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The feasibility of the activation-inactivation of ecdysone
20-monooxygenase activity, from Spodoptera littoralis fat body, in a
manner commensurate with possible modulation of the enzyme's activity,
by reversible phosphorylation-dephosphorylation was ‘investigated.
Initially, the sub-cellular localization of the ecdysone
20-monooxygenase was determined .in the fat body. It was found to be
located primarily in the mitochondria with a small, but significant,

proportion being apparently associated with the microsomal fraction.

Microsomal fractions showed higher ecdysone 20-monooxygenase
activity after preincubation at 37°C in phosphate buffer rather than
Hepes or 1Imidazole buffer systems. Similarly, activity of the

monooxygenase was elevated following preincubation with fluoride, an
inhibitor of phosphoprotein phosphatases. Preincubation with alkaline
phosphatase, or with cyclic AMP-dependent protein kinase and
appropriate cofactors, -~resulted in appreciable diminution or
enhancement, respectively, in monooxygenase activity. Activation of
ecdysone 20-monooxygenase activity could also be effected by
incubation with a cytosolic fraction in the presence of cyclic AMP,
ATP and fluoride; this activation was prev;ented by a cyclic

AMP-dependent protein kinase inhibitor. Similarly, inactivation of
the monooxygenase was achieved by  preincubation with cytosol, the

2-l'-c.-sllmodulin and/or by Mgz+ ions. Use of

effect being enhanced by Ca
a mixture of proteinase inhibitors established that the resuits are

not complicated by the effects of such enzymes. The combined results



provide indirect evidence that the microsomal ecdysone

20-monooxygenase exists in an active phosphorylafed form and an
inactive dephosphorylated form, interconvertible by a cyclic

AMP-dependent protein kinase and a phosphdprotein phosphafase.

Mitochondrial fractions also showed higher ecdysone
20-monooxygenase activity after preincubation with fluoride.
Preincubation of a broken mitochondrial preparation with alkaline

phosphatase resulted in appreciable diminution of monooxygenase

activity, whereas activity was retained when the phosphatase was
inhibited by EDTA and inorganic phosphate. Monooxygenase activity was
increased when a broken mitochondrial preparation was incubated with
cyclic AMP-dependent protein kinase and apprpriéte ﬁcofactors.
Similarly, when the activity of the mitoch;ﬁdriél eédysone
20-monooxygenase was reduced by incubation with alicaline phosphatase
followed by inactivation of the phospﬁhataser by ;EDTA and phosphate,
there was an% appreciable recovery of activity upon rephosphorylation
of the enzyme system by incubation with protein kinase and appropriate
cofactors. The combined reéults provide indirect evdiderrlce that the -
mitochondrial ecdysone 20-monooxygenase may also existq in an active

phosphorylated form and an inactive dephosphorylated form, which are

interconvertible by appropriate phosphoprotein phosphatase(s) and

protein kinase(s). Of course, in vivo a cyclic AMP-dependent protein
kinase would not be expected to be involved in modulation of the

mitochondrial monooxygenase.



The effect of various known cytochrome P-450 inhibitors was

investigated on a microsomal plus mitochondrial preparation from fat

body. The most potent inhibitors were ketoconazole and imazalil which

are both azoles with I50 values of 0.26ppm and 0.32ppm, respectively.

The major ecdysteroids occurring during oogenesis and
embryogenesis in Spodoptera littoralis were analysed. Initially, the
metabolism of injected [3H2]cholesterol was investigated. Four major
metabolites were . identified: 2-deoxyecdysone, 2-deoxyecdysone
22;phosphate and unusually the correspondiqg Sa~epimers. It 1is

possible that the latter isomers do not occur in vivo, but arise by

keto-enol tautomerism during isolation. 2-Deoxyecdysone and
2-deoxyecdysone 22-phosphate were present throughout oogenesis and
embryogenesis. The structures were ascertained by mass spectrometric
and nuclear magnetic resonance spectrometric analysis. 1In addition,

small amounts of ecdysone and 20-hydroxyecdysone were identified

during embryogenesis by h.p.l.c./R.I.A.

