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Abstract

1. A detailed kipetic study has been made of the glutathiome S-aryl-
transferases from the New Zealand grass grub (Costelytra zealandica)
and from sheep liver. The insect enzyme behaves in accordance with
a Michaelis-Menten model for two-substrate emzymes. It is inhibited
by the sulphonphthaleins, phthaleins, fluoresceins and dicarboxylic
acide competing with glutathione, while the sheep-liver enzyme is
not susceptible to this type of imhibitiom.

From this, and other data obtained from a study of the variatiom
of kinetics with pH, it is proposed that two basic groups (possibly
lysine residues) are imvolved in the binding of glutathione to the
insect enzyme, while only ome such group appears in the sheep-liver
enzyme. Binding of the arometic substrate to the enzyme in both

species may involve a histidine residue,

2. The accumulation of little significant radicactivity in diluamt
J~pentachlorocyclohexene ( ) ~PCCH) during the in vitro metabolism
of [uc] X -hexachlorocyclohexane ( X-ml) suggests that the PCCH's

are not formed as free intermediates during the metabolism of the

HCH's. However, certain ambiguities introduced with the experimental
techniques used preclude the complete exclusion of this possibility.
3. y~HCH, X -PCCH and S-m metabolized in vivo by M.domestica and
C.zealgndica and in vitre by preparations from both species, all
produce as the principal metabolite a glutathione comjugate with

chromatographic properties identical with those of suthentic
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5.

II

8-(2,4-dichlorophenyl)glutathione. There is, however some doubt as

to the identity of the S-substituent moiety,

The in vitro metabolism of )-HCH and cf-rccn is glutathione-dependent
and is inhibited by various phthaleins and gulphonphthsleins. The
in yive metabolism of & -PCCH in C.zealandics is profoundly affected

by this type of compound, but its effects on the rate of metabolism

in vive of S-acn in M.domestica end C.zealgndica are only marginal.

The enzyme concerned in the metabolism of & -PCCH has been shown to
differ from aryltransferase in M.domesticg end C.zealandica by gel
filtration techniques and by differences in activity in differemt
enzyme preparations, The g ~PCCH-metabolising activity appears to
be associated with a DDT dehydrochlerinase activity. In M.domestica,
there appears to be, in additiom, a second DDT dehydrochlorinase with

only a low cross-specificity towards S «PCCH,



III

Preface

The phenomenon of resistance towards pesticides is one of
considerable interest to the biochemist and genetiecist, and one of great
econonmic significance in agriculture and public health, The use of ever
inereasing quantities of ingecticides, to which we now appear to be
irrevocably conmitted, is itself, however, a cause of growing comcern
in the field of public health and ecology. To minimise the risk of
side effects from our heavy dependence on pesticides, and to increase
their efficiency towards pests, we must design them, as well as
synergists, to possess greater specificity of action., This requires a
detailed study of the lethal effects and metabolic fate of existing
pesticides, and of the nature of resistance towards them, in species
both noxious and beneficient, that are likely tec be affected by them,

In this thesis, the nature of resistance towards the commercial
insecticide " lindane"™ ('Gammexane') is reviewed, and the experimental
results presented, it is hoped, will centribute to the elucidation of
this particular problem,
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MacMillan Brown Agricultural Research Scholarship, I wish to express
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a privilege to have had him as a supervisor and teacher. To
Associate Professer R, Truscoe and Dr, F, Darby my thanks for
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CHAPTER 1.

The Chemistry of the Hexachlorocyclohexanes and
Related Compounds,

The toxic component of the commercial insecticide 'Gammexane'
( |indane), is y-1,2,3,4,5, 6-hexachlorocyclohexane () ~HCH) also
commonly referred to as benzene hexachloride (BHC),

For cyclohexane derivatives, there are, in theory, 16 sterie
isomers, three of which exhibit stereoisomerism, If, however, ring
inversion occurs (Fig.l,la) the number of isolable isomers is halved;
there will exist eight steric isomers, one of which possesses an
Mtimmh.

That ring inversion occurs with HCH is suggested by the nature
and number of isomers that it has been possible to isolate.

Data on the stereochemical characteristics of the possible
isomers are listed in table I.1, (Orloff, 1954), Polar (p) bonds are
those orientated parallel to the trigonal axis, The (a) colummn shows
the least strained configuration, the (b) column the more strained,

inverted form (see also Fig.I.l(b)).

Table I-1,
Isomer a b
g‘_é‘i“::éi‘:t“ Configuration  Configuration ""E 'E‘;'::;:"l"
CS) ? 0 eeeeee PPPPPP 6
;C:): 4 0 peeece eppppPP 4
> o 0 ppecee eepppp 2
s (4] 1 pepeee epeppp 3
é € 0 peepee eppepp 2
@ ¥ 1 pppeee eeeppp (identieal) 1
2 M 1 ppepee eepepp 1
t 3 pepepe epepep (identical) 3
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Fig.I.1l:(a) Ring inversion in eyclohexane derivatives.

(b) Orientation of chlorine atoms in the isomers
(least strained forms) of HCH.

(¢) Orientation of chlorine atoms in 5~ and X~PCCH.




Interaction between chlorine atoms imvolved in meta, polar-
orientated C-Cl bonds strains the configuration., The ¢ ~isomer, possessing
three such bonds, has not been isolated, and its existence seems improbable.

As yet, it has not been possible to relate the differing
toxicities of these compounds to their comfiguratiom,

Two types of resctiom undergone by these compounds are of
significance to the history of metabolic studies on gammexame viz, dehydro-
chlorination and dechlorination.

