CHAPTER 1

ISOZYMES, ESTERASES AND BIOCHEMICAL ADAPTATION

"In the world as it really is, the environment is neither
constant nor uniform, and no genotype is a paragon of
adaptedness in all environments. At any one time level,
diverse genotypes are needed to exploit the environments
varying in space. They are also needed to maintain the
adaptedness to environments varying in time."

Dobzhansky (1970)

1.1 MECHANISMS OF BIOCHEMICAL ADAPTATION

The various studies to be reported in this thesis represent a prelim-
inary analvsis of the biochemical diversity produced by genetic variation
at two highly polymorphic esterase loci of the cactophilic drosophilid,
Iroscrhila buzzatii, a member of the mulieri subgroup of the rerieta species
croup. It represents one phase of a larger multidisciplinary programme to
assess the adaptive significance of allozymic variation in this species,
(reviewed in Barker, 1©977; 1982). Taken 1in isolation, the biochemical studies
reported herein constitute a highly reductionist apprcach to the study of
adaptation, and consequently are very conducive to the kinds of interpiretation
which were lucidly, if colourfully, criticised by Gould and Lewontin (1979)
in their critique of the adaptationist programme. It may be possible par-
tially to circumvent these difficulties by considering the results in the
context of the physiology of the organism, the environment in which it feeds
and breeds, and the links which may be established with other members of the
genus Drosophilc. 1f differences between allozymic variants measured using
in vitro technicues can be used to make predictions of im vivo differences
between different genotvpes, and if these predictions can be further supported

by ecological data, then the case for a selectively maintained polymorphism



will be greatly strengthened.

In studying the properties of individual protein molecules, it is
deceptively easy to overlook the fact that they are components of a highly
integrated system; the scope for alteration is likely tc be limited at any
point in time. As Darwin (1859) noted in the first edition to "The Origin of
Species"

"That natural selection will always act with extreme
slowness, I fully admit. Its action depends on there
being places in the polity of nature, which can be
better occupied by some of the inhabitants of the
country undergoing modification of some kind".

At the molecular level, in addition to the restraints imposed by
physiological function, those imposed by protein architecture also must be
considered. Essentially, we do not know how great are the constraints which
circumscribe permissible changes in the primary, secondary, tertiary (and
where appropriate gquaternary and cquintinary) structures of proteins. It seems
that an apoarently adaptive alteration in one enzymic property is Zreguently
accompanied py covariation of some other property. An example of <his is the
higher heat stability of orthologous homologues of enzymes from endotherms as

compared with ectotherms (Somero, 1978). The price paid for this added thermal

stability is an increased enthalpy and free energy of activation of thz enzyme.

1.1.1 Some Processes in Molecular Evolution

It is a commonly held view that one mechanism of protein evolution has
been gene duplication and subsequent divergence of function (MacIntyre, 1976).
A number of alternative paths may be followed subsequent to a duplication event.
In the simplest case, the extra activity provided by the duplicated locus may
be sufficient to counter the environmental challenge. The conventional view is
that of a gene duplication followed by subsequent divergence of function, and
Ohno (1970) has suggested that multiple-locus isozymes represent an eerly step
in this process. There is some evidence of two relatively recent gene dupli-

cations in the mulleri subgroup of Drosophila, and D. buszatii appears to



manifest both of these. We have presented evidence of a duplicated Alzcokol
denudrogenase locus in D. buzzatii (Oakeshott et al., 1982), and have suggest-
ed that the duplication is restricted to members of the mulleri subgroup.

These initial results were confirmed and extended by Batterham et al. (1982,
1983) working with D. mojavensis and an extensive array of other species of

the replete group. These duplicate loci have diverged to the extent of temporal
differentiation, in that the Adh-1 locus is expressed primarily in the larval/
pupal stages and very little in the adult £ly, while Adh-Z appears to show a
fairly constant level of expression. However, there is little evidence of
spatial differentiation, vVZz. with respect to tissue specific expressicn.

Another striking example of a recentlv cdurlicated locus is that of two

f-esterases in members of the repicta soecies group (Zouros et al., 19§

o

b
Trnis duplication exists in D. buzzavii {(Chapter 2), and there has been bcth
—emporal and spatial differentiation c¢f the two loci, although in the haemo-
Ivmph where both enzvmes occur to some extent it is possible to detect & pre-
sumptive interlocus heterodimer (Zouros £T &l., 1982; and the present study).
Since these twe loci are very active at certain stages of development, these
enzymes should present an excellent cpoorctunity for the study of ontogenic and
tissue specific gene regulation at the molecular level.

Another adaptive response, which nas been observed in experimental
bacterial populations, is the evolution of a new enzyme. One mechanism whereby
<his might be achieved was proposed by Koch (1972), who suggested =that the gene
might evolve from a pool of "silent" duplicate genes. The recent discoveries
made possible by advances in molecular biclogy are consistent with such a
model. We now know that many eukarvote genomes do indeed harbour a pool of
"silent" duplicated genes, which have commonly been designated as oseuiogenes.
The best known examples of these are the glokin pseudogenes of man (Proudfoot
ané Maniatis, 1980) ané mouse (Nishioka ¢7 al., 1980). The discovary 2f the
"split" nature of many eukaryote protein coding genes (for review see Breathnach

and Chambon, 1982), and the observation that some exon regions code for specific



protein domains, (e.g. the central exon of the globin gene codes for the
region of protein which binds the haem moiety (Craik et al., 1980), and the
product of the third exon encodes the amino acid residues involved in a-8
contact and cooperativity of oxygen binding (Eaton, 1980)) has led to tne
suggestion that new genes could evolve by a process of exon "shuffling"

(Gilbert, 1978; Tonegawa et al., 1978).

1.1.2 1Isozymes and Protein Adaptation
My main concern in this review is with the roles which isozymes nright

play ir adaptation. Since the term isozyme was first introduced by Markert

and Mdller (1959) to denote multiple molecular forms of enzymes, the wide-

spread use of electrophoretic and chromatographic technicues has revealed a

variety of mechanisms for their production. 1In a recent review of the status

of the isozvme concept, Markert (1$77) identified 7 different varieties of

isozvmes:

(1) Genetically independent proteins encoded by separate loci e.g.
mitochondrial and cytosollic malate dehydrogenases.

{1ii) Pclymeric enzymes where sub-units are coded for by separate
loci, and the isozymes are generated by the formation of
interlocus heteropolymers e.g. lactate dehydrogenase.

(iii) Isozvmes encoded by allelic variants at a sinagle locus.

(iv) Formation of a polymeric series based on a single sub-unit
e.g. glutamate dehydrogenase.

(v) Post-translational modification of the initial protein, e.g.
phosphorylation, acetylation or addition of sialic acid
residues.

(vi) Partial proteolysis of an original polypeptide. If precursor
ané product both have enzymic activity, then they may valicly
be considered as isozymes.

(vii) Conformational isozymes e.g. allosteric modification resulting

from cofactor binding.



Regardless of their method of production, isozymes freqguently show ontogenetic
or cell specific differences in expression, and also different distributions
at the subcellular level. Markert (1977) interpreted the ubiquity of isozymic
variation as a mechanism for providing metabolic adaptability: "Isozymes
endow the organism with greater metabolic flexibility, versatility and pre-
cision. One molecular form of an enzyme is simply just not good enough to pro-
duce the most effective biological organisation”". This view of isozymes has
great intuitive appeal, and has been widely accepted, but despite the enormous
literature pertaining to the subject, Markert (1977) was forced to conclude:
"...but with very few exceptions we do not yet know the specific functional
significance of individual isozymes".

One of the most fruitful areas of research in the field of biochemical
adaptation has been the study of the roles which enzymes, and especially
isozymic variants, play in thermal acclimation and acclimatisation. The mani-
fold efifects which temperature exerts on biochemical processes make it an ideal
parameTer to work with (Hochachka and Somero, 1973), and I believe that the
moleculizar solutions which natural selection has provided to meet the challenge
of changes in environmental temperature provide the best currently ava:lable
model Zor <the study of biochemical adaptation. The solutions can be d.vided into
a number of different classes, which will be considered separately below.
Hochachka and Somero (1973) defined three ways in which enzyme activityv may
be adjusted to compensate for the effects of temperature changes:

(i) the "Quantitative strategy' :ror changes in concentration of

ore—-existing enzymes.

(1i) the "Qualitative strategy", or changes in the types of enzymes
oresent.

The "Modulation strategy", or changes in the activities of »re-
existing enzymes.
Clearly the three strategies are not mutually exclusive, and indeed th= type

of strategyv employed may differ for different classes of enzymes.



1.1.2.1 Changes in Enzyme Concentration: The Quantitative Strategy

Somero (1978) noted that during thermal acclimation, and evolutionary
adaptation to new thermal regimes, decreasing environmental temperatures were
accompanied by increasing levels of the enzymes involved in the major pathways
of energy metabolism. In contrast, for digestive and detoxifying enzymss,
acclimation to warm environments was accompanied by increased levels of
activity. These different patterns for different classes of enzyme were
rationalised as follows: as temperature is decreased, the rate of enzyme
catalysed reactions decreases. Energy production can be maintained in the
face of this loss of catalytic activity if enzyme levels are increased. How-

ever, as temperature is increased, the need for nutrients and the rate of

e

roduction of toxic metabolic by-products increase, and so elevated levels of

[oN)

igestive and detcxifving enzymes are reguired.

Although temperature adaptatiorn almost invariably involves changes in
enzvme concentration, the strategies can usually be further divided inzo two
croups: Those where the adaptive response is an intrinsic propertv cf a single
crotein mclecule, and those where genetically different proteins are iavolved.
The Zormer group belonc to the "Modulation Strategy" whereas the latter

represent the "Qualitative Strategyv".

1.1.2.2 "Modulation" as an Adaptive Strategy

Instantaneous rate compensation appears to be a commen property of many
enzymes. In the case of temperature, this mechanism has been termed positive
thermal modulation (Hochachka and Somerc, 1973), and involves a compensatory
increase in Km with increasing temperature. Interestingly, wholesale changes
in Km do not appear to have been employed as an adaptive strategy on evolution-
ary time scales (Somerc, 1978), and the explanation suggested for this was
that regulatory sensitivity is lost to an enzyme which is saturated with sub-
strate under all conditions. Once again however, the strategy employad may
depend on the class of enzyvme, since a study of digestive enzymes in jiffer-

ently adapted organisms showed no evidence of compensatory changes in Km



(Hofer et al., 1975). Although natural selection appears to have promoted
alterations in catalytic efficiency rather than enzyme-substrate affinity as an
evolutionaryv adaptation to different thermal regimes, Graves and Somero (1982)
did detect temperature compensatory cdifferences in Km for four closely related
fish species.

Allied to this intrinsic capacity of individual proteins to instantan-
eously compensate for environmental changes is the theoretical modelling of
the properties of enzymes embedded in pathways (Kacser and Burns, 1981). The
studies of Kacser and Burns (1981) indicate that, as the number of enzymes
in a pathway is increased, the effect of reducing the activity of any cne
enzyme on flux through the pathway is negligible. It appears that metebolic
pathways as well as individual proteins are intrinsically buffered against
environmental changes.

Another method of molecular adaptation which has been detected in studies
of thermal acclimation is the formation of catalytically distinct variants of
a single proteinr species. To my knowledge this unusual strategy has been
detected only once, in a study of pyruvate Kinase of Alaskan king-~crab (Somero,
1969). Two kinetically distinct forms of pyruvate kinase were found, one
with hyperbolic kinetics and minimal Km at SOC, and another with sigmoidal
kinetics and minimal Km at about 12OC. No evidence could be found for the
existence of isozymic variants in the conventional sense, and Somero (1969)
concluded that the two forms of enzyme resulted from a temperature mediated
change in protein configuration.

The examples cited above give some evidence of the molecular basis of
the metabolic homeostasis which is seen to be a common property of both endo-
and ectothermic organisms. Enzymes and enzyme pathways have evolved in such
a way that they possess a substantial catalytic safety factor, which kuffers
them against rapid changes in both the intra- and extracellular envircnment.
Despite this reserve capacity, however, there is some evidence that isozymes

are, in some instances, an important adaptive mechanism.



1.1.2.3 1Isozymes: The Qualitative Strategy

1.1.2.32.1 Multiple Locus Isozymes as an Adaptive Strategy
The two tvpes of isozymic variant most commonly investigated are the
mulziple locus isozymes and allozymes. Probably the strongest evidence of the

cazacity of multiple-locus isozymes to provide alternative modes of biochemical

o

daptation comes from studies of thermal acclimation in the rainbow trout,

_mo zairdneri. This species is tetraploid, and consegquently may not be

tvpical of the majority of animals. However, the extra copy of the genome is
ideallv suited as a genetic pool from which natural selection has the opportunity
to promote different strategies of adaptation. A particularly striking example
of +the use of multiple locus isozyvmes in thermal adaptation is provided by

the season-specific production of acetylcholinesterase variants in rainbow

trout (Baldwin and Hochachka, 1270). Kinetic analyses sucgested the existence

h

of cdifferent molecular forms of acetylcholinesterase in trout acclimated to
Giffsrent temperatures. The =2cetvicholinesterase of fish acclimated to low
e v . e - RN
Temrerature exhibited a minimal hﬂ in the range 0-8 C, and a rapid 1ncrease
il
. , o ~ . o, -
irn Kr at temperatures above 10 C. Conversely, trout acclimated to 18 T showed
L. . . - A0 R .
& minimal K in the region 15-2C C, and a very rapid increase in Km at temper-
m
. o . .
tures below 10 C. Electrophoretic analvsis revealed the presence of two
L. . . . C . o .
acetvlcnolinesterase i1sozymes: in fish acclimated to 2 C one isozyme was
o} . . .
present, at 18 C another, electrophoretically distinct, isozyme was found, and
. . o . .
in trout acclimated to 12 C both isozyme species were present.

