferases. Key: (O--O) activity towards CDNB, and 
(O--O) activity towards EA. Activity indicated in the 
“>90%” fraction is that remaining in the supernatant after 

making to 90% saturation. 

CDNB. Further characterization of these fractions 
is in progress. 

DISCUSSION 

The data presented herein allow for certain infer- 
ences regarding the genetic control of glutathione-S- 
transferase in D. melanogaster and introduce new 
areas for speculation. Of primary concern is whether 
the enzyme or enzymes in this species provides the 
range of adaptive flexibility implied by the diversity 
of isozymes observed in mammals. Certain points 
are evident. 

First, it is clear that, at least with respect to the 
substrates commonly employed for the assay of these 
proteins, the enzyme found in Drosophila is some- 
what limited in its range of substrates. In particular. 
while we observed high activity towards some aro- 
matic substrates, notably CDNB, activity towards 
other typical conjugation substrates was absent. 
Thus, the Drosophila enzyme appears to possess a 
range of substrate specificities more limited than 
those found in rat liver. Second, Drosophila does 
possess at least a limited adaptive potential with 
respect to the inducibility of the enzyme. In particu- 
lar, PMB can act to elevate specific activities in 
larvae. Induction of glutathione-S-transferase has 
been reported in other insect species 111, 151 and, in 
some cases, differences in enzyme activity can be 
related to such processes as detoxification of plant 
secondary products [15] or insecticide metabolism 
[7]. In the case of Drosophila, no correlation is 
evident between enzyme activity and malathion con- 
jugation [30], and our data, while demonstrating a 
potentially adaptive response, does not address the 
question of its physiological significance. 

The major objective of this study was to attempt 
to exploit the genetic system of Drosophila as a 

means of making inference regarding the control of 
this enzyme. The data indicate that, although there 
are differences in the pattern of response of CDNB 
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and EA conjugating activities to exposure to PMB, 
these responses are, to a great extent, parallel. In 
particular, both chromosome II lines that showed 
significant responses when CDNB was employed as 
a substrate demonstrated comparable responses with 
respect to EA conjugation. Furthermore, the data 
indicate that there is little genetic variation on 
chromosome III that affects either conjugation reac- 
tion. Rather, we see that, in the lines examined, 
PMB appears to be ineffective as an inducer of 
either. This can best be explained as being due to the 
presence of factors on the chromosome II homolog 
carried by all these lines that prevent response. 

The most interesting finding to arise out of the 
current study relates to the behavior of the enzyme 
in line NC14. It is unique in two ways. First, it was 
totally noninducible by PMB, as measured by either 
conjugation reaction. Second, activity towards EA, 
relative to that towards CDNB, was much higher 
than in any of the others. The first observation sug- 
gests that these two activities are controlled by a 
common genetic regulatory element, and that the 
variant carried by this line is nonresponsive to PMB. 
The second observation, however, suggests that a 
variant of an additional element must be present in 
this line, one that affects the relative magnitudes of 
the two activities, rather than their response to PMB. 
Two hypotheses can be put forward to explain these 
results. 

(1) There are two glutathione-S-transferase iso- 
zymes, one of which exhibits higher relative activity 
towards CDNB and one towards EA. Structural 
genes for both are situated on chromosome II. Line 
NC14 either carries a structural allele of the EA- 
specific gene that produces a protein with high 
specific activity or is an overproducer of this form. 
Furthermore, this same line also carries a variant 
that prevents response to PMB. 

(2) There is a single form of the enzyme, coded 
for by one locus on chromosome II. Line NC14 
differs from other lines in that it carries an allele that 
produces a protein molecule with unusually high 
activity towards ethacrynic acid. In addition, the 
variant of some regulatory factor carried by this 
chromosome prevents response to PMB. 

At present, it is impossible to fully distinguish 
between these possibilities. The fact that the two 
activities can be partially separated by ammonium 
sulfate fractionation supports hypothesis one and 
the existence of at least two distinct proteins. The 
most parsimonious explanation is that the two pro- 
teins are products of separate loci. The correlation 
between inducibility of activity towards CDNB and 
EA evident in Fig. 2 can best be explained as being 
due to the likelihood that the protein with high 
activity towards CDNB would also possess some 
activity towards EA, so that the degree of inducibility 
of this protein would, in fact, affect total EA con- 
jugation activity observed. 

Jansen et al. [19] have recently reported that at 
least three distinct forms of glutathione-S-transferase 
can be isolated from a 4590% ammonium sulfate 
fraction from Drosophila. In the context of the pre- 
sent report, the activities they report would be com- 
bined within the single peak of CDNB activity 
evident in Fig. 3. Jansen et al. did not report data 

regarding activity in the >90% ammonium sulfate 
saturation supernatant fraction; neither did they 
examine activity towards ethacrynic acid. Thus, our 
data suggest the existence of an additional isozyme, 
one with relatively high activity towards EA. Further 
characterization of this heterogeneity awaits progress 
in the purification of these putative isozymes. 

In summary, it is evident that, as is often the 
case, considerable genetic diversity has evolved in 
D. melanogaster that affects the function of this 
particular enzyme. Clearly, many questions remain; 
however, it is clear that the metabolic capabilities of 
flies are affected both by genotype and environ- 
mental factors. Therefore, such factors may be of 
considerable significance in modulating the observ- 
able mutagenicity and toxicity of particular 
xenobiotics. 
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