The changes in ecdysteroid titre and composition during oogenesis
and embryogenesis were determined. In the ovaries of Spodoptera, the

total ecdysteroid concentration remains almost constant. Appreciable
amounts of ecdysteroids appear to be passed into the eggs where the
titre per batch of eggs decreases early in embryogenesis. Towards the
end of embryogenesis the total ecdysteroid titre per batch of eggs

rises again.
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1. Insect Endocrinology

The Class Insecta can be broadly divided into two groups, the
Hemimetabolous and the Holometabolous insects. Hemimetabolous
insects hatch in a form closely resembling the adult, but have no
wings. During successive moults, the wings gradually develop and the
sex organs mature. In the Holometabolous insects, the larval stages
are structurally dissimilar to the adult and a series of larval-larval
moults is followed by a pupal stage. Hence, metamorphosis is said to

be complete in Holometabolous insects and incomplete in Hemimetabolous

insects.

For the development and growth of an insect to occur, it is
necessary for the cuticle to be periodically removed and replaced.
During the moulting cycle, the cuticle separates from the epidermis
(apolysis), the epidermal cells divide, and deposit the new cuticle.
The old cuticle is then shed (ecdysis) and the ins;ct increases in
size. It is only during this short period when the epidermis is
detached from the cuticle that development can take place. The
moulting cycle is controlled by ecdysteroids, the titre of which

generally rises at the appropriate time.

During the life cycle of insects, ecdysteroids, often called the
moulting hormones, act in concert with juvenile hormone to ensure the
correct development of the insect. Increased levels of moulting
hormone induces moulting, whereas juvenile hormone modulates this

effect by determining the nature of the moult (Fig. 1). While
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physiological mechanisms such as metabolism, excretion and

sequestration all contribute to the regulation of a hormone titres,

the initial regulation of the titres 6f ecdysteroids and juvenile

hormones occurs at the level of synthesis. The secretion of both

these hormones is controlled by an endocrine system.

Different groups of cerebral neurosecreatory cells, in response
to appropriate enviromental stimuli synthesize a prothoracicotropic
hormonel (PTTH) (Bollenbacher and Gfaﬁger, 19855. At fresent, | Fit
appears that PTTﬁ exists as a serie§ of molécular variants, but little
is known about the function of the individual components (Kataok; et
al., 1§87). Followiné synthesis, PITH is transferred to the

retrocerebral complex (corpora cardiaca and corpéra allata) via nerve
axons. The retrocerebral complex appear to serve as storage organs
for this secretion from where it can bé released ;l;ito the haemolympl*;
as fequired. Once in the :haemolymph; the* fTTH stimulates the
prothoracic glands or analogous structures to sjynthesrize anci secreéé
the moulting hormone, ecdysone. Other factors also appear to regulate
the prothoracic glands. These inélude the competency of the glands to
be stimulated by a trophic effector and the presence of one or more
haemolymph pﬁrotein factors (Watson et al., 1987). Ecdysone acts
mainly as a précursor of the ﬁlajor active hormone 20-hydroxyecdysone,
although it does have i’lormonal activity per se. It is 1t.h9l hormonailSr

more active, 20-hydroxyecdysone, which initiates the 'moult’.



Although ecdysone .is the main ecdysteroid -synthesized by the
prothoracic glands, several others occur in the haemolymph suggesting
that these individual ecdysteroids or a critical ratio of the

ecdysteroids may have discrete functions in the control of insect

development.

The type of moult the insect undergoes is determined by the level
of juvenile hormone which is synthesized by the corpora allata. - 1In
the presence of a high juvenile hormone titre, larval-larval moults
occur, whereas in the presence of a low titre or in the absence of

juvenile hormone, larval-pupal and pupal-adult moults occur.