Other data for the rainbow trout indicate that this multiple isczyme
variant strategy of adaptation is not unique to the acetylcholinesterase
isozyme svstem. Moon and Hochachka (1971) provided evidence of a similar
phenomenon for isocitrate dehydrogenase 1sozymes. However, not all erzymes
show this pattern of season-specific isozyme switching. Two energetically

important enzymes, lactate- and malate dehydrogenase were found to be remark-

ably eurvthermal, with guite £flat Km V8 temperature curves over the species'



ficlogical thermal range. In spite of these elegant examples of the potential
for multiple locus isozymes to solve some of the problems associated with

living in a heterogeneous environment, it is by no means clear that isozymes

are commonly emploved in that capacity. In an attempt to address this question,
Somero (1974; Somero and Souie, 1974) investigated the degree of isozymic and
zllozymic variation in several species of eurvthermal and stenothermal marine
teleosts, and concluded that temperature variation was not a sufficient explan-
ation for the existence of complex isozymic systems in fishes. Aveailabile data
indicate that this issue can probably not be reduced to a simple generalisation.
Different strategies of biochemical adaptation have been employed by d:fferent
crcanisms, and as noted earlier, different mechanisms of adaptation have been
adopted by the various types of enzymes. Before considering these points in
creater detail it is necessary to consider one further genetic mechanism for

octential adaptation, the class of isozvmes encoded by allelic variants of a

n

ingle locus.

2.1.2.3.2 Allozyme Varietion as a Mechanism of Adaptation

Over the past 15 vears there has been much research and debate oa the
rnazure and significance of allozymic variation (Wills, 1981 for a recent
review). Athough we still have no clear idea of what proportion of allozvme
variation is adaptive rather than neutral, there are a number of examples of
enzyme polvmorphism which appear to be maintained by some form of balancing
selection. One of the most intensively studied of these is the alcohecl
denhydrogenase polymorphism of D. melanogaster (for reviews see van Delden,
1982, and Gibson and Oakeshott, 1982). Other likely cases of balancec enzyvme
polymorphism include the amylases of D. melanocaster (de Jong and Scharloo,
1¢76) the a-glvcerophosphate dehydrogenase of L. melanogaster (Miller et cl.,
1¢75), a leucine-aminopepticdase of the mussel Mytilus edulis (Koehn, 1978) and

the muscle lactate dehydrogenase (LDH-B) of the killifish Fundulue heveroclitus

(rlace and Powers, 1979).
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The precise mechanism of balancing selection has not been established for
any of these polymorphisms, though in every case environmental heterogeneity
{(e.g. alcohol type (Adh), carbohydrate resource (Amy), temperature (a-Cpdh and
LDH~-B) and osmolarity (LAP)) has been sucgested as a likely factor. Various
aspects of the biochemical nature of allozyme variants are considered in
greater detail in Chapters 4 and 5 of this thesis. In the context of mechan-
isms of biochemical adaptation, one of the most interesting early cbservations
was that enzymes which were presumed to act on exogenous substrates (Group II
enzymes) tended to be more polymorphic than single substrate enzymes, such as
those of intermediary metabolism (Group I enzymes) (Gillespie and Kojina, 1968;
Kojima et cl., 1970). A number of studies have confirmed the generality of this
cbservation, and the "substrate-specificity hypothesis", with its Impl.cit
assumption of selection operating in heterogeneous environments (with respect
<o substrate) appeared to provide an attractive explanation for at least a
croportion of the allozvmic variation observed. This hvpothesis was criticised
by a number of authors (Zouros, 1¢75; Selandexr, 1976; Singh, 1976) and after
ar extensive review of the literature on allozyme polymorphism Singh (1976)
concluded that the majority of difference in substrate specificity was between
isozyme loci rather than allelic variants of particular enzymes, and that
selectively neutral alleles were proportionately more common in Group II loci.
Zs a global explanation of polymorphism at loci coding for non-specific enzymes,
the substrate~specificity hypothesis appears to have failed, but in the absence
of detailed study of individual loci it seems premature to dismiss the concept
completely.

Laboratory experiments designed to test for a relationship between level
of genetic polymorphism and degree of environmental heterogeneity (Powell,
1971; McDonald and Ayala, 1974) showed that average heterozygosity was lower
for populations maintained in a constant environment as compared with those

in more variable environments.
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Myers (1978) has argued that isozymes and allozymes might represent
alternate forms of protein adaptation. She advanced the hypothesis thet con-
stant or predictable environments would favour the selection of multiple-locus
isozyme systems whereas variable or unpredictable environments would fevour
allozymic variation. Myers (1978) surveyed the literature and found thrat the
single-substrate (Group I) enzymes were consistent with her hypothesis: higher
levels of isozymic variation were accompanied by lower levels of allozymic
variation. However, she found that this relationship was not true of Group II
enzymes, and further that there were differences in the patterns of variability
between groups of organisms. She concluded that "...different groups of
organisms may be experiencing or responding to environmental variability in
different ways which should also be kept in mind when general patterns of enzyme

1

adaptation are sought....'

1.1.3 Concluding Comments

This brief review has been concerned with biochemical adaptation as
it is manifest both at the level of the enzvme molecule and zlso at the level
of the genome. One thread links all these observations, and that is, n the
course of evolution there appear always to be multiple solutions to the problems
of adaptation to environmental change or uncertainty. This is no doubt to be
expected since different classes of proteins will be subject to different
constraints, both in terms of their internal architecture and also in their
interactions with other macromolecules and cellular structures. Similarly
different '"classes'" of organisms may be subject to different types of selective
pressure and so different genetic strategies may be utilised. Under these
circumstances, seeking global explanations for specific phenomena is futile:
certainly we know that not all variation is adaptive, but onrnly a locus by
locus analysis will establish what proportion is. In this context esterase
enzymes are particularly intriguing, though somewhat refractory to analysis.

In any organsim there is almost invariably a multiplicity of esterase isozymes,
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and some proportion of these commonly exhibit genetic polymorphism (Nevo, 1978).
€ingh (1976) clearly believed that most variation at esterase loci is likely
to be selectively neutral, but such a conclusion seems premature until more

detailed analyses of specific polvmorphisms become available.

1.2 NON-SPECIFIC ESTERASES

The non-specific ester hydrolases (E.C. 3.1.1) have been the subject
of extensive investigation since the existence of multiple esterase isozymes
was first described by Markert and Hunter (1959). Most species exhibit a great
diversity of esterase enzymes which frequently differ in ontogenetic or tissue-
specific distribution. The ubiguity of esterase isozymes, coupled with their
ease of detection, ané the fact that they freguently exhibit genetic polymor-
phism (Nevo, 1978) has made *hem particularly useful tools in population genetic
studies. There are now a number of examples of esterases for which gquite strong
circumstantizl evidence exists indicating selectively balanced polvmoroshism.
Koenhn (19€2, 1970) described an esterase polymorphism in the fish laitostomus
cLarkii, for which there was marked clinal variation in gene freguency. He
found that enzyme activity varied as a function of temperature in a manner
consistent with the observed cline in fregquency of the alleles encoding the
allozymes. Koehn et al.(1971) described temperature cependent differences in
activity between allozymic variants at an esterase locus in another fish,
Notropis siramineus. Thermal selection was also strongly implicated in the
maintenance of esterase polymorphism in the barnacle, Balanus amphitrite
(Nevo et ¢i., 1977). Circumstantial evidence for the selective maintenance
of the Zsterase-6 polymorphism in [rosophila melanogaster was providec by
Oakeshott et al. (1981) who found parallel clines in the frequency of the
Zst-61"00 allele on three continents. Despite their genetic interest, however,
studies of esterase polymorphisms have been frustrated by lack of information

concerning the physiological function of these enzymes.
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1.2.1 Studies of Drosophila Esterases

The esterases of Drosophiia species were first investigated by Wright
(1963) and Beckman and Johnson (1964) in D. meianogaster. Since then there
have been numerous reports of genetic variation at esterase loci in Drosophila
species (e.g. Johnson et al., 1966; Kojima et al., 1970; Powell, 1975), and
they have been widely employved in population genetic studies. The adaptive
significance of polvmorphism at esterase loci has long been the subjec: of
controversy, and in some instances conflicting results have been reported.

For example, the early studies of the Zsterase-5 polymorphism of D. pszudo-
obscurg failed to provide any evidence of selective differences between geno-
types at the Fet-¢ locus (Yamazaki, 1971), whereas other workers have oproduced
contrary results (Marinkovic and Avala, 1975; Arnason, 1981).

There have been & number of bicchemical studies of Droscrrniia esterases;
the Zgterzse-& enzvme of D. pseuccorecure (Narise and Hubby, 1966), the o- and
i-esterases of I. virille (Narise, 1873a,b), and Lsterase-£ of Z. melancgaster
(Danford and Beardmore, 1979 ; Mane 7 2.l., 1883).

There are two large-scale studies of Irosophila esterases currently in
progress. The first of these, by Korcchkin and co-workers, has been concerned
with the develcopmental genetics of esterases in D. virilis and related species,
and especially with the ejaculatory bulb esterase (Est-s) of adult males
(reviewed in Korochkin, 1980). The enzvme is transferred in a waxy plug from
the male to the female at the time of ejaculation, but no specific furction
has vet been ascribed to it. The Zgi-5 gene has been extensively characterised
by genetic studies. It is one of a group of esterase loci located on the
second chromosome of D. virilis. Genetic mapping localised the Fgt-g gene to
a region extremely close to the a-esterase loci (Korochkin, 1980). The Est-s
gene has recently been cloned (Yenikolopov €t ai., 1983) and nucleoticle

seguence studies should soon help to clarify the evolutionary relationships

between the D. virilig esterase isozymes. Genes which modify the expression
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of Est-s have been located on the X, IV and V chromosomes in D. virilic.

The other major study of a Drosophila esterase is that of Richmond
and co~workers on the Est-¢ of D. melanogaster (e.g. Richmond et al., 1980;
Gilbert, 1981; Gilbert and Richmond, 1982a,b). The enzyme is widespread
through the tissues of adult D. melanogaster, but is found primarily in the
anterior ejaculatory duct of adult males (Sheehan et al., 1979). It is
transferred from the male to the female in the seminal fluid at the tine of
mating. Studies with a null activity mutant of £st-6 suggest that the enzvme
affects female productivity and the timing of remating (Gilbert et al.. 1981;
Gilbert and Richmond, 1982a). For the first time in a study of Drosopiiia
esterases, a likely im vivc substrate, the lipid eis-vaccenyl acetate, has
peen suggested (Mane €t a.., 1983). It appears that the widespread
volymorphism at the et-¢ locus 1is maintained by a complex form of
sexual selection (Gilbert and Richmond, 1982b). Genes located on the
Y-chromosome regulate the expression of Zgr-7, and its expression is to some
extent medulated by juvenile hormone and 20-hvéroxvecdvsone (Richmond andé
Tepper, unpublished MS.). Further studies of the Egt-£f polymorphism ia .
melanogaster, and of the crthologous homologues of the enzyme in other species
closely related to D. mecarogaster, hold great promise for the experimental
evaluation of the significance of gene regulation phenomena in the evoluticnary

Drocess.

1.2.2 Esterases in Other Insect Species

Whereas the study of esterases in Droscphila species has been primarily
concerned with fundamental guestions relating to developmental and evolutionary
genetics, there have been many other studies of esterases in insects, particu-
larly agricultural pests and disease vectors. Interest in esterases in these
species was, in large part, stimulated by the early discovery by van Asperen
and Oppenoorth (1959), and Oppenoorth and van Asperen (1960) of an association
between organophosphate resistance and the activity of a carboxylesterase.

Subsequently, it has been recognised that one of the mechanisms of detoxification
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of xenobiotics is through hydrolysis of ester linkages (Dauterman, 197¢;
Dauterman and Hodgson, 1978). There are nbw several instances in which
insecticide resistance has been strongly linked to the action of carboxyl-
esterases. For example, resistance to the organophosphate ester, malathion
in the mosguito, Culex tarsaiis (Matsumura and Brown, 1961) and the two-spotted
spider mite (Matsumura and Voss, 1965) has been shown to be mediated through a
carboxylesterase. Devonshire (1977) has investigated the properties of an
esterase in the aphid, Myzus persicae, which appears to be responsible for
conferring insecticide resistance.