Dehydrochlorination to the trichlorobenzenes (TCB) has been
known for many years. Van der Lindem (1912) quotes ratios of 1,2,4-TCB,
75.9%; 1,2,3-TCB, 17.6%; 1,3,5-TCB, 6.5% from the dehydrochlorination
of X -HCH,

Kinetic analysis shows that these reactions proceed via three
successive ‘2 eliminations of HCl1 (Crystol, 1947). In cases where
elimination of a second molecule leads to the formationm of a conjugated
diene (e.g. the o -isomer), the first eliminatiom is rate limiting,

Where this is not se (ﬁ-,{ - S ~isomers) the first and second steps
compete for rate control, For the S -isomer, the second step is
limiting; for the ) -isomer, the first dominates the second Ly a

small margin (Hughes, Ingold and Pasternak, 1953), From both of these
isomers, the momodehydrochlorination products, | =« . S-pentachlore-
cyclohexene (PCCH) can be isolated, (Pig.I.1) (Pasternak, 1951; Hughes
et al., 1953; Crystel, 1951; Orloff, 1954),

For the centrosymmetric f-isomer, trams elimination is impossible,
Cis elimination occurs, possibly through a carbanion intermediate, at a
rate lt)-3 - 10.‘ times that for the other HCH's,



Rate constants for the limiting steps for the dehydrochlorination

of the &=, p-, j-, and g-iwmrl are set out in Table I,2 (Crystel, 1947).

Table I.2,
Isomer Kl Kz
*= 0.167-0,172 -
B- 3 x 1078 -
ye 0.0435 - 0,0457 -
5e . 0.106 - 0,113

Differences in proportions of trichlorobenzenes obtained from alkaline
dehydrochlorination of -, B-, y- and S-HCH and of J-PCCH, lead to the
conclusion that, in each case, different intermediates must be involved,.
The occurrence of 1,2 ,3-TCB indicates that eliminations other than
1,2-eliminations are involved,

This reaction is the basis of the Armstrong method of assaying HCH
and TCB in the presence of each other (Armstrong, Bradbury and Standen,
1951; Bradbury and Standen, 1954), The mixture is nitrated giving
dinitrotrichlorobenzenes which, on alkaline hydrolysis, give the
chloredinitroresorcinols which are estimated at 410 mu, At the same time,
dehydrochlorination of the HCH occurs and the resulting TCE's are nitrated
and the products hydrolysed as before., The original HCH concentration is
then calculated from the increase in chlorodinitroresorcinels. The assay
shows no interference from PCCH, benzenme or chlorobenzene (Bradbury and
Standen, 1957).

It is now apparent that dekydrochlorination is important in the
metabolism of )-HCH. Its exact significance is in dispute and will be
discussed more fully later on,

The dechlorination of HCH, by removal of viecinyl chlorines by



a metal atom such as zinc, is the basis of the Schechter-Hornstein
assay for HCH (Schechter & Hormstein, 1951) and for HCH & PCCH in the
presence of each other (Sternburg & Kearms, 1956), HCH & PCCH are
refluxed with a zinc/acetic acid/malonic acid mixture and thereby
dechlorinated to benzene and chlorobenzene respectively, These are
nitrated to m-dinitrobenzene and l-chloro-2;4-dinitrobenzene, On
treatment with KOH and methyl ethyl ketone, these form chromophores
which ecan be assayed at different wavelengths, This method will
obviously suffer from interference frem benzene and chlorobenzene,
Further, it has been shown (Clark, M.8c. Thesis) that various
possible metabolic intermediates of the HCH's will break down in the
first part of the Bchechter-Hormstein assay to give the chlorothio-
phenols, On nitration, these form compounds, ineluding l-chlore-zjh-
dinitrobenzene, which will give a spurious result for PCCH in this
assay. Again, the significance of this effect will become evident
in the more detailed discussion of the metabolism of ) -HCH in

Chapter 3,




CHAPTER 2,

The Rele of Metabolism in Resistance to J -HCH.

Resistance towards most insecticides is a complex phenomenon,
being the compounded result of a variety of faectors., For instance,
factors cited as being of significance in resistanse to DDT include
behaviour, morphology, and rates of absorption and metabolism of the
insecticide, Genetically, resistance to knoeckdown by DDT ecan be traced
_ to a single gene palr, while resistance to the lethal effects is derived
from a multiple gene inheritance,

Resistance towards [-HCH in M.domestica appears to be dependent
on a number of genes, This is reflected in the sometimes conflicting
evidence concerning the extent to which metabolism of ) ~HCH contributes
to overall resistance, This evidenee is reviewed by Openocorth (1956),

Openoorth (1954, 1955) reported a higher rate of conversion of
K-y Y- & S ~HCH into water-goluble metabolites in two resistant strains
of M,domestica than in a susceptible strain, This, he suggested, could
be due either te an enhanced ability to detoxify HCH in the resistant
strains, or to a decreased ability to metabolize the insecticide
attributable directly to its toxic effects. As X ~and g-ncn have acute
toxicities very much lower than that of the ) -isomer, the second
alternative seems the lese likely,

Bradbury & Standen (1960), working with four strains of
M.domestica demonstrated a linear relationship between the rate of
metabolism of )(-ncn and the log "DSO' This relationship does not ,

however, conclusively demonstrate that metsbolism is critical in




determining the degree of resistance, and indeed the authors were of
the opinion that metabolism contributed to the overall resistance omly
to a minor extent., Rates of absorption of the insecticide were stated
to be of no significance,

Openoorth (1956), however, using the Schechter-Hormstein assay
to follow the rate of disappearance of « -,y , and S-BCR from live
M.domestica, demonstrated linear relationships between 'breakdown
capacity' for o- ,y -, and ¢ S-BCH and the E.T.50 (time for 50%
knockdown), and between the rate of absorptiom of Y-HCH snd E.T.30.
Rates of absorption decreased in the order X>"'§ NX and rates of
metabolism in the order ))& »o .