In some Lepidoptera the corpora allata produce several juvenile
hormone homologues [JH-I, JH-II, JH-III, JH-0 and 4 methyl JH-I},
whereas others can secrete juvenile hormone acids as well (Granger et
al., 1982).  As a result, fluctuations ‘occur not only -in the
haemolymph titres of juvenile hormones but in the titres of their
acids as well (Baker et al., 1987). Regulation of synthesis of the
juvenile hormones and their acids is a major mechanism by which their
titres are controlled. The juvenile hormone titre has been shown to

increase due to methylation of synthesized acids by peripheral tissues

(eg. imaginal discs) in the Manduca sexta pupae (Sparagana et al.,

1985). The synthesis of juvenile hormones -and their acids is-
controlled by cerebral neuroendocrine and nervous ‘‘mechanisms
(Feyereisen,. 1985) which themselves may be affected by other hormones,
notably ecdysteroids (Granger et -al., 1987).  The juvenile hormone
titre may, in turn, regulate the competency of the prothoracic glands
to be stimulated by a trophic effector (Watson and Bollenbacher,

1988).



2. Structure and Occurrence of Ecdysteroids

Ecdysteroids are polyhydroxylated ketosteroids possessing a
l4a-hydroxy~-7-en-6-one system (a, PB-unsaturated oxo group). The
ecdysteroids referred to in this study all possess a cis fused A/B
ring system, which effectively results in a non-planar molecule (Fig.
2). This conformational arrangement is critical for moulting hormone

activity, Sa-ecdysteroids being hormonally inactive.

The numbering and lettering of structures in this thesis are in
accordance with the guidelines laid out in the IUPAC-IUB Definitive
Rules for Steroid Nomenclature (1971; TFig. 3). ﬁThis meaﬁs that
notation differentiates between nuclear substituents above the plane
of the ring, termed 'B' (denoted by ————) and substituents below
thé plane, termed 'a' (denoted by =---=----- ). The ecdysteroid side

chain is 1linked to the tetracycline nucleus at C-17 in the
B-configuration. An asymmetric carbon centre is generated at C-20.
The Sequence Rule Procedure (Cahn et al., 1966) is used to describe

the stereochemistry at such centres, using the R and S symbols to

indicate the three dimensional positions of each substituent. A 22R
hydroxyl group is essential for compounds to exhibit high moulting
hormone activity and in 20-hydroxyecdysteroids a 20-hydroxy group is

present producing a 20R stereochemical centre (Fig. 4).

The structures of a number of free ecdysteroids isolated from
arthropods are given in Fig. 5. Polar and apolar conjugates of
ecdysteroids have also been detected in arthropods, usually in the

ovaries or eggs and a number of these are listed in Fig. 6.
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Fig. 6
arthropods

Name

2-Deoxyecdysone 22-phosphate
2-Deoxy-20-hydroxyecdysone 22-phosphate

Ecdysone 2-phosphate

Ecdysone 22-phosphate
20-Hydroxyecdysone 22-phosphate
20-Hydroxyecdysone 2-(or 3)phosphate
3-Epi-2-deoxyecdysone 3-phosphate

3-Epiecdysone 3-phosphate

Ecdysone 3-acetate

20-Hydroxyecdysone 3-acetate
20-Hydroxyecdysone 22-acyl ester
Ecdysone 22-acyl ester

2-Deoxyecydsone 22-adenosine-monophosphate
Ecdysone 22-agenosine-monophosphate
Ecdysone 22-N -(isopentenyl)-adenosine-
monophosphate

3-Acetylecdysone 2-phosphate

3-(or 2) Acetylecdysone 22-phosphate
3-Acetyl-20-hydroxyecdysone 2-phosphate

3-Acetyl-20-hydroxyecdysone 22-phosphate

26-Hydroxyecdysone 26-phosphate
26-Hydroxyecdysone 22-glucoside

A list of a number of ecdysteroid conjugates isolated from

Reference

Isaac et al., 1982.
Tsoupras et al., 1982a;
Isaac et al., 1983.
Isaac et al., 1984.
Isaac et al., 1982,
Isaac et al., 1983.
Tsoupras et al., 1983a.
Tsoupras et al., 1982b;
Isaac et al., 1984,
Tsoupras, 1982.

Isaac et al., 1981.
Modde, 1983.
Connat et al., 1986.
Crosby et al., 1986.
Tsoupras et al., 1982b.
Tsoupras, 1982.