In general, most organisms exhibit a great diversity of developmental
and tissue specific patterns of esterase activities. In the cockroach,
Periplancia americana, Cook €t al. (1969) described six carboxylesterases in
the gastric secretion. Subsegquent analyses (Hipps and Nelson, 1974) identified
seven esterases in the mid-cut and gastric caecum, of which four were partially
purified Zor further investigation. Electrophoretic analyses of the mosguito

-
I}
L

Culex caveali revealed up to 18 esterases (Houk et al., 1979), thouch these
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rences in expression attributable to tissue type, age and sex of
the individual. There are numerous other examples of the wealth of diversity
in insect esterases, and the gut and haemolymph commonly contain up to 10
electrophoretically distinct isozvme forms. These enzymes freguentlv exhibit
differences in substrate specificity (e.g. Hipps and Nelson, 1974; Ahmad, 1976),
and crude extracts are usually capable of hydrolysing an enormous array of ester
compounds, ;ncluding fatty acid esters, acyl esters of naphthol, p-nitrophenol
and 4-methylumbelliferone, lactones and tri-, di- and mono-acylglycerides.

If mammalian carboxylesterases are included, this list can be extended to
include many other types of ester compound (Section 1.2.3 below). The ubiquity
of esterase isozymes in the gut has promoted the idea that some of these are
involved in the digestion of dietary lipids. Treatment of insects with
insecticides which are potent im vivo inhibitors of esterase activity results
in impaired digestion and/or absorption of ingested food (Colhoun, 1960;

Turuner,, 1¢77). Nonetheless, no particular esterase has yet been corvincingly
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shown to have any digestive function.

A third area which has sparked considerable interest in insect carbo-
xylesterases in recent years has been the discovery that one of the mechanisms
for modulating the titre of juvenile hormone (JH) is esterolytic hydrolysis
by haemolymph esterases. Initial studies by Whitmore and others (Whitmore
et al., 1972, 1974, 1975) established that a class of fast migrating carbo-
xylesterases could be induced by treatment with juvenile hormone, and that
these enzymes were capable of hydrolysing the hormone to the biologically
inactive JH-acid. In the past ten years JH metabolism has been examined in
many insects (for reviews, see Riddiford and Truman, 1978; de Kort and Granger,
1981) and JH-esterases have been demonstrated in most, but not all, o: the
species examined. It appears that many ncn-specific esterases are capable
of hydrolysing free JH, but since the hormone is usually transported in the
haemolymph as a lipoprotein-hormone complex, it is probable that only the
JH-specific esterases have any 1% U{U¢ significance for the regulation of JH
titre. The role of esterases in JH metabolism in Iroscpriila remains to be
clarified. The investigations to date (Ajami and Riddiford, 1273; Wilson
and Gilbert, 1978) suggest that ester hvdrolysis may not be an important
mechanism of JH regulation in Droscphiic, or the higher diptera in general.
However, the significance of juvenile hormone for the regulation of larval
development and vitellogenesis, and its possible role in controlling the
expression of protein coding genes, ensures that much more research on
JH-esterases will be done in the near future, particularly with the increased
availability of rapid and sensitive assays for JH level and JH binding sites

during development.

1.2.3 The Problem of Esterase Functicn

The ubiguity and great diversity of esterase isczymes strongly suggests
that they have many different physioclogical roles. Nevertheless, in very
few instances is the function of any particular esterase known. In insects,

with the exception of acetylcholine esterase (Hall and Kankel, 1976) and the
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juvenile-hormone specific esterases discussed previously, the natural
physiological substrates remain essentially uncharacterised. Drawing on
published results of studies of insect and mammalian enzymes, a list cf
suggested functions of esterases has been compiled (Table 1.1), and I have
attempted to use this as a guide for the studies reported in this thesis.

That it has been possible, or indeed necessary, to ascribe such an
extensive array of functions to the non-specific esterases is due largely to
their lack of substrate specificity. It has been possible to differentiate
between esterases to some extent on the basis of their activity on panels of
synthetic esters, but one can never be sure that the observed patterns have
any biological significance. Mammalian carboxylesterases have frequently
been found to be associated with the microscmal fraction, and this has led
to the suggestion that they may be hydreclytic counterparts to the microsomal
mixed funciion oxidase svstem (see reviews by Krisch, 1971; Dauterman, 1S876;
Dautermar. and Hodgson, 1278). The role of non-oxidative enzymes in the
metabolism of insecticides (Ahmad and Forgash, 1976) and especially the
frequent occurrence of insecticide resistance coniferred by esterases (Section
1.2.2) is strong circumstantial evidence that some of these enzymes evolved
as part of the natural detoxification svstem.

Similarly, it is difficult to avoid the conclusion that some esterases
are part of the digestive system. Their freguent occurrence in the alimentary
tract, and particularly in the gastric secretion (e.g. Cook et al., 1.969),
coupled with the observation that esterases and lipases often have overlapping
substrate specificities (Oosterbaan and Jansz, 1965; Hipps and Nelson, 1974)
is suggestive of some role in the digestion and/or absorption of dietzary lipids.

The extraordinary diversity of functions in which esterases have been
implicated may in part reflect their apparent evolutionary relationsiip with
the serine hydrolase family of enzymes (Dixon, 1966; Hartley, 1979). The
variety of catalytic functions fulfilled by the serine hydrolases suggests

that they have been a rich source for the acgquisition of novel activities in
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Table 1.1 Some possible functions of non-specific esterases
Function Source
1. Digestion/Absorption

w

-3

1.1 Fatty acid esters

1.2 Other esters, e.g. sterol
esters, vitamin esters

Detoxification

2.1 Volatile esters

2.2 Natural xenobiotics, €.¢.
secondary plant compounds

2.3 Synthetic xenobiotics, €.¢.

Regulation of hormone titre

hcvlase
)

,
<. L

4.2 Amino-acyl transferase

>

.3 Acyvl transferase
Thiol ester hydrolase
Reproductive function
Lipid mobilization

Wax deposition/transport

Amidase

Pertide hydrolyvsis//svnthesis

Lombardo et al. (1980), Geering
and Freyvogel (1975)

Lombardo and Guy (1980)

Robinson (1979), pp.435-436

Dauterman (1976), Ahmad and
Forgash (1276)

Riddiford and Truman (1978,
de Kort and Granger (1981)

~—

Golcéberg and Fruton (1969
Krenitsky and Fruton (1966)
Pilz et al. (1966)
Drummond and Stern (1951)
Richmond e¢ al. (1980)
Gilbert et al. (1965)

Locke (1974)

Heyman and Mentlein (1981)
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the course of evolution.

1.2.4 The Problem of Classification

Since esterases of known biochemical function such as the acetylcholine
esterases andé juvenile hormone esterases are also capable of hydrolysing
the naphthol esters which are commonly used for the histochemical detection
of non-specific esterases, the classification of these enzymes is rather

ambiguous.

1.2.4.1 The Mammalian Classification System

In an attempt to formalise the classification of esterases, Aldridge
{1953) proposed a division of non-specific esterases into two classes
according to their sensitivity to iow levels of the organophosphate diethyl-
p-nitrophenyvl phosphate (paraoxon, E600). This system has been revised and
extended !‘Holmes and Masters, 1967; Pearse, 1272). In essence, the classi-
ficatior invclves an initial division into specific and non-specific esterases
on the basis of substrate specificity and sensitivity or resistance to a
variety of inhibitors. Non-specific esterases can then be further subdivided
according to their pattern of inhibition by these compounds. There are
basically three tvpes of inhibitor used, those specific for; a) chclin-
esterases, (e.g. eserine), b) serine hvdrolases, (e.g. organophosphates such
as diethyl-p-nitrophenyl phosphate) and c) sulphydryl enzymes (e.g.
p-chloromecuribenzoate and Hg++ ions) .

Thus, lipases (E.C. 3.1.1.3) are active on emulsions of long ctain
fatty acids and are inhibitor resistant. Cholinesterases (E.C. 3.1.1.7 and
3.1.1.8) show high activity on esters of choline, and are sensitive to low
concentrations of eserine. Non-specific esterases are eserine resictant but
may be divided into three sub-groups; carboxylesterases (E.C. 3.1.1.1, Group
B esterases) are sensitive to diethyl-p-nitrophenyl phosphate and resistant
to p-chloromecuribenzoate, aryl esterases (E.C. 3.1.1.3, Group A esterases)

are resistant to diethyl-p-nitrophenyl phosphate, but sensitive to
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v-chloromecuribenzoate, and acetyl esterases (E.C. 3.1.1.6, Group C esterases)

are resistant to both of these inhibitors.

1.2.4.2 C(Classification of Insect Esterases

Unfortunately, there has been no thorough classification system elaborated
for insect esterases, and attempts to apply the mammalian system freguantly
lead to ambiguity. Hipps and Nelson (1974), despite guite extensive cnaracter-
isation of several esterases of the cockroach, Periplaneta americana, were
forced to conclude that the conventional distinction between esterase and
lipase was not applicable to these enzymes. Furthermore, although they could

classify them as belonging to the Group B esterases, they still showed con-

in
[oh

erable differentiation of inhkirition pattern with a variety of organo-

rhosphates. Similarly, Hooper (1¢76) found difficulty in classifying the

.

iriens, since the majority of the

»

(Y

~ =%
LrLeEns

esterases of the mosquito Julex

"3
"y

v was both diethyl-p-nitrophenvl phosvhate and p-chloromecuribenzoate

~ive, thus preventing any cistinction between Group A and B esterases.

)

is overlap in specificity is also known to some extent in mammalian systems,
and was recognized by Qosterbaan and Jansz (1965) in their review of esterases
and lipases, where they concluded; "The differences in mechanism of action
between A-, B- and C~types of esterases may well be of a gualitative rather
*nan of a gquantitative character".

This overlap in classification is also found in the two major esterases
of Droscphila buzzatiil (Section 3.3.3). Narise (1973a) described significant

cifferences between allozymic variants of the a- and R-esterase loci of
2. virilis with respect to inhibition pattern. If one were forced to rely

on the degree of inhibition at different concentrations of inhibitor to

distinghish between carboxyl- and arylesterases as has been suggested by

8
"’

idridge (1953), then this tvoe of genetic variation confounds the issue

still further.
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1.2.5 The Esterases of D. buzzatii in Relation to Selection

Adult D. buzzatii possess two esterases which are polymorphic in almost
all populations examined to date (Barker and Mulley, 1976; Barker andé East,
unpublished). Available data strongly indicate that the variation at these
loci is not neutral, but is maintained by some form of balancing selection.
Multivariate analyses of macroenvironmental variables and spatial var:.ation
of gene frequencies showed significant associations at both of these esterase
loci (Mulley et al., 1979). The evidence generally was strongest for the
Zeterase-2 locus, where significant association of allele freguencies was
found with both geographical location, and with environmental variables after
adjustment for location. In the case of the Zsterase-I locus significant
associations were found with location, but not with environmental variables
after adjustment for location. Mulley et oi. {(1979) concluded that, in the

case of 5s8t-2 at least, migration and genetic drift were not a sufficient

0

wxplanation for the observed pattern of gene freguencies.

Further evidence for the action of selection derives from a temporal study
of gene frequency variation in a single population of D. buzsaiii (Barker,
1981, 1982; Barker, East and Weir, unpublished). Monthly samples were made
over a four year period, and analyvses indicated non-random variation in allele
frequencies at both esterase loci. Simple, cvclical patterns of variation
were not observed, but one of the four common alleles at the Zzr-£ lccus was
found to show a significant decrease in freguency over the study period
(Barker, 1981). In this and other studies (Barker, 1982), multivaricte
analyses of gene freguencies were made with a number of microenvironmental
variables. Again both esterase loci showed significant associations with host
rlant chemistry and rot microflora, and there was some suggestior thet density
dependent selection might be important. The possible significance of micro-
flora, particularly veasts, was strengthened bv laboratory and field experi-

ments (Barker ¢¢ al., 198la,b; Vacek, East and Barker, unpublished), which
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indicated that both larvae and adults of D. buzzatii can discriminate
between different cactophilic yeast species, and that EZst-Z genotypes may be
differentially attracted (Barker ¢t ac., 198la,b). Perturbation of gene
freguencies in a natural population of I'. buzzatii (Barker and East, ..980)
also strongly indicated the action of selection in maintaining equilibrium
gene frequencies at the Fst-2 locus. Finally, there was some evidence for
differential selection on genotypes at both esterase loci in a study of the
effects of temperature shocks on D. ouzzaizi (Watt, 1981). Watt found that
there were significant effects of low temperature shocks on allele freguencies
at the Fsgi-1 locus, and effects of high temperature shocks at the Est-2
locus.