The findings of Opencorth (1956) and of Bradbury and Standen
(1960) may not be mutually exclusive, as, being based on different
definitions of resistance, they are not striectly comparable, As quoted
earlier, resistance to knockdown and to the lethal effects of DDT in
M.domestice appear to be controlled by different factors. This may be so
for ) -HCH, in which case there will be no simple relationship between
L.D.50 and E,T.50,

Bridges and Cox (1959), proposed three types of resistance towards
Y -HCH in M.domestica raised on a dieldrin-containing medium:-
1) Associated with an increased ability to metabolize ) -HCH.
2) A non-metabolic mechanism, linked with resistance to dieldrim.
3) Related to the fat content of the diet, but met to the fat comtent
of the body of the fly.
M.domestica is atypical of most insects in that it exhibits, in the




resistant strain, a greater degree of resistance toward y-ncn than
towards isodrin gnd endrin. Busvine and Townsend (1963) investigating
this anomalous cross-resistance spectrum found that the resistant strains
of M.domestica metabolized | '-HCH at a greater rate than susceptible
strains. Lueilis cuprina, with a more typical cross-resistance spectrum,
showed no difference im rates of metabolism between resistant and
susceptible strains. On these data, the authors proposed two mechanisms
operating in H.uwmestica. The first is a nmon-specific resistance towards
chlorinated hydrocarbon insecticides, possibly operating at the level of
the nerve sheath, The second, responsible for the anomalous cross-resist-
ance spectrum, is purely metabolic, These hypotheses parallel those of
Bridges and Cox (1959).

Thus, the available data indicate the existence of at least four
mechanisms by which a species may become resistant to ) -HCH, These ave
related respectively to absorption, to metabolism, to the diet, and to a
generalized, non-metabolic resistance to chlorinated hydrocarbons. The
last-ngmed appears to be common to all species of resistant insects. The
difficulty in assessing the importance of any ome of the other mechanisms
has lain in that these factors may not all be active in any ome species.
The findings of Busvine and Townsend (1963) show that in only a few species,
(e.s. Mugca domestica), is enhanced metabolism of ) -HCH likely to be a
major factor in determining the degree of resistance. In such cases,
studies leading to formulation of a Gammexane synergist would be
profitable., In the others, blocking of what metabolism occurs would
probably raise the toxicity of Gammexane only margimally.




CHAPTER 3.

The Metabolism of )Y -HCH

In 1951, Davidow and Frawley, found that the acute toxicity of
the isomers of HCH in rats decreased in the order {?d)g)ﬁ, while
chronic effects, measured over a period of months, decreased in the order
B ¥ > 5 . It was found that these compounds were preferentially stored
in the adipose tissue. The o/ -, y- and gl-tnmn reached a steady level
in from 4-6 weeks, while the tissue content of the P-isomer continued to
rise after 12 weeks. Om withdrawal of HCH from the diet, levels of X~
§ =, and O<-HCH fell to zero within 3 weeks, while the P-isomer was still
detectable afiter 14 weeks, Obviously, some mechanism was eliminating the
A=, §~, and S-umrn in preference to the P~isomer, Similar resuilts
were obtained with dogs,
Opencorth (1954) observed the conversion of J~HCH and X~ and
g -HCH (1955) iate Schechter-Hornstein-negative metabolites in M.domestics.
The rates of conversion were y)d ))S (1956) .
The use of °C labelled Oi=, B-, Y-, and S-HCH (Bradbury and

Standen, 1956) and 'l labelled of-, Y-, and O-HCH (Bradbury and

Standen, 1957) demomstrated for the first time the comversiom of HCH
isomers into water-soluble metabolites., Metabolism of the &+« and

¥ -isomers resulted in the release of 4-5 g, equiv, of chloride ion per
mole, and that of the OJ-isomer by the release of 5-6 g. equiv, of
chloride ion per mole., Rates of solubilization decreased in the order
Ady > S) B. The release of non-integral amounts of chloride per

molecule suggests the existence of a number of metabolites containing

different amounts of chloride.
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With reference to the relative rates of solubilization of the
isomers, the results of Bradbury and Standen, and of Opemoorth again
appear to be incompatible, Again this could be due to a difference in
techniques. The Schechter-Horngtein assay used by Openmoorth (1954, 1955)
is subject to interferemce by other compounds, It is possible that
intermediates in the metabolism of -HCH could interfere with assays
for the parent compound,

Bradbury and Standen (1957, 1960) subjected aqueous and 80%
ethanol extracts of | c] y -Hct and [Yc] & —icH-dosed M. domestica
te two dimensional chromatography. Eleven radicactive spots were found
in each case, the patterns of distribution for each isomer being very
similar. Electrophoretic behaviour suggested identity for 8 pairs of
metabolites,

The production of identical metabolites from a pair of steric
isomers suggests that the difference is removed by aromatization., This
supported the idea that dehydrochlorinatien is an integral part of the
metabolism of HCH,

Bradbury and Standen (1959) subjected water-soluble metabolites
of [Yclu- ana [¥c] y <HCH to alkaline hydrelysis, and succeeded in
isolating and idemtifying by dilution analysis the six isomeric dichloro-

thiophenols, The proportions of each are shown below in table III 1,
Table III 1,

Isomer of wat 14
A X
2,4~ 20,21 32
2,5« 19,21 16,14
9
5,4
2

1
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The authors pointed out that hydrolysis to the thiophenol is a
step in the standard assay for mercapturic acids (Parke and Williams,
1951), and suggested that substitution of one of the chlorines of the
HCH by the sulphur of a thiol was involved, The identity of the thiol
was tentatively proposed as being glutathione, which, as in the dehydro-
chlorination of DDT to DDE (Stermburg, Kearns and Moorefield, 1954), was
found to be essential to the in vitro metabolism of ) -HCH,

This proposition was supported by the finding (Clark, Hitchcock
and Smith, 1966) that the major metabolite of [Mc_] Y -HCH in M.domestica
was chromatographically and electrophoretically identical in behaviour to
authentic §-(2,4-dichlorophenyl)glutathione. Sims and Grover (1965) found
that ¥ -PCCH and & -tetrachlorocyclohexene formed ninhydrin-positive
metabolites in vitro, a reaction for which GSH was essential., Gammexane
itself did not appear to form such a conjugate, In live rats dosed with
¥ ~HCH and Y -PCCH one urinary metabolite was found to be chromatograph-
ically and spectroscopically identical with 2 ,4-dichlorophenylmercapturic
acid (Grover & Sims, 1965). The major metabolites were 2,3, 5- and
2,4 5-trichlorophenol, present as sulphate, glucuronide, and free phenols,
Grover and Sims suggested that these compounds could be responsible for
some of the radicactive spots located chromatographically by Bradbury
and Standen (1957, 1960) though these authors found less than 2% of
metabolites soluble in organic solvents would extract into alkaline,
solution, and also that isotope dilution for 2,4, 5-trichlorophenol in
[mc]o\-ncn-dond M.domestica gave negative results (Bradbury and
Standen, 1958),

The findings of Cohen and Smith (1964) are of some interest here.