Tsoupras et al., 1983a.
Isaac et al., 1984,
Isaac and Rees, 1984.
Modde, 19833 Isaac and
Rees, 1984.

Tsoupras et-al., 1982a,
1983b.

Thompson et al., 1985.

Thompson et al., 1987.
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Ecdysteroids are also detected in invertebrates besides insects.
These include cestodes (Mendis et al., 1984), crustacea (Rees, 1971),
annelids (Porchet et al., 1984), trematodes (Nirde et al., 1983),
nematodes (Mendis et al., 1983), arachnids (Wigglesworth et al.,

1985), gastropods (Romer, 1979), myriapods (Juberthie-ilupeau et al.,

1979), and coelenterates (Hoffmann and Porchet, 1984).

In addition, ecdysteroids have been detected in a variety of
plants: pteridophyté, gymnosperms and angiosperms (Hetru and Horn,
1980; Bergamasco and Horn, 1983). These ecdysteroids have been termed
phytoecdysteroids, and although the exact significance of these

metabolites is not fully understood, it has been proposed that they

‘may protect the plant from predatory insects.

Ecdysone and 20-hydroxyecdysone are the most abundant
ecdysteroids, found in virtually every arthropod species analysed and
there are few species which possess neither metabolite. Makisterone A
(24-methyl-20-hydroxyecdysone) is the major ecdysteroid found in
certain phytophagous ' Heteroptera (eg. Oncopeltus fasciatus) which
cannot dealkylate phytosterols (Feldlaufer and Svoboda, 1986).
Ponasterone A [25-deoxy-20-hydroxyecdysone] (Lachaise et al., 1981)
and inokosterone [25-deoxy-20, 26-dihydroxyecdysone] (Faux et al.,
1969) have, as yet, only been detected in crustacea. The prothoracic
glands are the prime physiological source of moulting Lhormone’. during
larval-larval, 1larval-pupal and pupal-adult transformations in
insects. There is also much evidence for the physiological production
of ecdysteroids in the abdomens of Tenebrio molitor during pupal-adult

development (Delbecque et al., 1978).
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Isolated 1larval abdomens of other insect species have also been
reported to be able to producg some ecdysteroids (Nakanishi et al.,
1972; Hsiao et al., 1975). It is also well-documented that the
ovaries of reproductively competent female insects synthesize

ecdysone. This can occur during pupal development, as in Bombyx mori

(Ohnishi et al., 1977) or in adult insects such as Aedes aegypti

(Hagedorn et al., 1975) or Locusta migratoria (Lagueux et al., 1977).
The ovarian follicle cells have been established as the exact site of
ecdysteroid synthesis in Locusta (Lagueux et al., 1977; Zhu et al.,

1983).

In many species the bulk of the ovarian ecdysteroids are
transferred to the ooplasm of eggs (Goltzene et al., 1978) where they
may have a function during embryonic development (Hoffmann, 1986).
However, in others, an appreciable amount of the ovarian ecdysteroids

are released into the maternal haemolymph where they might play a role

in the female (Hoffmann, 1986). Ovarian ecdysteroids are thought in
higher insect orders (eg. Aedes) to play a role in vitellogenin
synthesis and in lower insect orders to play a role in the early

events of embryogenesis (Hagedorn, 1985).

In insect oocytes, the presence of free ecdysone and 20-hydroxy-
ecdysone is characteristic of the cockroaches, termites and moths,

while in locusts ecdysone and 2-deoxyecdysone predominate (Lagueux et

al., 1981; Rees and Isaac, 1984). Most of the ecdysteroids found in

ovaries and eggs of Lepidoptera and locusts are conjugated to more

polar molecules, primarily phosphate (Hagedorn, 1985).
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There exists as mentioned previously, a large amount of indirect

evidence that one of the functions of egg ecdysteroids is in the
control of moulting. In several insect species, a correlation between
moulting events in the embryo and the concentration of moulting
hormone activity, was clearly evident (Imboden and Lanzrein, 1982;
Fournier and Radallah, 1988). The free ecdysteroid titre in Locusta
eggs exhibits four peaks, which show a strict temporal correlation
with the successive deposition of the serosal cuticle and the first,
second and third embryonic cuticles (Lagueux et al., 1979). It has
also been shown that the synthesis of RNA, proteins and
polysaccharides, associated with the formation of the cuticle, are

prematurely triggered and accelerated in vivo by the addition of an

exogenous ecdysteroid to a culture of epidermal cells from the legs of

Blaberus craniifer embryos (Bulliere et al., 1979).