The volume of evidence implying the action of selection on the two
esterase loci of D. buszzartii, especially at the Zgt-2 locus and the apparent

effects of temperature, provided much of the impetus for the studies reported

in this thesis.
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CHAPTER 2

ONTOGENETIC AND TISSUE SPECIFICITY STUDIES OF THE MAJOR

ESTERASE ACTIVITIES

2.1 INTRCDUCTION

Although the non-specific carboxyl ester hydrolases are widespread in
insect species, they remain poorly characterised. There have been extensive
copulatior genetic studies of esterase loci, especially in 2rosophila species,
although they have also proven to be useful genetic markers in other insects
{Sell e* .., 1974; Townson, 1872). Genetic variants at esterase loci in
D. me.arogsacver were among the first allozyme polymorphisms described in that
species (Wright, 1963; Beckman and Joanson, 1964), anc vet we still know
remarkably little regarding the zhysiclogical function of any Drosophila
esterase. If we are to have any hope of establishing whether or not allozyvmic
variation is of adaptive significance then it is imperative that we understand
+the role which the enzymes fulfil in the physiclogy of the organsim (Clarke,
1¢75; Koehn, 1978). With the growing acceptance of the need for detailed
study of individual loci according to the methodologies outlined by Clarke
(1975) and Koehn (1978), population and evolutionary geneticists have increas-
ingly turned to biochemical and physiological studies of allozyme polymorphism.

Since the function of non-specific esterases is poorly understood, most
workers have restricted themselves to a description of the number of esterases
which can be characterised by gel electrophoresis. One exception has been the
extensive study of the ESTERASE-¢ enzyme of D. melanogaster by Richmond and
co-workers (Richmond et al., 1980; Sheehan et al., 1979). By using a null
activity mutant of the Esterase-f locus as a physiological probe, they have

been able to demonstrate that this enzyme has a function in reproduction, and
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that the probable substrate of the enzyme is a lipid which is transferred

from the male to the female at the time of mating (Gilbert and Richmond, 1982).
Further, some physiological studies have been reported for cactophilic species
of Drosoplila. Xambysellis et al. (1968) investigated the tissue distribution
of a number of esterases in U. aldrichi and D. mulleri. Recently, Zouros

et al. (1982) reported on the tissue distribution and ontogenic expression

of a number of esterases of the sibling species D. mojavensis and D. arizonesis.

Gel electrophoresis of Drosophila imagos frequently reveals two major
non-specific esterases, one which preferentially hydrolyses a-naphthyl acetate
and the other, f-naphthyl acetate (e.g. Johnson et al., 1966; Sasaki and
Narise, 1978). 1In D. buzzciii, a species which, in Australia, feeds and
breeds on necrotic tissue of prickly pear plants of the genus (Cpuntia, these
two esterases are pclymorphic and are designated ESTERASE~2 anéd ESTERASE-1
respectively (Barker ancd Mulley, 1876; East, 1982).

A number of population genetic analyses cf the two polymorphic esterases
ir. . buzzati? have indicated that allozvmic variants may be cf adaptive
significance in this szecies (Section 1.2.5). BAs a first step in elucidating
the nature of the diiferences between these variants and their relationship
to genetic adaptation in . buzzatii, the tissue distribution and pattern of

developmental expression of the major non-specific esterases in this species

were investigated.
2.2 MATERIALS AND METHODS

2.2.1 1Insect Culture

D. buzzatii were cultured on a medium containing 5.6% sucrose, 1.0%
veast (Saccharoryces cerevisice) and 1% agar w/v. Sucrose and yeast solutions
were autoclaved separately, mixed and 7 ml dispensed into 75 x 27 mm vials.
211 individuals were cderived by ego sampling from three population cages,
each comprising approximately 300 pairs of mature D. buzzatii, homozvaous

. .a _
for the EFgt-1 and Eg

-~
2

<C .
-z alleles. Larvae were cultured at a density of

40 indivduals per vial.
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2.2.2 Sample collection

For the collection of large numbers of eggs, the food cups were replaced
with jars containing 7 ml of an egg collection medium comprising 20% v/v cactus
homogenate, 0.75% w/v agar, 1% v/v ethanol and 0.5% v/v glacial acetic acid.
The surface of this medium was smeared with dead Saccrnaromyces cerevisiae.
Flies were allowed to oviposit on this medium for three hours, yielding
several thousand eggs. Samples of 1000 individuals were taken at 1, .2, 24
and 36 hours post-oviposition. Smaller numbers were taken at 24 hour
intervals thereafter to provide 20-25 mg wet weight per sample. Sampling
continued to 20 days post-ecolosion, and sexes of adults were analysed
separately. No attempt was made to sex pre-adult stages. Eggs were
dechorionated in 4% sodium hypochlorite and examined by transmitted light.
Approximate stage of embrvonic development was determined by comparison with
Sownes' series for D. wmeoancpaster (Bownes, 1975). Larval instar sta:tus was

determined Zrom mouthpart mcrpholocy.

2.2.3 ZEZnzyme Distribution

Tissue distribution was determined in late third instar larvae. Tissues
were sampled from individuals by dissection in ice-cold insect Ringers
solution, ané stored at —ZOOC until assay.

The subcellular distribution of EST-1 and EST-2 was determined by differ-
ential centrifugation. Two grams oI one day old adults were homogenised in
20 ml of ice-cold 0.1 M phosphate buffer, pH 7.0. The homogenate was filtered
through glass wool to remove large tissue fragments, and to reduce the lipid
content. This crude homogenate was then centrifuged at 800 g for 15 minutes,
12,000 g for 30 min and 100,000 g for one hour. The two low speed pellets
were washed once in homogenising buffer and recentrifuged. All steps were

. ) o
carried out at 0-4 C.

2.2.4 Assayvs

All samples for the developmental and tissue distribution studies were
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prepared according to the same protocol. Each sample was homogenised in

0.5 ml cof ice-cold 0.1 M phosphate buffer pH 7.0. The homogenate was centri-
fuged at 10,000 g for 15 min at 4°c. The supernatant was divided into three
aliquots for subseguent analvsis.

Protein was determined according to the method of Bradford (1976).

Total esterase activity was measured by a modified version of the method

of van Asperen (1962). Three mls of 100 M o-naphthvl acetate in 0.1 M
phosphate buffer pH 7.0 were eguilibrated at 250C, then 0.1 ml of homogenate
was added, the mixture was vigorouslyv vortexed and incubated at 2SOC for

20 min. The reaction was terminated and colour developed by the addition

5% w/v sodium dodecvsulphate and 1% w/v

Hy
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of 1 mlo
diazo rlue B salt. Absorption was measured at 600 nm on a Turner Model 380
spectrochotometer. Standard curves were prepared using a-naphthol in 0.1 M

phosphate pH 7.0 and all assavs were run in triplicate.

[3S)
.

o
wu

Zlectrophoretic Technicues
Since there is alwavs & multiplicity of non-specific esterase activities
in any varticular sample, the contribution of each esterase to the total
activity was determined by polvacrylamide gel (PAG) disc electrophoresis,
histochemical staining and censitomeiric scanning ¢ *the stained cels.
Electrophoresis was carried out according to the methods of Ornstein (1964)
and Davis {1964) with a continuous Tris-glycine pE 8.3 buffer systemirn a
Gradipore electrophoresis assembly, using 6% running gel and 3% spacer gel.
The gels were stained according to the method of Kambysellis et al. (1968)
except that a-naphthyl acetate only was used as substrate. tained gels

-

were fixed in 7% acetic acidé and

[¢

scanned on a Gelman integrating densitometer.
All samples were treated in cduplicate, and esterase zones were identified

bv R_ mesasurements, Z.e. their mobility in the gel relative to the buffer
frent, which was marked by the dve bromophenol blue. Preliminary expzsriments
were conducted to establish the conditions under which intensity of staining
was directly proportional to esterase concentration and time of incubation.
For the experiments, enzyme activity was adjusted for each gel, to fall within

this linear range.
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2.3 RESULTS

2.3.1 Subcellular Distribution

A1l subcellular fractions examined possessed esterase activity cgainst
a-naphthyl acetate. However, a comparison cf the electrophoretic profiles
of these fractions (Fig. 2.1, Table 2.1) indicated that each possessed a
unicue spectrum of esterase activities. Analysis by gel electrophoresis
and densitometric scanning showed that in a crude homogenate of young imagos,
in excess of 50% of the non-specific esterase activity could be attributed
to the two enzymes, EST-1 (Rf = 0.49) and EST-2 (Rg¢ = 0.42). Both of these
enzvmes appeared to be present in the 800 g pellet, though this represented
only about 11% of <the total activity recovered. It seems probable that most
of this was due to corntaminating supernatant, as the very soft pellet was
difficult to wash thoroughly. The mitcchonidrial fraction, represented by
080 g, pellet containec no detectable EST-1 activity and only trace
amounts of EST-2, which again may be due to contamination given the very
hich level of activity of this enzyme in the original homogenate. Tte
lvsosomal fraction (100,000 g pellet) contained only a trivial amount of
esterase activity, and within the limits of experimental error did not con-
Tribute significantly to the total activities of EST-~1 and EST-2. By
contrast the soluble Zraction (100,000 g supernatant) showed a zymogram

pattern almost identical to that of the crude homogenate, and contrikuted

]

pproximately 75% of the non-specific esterase activity recovered. The
substantial recovery of EST-1 and EST-2 activities in this fraction strongly

suggests a predominantly cytosollic or extracellular location for these two

esterases.
2.3.2 Tissue Distribution

Bv contrast with crude homogenates of adult D. buzzatii, larvae from
late final instar just prior to pupation exhibited three major esterase
zones, and although a multiplicity of activities was detectable these three

enzymes together accounted for almost 100% of the activity against a-naphthyl
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acetate (Fig. 2.2, Tacle 2.2). However, when the tissue distribution of these
enzymes was examinecd in late third instar larvae, they exhibited totally differ-
ent patterns cf expression. ESTERASE-1 (Rf = 0.42) was located almost
exclusively in the haemolymph, and the only other tissue to show activity of
this enzyme was the Zat body, but it represented less than 1% of the esterase
activity and was mos* likelyv due to contaminating haemoliymph. ESTERASE-2
appeared to be verv widely distributed, occurring in all tissues examined
except haemolymph. However, the majority of EST-2 activity was located in

the alimentaryv tract, with particularly high activity in the anterior seagments,
the gastric caeca, Zfcregut and midgut. The other tissue to show substantial
activity was the fat zody, where essentially all of the detectable activity
couldé be attributed tTc EST-2. The third esterase activity (Rf = 0.3%) which
we have called ESTZIRR3E-J (EST-J), since it occurs only in juvenile cr pre-

adult life stages, was Zound to de restricted in its distribution almost

Multiple esterase zones were detected after PAG disc electrorhoresis
throughout the periocd cf development examined, and a semiquantitative estimate
of the pattern of exzression of the three major esterases was derived as
follows. The total enzyme activity in any civen sample was sub-divided to
each particular esterase according to the area peak per cent of integrator

counts attributable o that enzyme zone after densitometric scanning of disc

gels. The three major esterases showed gquite different patterns of
expression (Fig.2.3). ESTERASE-2 activity was detectable in all develop-
mental stages from ecg to adult. During embryonic development, EST-2 specific
activity declined over the first 12 hours, but began to increase between 12
ané 24 hours. Bv 26€ hours after oviposition (approximately six hours after
hatching), the specific activity hed risen dramatically, and continued to

rise until about half-way through cevelopment of the third larval instar.
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ESTERASE-2 activity decreased throughout the remainder of larval development
and into the pupal phase, but increased slightly during development cf the
pharate adult. Since the soluble protein content of D. buzzatii varies

with development (Fig. 2.4), as it does in other species of Drosophiic
(Dewhurst et ¢l., 1970; Church and Robertson, 1966), it is informative to
examine the enzyme activity on a per individual basis (Fig. 2.6). Expressed
in this way, EST-2 activity showed peaks early in third instar, early in
pupal development and acain during pharate adult development. After eclosion,
the pattern of expression of EST-2 was similar in both sexes. Thare was a
rapicd increase in activity over the first 24 hours and activity remained

high for 8-10 days, after wnich it declined and appeared to fluctuate.
ZRASE-1 activity was not detectable in 0-4 hour ecgs, but was

present 12 hours after ovizosition (Fig. 2.3). After hatching, EST-1
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-_ activity was initially very high, but de

over a 1(0-14 day perioc, *tc stabilise at a level similar to that immediately

th

prior to eclosion (Fig. 2.3). 1In cgeneral, males and females showed

ales was much higher

H\

similar patterns of expresszocn, though the activity in
in the period 5-10 days post-eclosion.

The third major esterase of D.ruszatii (EST-J), showed a very restricted
pattern of expression, occurring only in pre-imaginal life stages (Figs.
2.3 and 2.5). ESTERASE-J was first detectable in mid third instar larvae.
Activity rose rapidly to a peak in late third instar, declined during pupal
development, then rose rapidly to a second peak late in development oI the
pharate adult. There was nc detectable EST-J activityv in the newly eclosed

acdult £flies.
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2.4 DISCUSSION

The three major non-specific esterases of D. buzzatii are characterised
by quite different distributions. The subcellular distribution was examined
only for the two enzymes EST-1 and EST-2, and both were found primarily in
the 100,000 g supernatant. It is not known whether the small amount cf
EST-2 activity found in other fractions was due to contamination by this very
active enzyme, or whether there may be some degree of membrane associztion.
However, the distribution suggests a predominantly cytosollic or extrzcellular
location for these enzvmes. The subcellular distribution of esterases in
other species of Drogoprila has not been reported, but in other insects
they have been Ifound predominantly in the cell free (100,000 g supernatant),
ané microsomal (100,000 ¢ pellet) fractions.