11

These authors found that, when incubated with locust faeces, $-(p-nitre-
phenyl)glutathione was degraded to the substituted cysteine, and
mercapturic acid, p-nitrobenzoic acid, and an unidentified weakly-acidic
component, Artifacts such as the last two mentioned above, could well
contribute to the large number of metgbolites found by Bradbury and
Standen (1957, 1960),

There seems to be a marked species difference here. In vertebrates,
the major products of metabolism appear to be the trichlorophenols and
derivatives thereof, Jondorf, Parke and Williams (1955) showed that
1,2,4-trichlorobenzene was metabolized to 2,3,5- and 2,4,5~-trichlorophenocl,
plue a small amount (0,3%) of the trichlorophenylmercapturic acid, It was
suggested that oxidation to the 1,2-dihydroxy-1,62-dihydro-3,4 6~ trichlore-
benzene, and dehydration to the phenols was invelved. Though Woodward,
Davidow and Lehmann (1948) found that  -HCH administered to rabbits gave
only a trace of TCB, and none of the phenols, the evidence of Grover and
Simg (1965) strongly suggests that in rats, at least, the major pathway
in HCH metabolism involves initial dehydrochlorination to the TCB, with
subsequent oxidatiom to the pheneol,

The mechanism of conjugation of GSH with Y -HCH, which appears to
be a major pathway in insects, and at least a supporting ome in vertebrates,
is at presemt obscure, there being some controversy as to the role of
Y -PCCH in the degradation of its parent compound,

Sternburg and Kearns (1956), subjected whole resistant M.domestica
dosed with J-HCH to the Schechter-Hornstein process, and showed that at
one hour after dosing up teo 40% of the absorbed dose had been comverted
to a form which gave le-chloro~2 4-dinitrobenzene (CDNB), The authors
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interpreted this to mean that the primary metabolite was Y-PCCH,
which was later converted into Schechter-Hornstein-negative metabolites,
However, Bradbury and Standen (1958) demonstrated, by means of an
isotope~-dilution technique, that at no time did the amount of ) ~-PCCH
accumulated exceed 3% of the ["I‘c] ) -BCH administered to M.domestica.
This result was confirmed by Bridges (1959) for both - and O -isomers.
It was found that at least three compounds had been formed which would
give dinitrochlorobenzene on being subjected to the Schechter-Hormstein
process.
1) PccH
2) An gecid-labile fraction which yields chlorvdinitrobenzene on
treatment by the Schechter-Hornstein process from which zinc
has been omitted,
3) A water-solubie metabolite which gives CDNB on treatment by the
full Schechter-Hornstein process,
Traces of free chlorcobenzene were also detected.
Further, Bridges and Cox (1959) showed tht injection of flies
with Y -PCCH prior to treatment with [uc] y ~HCH does not lead to a

build-up of radiocactive Y -PCCH,

These experiments do not show comclusively that Y -PCCH is not
an intermediate in the metabolism of Y ~HCH, It will be seen later that
the PCCH's are metabolized much faster tham are the parent compounds.
If they were intermediates in the metabolism of the HCH's, they would mot
be expected to accumulate., The seemingly conclusive experiment of

Bridges and Cox (1959) does not take into account the relative rates of
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penetration, and the solubility in the tissues of j-HCH and }-PCCH,
If the total concentration of the («PCCH in the enviromment of the
enzyme responsible for its further degradation is very much lower than
the K,, then there would be no accumulation of labelled J~PCCH,
However, these experiments do show, quite comclusively, that only some
of the Schechter-Hornstein-positive metabolites observed by Stermburg
and Kearns (1956) can have beem «PCCH, It could be argued that
compounds such as $-(pentachloroecyclohexyl)glutathione, or §-(trichloro-
cyclohexadienyl)glutathione, might be expected to give CDNB in the
Schechter-Hornstein reaction. It has been found (Clark, Hitchcock and
Smith, 1966) that the § ~-(dichlorophenyl)glutathiones de mot give rise
to CDNB,

In spite of the doubt cast on the conclusions drawn by Stermburg
and Kearns (1956), most recent publications have been based on an
explicit assumption of their correctmess, In fact, though (~HCH and
J~PCCH give rise to the same metabolic end-products, no causal
relationship has been demonstrated between the two sets of data. Neither
has it been demonstrated that (-HCH does not itself have one of its
chlorines substituted by the sulphydryl of GSH.