In some insect species (eg. Locusta, Schistocerca and Bombyx) the
peaks of free ecdysteroids at least during early embryogenesis may
result from hydrolysis of ecdysteroid conjugates of maternal origin

rather than de novo synthesis (Hagedorn, 1985). However, this does

not exclude the possibility that during later stages of development,

the embryos synthesize ecdysteroid de novo once the prothoracic glands

(or other tissues capable of ecdysone biosynthesis) have

differentiated.- The biosynthetic origin of embryonic ecdysteroids in
those insects where the presence of maternal ecdysteroids has either
not been reported or is minimal (eg. Nauphoeta cinerea) suggests de

novo synthesis, but this awaits demonstration (Hagedorn, 1985).

Maternal conjugates are gradually metabolized within the Locusta and
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Schistocerca embryos as development proceeds (Lagueux et al., 1981;

Rees and Isaac, 1984). Schistocerca embryos contain a phosphatase

enzyme which can hydrolyse ecdysteroid 22-phosphates to release mainly

ecdysone (Isaac et al., 1983b).

Another function of embryonic ecdysteroids in insects may be the

control of diapause. It has been observed in eggs of Bombyx mori

that the level of moulting hormone activity was diminished during
diapause and re-elevated upon resumption of embryonic development
(Oht';ishi et al., 1971; Coulon, 1988). There is also a correlation
between the concentration of moulting hormone activity and mitotic

activity in the late stages of embryogenesis in Schistocerca gregaria

(Scalia et al., 1987).

3. Biosynthesis of Ecdysteroids

Cholesterol is the distal precursor of ecdysone. Insects cannot

synthesize sterols de novo from small molecules such as acetate and

rely upon a dietary source of these compounds (Clayton, 1964). Most

insect species require some cholesterol or a sterol which is
convertible into cholesterol, for satisfactory growth, development and
reproduction. Carnivorous insects derive their cholesterol directly
from their diet, whereas phytophagus insects, such as Spodoptera

littoralis, obtain such a sterol primarily by dealkylation of C28 and

C,y phytosterols (eg. sitosterol, stigmasterol and campesterol). This

involves removal of the alkane or alkene substituents from C-24 on the

sterol side chain. However, the ability to dealkylate plant sterols
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is not wuniversal amongst phytophagus insect species. Several
Hemipteran species, such as Oncopeltus fasciatus (Svoboda et al.,

1977), Dysdercus fasciatus (Gibson et al., 1983) and Trogoderma
granarium (Svoboda et al., 1980), lack this ability. In Oncopeltus

fasciatus, the methylated sterol, campesterol is utilized to produce

the 028 compound, makisterone A, as the principal ecdysteroid

(Feldlaufer and Svoboda, 1986).

During ecdysone biosynthesis from. cholesterol, extensive
modification of the sterol nucleus, occurs before side-chain
hydroxylation (Rees, 1985). Both cholesterol and 7-dehydrocholesterol
are incorporated into ecdysteroids (Johnson and Rees, 1977a). Owing

to the reversible interconversion of the two sterols in vivo, it has

only recently been demonstrated that 7-dehydrocholesterol 1is an

obligatory intermediate and not incorporated indirectly via

cholesterol (Milner et al., 1986; Warren et al., 1988).

There is appreciable evidence to support the intermediacy of 38,
14a-dihydroxy-5B8-cholest-7~en-6-one (2,22,25-trideoxyecdysone; often
referred to as S5B-ketodiol) in ecdysone biosynthesis (Haag et al.,

1985). However, the nature of the preceding steps is unclear, such as

the introduction of the 6-oxo group, the A7 double bond, the proton at

C-5 and the hydroxylation at C-14.