The +issue distribution of the major esterase isozymes was examined

nstar larvae, and each enzyme was found to possess essentially
:SE-1 was fcund only in the haemoclymph. ESTERASE-2
had & sligntly wider distributiorn, kut was located predominantly in the fore-
and midgut recions of the alimentary tract, with a smaller amount also in
the fat body.

Since the physiological function of none of these enzymes is known,
it is veryv difficult to establish homology with esterases in other spzacies

wvosorkiia. However, a comparison with other members of the mullerd

@]
th

0

ub-group of the repieta group suggests considerable similarity; Kambysellis
et al. (1968) have reported a comparison of the adult esterases of two closely
related cactophilic species D. aiarichi and D. mulleri. Both species show

a major f-esterase (EST-D) which is located predominantly in the haermolymph,
and on this basis is probably homologous to EST-1 in D. buzzatii. Similarly,
» leri have a major a-esterase (EST-C) whict is

colvient and D, oris

both
located primarily in the gut, and is likely to be homologous to the EST-2

-

enzyme of I. buszatit.



Recent studies of the esterases of D. mojavensis by Zouros and others
(Zouros et al., 1982; Zouros and van Delden, 1982) offer the possibility of
close comparison with D. buzzaiii. These authors discussed an a-esterase
(EST-2) and two fR-esterases (EST-4 and EST-5). One of the R-esterases (EST-4)
was restricted in its developmental expression to third-instar larvae and
pupae, and was located in the larval carcass. This pattern corresponds
precisely to that of EST-J of D. buszatii, and these enzymes may be presumed
to be homologous. The other f-esterase of D. mojavensis (EST-5) was first
detected in 10 hr eggs, and was present thereafter in all life-stages, with
high levels of activity in late third-instar larvae and pupae, and again in
newly eclosed adults. The larval tissue distribution showed EST-5 to be
located in the haemolvmph ana fat body. Again, this pattern is identical to
that of EST-1 in D. buzzzcil, and these enzymes are likely to be homclogous.
Zouros &t Zi. (1982) presented no data for the developmental expression of
EST-2 in D. moJavensie, but the larval fissue distribution was the same as
that for EST-2 of D. puzs2tii, and these enzymes most likely are homclogous.

Comparison of these data with those for esterases of other Irogcriica
species outside the mulceri subgroup is less straightforward. Within the
viriiig/repleta radiation of the sub-genus IDroscrhiic, the only major
phvsioclogical studies of esterases have been with 2. virtiis (Korochkin,
1980; Sasaki, 1974). Adults of D. virilis exhibit major a- and f-esterase
activities, and a compariscn of the developmental and tissue specific dis-
tributions of these two enzymes (Sasaki, 1974) strongly suggests homclogy
with the major adult esterases of D. buzzaiii. The a~esterase of D. virilis
is mainly distributed in *the gut, and shows peaks of activity in the second
larval instar, and the vounc adult. This is precisely the pattern okserved
for D. buszati<, and presumably indicates homology of the two enzymes. The
patterns of expression of Z-esterase do not match those of EST-1 gquite so

closely. The B-esterase is located in the haemolymph, but shows a peak of

activity in second instar and high levels of activity over the first two weeks
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£ adult life. This deviates from the pattern of EST-1 in D. buzzatii,

which shows peaks of activity in the pupa, and very young adult stages.
Within species of the sub-genus Sophophora, the a-esterases co not
appear to have been studied in any detail. BAmong the Ff-esterases, the most
detelled studies are those by Richmond and co-workers on the EST-€ enzvme
of I. mclanogaster. ESTERASE-6 is the major B-esterase in this species,
and i%s tissue specificity in adults was reported by Sheehan et al. (1979).
Thev found EST-6 activity in all body segments, but particularly high
activity in male abdomens. A more detailed analysis revealed that the
activity was located in the anterior ejaculatory duct. It seems most unlikely
that this enzyme is homologous to the major f-esterases of D. buzzatii for
several reasons. The tissue distribution of EST-6 is guite different from

that of the R-esterase of . bussciii. ESTERASE-6 is a monomer of molecular

-

weignt 62,000 to €5,00C (Mane €T &i., 1983), whereas EST-1 of D. buzzatii

has ar arrroximate molecular weight cf 12C,00C (Section 3.3), and individuals

nezerczyvoous at the Zeo-_ lccus show a three banded phenotype tvpical of

The cevelopmental profiles of esterases in species of the sub~genus

Scrrnorkora have not beern widely reported. Sheehan et al. (1979), investigated

+
b}
)
11

ST-6 of D. melanogzeter. In common with EST-1 and EST-2 of L. Juzzatii,
EST-¢ is present througnout all developmental stages, but otherwise the
pattaern of expression is gquite different to any of the D. buzzatii esterases.
The conlv other species in which the ontogeny of esterases has been examined
to any sicnificant extent is D. pseuiaobscura (Pasteur and Kastritsis, 1971;
Bercer and Canter, 1973). The predominant esterase in this species is

ESTZXASE-S, which is present throughout the whole of development (Bergzar

primarily in the haemolymph (Pasteur and

[on

nd Canter, 1973) and is locate
Kastritsis, 1971). The enzvme 1s apparently a dimer, with molecular waight

103,200 to 105,000, and shows a preference for f-naphthvl esters (Narise and

Hubbyv, 1966). On this basis EST-5 may be homologous to EST-1 in D. buzsatit.
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In summary, the available evidence suggests that enzymes homologous
to EST-1, EST-2 and EST-J of D. buzzatii are widespread in species of the
mu..er? sub-group of the rerleta species group. The presence of enzymes
showing substantial homology to EST-1 and EST-2 in the much more distantly
related species D. virilils suggests that the major a- and R-esterases
evolved and have been conserved in function over a long period within this
branch of the Drosophilidae. It has not been possible to establish any
convincing homologies between the esterases of D. buzszati? and those of species
belonging to the sub-genus Sophophora.

Despite extensive investigations in a large number of animals from insects

to mammals, the physiological functions of non-specific esterases remain

unknown. Amongst insects, non-specific esterases have been implicated in

[oF)

igeszion/absorption (Colhoun, 1960), detoxification of xencbictics (Dautermar,
1¢7¢; ®obinson, 1879), regulation of hormone titre (Whitmore et a.., 1980;
zert and Richmond, 1982), and eclosion in holometabolous insects (Berger

Canter, 1¢73; Katzenellenbogen and Kafatos, 1¢71).

Ir. Drogoprkiic species, the work of Richmond's group has established a

t
v
,J
Iat
=

'
Q

onvincing role for EST-6 in reproduction, possikbly mediated through
ejaculate transfer and sperm storage (Gilbert, 1981; Gilbert and Richmond,
1982) and pheromonal control of female remating (Richmond and Senior, 1981).
However, even in this well documented case there may be some further, more
general rcle of EST-6, since it is also present in larval and pupal stages,
ané has a widespread tissue distribution in adults (Sheehan et al., 1979).
The cut esterases of Drosophila do not seem to have been investigated to any
sigr.ificant degree, and although it has been suggested that EST-2 in J.

SuzzzTl7 may have a role in digestion and, or detoxification (Easz, 1282),

The tissue distribution and developmental profile of EST-J suggest a
degree of homology with pupal esterases described for a number of Droscphila

species (Berger and Canter, 1973; Raushenbakh et ai., 1977). If so, this
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enzyme may have some function in eclosion, and the substrate(s) for these
enzymes are presumably wax or lipid components of the pupal case, though
again no specific ester has ever been identified.

Hopefully the biochemical characterization of these enzymes, and the
establishment of homologies with the esterases of other species will
ultimately contribute to an understanding of the im vivo functions of this

ubiguitous class of hvdrolases.
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CHAPTER 3

COMPARATIVE BIOCHEMISTRY OF THE ESTERASE-~1

AND ESTZRASE-2 ISOZYMES

3.1 INTRODUCTION

Some general observations concerning the roles of isozymes and
g

allozvmes in biochemical and phvsiological adaptation were considered in

o))

Chapter 1 (Sections 1.1.1 and 1.1.2). Hyvdrolviic enzvmes in general, an

the non-specific carboxvlesterases in particular, pcse considerable diffi-

ulties cf definition for the biochemist. An esterase may be defined as

jof]

any enzvme which effects the nhy

rolvtic cleavage of an ester bond. However,

ssterases tenc to have proal and overlappinc substrate specificizties,

{
[

especially for the artifici

suabstrates normally used for their character-

isation. For this reason, essterases possiblyv should be considered as

isozvmes only in the broadest definition of the word, as their <n v<ivs sub-
strates may be chemically cuite unrelated. Markert (1977) has stated'

...until the various esterases are cistinguished from one another on :he

pasis of their biological activity, it seems necessary to regard the entire
group as a complex isozvmic system. The evidence at hand suggests that several
cistinct isozymic systems compose this very complex group of enzymes."

In some mammalian species, evidence is gradually accumulating which
sugaests the existence cf families of esterase isozymes derived by aene
duplication. The most comprehensive biochemical cenetic characterisation of
mammalian esterases is for the hcouse mouse MNue rmueculiis, and has been the

subject of a recent review (Peters, 1982). Of the 17 loci known to a:ifect

esterase expression in . rigcuiug, 15 have been mapped. Three of the loci
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have been assigned to chromcsome 9, and severn genes have been mapped to

two clusters within 10 cM of each other on chromosome 8. Four of these

genes are tightlyv linked in a single cluster, and no recombinants have been
recovered in any crossing programme. Pooling data from a number of studies,
Peters estimated that, at the 95% probability level, these 4 loci are within

a distance of 0-0.73 cM and suggested this cluster may have arisen as a result
of regicnal duplication of a common ancestral gene.

Womack and Sharp (1976) attempted to establish homologies between the
esterases of Mus rmusculus and those of the rat, Ratius norvecicus. Peters
(1982) extended this to include studies on the rabbit, Oryctolagus cuniculus
(Fox and van Zutphen, 1979), and the prairie vole, Microtus ochrogcstery
Semeonoff, 1972), and concluded that the duplications which gave rise to the
esterase gene clusters on mouse chromosome 8 were of ancient origin, and had
peen conserved over lonc periods of evolutionary time.

The situatiorn in Zrogliphice is less clear, since little systematic work

nas been done tc establish homologies, especially between species which are

It arpears that esterases are freguently located on the

[eh)

not closely relate
same chromosome both within and between Droscphiia species. In the most
extensively genetically characterised species, D. melanogaster, Ect-€, Esgt-c,
1—-est and three acetvlcholine esterase loci have all been mapped to chromo-
some III (O'Brien and MacIntyre, 1978). Ohba (1970, 1971) has mapped the
major a- and F-esterase loci of D. virilis to chromosome II, and this is also
the case for D. morvianz, another species of the viriiis group (Roberts and
Baker, 1973). Of the 10 esterase genes detected in D. subobscura, Loukas et al.
{1972) have assigned two to the J chromosome, two to the O chromosome, and a
complex esterase gene -3¢-f (see below) to the E chromosome. Within the
milleri subgroup of the rerleta group, of which D. buzzatii is a member,
Zouros (1976) has examined the chromosomal location of the polymorphic ester-
ases of D. mcjavensis, 2. arizonesis and D. mulleri, and found that all were

-+

located on chromoscme II. Evidence presented in Appendix A indicates that the
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Est-1 and Fet-2 loci of D. buzsatii are also on chromosome II in this
species, located approximately 24 * 2 ¢cM apart in the standard arrang:zment.
Thus for members of the vir<ilis and rerceia groups of the subgenus Jrosophila
and for the obscura and melanogacter groups of the subgenus Scprophora we
find esterases located on the same chromosome. This may suaggest the conser-
vation of substantial tracts of DNA over long periods of evolution, bat in
the absence of nucleotide seguence cata for iIndividual esterase genes, it
does not necessarily convey much infcrmation about the evolutionary origin
of the various esterase isozymes. Despite this, however, there is at least
some evidence for the evclution of [rcsoriila esterases by gene duplication.
The studies of Baker and co-~wcrkers have provicded convincine evidence
for an a-esterase gene cluster.in J. rovntara (Roberts and Baker, 1973: Baker,
1975, 1980; Baker and Kaeding, 1981). Thev proposed the existence of four
loci, located within a cdistance cf less than 1 cM, ana further sugges:ed

cci ha
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that these cuplication followed by a divergence
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tion of the initial duplication

i

£ function, then a subsecuent tandem Juplic
tc give the four genes.
Another complex oc-esterase locus (Zgt-¢) has been reported in L.

7

sunchscurs (Loukas and Krimbas, 197

N

). Fourteen zones of activity were

(921

attributed to this locus, of which 1 to 4 zones were found in any sinule
fiy. BA series of crosses suggested the existence of at least five, arnd
probably more genes in the cluster. Fine structure mapping of the £Fet-8
complex gave a distance between the "alleles" used for the cross cf 0.00002,
so the genes must be tightly linked.