A pimilar state of confusion exists as to the nature of the enzyme
catalysing the conjugation of glutathiome with (J-PCCH and (if direct
conjugation does, in fact, occur) with (-HCH. Grover and Sims (1965)
claim that the glutathione $-aryltransferase of rats, which conjugates
2,4~dichloronitrobenzene with GSH, is the same as that coupling ¢-PCCH

to GSH, on the grounds that the ratio of the activities of their
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preparation toward the two substrates did mot chamge through several puri-
fication steps. They also report, however, that evem at 0.5 mM, the J-PCCH
does mot ldﬁblt the activity of the preparation towards the dichloronitro-
benzene,

Ishida snd Dahm (1965a) have isolated a Sephadex fraction of a Musca
domestica preparation which catalyses the degradatiom of 1,2,3 4~tetrachloro-
1,2,3 4-tetrahydronaphthalene, 5 -PCCH, y-PCCH, o -HCH, y-HCH and cr ~HCH,

The substrates are given in decreasing order of reactivity towards the
preparation, GSH is a necessary cofactor, but it has not been determined
whether, in fact, GSH conjugates are formed. A change in the activity of the
preparation towards the different substrates on ageing suggests that there are
a number of emzymes, Variations in the ratio of the gctivities of preparations
made at different stages of the life cycle support this idea (Ishida and Dahm,
1965b). In the same work it was observed that the preparation lost different
amounts of activity towards O -HCH and y-HCH vhen passed through two
different ion-exchange columns. The authors concluded that there were at least
three enzymes in the preparation with differing specificities for these two
substrates. It does seem equally valid, however, to postulate omly tweo
enzymes, with complete specificity, which are denatured to differing extents
on the two columms, Partial loss activity is not a good criterion for
postulating the existence of a new enzymic species. However, the other
evidence for a multiplicity of enzymes seems quite stromg, and this sutomati-
cally weakens the comcept of any ome of them being the aryltransferase.

It would now be appropriate to review the known glutathionme transferases,
insofar as it seems that the enzymes involved in the metabolism of the HCH's
and PCCH's must be of this group.




CHAPTER &,

The Glutathione Transferases

The detoxication of foreign compounds as the alkylated
N-acetyleysteines has been known for many years (Baumann and Preusse,
1879; Jaffe, 1879). For some time, it has been postulated that GSH
was the source of the cysteine moiety of these mercapturic acids, The
administration of many foreign compounds excreted as mercapturiec acids
was observed to be followed, in mammals, by a depression of the body
levels of GSH, particularly in the liver (Nakashima, 1934; Yamamoto,
1940; Binet and Wellers, 1951; Barmes, James and Wood, 1959). Bray,
Franklin and James (1959a) found that S-(p-chlorobenzyl)GSH was formed
in rat liver from g-ehlorobenayl chloride, This was converted to the
cysteine derivative by liver slices and homogenates, and by glutathiomase.

Booth, Boyland and‘ll.\u (1%61) dmtr;ud the complete process
in rats., N-Acetyle-§-(2-chloro-4-nitrophenyl)-L-cysteine was found to be
formed from 3, 4-dichlorenitrobenzene in three steps, each of which eould
be demonstrated in vitro (see Fig. IV.1).

The first step catalysed the conjugation of glutathione and
3,4~-dichloronitrebenzene to give $-(2-chloro-4-nitrophenyl)glutathione.

The second step, catalysed by a kidney homogenate, involved the
removal of the glyeyl and glutamyl residues te give the substituted
cysteine, Two enzymes may be involved,

The third step, catalysed by liver homogenate, ﬁctylatd the
eysteine, giving the mercapturic acid. This does not appear to occur
in guinea pigs (Bray and James, 1959).

The enzyme catalysing the first step, which has since been
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16

pamed glutathione §-aryltransferase, is of the type with which we are
principally concernmed. Three other distinet ensymes have since been
discovered, These will be discussed in more detail below.

1) The aryltransferase:-

The vertebrate enzyme, the first to be studied, has been found to
be specific for glutathiome, but with a wide range of aromatic substrates.
These include 3,4-dichloromitrobenzene (Booth, Boyland end Sims, 1961),
various polychloeronitrobenzenes (where the nitro group is replaced by
some S-derivative) (Bray, Hybs, James and Thorpe, 1953; Betts, James
and Thorpe, 1955; Betts, Bray, James and Thorpe, 1957); 4-nitropyridine~
Nevoxide and 4-nitroquinoline-N-oxide (Al Kassab, Boyland and Williams,
1963), phenoltetrabromphthaleindisulphonic acid (B.S.P.) (Grover and
Sime, 1964), and 1,2-epoxy~1,2 3 4~-tetrahydronaphthalene (Boyland and
Williams, 1964; Booth Boyland and Williams, 1961).

The enzyme has a broad pH optimum (pH 7.5-92.0) (Booth, Boyland and
Williams, 1961) and is semsitive to organic solvemts (Boyland and Williams,
1965), but is stable to dialysis.

The invertebrate emzyme is specific for GSH and conjugates a similar

range of aromatic substrates (Cohen, Turbert and Smith, 1964). The

engyme appears to be more stable than that of vertebrates towards
organic solvents, and is stable towards dialysis. The optimum pH of
fly and grass-grub enzymes with 3, 4-dichloronitrobenszene or 2,4-dinitro-
chlorobenzene as substrate is 8.3 (Clark, Darby and Smith, 1967).

The molecular weight of the locust enzyme, as determined om
Sephadex G-100, is about 65,000,
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substrates possess an aromatic nature. This casts some doubt on the
claim of Grover and Sims (1965) that the aryltransferase conjugates
the PCCH's. It also seems possible on this basis that 1,2 3 4-tetra-
chlore-1,2,3 4~tetrahydronaphthalene (Ishida and Dahm, 1965a) is
metabolized by the aryltransferase, by analogy with 1,2Z-epoxy-1,2,3 4~
tetrahydronaphthalene, while the HCH and PCCH isomers are metabolized
by some different cagyme,

2) Glutsthione §-epoxytrausferase:-

This enzyme catalyses the comjugation of a variety of aliphatic and
aromatic epoxides with GSH (Boyiand end Williams, 1965). In vivo, the
epoxides are produced from compounds which de pot themselves conjugate
with GSH, by a microsomal oxidising syetem requiring molecular oxygen
and reduced EADP. Such compounds include maphthalene, 1,62-dihydro-
naphthalene (Boyland and Sims, 1961), phenanthrene (Boyland snd Sims,
1962; Sims, 1962), benzanthracene (Boyland and Sims, 1964), end possibly
chlorobenzene (Gessnmer and Smith, 1960). Mamy of the GSH conjugates in
this group, and their derivatives, are acid-labile. For example,
N-acetyl-8-(2-hydroxy-1,2-dihydro~1l-naphthyl)-L-cysteine yields om
acidification the $-(l-naphthyl)mercapturic acid, with minor amounts of
naphthalene and of 1- and 2-naphthol, It is tempting to speculate on
the possibility of such a premercapturic acid being the acid-labile
precursor of chlorobenzene derived from [ -HCH-dosed M.domestica
(Bridges, 1959).