The formation of the A/B cis ring junction also appears to occur
during the early stages of ecdysteroid biosynthesis. This was

supported by experiments involving excised prothoracic glands from



- 16 =

Manduca sexta in which only the 58 isomer of ketodiol was converted

into ecdysone. The 5a isomer of ketodiol was converted into 5a-2-
deoxyecdysone (Bollenbacher et-al., 1977a). Thus, introduction of the
A/B cis ring junction must occur before formation of ketodiol.
Experiments involving the incorporation of stereospecifically labelled
cholesterols in S. gregaria (Davies et al., 1981) showed that the 3a-
and 4B-hydrogens of cholesterol are eliminated during ecdysteroid
formation. These results were interpreted in terms of the possible
intermediacy of a 3-oxo- Al'-steroid in formation of the A/B cis ring
junction. Although none of the 3-oxo- Az'-steroids , which have been
investigated as putative ecdysteroid precursors, were incorporated,
there may be an obligatory requirement for other structural features

in the molecule (Rees, 1985).

A potential precursor of S5PB-ketodiol, 3B-hydroxy-5p-cholest-7-en-
6-one (2,14,22,25-tetradeoxyecdysone, often referred to as 5B-ketol)
is not significantly incorporated into 20-hydroxyecdysone in

pupariating Calliphora stygia (Faux et al., 1979) and yielded

14-deoxyecdysone when prothoracic glands- from Manduca  sexta

(Bollenbacher et al., 1977a) or Locusta migratoria (Haag et al., 1987)

were cultured in vivo. This implies that 5B-ketol is not the

immediate precursor of 5f-ketodiol and, thus, C-14 hydroxylation must

occur on a hitherto unknown substrate other than 58-ketol.

The favoured hydroxylation sequence following the formation of

58-ketodiol is: C-25, C-22 'and C-2 in the prothoracic glands and

ovarian follicle cells of Locusta migratoria (Meister et al., 1985).
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In the prothoracic glands of Locusta migratoria, the C-2 hydroxylase

appears to be a mitochondrial oxygenase which differs from
conventional cytochrome P-450 dependent monooxygenases by its relative
insensitivity to CO. In contrast, the C-22 and C-25 hydroxylases
appear to be classical cytochrome P-450 monooxygenases (Kappler et

al., -1988). The C-22 hydroxylase is a mitochondrial enzyme and

current evidence suggests that the C-25 hydroxylase 1is probably a
microsomal enzyme. The C-2 hydroxylase found in Malpighian tubules
and in the prothoracic glands differ only in their preference for
cofactors. NADPH is a more efficient cofactor for the prothoracic
gland C-2 - hydroxylase when compared with isocitrate, . whereas
isocitrate is a more efficient source of reducing power for the
Malpighian tubule enzyme. The C-2 hydroxylase is also interestingly,

competitively inhibited by 2-deoxyecdysone and by 2,22,25-trideoxy-

ecdysone. The end-product ecdysone appears to be a noncompetitive

inhibitor (Kappler et al., 1988).

The hydroxylation of ecdysone by ecdysone 20-monooxygenase [E.C.
1.4.99.22] at position C-20 to yeild 20-hydroxyecdysone has been well
documented. Ecdysone 20-monooxygenase is a cytochrome P-450-dependent
mixed function oxidase (Rees et al., 1981). It has been reported that
the enzyme system in various species and tissues is either largely
mitochondrial or microsomal or has dual location in both sub-cellular
fractions (Weirich et al., 1984). The activity of the Locusta

microsomal monooxygenase system is enhanced following injection of

ecdysone and reduced by extirpation of prothoracic glands (Feyereisen



- 18 -

and Durst, 1980), "suggesting that thethénzymic activity may be
controlled by the concentrations of its substrate. In addition, it
has been demonstrated that ecdysone 20-monooxygenase shows competitive
inhibition by its product, 20-hydroxyecdysone (Feyereisen and Durst,
1978; Smith et al., 1979; Greenwood and Rees, 1984). A summary of our

present understanding of the ecdysteroid biosynthetic pathway is given

in Figure /.