It has been sucgested that the two E-esterases, Zst-¢and Zei-¢ of D.
medavensis may represent a gene duplication (Zouros ¢t al., 1982; Zouros and
van Delden, 1982). It was argued in the previous chapter that Zsi-4 and
Eet-5 of D. mejavernsis may be homolocous to Fsi-J and Zev-I1 respectively,
of D. buszsatii. Assuming this to be the case, these two S-esterases in the

.

cactophilic Drosovhi.a represent an interesting example of duplication



followed by subsequent divergence of ontogenic and tissue specific
expression. Whether there has been a concomitant divergence of function
remains uncertain, since their phyvsiological substrates are unknown, odut
the results presented in Chaoter 2 suggest that thev are probably not
functionally eguivalent.

These examples suggest that evolution of esterases by gene duplication
may not be uncommon in Drogoviila, and they appear to be good candidates
for inclusion in a list of multiple locus isozymes. What is far less clear,
however, is the evolutionarv relationship between the o~ and E-esterase
isozymes. Reports in the literature suggest that for both a- and f£-esterase
there is frequently one predominant enzyme detectable in adult Droscruiic,

and based simply on molecular weight critera the c-esterase and £-estzarase

enzymes may represent two homologous series across a number of species in

“he genus (Sasaki and Narise, 1278). Since the Zunction of these enzvmes
remains unknown, biochemical studies of their properties, in conjunction with
the tvpes of physiological stucdies reported in Cnazter 2, are important tools

= )

for the establishment of homclocgies, both between species, and for esterase
isozymes within a species (I{.¢., orthologous and paralogous homologies

respectively, in the terminologyv of

Lundin, 19792). This chapter describes
the comparative biochemistry of the EST-1 and EST-2 enzvmes, to astermine
the nature and extent of the similarities and differences between them, and
also to provide a biochemical basis for comparison with esterases of other

Drogopriia species.

3.2 MATERIALS AND METHODS

The chromatography gels; Sephadex G-100, G-150, DEAE-Sephadex A-50,
and the proteins used for molecular weight standards were purchased from
Pharmacia (South Seas) Pty. Ltd. (Sydney, Australia). Esterase substrates
(other than volatile esters), enzyme inhibitors, and acrylamide were obtained

from Sigma Chemical Companv (St. Louis, Missouri). Volatile esters and all
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other chemicals were reagent grade, and were purchased from Ajax Chem:.cal

Company (Sydney, Australia).

3.2.1 Partial Purification of Enzymes

3.2.1.1 Protocol Number 1:

Minimal purifications of large amounts of activity for general bio-
chemical analvsis of EST-1 and EST-2.

All steps were carried out at 0 to 40Cm

Preparation of Crude Homogenate

Forty grams of 0-3 dav old adults were homogenised in 100 ml ice-cold
phosphate buffer (0.1M, pH 6.8) in a Sorvall Omni-mixer with 4 x 30 second

bursts at 16,000 rpm. The blender was rinsed with 20 ml of the same buffer

fu

nd the pooled nomogenate was passec through 4 lavers of fine nyvlion gauze to
remove large fragments of cuticle, wings etc. The resultant Ziltrate was
further filtered through glass wool to reduce the lipid content

filtrate was subsecuently centrifu

Q

ed at 10,000 rpm for 3C mi
The supernatant was the crude homogenate (Fraction I).

Ammonium Sulphate Fractionation

Solid ammonium sulphate was added gradually to the cold homogenate

(94 mls) to bring it to 45% saturation. After stirring for 3C minutes at

>
O
0

. . , o)
the suspension was centrifuged at 10,000 rpm for 30 mins at 2°C.  The

vellet was discarded and the supernatant brought to 75% saturation with the
addition of solid ammonium sulphate. This was stirred for 30 minutes and the
precipitate collected by centrifugation at 10,000 rpm for 30 minutes at 2°C.
The supernatant was discarded and the pellet redissolved in 20 ml of ice-cold
phosphate buffer (0.1M, pE 6.8). The resultant solution was extensivaly
dialysed (16.5 hours) against 4 litres 0.1M phosphate, pH 6.8. The dialysate

(36 mls) was concentrated 2-fold with lyphogel (Gelman Sciences) to yield

18 mls (Fraction II).
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Sephadex G-150 Chromatography

The 45-75% ammonium sulphate cut (Fraction II) was applied to a 2.5
x 9C cm column of Sephadex G-15C, prepared and packed according to the manu-
' instructions (Prarmacia Technical Bulletin), and equilibrated with
0.1} prnosphate pH €.8. Sample application and elution were carried out with
an ascending flow rate of 30 ml/hr, and after 120 mls had been eluted a
fraction collector was connected and 2 ml fractions were collected. Alternate
fractions were spot-tested for esterase activity, and fractions of in:erest

were then analysed electropnoretically and by enzvme assay. Peak fractions

of Z37-2 were pooled (Fraction III), as were those for EST-1 (Fraction IV).

2.2.1.2 DPro*tocol Number 2:

Tor the preparation of a more highly purified fraction of EST-2 Zor

- . s .o,
~11 steps were carrisd out at 0 to = C.

Sepnhadex G-100 Chromatographv

The ammonium sulphate dialysate (15 mls) was arplied to a column (2.5 x
7C cm) of Sephadex G-100 prepared according to the manufacturers' instructions
and ecuilibrated with 0.C5M Tris-HCl pH 7.5. Sample was applied and eluted
witn an ascending flow rate of 40 mls/hr, and after 80 mls had passed throuch
the coiumn, a fraction collector was connected and 5 ml fractions wexre
collected. Spot-tests for esterase activity were used to localise peaks, and

ractions of interest were further analvsed eliectrophoretically and by enzyme

Hh

ssav. Peak fractions of EST-2 were pooled (Fraction III).

v

DEAE Sephadex A-50 Chromatographv

Fraction III was loaced onto a column (2.5 x 40 cm) of DEAE Serhadex
L-50 prepared according to manufacturers' instructions (Pharmacia Technical

Bulletin) and egquilibrated with 2 column veolumes of 0.05M Tris-HC1 pH 8.0,
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containing 0.02M NaCl. Sample was applied and washed on with 1 column

volume of the ecuilibration buffer. Enzyme was eluted in a linear gradient
of 0.02 to 0.50M NaCl in 0.05M Tris-HCl pH 8.0, with a flow rate of 30 mls
per hour, and 5 ml fractions were collected. As before, enzyme was localised
with spot-tests and further characterised by electrophoresis and enzym2 assay.
Peak fractions were pooled (Fraction IV), and this was the EST-2 preparation

used for further analyvses.

3.2.2 Molecular Weight Determination
Approximate molecular weight estimations were made by gel filtration
on an 87 x 2.5 cm column of Sephadex G-150 using bovine ribonuclease-A (M.W.

13,700), kbovine chymotrypsinogen~-4 (M.W. 25,000), chicken ovalbumin (M.W.

43,000), bovine serum albumin (M.W. ©7,000), collagenase (M.W. 100,000) and

rabpit muscle aldolase (M.W. 158,000). Moclecular weight estimation was
carried out according to the Pnarmacia Gel Filtration Calibration Kit Instruc-
tion Manual (Pharmacia Fine Chemicals, Uppsala, Sweden). Data were analvsed

accordinc to the methodology of Rodrard (1975) using standaxd statistizal

).

~1

technigues (Snedecor and Cochran, 196

3.2.3 Enzyvme Assays

Standard assays used during enzyme purification, molecular weight
estimation, determination of pH profiles and thermostability studies employed
either p-nitrophenylacetate (p-NPA) following the method of Townson (1372),
or o- naphthylacetate (a-NA) or butyrate (0-NB) using the method of
Mastropaoclo and Yourno (1981). 1In all cases, assays were adjusted for
spontaneous hydrolysis of the substrate by using heat denatured enzyme blanks.

References for esterase assays used in the substrate specificity study
are given below, but details of the technigques are given in Appendix B. The
series of p-nitrophenvl-esters were assayed according to Townson (1972).
Esters used ranged from acetate (C=2) to caprate (C=8). Extension of the

acyl C-chain length beyond 8 C-atoms resulted in difficulties with solubility
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in the agueous system employved. Naphthyl esters were assayed either by a
modification of the colourimetric method of van Asperen (1962) or the con-
tinuous spectrophotometric method of Mastropaolo and Yourno (1981). The
series of volatile esters were assaved in the pH-stat (Radiometer-Copenhagen,
TTT 80 titrator coupled to ABU-80 autoburette and REC-80 recorder, eguipped
with an REA 160 titrigraph) using a modification of the method of Dudman and
Zerner (1975). The cholesterol esters of acetic acid, hexancic acid and
oleic acié were tested using a method adapted from Gallo (1981). A pk-stat
esterase-lipase assay was used to test the lipids tri-caproin and tri-olein
(Hipps andé Nelson, 1974). BAn assay for 4-methylumbellifervl acetate was
developed in this laboratory. Finally, *the assay system for the ethyl esters
of the arcomatic amino-acids L-phenylalanine and L-tyrosine was developed in
this laboratory as an extension of the L-amino acid oxidase assay of

Nicholson and Kim (1S€75).

w)
.

to
1=

Prctein Assavs

During *the enzvme purification steps, protein was monitored eitbrer by
continuous recording of thne absorbance at 28C nm. (Isco dual channel U.V.
recorder), or it was assaved using the protein-dve binding assav cf Bradford

(1976).

3.2.5 Inhibitor Studies
Eserine and diethvl-p-nitrophenyl phosphate (Paraoxon, E600) were pre-
pared as stock solutions in propan-2-ol, all other inhibitors were mace up

as stocks in agueous solution. A 0.1 ml aliquot of enzyme was pre-incubated with

2.8 ml of inhibitor solution, and the enzyme reaction was initiated by the

2 -

addition ¢f 0.1 ml of 3 x 10 M a-naphthyvl acetate in acetone, for a final

. - -t ; . 3
concentration of 10 'M substrate. The reaction was allowed to proceec for
20 mins, after which it was terminated and cclour developed with 5% w/v SDS
and 1% w/v diazoblue-B. Controls indicated that none of the inhibitors inter-

ferred with colour develcpment at the concentrations used.
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3.2.6 pH-Activity Profiles

The activity of partially purified esterases was determined a

ct
)

number of pH values in the range 6.0 to 8.8 using only one buffer tvpe, vVi3z.
0.1M phosphate. The substrate usec was c-naphthyl acetate, in preference to
the p-nitrophenyl esters, which undergo substantial acid-base catalysed
hydrolysis at pH values more than 0.5 units removed from 7.00. All assays

were corrected for spontaneous hydrolysis.

3.2.7 Thermostability

Aliguots of partially purifieé enzvme were incubated at 50 = 0.:°C in
& water bath, and samples were taken at 2 minute intervals for EST-2 and 5
minute intervals for EST-1. All samples were cooled immediately and held in
ice until assay. The substrate was LO—LM o-NPA in 0.1M phosphate pE 7.00.
issavs were carried out for 2 to 5 minutes, according to the amount oi

residual activity.

3.3.1 Prartial Purification of Enzymes

For the biochemical studies reported in this thesis two large scale
purification runs were carried out. The Zirst of these, (Protocol 1) was
designed to yield a large amount oI minimally purified ESTERASE-1 and
TSTERASE-2 enzyme, so that as many kiochemical tests as possible could be
carried out to characterise these enzvmes. &ll experiments of Chapters 3 and
4 were done using this material. For these experiments my objective was simply
to produce EST-1 and EST-2 preparations which were essentially free oI other
electrophoretically detectable esterase activity. This was achieved by taking
a large number of small volume samples and then pocling cconservativelv around
the peak fractions of interest. The results of a typical fractionation run
are given in Table 3.1 and Fig. 2.1 for a stock homozygous for the Esﬁ—lb and

R o) )
Fet-27 alleles.
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Table 3.1 Preparation of partially purified EST-1 and EST-2, using
protocol 1
Enzym Specific o
Total n,‘.e p ,l_ Purific- .o
. Volume . activity activity . Yield
Fraction protein ation .
(mls) - (umoles/ (umoles/ - %
(mg) . . (fold)
min) min/mg)
i. Crude
homogenate 94 1186.1 133.9 0.113 1 100
II. 45-75%
(NHy ) » SOy 17 255.6 34.4 0.135 1.19 25.7
dialvsate
III. Pooled
EST-2 frac- 45 45.9 15.8 0.343 3.04 11.8
tion
IV. DPooled
EST-1 frac- 36 39.4 12.7 0.323 2.86 9.5
tion
ZS8T-1 activity was determined using 1 acetate as substrate and

f-naphthy

was determined usinc @ naphthy

1 acetate.
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Pigure 3.1 Chromatography of ESTEZRESES on Sephadex G-150. The
concentrated (NH,),S0. cut (Fraction II) was applied
to a column (2.5 x 9C cm) of Sephadex G-150 and eluted
with an ascending flow rate of 30 ml/hr. Fractions

between the vertical arrows were pooled and frozen.
Protein (—) was monitored as 0.D.jpgqg; (O) EST-1
activity; (OJ) EST-2 activity.
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For the preparation of more highly purified EST--2 for enzyme kiretic
analysis Protocol 2 was followed, and the results of a typical run for a
= .b a . -
stock homozygous for Est-1" and Est-2 alleles are shown in Table 3.z and

Figs. 3.2 and 3.3.