This enzyme has only been demonstrated so far in the supernatant

of kidoey and liver homogenates from rat and ferret (Boyland and Williams,
1965).

The enzyme is specific towards GSH, and is stable towards
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dialysis, Exposure to pH values below 5,0 destroys its activity,
The optimum pH with 2 3-epoxypropylphenyl ether as substrate is pH 6.5,
3) Glutathione S-alkyltransferase:-

This enzyme catalyeses in vertebrates the conjugation of a number
of alkyl halides with GSH (Bray and James, 1958; Grenby and Young,
1960; James, 1961; Boylend and Williams, 1965; and Johneon, 1963,
1966). In vitro known substrates ineclude ethyl bromide and chloride,
methyl chloride, and ilodoacetic acid, Higher homologues do not appear
to react in vitro, though Bray and James (1958) elaim that alkyl halides
of up to eight carbon atems in chain length are eonjugated in vivo,

The enzyme is unstable towards acetome, but is stable towards
ethanol at concentrations of up to 25%, It is denatured by dialysis
against water, but not against 2% sodium chloride solution, The optimum
pH for the rat and sheep liver enzyme is between pH 8.0 and 8.5,

4) Glutathione S-alkenyltransferase:~

Boyland and Chasseaud (1966) observed a fourth type of activity in
which G8H is added to an activated double bend system, A general
formula for active substrates is R-CH = cn.-a’ where R = H or COOBt,
K = N0,
an optimm pH of 8.0,

CHO, or COOEt, The enzyme is unaffected by dialysis and has

It is tempting to think that this enzyme might be responsible
for conjugating the PCCH's, giving an S-pentachloroeyclohexyl)glutathione,
The electron-withdrawing effect of neighbouring chlorines might be

suffieient to gctivate the double bond to the extent required by this

enzyme,
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A fourth enzyme that might fall into this category is DDT
dehydrochlorinase (Sternburg, Kearns and Moorefield, 1954; Lipke
and Kearns, 1959a,b). This has an absolute requirement for GSH.
Although there is no evidence for it, it seems possible that the
reaction might proceed via the formation of a transitory comjugate,
followed by elimination of GSH, There seems to be no other plausible
explanation for the rigid requirement for GSH, though the fact that
glutamylcysteine inhibits, and cysteinylglycine activates. this
reaction complicates this simple picture.

Sternburg and Kearns (1956) claim that this enzyme does not
dehydrochlorinate Y -HCH, Ishida and Dahm (1965a) however, claim that
their X -HCH-solubilizing preparation will dehydrochlorinate DDT, and
that the substrates are mutually inhibitory, It is quite possible that
different enzymes are involved.

Ishida and Dahm's housefly preparation contains an enzyme, or
enzymes metabolizing the HCH's and Pcal'l’vhtch cannot, at present,
be positively identified with any of those discussed previously, The
optimum pH towards all isomers is about pH 8, The molecular weight of

the fraction is about 55,000 as determined on Sephadex G-100,
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CHAPTER 5

The Kinetics of Glutathione S-Aryltransferase

As will have been seen in the introduction, the enzymes invelved
in the eonjugation reaction during the metabolism of the HCH's and PCCH's
are, if not identical with the aryltransferase, probably very similar teo
it, having similar specificities, pH optima, elution characteristics, and
sensitivity to inhibition by the sulphonphthaleins. In view of this,
the aryltransferase, being the most readily available, and the most
easily studied of the glutathione transferases, is taken here as a model.
From it, we can pick out features which may provide a means of comparing
properties of the different enzymes, or which may support the idea of
only one enzyme being invelved, Also, in view of the similar behaviour
of the enzymes towards the sulphonphthalein inhibitors, it may be
possible, by studying the nature of the inhibition in the aryltransferase
model, to design an inhibitor that would act as an effective synergist
for y-HCH.

A,

Materials & Methods

Melting points are uncorrected.

Substrates:-

1«Chlore-2 4-dinitrobenzene (CDNB) was prepared by the action of a

50/50 (v/v) mixture of fuming nitric acid and fuming sulphuric acid on

chlorobenzene. The preduct, recrystallized from ethanol, had m.p, 50.1°%,
(B.D.H,) 1l-nitro-2,4-dichlorobenszene (DCNB), recrystallized from

ethanol, m,p. 43°,
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(Chemical Procurement Laboratories, U.S8.A.) 2,4,6-Trinitrobensene-
sulphonic acid, m.p. 83° and

2,4-Dinitrobenzenesulphonic acid, recrystallized as the barium
salt, m,p., of the free acid 107°.

2 4-Dinitrobenzenesulphonamide was prepared by the action of mls
on the sulphonic acid, followed by reaction with ammonia solution (sp. gr.
0.91) of the resulting chloride. The product was recrystallized from
ethanol, m.p. 154°,

Picryl chloride was prepared by the actiom of rocx, on pyridine
picrate, The product was washed with water and recrystallized from
ethanol, m.p. 82°.

Reduced glutathiome (Sigma) m.p. 190° (decomp.).

L-cysteine hydrochloride (Sigma) wm.p. 174° (decomp.).

Inhibitors:~

Phenol red (Ph.R.) (Phemolsulphonphthalein)

Bromphenol blue (B.P.B.) (3,3, 5,5 -tetrabromophenolsulphonphthalein)
Bromthymol blue (B.T.B.) (3,3 -dibromothymolsulphonphthalein)
Bromcresol purple (B.C.P.) (3,3 -dibromocresolsulphonphthalein)
Bromeresol green (B.C.G.) (3,3, 5,5 -tetrabromeresolsulphonphthalein)
Chlorophenol red (C.P.R.) (3,3 -dichlorophenolsulphonphthalein) '
BSP. (Phemoltetrabromphthaleindisulphonic acid, disodium salt) ;
3,3", 5,5 Tetrsbromophemolphthalein (TBFPP).