4. Vertebrate Steroid Hydroxylations

Since there is much information on steroid hydroxylation
mechanisms in vertebrates, it is appropriate to consider these as

background for the ecdysteroid hydroxylations in insects.

The biosynthesis of sterols involves a series of cytochrome
P-450-catalysed monooxygenase reactions. Cytochrome P-450 is now
known to encompass a family of haemoproteins, each of which exhibits
distinct but overlapping substrate specificity. The distinct
requirement of steroid synthesis in specific cell types may involve

discrete P-450 isoenzymes adapted to a particular function (Lieberman

et al., 1984).

A characteristic of many steroidogenic pathways .;tsr tﬁat reactions
occur both in the mitochondria and the endoplasmic reticulum. The
distribution of steroidogenic cytochromes ~P-450 between the
mitochondria and microsomes is summarized in Figure 8. The reactions

in the mitochondria and in the endoplasmic reticulum require very

different electron transport chains.
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Fig. 7 Ecdysteroid biosynthesis (from Hoffmann, 1986)
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Fig. 8 Distribution of Steroid Hydroxylases between Mitochondria and

Microsomes SJefcoate, 1986!

Reaction Substrate Tissues
Mitochondria
20,22-Cleavagea Cholesterol Adrenal, testis,
ovary, placenta.
118-,318-H0b Deoxycorticosterone Adrenal
18-HO Corticosterone Adrenal
18-Hydroxycorticosterone Glomerulosa
la-HO 25-Hydroxyvitamin D3 Kidney
24-HO
26-HO Cholesterol Liver
Microsones
21-HO a 17<1-Hydroxypaogesteronec Adrenal
17a~-HO Progesterone Adrenal, testis.
17-20-lzase
Aromatase Androgens Ovary, placenta.
25-HO Vitamin D Liver
7a-HO Cholesterol Liver
12a-HO Ja,7a dihydroxy-
cholestane Liver
25-HO 3a,/a,12a Trihydroxy-
cholestane Liver
14a-HO Dihydrolanosterol Liver

EMultiple hydroxylases
HO, hydroxylation
cProgesterone is also a substrate

Lyase activity measured with 17a-hydroxyprogesterone
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Four different mechanisms can potentially be used to. rapidly
affect the activity of cytochrome P-450: control of substrate, control
of electron transfer, allosteric activation, or protein modification.

In addition, cytochromes P-450 are all membrane bound enzymes and all

the potential control elements listed above may be changed by the

membrane environment.

Reactions involved in steroidogenesis include the following: the

conversion of cholesterol into pregnenolone known as cholesterol

side-chain cleavage catalysed by side-chain cleavage P-450 (P-450scc);

118-hydroxylation catalysed by cytochrome P-&SOHB; 21-hydroxylation
catalysed by '15’-&50021 and 17a-hydroxylation catalysed by cytochrome
P-45017u.

Such reactions require, the reducing equivalent in the form of

NADPH, molecular oxygen and a substrate to be monooxygenated (Simpson

and Estabrook, 1969). The stoichiometry of these monooxygenase

reactions is generally expressed by the following equation:

NADPH + HY + S + 0. ——> NADPT + SO + H

O

2 2

Where S denotes a substrate to be monooxygenated. During the
reaction, one atom of molecular oxygen is incorporated into a
substrate while the other atom is reduced to water and, therefore, the
reaction is also referred to as a mixed function oxidase reaction. In
the mitochondrial cytochrome P-450 system, besides cytochrome P-450, a

specific electron-transfer system composed of adrenodoxin, an iron-
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sulphur protein, and adrenodoxin reductase, a flavoprotein, 1is

necessary to convey electrons from NADPH to cytochrome P-450. In the

microsomal cytochrome P-450 system it consists only of a flavoprotein,

cytochrome P-450 reductase (Omura et al., 1966; Kimura, 1968; Cohen

and Estabrook, 1971).