3.3.2 Molecular Weight Estimation

The relevant elution data for the series of proteins used to calibrate
the Sephadex G-150 ccolumn, and other information required to construct the
calibration curve are summarized in Table 3.3. These data were treated
according to the recommendations of Rodbard (1875). Two models were Zitted
for Kav ve log. (M.W.).

log (M.W.) = a + bK (1)

log (M.W.) + a + bK__+ ¢ (K )? (2)

1]

The choice of M.W. rather than K_, as the derendent variable in these re-

o T

gressions was based on Rodbard's detailed ciscussion of the relative nagni-

tudes of the errors associated with K. and MN.W., and also of the ocbserved

(=%

deviation of the points in terms of K o around the calibration curve.

The results of fitting the two curves specified by equations (1) and

(2) respectively (Table 3.4) indicated that including the second degree factor
g g

™~

(K )¢ did not significantly reduce the residual variance, and so eguation

av
(1) was treated as the appropriate model for the estimation of molecular weight
of EST-1 and EST-2 from the calibration curve (Fig. 3.4). Applving the simple
linear regression equation (Table 3.4) to the estimated values of K o for

EST-1 and EST-2 (Table 3.3), gave molecular weight estimates of 129,800
(92,700-181,700) for EST-1 and 54,000 (39,700-73,600) for EST-2 respectively.
The figures given in parentheses are the lower and upper 95% confidence limits
for the estimated values of molecular weight, based on the statistics given in
Table 3.4. It should be noted that this estimate for EST-1 is rather unreliable,

since the Kav value lies towards one end of the regression line, and hence is

subject to a large error.
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Chromatography of ESTERLSES on Sephadex G-100. Concentrated
(NHy) pSOy dialysate was applied to a celumrn {2.5 x 70 cm) of
Sephadex G-100, and eluted with an ascending flow rate of

40 mls/hr. Fractions between the vertical arrows were pooled

for DEAE Sephadex chromatography. Protein {—) was monitored
as 0.D.pggi (Z) Total ESTERASE activity.
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Chromatography of ESTERASES on DEAE Sephadex A-50. The
pooled fractions from the G-100 column shown in Fig. 3.2
were applied to a column (2.5 x 40 cm) cf DEAE Sephadex
and after equilibration, were eluted in a linear gradient
(0.02-0.50M) of NaCl. Protein was monitored as 0.D.jgg;
(C) EST-2 activity.
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Table 3.2 Preparation of partially purified EST-2 for enzyme kinetic
analyses using protocol 2

E Specifi
, Total n?yme pe.l.lc Purific- .
. Volume . activity activity . Yield
Fraction proteln ation
(mls) (Lmoles/ (umoles/ %
(mg) . . (fold)
min) min/mg)
I. Crude
homogenate 98 1580 243.232 0.154 1 100
II. 45-75%
(NHy ) SOy 11 390 78.08 0.200 1.30 32.1
dialysate
III. Sephadex 35 30.8 20.68 0.671 4.36 8.6
G-100
IV. DEAE- 25 2.7 12.76 4.57 30.30 5.2
sephadex
A-50




Table 3.3 Statistics for the construction of the calibration curve
shown in Fig. 3.4, used to estimate the molecular weights
of EST-1 and EST-2

Y *
. Molecular Elution K
Protein . Loc (M.W.) wvolume av
welght
(mls)

Ribonuclease-A 13,700 4£.137 38.0 0.730

Chymotrvopsinogen-A 25,000 4,398 327.0 0.562

Ovalbumin 43,000 £.634 304.0 0.487

Albumin 67,000 £.826 269.2 0.373

Collagenase 100,000 5.037 249.5 0.309

Aldolease 158,000 5.199 220.8 0.215

EST-1 - - 232.5 0.254

EST-2 - - 287.5 0.433

* “ - . .

k¢ = 'V vV )/(V -V ., where V_ is the elution volume, V. 1is the
av = e} t e} e . A . t
tctal volume and VO 1is the void volume of
the column.
B.O M 1 1 T T
5.8 - i
= 5.6 - ~
oo,
. p— A — —
T 9= EST-1
g -
5.2+ o / -
<
S 5.0+ N EST-2 i
&} N /
S 48tk O~ N
3 1.8 \’_
< 4.6 \9\ -
ol
9 4.4 &\ -
~
4.2 - & =1
4.0 — { ! 1 1 !

01 02 03 04 05 06 07 0.8

K(av)

Molecular weight of EST-1 and EST-2 using molecular sieving
chromatography. Standard proteins and ESTERASE samples
were applied to a column (2.5 x 90 cm) of Sephadex G-150,
and eluted with an ascending flow rate of 30 ml/hr. Stand-
ards were monitored at 280nm and ESTERASES were determinad
by enzyme assay.



Table 3.4 Results of fitting linear and quadratic models to the
data in Table 3.3

(K_ )
av

eg

Model 1. log (M.W.) = a +

Regression equation : log (M.W.) = 5.653 - 2.126 (Kav)
Standard error of intercept = 0.051
Standard error of regression coefficient = (.108

Standard error of log (M.W.) about the regression line = 0.045

Enalvsis of Variance

Source d.f. S.S. M.S.
Regression 1 0.7828 0.7828
Residual 4 0.0080 C.0020
Total 5 C.7908
vcdel 2 Log (M.W.) = a + b(K ) + c(k )?
av av
Regression eguation : log (M.W.) + Z.776 - 2.726(Kav) + 0.635 (K

~andard erroy cf intercept = C.143

n

Standard error of first order ccefficient = 0.658
S+tandard error of second order coefficient = 0.686

Szandard error of log (M.W.) about the regression line = (0.046

analysis of Variance

Source a.f. S.S. M.S.
Regression
due to K -
av 1 0.7828 0.7828
due to (K )2 1 0.0018 0.0018
av
Residual 3 0.2062 0.0021

H
(0]
ot
ol
[
ul
(@]
J
O
(@]
[oe]
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3.3.3 Inhibitor Studies

A variety of chemicals known to inhibit esterases in other organisms

were tested (Table 3.5), and the compounds used were selected on the basis

f their ability to discriminate between the various classes of esterases
described by aldridge (1953). Since the synthetic substrates employed in
studies of non-specific esterases can also be hydrolysed by the lyase,
carbonic anhydrase, acetazolimide, z known inhibitor of carbonic anhyirases
was also included in the study.

The lack of inhibition of both enzymes by acetazolimide and eserine
suggests that neither is a carbonic anhvdrase or a cholinesterase. Their
high sensitivity to low concentrations of diethyl-p-nitrophenyl phosphate
implies that they are serine hydrolases and‘could be classified as carboxyl-
esterases (E.C. 3.1.1.1). However, the original classification system
specifiec that carboxvlesterases were resistant to sulpnvcryl inhibitors such
as PCME and EcCl, (see Section 1.2.4). On this basis, EST-1 might reasonably
be classified as a carboxylesterase, but EST-2 shares features of both

carboxylesterases (E.C. 3.1.1.1) ané arvlesterases (E.C. 3.1.1.2).

3.3.4 pH-activity Profiles

The pH profiles of EST-1 and IST-2 were not rigorously examinec, only
one buffer system of a limited pH range being used for their characterisation.
Despite this limitation, however, it is clear that the two enzymes have very
different pH optima, with a clear optimum around pH 7.0 for EST-2 and an

optimum greater than pH 8.C for EST-1 (Fig. 3.5).

3.3.5 Thermostability

The time course of denaturation of these enzymes at oH 7.0 and 50°%¢
suggested that there were substantial differences in the stability ol EST-1
and EST-2 at this temperature ( Fig. 3.6). To investigate these difierences

further, the data were re-plotted as the logarithm of activity remaining

versus time (Fig. 3.7), and the result suggested a linear relationship.



Table 3.5 Effect of inhibitors on ESTERASE-1 and ESTERASE-2

S ncentration
Inhibitor co e?m] ESTERASE-2 ESTERASE-1
= *
Eserine- 10 ~ - -
sulphate .
10 ° - -
diethyl-p- 10°° + +
nitrophenyl- -
phosphate 10 ++ ++
g |
10 °© ++4 ++4+
o
p-chloromercuri 10 - ++ -
benzoazte
10 °© +++ _
mercuric chloride 10 ° ++ -
107" +m -

potassium cvanide

acetazolinide

~ indicates no inhibition,

respectively.

+ weak,

++ strong,

+++ tozal, inhibition
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Accordéingly, simple linear regressions were fitted to the data (Teble 3.6€),
and as expected both enzvmes showed a highly significant negative association
of activity with time. Tests of the null hvrothesis HO: b =0 gave t =
23.57 for EST-1 and t = 22.41 for EST-2, with 4 &.f. in each instance. Of
greater interest however, is the comparison of the slopes for the two enzymes
(Ho: b; = by), and in this case there is a highly significant difference,
Fo_ = 124.34, with the rate of denaturation of EST-2 more than twice that

r

of EST-1. Regression coefficients were compared according to the method of

Sokal and Rohlf (1969, p.455), using the statistics given in Table 3.6.

3.3.6 Substrate Specificity Studies
Assavs were developed for as many esters as possible, the main objective

being to determine the patterns of activity as the size and shape of the acid
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Table 3.6 Analysis of thermal denaturation data for ESTERASES by
simple linear regression of Ln(% activity remaining) on

time

Statistic ESTERASE-1 ESTERASE-2

Intercept (a) 4.579 4.588

Regression

coefficient (b) -0.075 -0.169

s.e. (y.x) 0.067 0.067

s.e.(b) 0.003 0.008

s.e. (y.x) = standard error of y about the regression line

vy = a + bx.

s.e. (b) = standari error of regression coefficient (b).
mnoieties were altered in a systematic fashion. Because the differxences in
activity patterns for the two esterases are large, thev will be trezza2d in
only & cualitative, descriptive way nere. A more quantitative analvsis of

the effects of chancinc substrates will be undertaken in subseguent caapters,

comparing the allozvmes produced by the =&i~I and

3.3.6.1 Effect of Changing Acid Carpbon Chain Length

For a series of esters of the chromodgen p-nitrophenol, the acid carbon
chain length was varied from 2 (acetate) tc 8 (caprate). Only esters of
straight chain, saturated fatty acids were tested. Both enzymes showed a
dramatic effect of carbon chain length on activity, but they differed in
their patterns of activity (Fig. 3.8). ESTERASE-1 showed maximal activity
on the propionate ester (C=3), and very little activity on esters with a
carbon chain length of 4 or greater. ESTERASE-2 showed much hicher specific
activity on these esters, and also sustained a much broader peak of cctivity
with a maximum for the butyrate ester, but with substantial activity for

esters from C=2 to C=6 (caproate).
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3.3.6.2 Effect of Chancging Alcohol Carbon Chain Structure
To determine if changes in the structure of the alcohol moiety of the

ester produced any systematic changes in activity, a series of acetatz esters
were examined (Table 3.7). 2 number of observations may be made from these
data. TFirstly, as with the series of p-nitrophenyl esters, EST-1 and EST-2
differ markedly in their apwoarent substrate specificity. This is particularly
triking among the series of volatile esters, where EST-1 shows appreciable
activityv, but relatively little difference between substrates, whereas EST-2
shows a clear pattern of little or no activity on the low molecular weight
volatiles, but substantial activity on the higher molecular weight volatile
esters.

Amongst the cither ssters, consistent with their classification as

o
!
f
o]
0N
™

-esterases, EST-2 nas twice the activity on a- naphthyl acetate

- bo o haleht

1T shows on £-nmapntnyl acetate, and conversely EST-1 shows twice th

1]

activizy on B-naphihvl acetate than 1t does on o=-naphthyl acetate. &
comperiscrn of the two iscmers of nitreophenol indicates that both esterases

are sensitive to chancges in the sterecchemistry of the substrate molecule. In

ty

this case, moving the bulky, hydrophcbic -NO- group adjacent to the ester
linkace {i.e. the crtho-conifiguration) drastically reduces the rate cf

hvarclvsis of the ester Zonc.

Further Substrate Studies

w
w
o
G

In addition to the series of p-nitrophenyl- and acetate esters, a
further group of compounds not sharing any systematic structural features
were examined (Table 3.8). Again EST-1 and EST-2 behave quite differently,
and some trends are evident, especially for EST-2. Most striking is the verv
high level of activity oI ZET-~1 against the group of volatile formate esters.
The most interesting Zeature of the EST-2 data is the consistent trend among

the vclatile esters of increasing activity with increasing molecular weight,

as was opserved alsc wiin the acetate series.



Tazle 3.7 Effect of alcohol structure on esterase activity for
acetcate esters

*
Ester ESTERASE-1 ESTERASE-2
(2) Volatile esters
. ‘ _ +
ethyl acetate 158.0 N.D.
n-propyl acetate 134.3 N.D.
i-propvl acetate 134.3 N.D.
n-butyl acetate 134.3 222.¢
i-butyl acetate 173.8 318.5
n-amyl acetate 158.0 329.1
i-amyl acetace 244.9 371.6
o)
\or )/
22.6 55.4
1.7 5.1
75.3 202.8
23.2 2¢l1.¢
£3.5 12¢.2
cholestervl acstiate N.D. N.D.
* . B . . . -
Specific activities are expressed as nmoles product released/min/ng
protein.