3,3, 5,5 Tetrabromophenolphthalein ethyl ester (TBPOEt)

looh-zi,lo',s',%'-utubruofluoumm
2',5'-dtehlorotlmu

4 ,5-d1-10do-1,8-dimethy1fluorescein
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Rose bcnnl~4,5,6,7-tatuch1m-2;4:5;7:t¢tr¢bmﬂuonmin.

The above were obtained as commercial indicators and were not
subjected to further purification.
Dicarboxylic acids:-
Succinic, glutaric, pimelic, adipic, suberic, sebacic, traumatic,
tetradecanedioic, and thapsic acids were kindly donated by the Food
Chemistry Division, D.S.I.R.
The following were commercial samples:~-
Benzene m-disulphonic acid
Flavianic acid (2,4-dinitro-l-naphthol-7-sulphonic acid), m.p. 150°.

2,3-Dimercaptopropan~l-ol (B.A.L.)

Buf fers:~

pH 8-10 I¢62207/m1 0.1M in pyrophosphate
pH 6-8 n.znro,‘lxnzro“ 0.1M in phosphate

pH 46 Ra0OC.CH,COOR 0.1M in Na'.

Unless otherwise specified, all experiments were carried out at
pH 8.3, and at 37°%C.
Enzyme Prepgrations:-

Acetone powders of flies (Musca domestica) and grass grubs
(Costelytra szealandica) were prepared. Homogenates (prepared in an
#.2.B, overhead blender) of adult flies, or of 3rd imstars of

C.zealandica, in an equal weight of water were spum at 10,000g for
\
30 mins. at 0'. The supernmatant was poured imto 20 volumes of acetone '

at -15°, the protein was filtered off on the pump, and dried at 4° at |

\

0.5 mm, Hg.

The grass-grub powder was used in experiments concerning the
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conjugation of both CDNBE and DCNB. Where CDNB was used, a stock enzyme
solution containing 2 mg. of acetone powder per ml, of buffer was used,
and for DCNB, 20 mg, per ml,

The fly powder was used only with CDNB, and the stock solution
contained 20 mg. per ml.

Sheep liver homogenate:=-

A sheep liver was bought from a butcher on the day foliowing
slaughter (Freshly slaughtered sheep did mnot have significantly higher
levels of enzyme), Portions were homogenigzed with an equal weight of
buffer, pH 8.3, and cellular debris removed at 1500g for 10 minutes at
0°. The pH was adjusted te 5, protein was sedimented at 10,000g for 30
min, at Oo, and the pH of the supernatant tgkem back to 8.3, The clear
red solution was diluted twentyfold for use as a stock solutiomn, for
experiments using CDNB as substrate,

If the pH precipitation were not performed, readings taken below
pH 6 would be obscured by protein precipitation., This was not significant
when the insect acetone powders were used,

The assay:-

Depending upon the type of experiment being performed, different
peru were vrequived, The method was basically that of Booth et al.
(1961).

1) Determination of &gcﬁ and Kigem =

A two-cuvette system was used, The blank contained, in a final
volume of 3 ml,, 0.05 ml, of enzyme stock sclution, and CDNB or DCNB to
final concentrations of 0.1 wM or 0,75 wM, respectively, added in 0,05 ml,
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of ethanol, The reaction system contained GSH to the required concentration
(added in from 0,01 to 0.1 ml, of buffer at the required pH), imhibitor

(if used) to the required concentration (added in buffer,from 0,01 to 0,2
ml.), 0.05 ml, of stock enzyme solution, and CDNB or DCNB to final
concentrations of 0.1 mM or 0.75 mM; final volume 3 ml, Reagents were

added in the order given.

Where CDNB was the substrate, reaction velocities were measured
directly on a recording spectrophotometer for the first minute of the
reaction time by measuring the increase in optical demsity at 344 mu.
due to the formatiom of §-(2,4-dinitrophenyl)glutathione., Corrections
were made for the spontaneous reaction, which is significant above pH 6.5.

Where DCNB was the substrate, optical demsities at 344 mu. were
measured ageinst the blank before addition of the enzyme, and after
incubation for 5 minutes. A small correctiom had to be made for the
enzyme in the initial reading. No correction was required for spontaneocus

reaction which is i{nsignificant below about pH 9.5,

2) Determination of l- and ‘1 with respect to DCNB and CDNB.

A similar procedure to the above was used, The blank contained
only 0.05 ml, ¢f enzyme solution in 3 ml, total volume. In the reagent
tubes, GSH, to 2 mM, was added in 0,05 ml, of buffer, and 0.05 ml, of
enzyme solution, and CDNB or DCNB were added in from 0.25 te 2.5 ml, of
buffer, If used, inhibitors were added i:o the requirea concemtration in
from 0,01 ml, to 0.1 ml, of buffer.

All components, except enzyme and GSH solutions, were held at 37°C,
The enzyme and GSH solutions were kept on ice,




25

Comments on the assay:
1) As might be expected from chemical characteristics, CDNB reacted faster,

enzymically, than did DCHB, and also gave a significant spontaneous reaction
(see Fig.V.l). For this reason, a recording spectrophotometer must be used
when CDNB is the substrate. Under all conditions examined, DCNB gave a
linear reaction curve for at least 5 minutes, enabling the more semsitive

"Uvispek" to be used,

2) As a matter of routine, GSH was always added to the system before the
enzgyme, and before the substrate. With some of the GSH transferases
(Boyland and Sims, 1965), failure to observe this precaution results in
denaturation., In fact, with this enzyme, adding it after the substrate

appeared to make little difference to its activity.

3) In studying Ky and ‘t for CDNB and DCNB, these substrates were added
in aqueous solutioms. It is possible that, if they were added in ethanol,
the different ethanol concentrations might have affected the reaction to

different extents,

4) GSH solutions were kept on ice to minimise loss through oxidationm.
This does not, however, appear to be critical. Even at 31°c, the GSH
content of a 0.3 M solution in pyrophosphate buffer at pH 8.3 fell by
only 10% in 90 minutes (GSH was measured by the rate of spontaneous
reaction with CDNB). Making up this solution with EDTA to 6 mM did

not decrease the loss.

5) An attempt was made to use this assay as an assay for glutathiome,

The enzyme appears to be quite specific for GSH, and, as the conjugates
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with CDNB and DCNB both have maximum molecular absorptions of about
10,000, it should, in theory, be possible to detect GSH down to about
3 ug/ml, CDNB is unsuitable - its high spontaneous rate of reaction
with thiols removes the specificity from the reaction. DCNB appears,
at the moment, to be unsuitagble. With present enzyme preparations,
the reaction rate is so low that protein precipitation obscures the
results before the reactiom is complete,

It is however, possible that with a substrate of intermediate
activity, perhaps p-chloronitrobenzene, and with an enzyme preparation

of higher purity, this system might provide a simple assay for GSH.




Uninhibited Kinetics

(1) Of the potential substrates tested, only CDNB and DCNB participated
in the enzyme-catalysed reaction., Picryl chloride and trinitro-
benzenesulphonic acid react spontaneously very rapidly at pH as low
as 6, The 2,4-dinitrobenzenesulphonic acid and sulphonamide do not
react spontanecusly below about pH 10, None of the compounds appears
to inhibit the enzymic conjugation of CDNB with GSH.

L-Cysteine reacts spontaneously with CDNB but does not participate
in an enzymiec conjugation., When present with GSH in the enzyme system,
it appears to have a slight activating effeet ( 5 - 10%). This may
be due to reduction of any oxidized glutathione in the system,

(11) Km with respect to GSH with DCNB and CDNB as substrates, and Km for

these substrates, were determined for the grass grub enzyme, ch’n

with CDNB as substrate and ""cm were determined for the fly and the
sheep-liver enzymes,

The four substrate:constants for the grass grub enzyme were
determined by multiple Burke-Lineweaver plots, using the method of

Florini and Vestling (1957) (Fig.V.2), with CDNB as substrate,

Results;
Grass Grub:~

K, GSH (0.75 mM DONB) 1.58 x 10™M + 10%

K, DNCB (2 mM GSH) 5.0 1078 + 103

Vm DCNB (2 mM GSH) 0.03 o,d.u,/min/mg, acetone powder
Km GSH (0.1 mM CDNB) 1.6 x 1078 + 10%

K CDNB (2 mM GSH) 1.6 x 107y + 10%
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Fig, V.2: Multiple Burke-Lineweaver plot for C. zealandica glutathione

S-aryltransferase,
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vaDNB (2 mM GSH) 3.3 o.d,u,/min/mg, acetone powder,
SBubstrate constantsi-

K = 1.7 x 1088 sz K'g= 1.5 x 107K + 5%

Kg = 8.7 x 107M 5% K'd =80 x 1078 + 5%

1 (]
!-l-gd—" = 0,91 4+ 10%

Kg

Vm = 10 o.d,u./min/mg, acetone powder + 10%

Sheep Liver:-
wly

Raggy (0+1 mM CDNB) 7.6 x 1077 + 10%
Knopp (2 ™ GSH) 2,0 x 107 + 10%
M.domestica:~

Kaggy (0.1 mt CDNB) 1.2 x 107 + 10%
Kagpyp (2 M GSH) 8.0 x 1077 + 10%

(111) Discussion:«~
The linearity of the reeciproeal plots, and the constancy of the ratie
between the paired substrate constants for the Costelytra enzyme indicates
that, for this enzyme, Michaelis-Menten kinetics apply and that substrates

combine in random order, It is assumed that the same situation applies to

the other enzymes dealt with here, but this needs to be verified,

The ratio of the substrate constants is, within the limits of
experimental error, close to unity. Thus, it can be seen that the effect
of one substrate upon the affinity of the ensyme for the other is low, if
not mnegligible, This is borme out by the close pimilarity of the ‘“Glu
obtained with the two different substrates.

It will be noticed that the value of me (veloeity at
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saturating substrate concentration, obtained by extrapolation, at
2 u GSH) is greater than Vg by a factor of sbout 10°, Prom
this, ome concludes that the rate constant (assuming irreversibility)
for the reaction of the former substrate when on the enzyme, must be
100 times that of the latter. A more accurate comparison could be
made if the true V, were determined for mb.

On the avallable data, the M.domestics enzyme seems to have
similar kinetic properties to that of C,gealandica. The sheep

liver enzyme differs considerably from beth,

C.

Inhibited Kinetics:~ (see Appendix A.)

Of the potential inhibitors examined, the following gave no significant
inhibition at concentrations of up to 1 mM: benzene m-disulphonic aecid,
oxidised glutathione, B,A.L., and succinie, glutariec, adipie, pimelie,
and suberic acids,

With the ingect enzymes, the phthalein-type dyes and the rest of the
dicarboxylic acids inhibited competitively with respect to GSH, and
non-competitively with respeet to the arometic substrate, The
characteristic plots obtained are shown for bromecresol green (Fig, V.3).

The values of the Ki obtained with the inseet enzymes are listed beiow,

Grass grub enzyme:-
6 6

Inhibitor  pKa Kiggy * 10° Kypoe * 20° Re o x 10° Ry x 10°
(0.75 mit DCNB)(2 mM GSH) (.1 mM CDNB) (2 mM GSH)

B.P.B, 4.23 0.45 0.76
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FigeVe3(1): Inhibition of Costelytra Glutathione S-Aryl-
transferase by bromocresol Green. (Competitilve

towards GSH).
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Grass grub enzyme (continued):~

Inhibitor  pKa K, osH x 10° kg powB x 10° <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>