Table 3.8 Substrate specificity of esterases

Ester ESTERASE-1 ESTERASE-2

ethyl formate 687.2 N.D.
n-propyl formate 1524.5 2€5.4
n-butvl formate 1311.2 53C.8
ethyl acetate 158.0 N.D.

ethyl propionate 371.3 212.3
ethvl butyrate 150.1 1082.8
triacetin 130.3 297.2
tricarrcin N.D. 53.1
triolein N.D. N.D.

cnolesteryl acetate N.D N.D
cholestervl hexanoate N.D N.D.
cnholesteryl oleate X.D N.D
L-phenvlalanine

ethvl ester 1C.z2 13.4
L-tyrosine ethyl ester 15.1 23.7

N.D. = not detecitabie
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ESTERASE-1 showed no activity against the lipids tricaproin, trioclein
or the sterol esters, and EST-2 displayed only very low activity against
tricaproin. Activity against the amino-acid esters was detectable but very

low.

3.4 DISCUSSION

It is quite obvious from these studies that EST-1 and EST-2 differ in
every biochemical property examined. On the basis of gel electrophoretic
analysis, and gel chromatographic estimation of molecular weight, it appears
that EST-1 is a dimer with an approximate M.W. of 130,000 daltons. 3y
contrast EST-2 is apparently a monomer with a M.W. of about 54,000 daltons.
The enzymes differ irn their response to inhibitors. Though both can be
classified as carboxvlesterases on the basis of sensitivity to low lesvels
of the organophosphate diethyl-p-nitrophenyl phosphate, EST-2 1s Zurther

Cistinguished by its sensitivity to sulphydrvl zlocking agents such as PCME

and Hg++ ions. The Zfailure of EST-2 to fall neatly into one of the classes
of non-specific esterase elaborated for mammalian svstems highlighte <he
problems of classification of these enzymes which were discussed previously
(Section 1.2.4). It seemc that wherever the properties of insect esterases
are examined in sufficient detail they fail to correspond closely to their
mammalian counterparts. In texms of classification, in the absence of
specific information regarding their function, assigning insect esterases to
classes according to the IUB/IUPAC system does not appear to be juszified
beyond the broad grouping E.C. 3.1.1.

The two esterases alsc differ with respect to their pH optima, which
is possibly rnot surprising given their different tissue distributioas. The
observed optimum around pH 7.0 for EST-2 is guite consistent with its
localisation in the alimentary tract. House (1974), in a review of insect
digestion tabulated data on the pH of the alimentary canal and, or its

contents for several orders of insecta. No data appear to be available for
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or other diptera range widely, especially in the
mid-gut wnere values mzay be as low as 3.0. However, average values, especially
zaking into account Zcxz- and hind-gut reglons tend to fall in the range

£.5 to 8.0. ESTERASE-Z nas guite a broad optimum over this rance (F:g. 3.5).
Unfortunately the pE orzimum has not been accurately determined for EST-1,

zut it appears to be greater than 8.0. This is not particularly compatible

]

with its location in the heaemolymph, since insect haemolymph tends to be
slightly acidic and in Z. melanogasier one estimate put it around 6.6 - €.7,
‘Zegg and Cruikshank, 12¢3). The reason for the lack of correspondence
netween the apparent oztimum for the enzyme and the oH of its phvsiological

environment is not clezx. The choice of buffer system can affect the measure-

en, 1273), anéd the phosphate buffer emploved

[N

ment of pH optima (e.c. C'Br
in this study can in nc way be considered a good model for insect haz=molymph,

wnich in addition tc ticarkonate is buffered primarily by aminro acids

~

anic acids and prczelns, and has only low buffering capacity Iin tae

16}

wicinity of normal zhivsiclogical DE (Wigglesworth, 1972).
S o . . c Lo . o e
The two enzymes 21Ifer cramatically in their thermostabilizy at 50 C,

2t least under the <» IT¥c conditions used. From the regressiocns of log

o0

's activity remainirg) on zime (Table 3.6), the estimated times to 30
ceraturation (Tgg) are Tsp = 8.9 minutes for EST-1 and Tgp = 4.0 minutes

Zor EST-2. Differences of this magnitude might seem to imply rather large
Zifferences in physico-chenical properties of the enzymes, but this may not
oe a very sensitive measure of evolutionary divergence. It will be demon-

ated later (Section £.2.%8) that the macnitude of thermostability differ-

ences between allozvmes prcoduced bv different alleles of the zgi-2 locus

iz as great as the difference between EST-1 and EST-2 isozyvmes.

8]

]

The extent of the differences between the two esterases is particularly
covious when thelr substrate specificities are examined. Despite tlreir
capacity to hvdrolvse & broad array of esters, they differ markedly in their

P

rates and patterns cf hvdrolvsis of the groups of chemicals tested. For
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both the series of p-nitrophenol esters, and the group of ethyl esters,
EST-1 hydrcolysed the propionate ester more rapidly than either the acetate
or butyrate ester. By contrast, EST-2 preferentially hydrolysed the butyrate
ester in these groups.

among the group of volatile acetate esters (Table 3.7), EST-1 saowed
very little specificity, hvdrolysing all compounds quite rapidly. ESTERASE-2
showed no detectable activity on the ethyl- or propyl-esters, but considerable
activity on the butvl- and amyl- acetates. Both enzymes showed greater
activity on the esters cof secondary alcohcls as compared with primary
alcohols of the same carbon number. Among other volatile esters (Table 3.8),
patterns of hydrolysis within chemically related groups again differ markedly
for the two esterases. For a series of ethyl esters EST-2 displavys a remark-
able amount of activity against the butyrate ester. ESTERASE-1 is distin-
guished by very high activity on the group of formate esters, anrd EST-2 has
guite high activity against n-propyl and n-butyl formate. Whether or not
this hich activity has anv kiological significance is not known, but it is
interesting that ESTERASE-6 of D. melanogaster showed very high levels of
activity against formates as compared with other volatile esters (Danford
and Beardmore, 1972 ).

Dixon (1966) suggested that the mammalian serine hvdrolases, 1.e.
those enzvmes with a serine residue in the active site, evolved by gene
duplication and subseguent divergence of function. This group of enzymes
includes the endopeptidases; elastase, chymotrypsin-A and B, trvpsin and
thrombin, and also the non-proteclytic esterases; ali-esterases, psza2udo-
cholinesterase and acetylcholinesterase. If EST-1 and EST-2 of D. >uzzatic
arose by cene duplication, the results presented in this chapter indicate

that they have diverged greatly in their biochemical properties. The cdiffer-

-

ences are so great that feel these two enzymes can be classified as isozvmes
orly in the loose sense, ©.¢. they are both capable of the hydrolvtic

cleavage of ester bonds.
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Further evidence of the ancient origin of any such duplication is
provided by the fact that major o- and E-esterase enzymes are found in the
Soproprora subgenus (Sasaki and Narise, 1978) as well as the Irosophila
subcenus. Of course it is not possible to try to entend the homology too
far at this stage, since the norn-specific nature of esterases reguira2s a more
therough investigation to establish a potential homology, and such studies
have not been made in any members of the Sophophora subgenus to my know-
ledge. Within the virilie - rep.etc radiation, however, we have an interest-
inc opportunity to investigate possible homologies.

Narise (1973a,b) has reported some biochemical properties of thz adult

sterases of . virilig. & comparison of her results with those

- SN
- anca o=

1

recorted in this chapter for . buzsaiii show some remarkable similarities

(Tacles 3.9 and 3.10) which strongly suggest homology between a-zst locus of

D, vZrZlis and the Zet-£ locus of . bussatii. Similarly the R-28# gene of
o, Zirllie appears tc be homolocous to Zgt-I of D. puzzaiii. The only

sicnificant discrepancy in properties 1is between the molecular weights of
2

the Z-esterases (but see Section 3.3.2 for criticism of the D. buzza

and the thermostabilities. Narise (1973a) reported that the ¢-EST was more

+3

thermostable than the F-EST in D. vir{lig whereas the reverse is true for
D. ruszatii, though it should be noted that the experiments used different
temperatures for denaturation.

The extent of the similarities in biochemical properties of these
enzvmes in two species which have been separated for a substantial period
of evolution strongly suggests that whatever the physioclogical function of
these enzvmes may be, that function has been conserved in evoliution. For
enzymes which are infamous for their lack of specificity, and their unknown
function, the degree of homology noted above is guite remarkable. If, as

~en been suggested, the natural substrates of these enzvmes are extra-

o)
(1)
0
6]
th
t
D
]

cellular and derived from the external environment, then these data suggest

that there is some chemical similaritv in the feeding sites of species which
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Table 3.2 Comparison of the &-esterases of D. viriiis and D. huzzatii
- ‘0-* . - . -
D. tuzsaiti D. vireize Source for D. virilis
e
Character - . -
EST~1 £-EST data

Presumptive guarternary

protein structure Dimer Dimer Narise, 1¢73a
Molecular weight 130,000 102,000 Sasaki and Narise,

1878

Organophosphate

inhibited Yes Yes Narise, 1973a
Sulohydrvl reagent

innibited No o Narise, 1973a
pH optimum g£.0 8.0-9.0 Narise, 1973a
Optimal acyl

C-chain length oroplonate proplonate Narise, 1973b

. . .+ A »

Crromosome location 2 2 Chba, 1970, 1971

Cata for D. Juszqiii derived from this Chapter.

The second chromosomes of viriiie

to be nomologous on cyvtological ¢

c et peci
riteria (Wasserman, 1982, ©.72).

es are deecmed
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marie 3.10 Comparison of the a-esterases of 2. buzszatii and D. viriiis

<
T
ey,
]
{
3
\.
h
O
K
%]

~ . D. buzza L. viriiis  Source iriits
raracter
e EST-2 a-EST data
Presumptive quarternary
Troteln structure Monomer Monomer Narise, 1273a
Molecular weight 54,000 51,000 Sasakil and Narise,
1978
Orcanophosphate
irnnikited Yes Yes Narise, 1973a
Sulichyvdryl reagent
innibited Yes Yes Narise, 19732
DX cptlmum c.5-7.5 7.0-8.0 Narise, 1973a
Cztimal acyl butyrate, but valerate,but
c-cnealn length substantial substantial
activity activity Narise, 18730
Cz-C6 C2-C6
Cnromoscme location 2 2 Ohba, 1970, 1871
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share very different ecological environments.

The natural breedinc substrates of Iresgcriila species have not been
chemically analvsed tc anyv creat extent, especially with respect to volatile
esters. A small pilot study of the volatile fraction of four naturally
occurring Opurniia rots by combined gas chrcmatography-mass spectrometry was
undertaken. For comparison, four cactophilic yeasts grown in monoculture
on sterilised, autoclaved cactus were analvsed at the same time. The resulzts
showed gualitatively very similar chromatoagrams among the four rots, and
among the four veast cultures, but cuite different chromatograms for rots
as compared with yeast cultures. The difference was due to alcohols plus

thelr respective ketones in the rots, ancd alcohols plus their respective

acetate esters in the veast cultures (East, 1982). This small study would
most likely have only detscted the lower beiling point esters such as the

. . . - . o
acetates, since sample precaration was DV headspace collection at 40 C, and
could not have detected Icrmate esters, since these cannot be identiiied

with a flame ionisatiorn Zetecter (Drucker, 1981). It is known that nicro-
organisms can produce a variety of short chain carboxylic acids (C1-C7)

and alcohols (C2-C5) by utilising a number of different fermentation pathwavs
{Drucker, 198l1). It is alsc known that veast esterases can synthesise

esters in a fermentation medium from the alcohols and fatty acids present,

and an equilibrium is estatlished between the ester product and the acid

and alcohol precurscrs (Parkkinen and Sucmzlainen, 1982). It was fouind

»
3
ct
Ly
o
th
0]

that most esters appearec cnly rmentation medium, but that some,

notably of higher molecular weight, were found in the medium and als> in
the yeast cell (Nordstrom, 1964; Nykanen €T &

., 1977). Although th=z small

studv mentioned above succested that low molecular weight, low boiling point

0]
rt

esters are nct routinely Zound in (rimIia rots, the high activity of EST-1
ané EST-2 on the volatile ssters examined, and especially the trend shown

EST-2 of increasing activity with increasing molecular weight of the

ox
"

substrate, sucgests that Zurther analyses, particularly of the higher boiling
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point esters mav be of interest. The possibility that the cactophilic
yeasts might ccntain esters withiin the cell also warrants investigation,
since the Iroscrhilc feed on the veasts, and store them in the crop prior to
digestion, which would have the =Zfect of presenting any secuestered chemi-
cals in a packzged, concentrated Zorm. The synthetic capacity of the
cactophilic veasts, combined with the diversity of fermentation products
found in cactus rots certainly provides the potential for the produciion of

a very heterogeneous collection of esters to confront any Drosophilid feedinc

in that milieu.
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