Figure 9 shows the reaction cycle of steroid monooxygeﬁations
catalyzed by mitochondrial cytochrome P-450. This cycle has been
considered to be common to both 11B-hydroxylation and cholesterol side
chain cleavage reactions (Kapke and Baron, 1976). The initial step of
the process is postulated to be the binding of a substrate to the
oxidized form of cytochrome P-450 (‘'a' in Fig. 9). fhis is followed
by the reduction of cytochrome P-450 by a reduced adrenodoxin. The

reduced cytochrome P-450-substrate complex ('b' in Fig. 9) is then

oxygenated by molecular oxygen to form a ternary complex with the

substrate, oxygen and reduced cytochrome P-450 ('e¢' in Fig. 9).

Subsequently, the second electron is given to the ternary complex
resulting in the release of a hydroxylated product and H20 (Ando and
Horie, 1971; Schleyer et al., 1973). The three states of cytochrome
P-450 described above ('a-c' in Fig. 9) are recognizable as spectral

shifts in the Soret region as well as in the longer wavelength region °

of the substrate-free cytochrome P-450 (Schleyer et al., 1973).

Since NADPH does not freely penetrate into intact mitochondria,
control of the activity of steroid hydroxylases also depends on the
generation of NADPH within the mitochondria. Three principal routes

are available: (1) NADP+-linked malic enzyme, (2) NADP+-1inked
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Fig _9. Reaction mechanism of the mitochondnal cytochrome

N

S:substate, Fp:adrenodoxin reductase, Ad(Fe~S) :adrenodoxin
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isocitrate dehydrogenase and (3) energy linked transhydrogenation of

+
NADP by NADH (from a ketoglutarate dehydrogenase, malic

dehydrogenase, or reverse electron flow from succinate) [Kimura, 1981;

Tuckey and Kamin, 1982].

The mechanism of microsomal cytochrome P-450 function is complex
and has not been totally established (Fig. 10). The initial step
consists of the binding of substrate to oxidized cytochrome P-450
followed by a one electron reduction catalysed by the NADPH-cytochrome
P-450 reductase to form a reduced cytochrome-substrate complex. This
complex can interact with carbon monoxide to form the CO complex. The
next several steps are less well understood. They involve an initial
reaction with oxygen to form a ternary oxygenated complex. This
ternary complex accepts a second electron resulting in the further
formation of one or more poorly understood complexes. One of these
however is probably the equivalent of the peroxide anion derivative of
the substrate-bou;id haemoprotein. After the transfer of one atom of
oxygen to the substrate and the reduction of the other to form water,
dismutation reactions occur that lead to the formation of the
hydroxylated product, water and oxidized cytochrome (Cooper et al.,
1979). The possibility that the second electron is derived from NADH
via cytochrome b5 has been the subject of argument for some time and

is still to be completely resolved. It is clear, that this pathway is
not essential for all cytochrome P-450 dependent monooxygenases, since
many occur in systems reconstituted from NADPH, 02 .
phosphatidylcholine, NADPH-cytochrome P-450 reductase and cytochrome

P-450. Nevertheless, evidence is available that this pathway can
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occur under some circumstances, and it may facilitate oxidative

activity in the intact endoplasmic reticulum (Cohen and Estabrook,

1971; Hildebrant and Estabrook, 1971).

As observed in Figure 11 all four classical éteroidogenic
tissues, namely the adrenals, testes, ovaries and placenta, contain
the enzymic system necessary for cholesterol side-chain cleavage, but
the presence or absence of the other enzymes depends on the*tissue and
species in question. This diversity of gene expression of other

steroid hydroxylases results in tissue- and species-specific steroid

hormone production.

The steroid hydroxylases of the adrenal cortex have been examined
in greater detail than those in other steroidogenic tissues (Pfeiffer
et al., 1972; Purvis et al., 1973). Adrenocorticotrophic hormone

(ACTH), the peptide hormone whose target tissue is the adrenal cortex,

plays a key role in regulating the synthesis of adrenocortical steroid
hydroxylases. The synthesis of cholesterol side-chain cleavage
cytochrome P-450 (P-450scc) increases with ACTH treatment of bovine
adrenocortical cells (DuBois et al., 1981). The temporal pattern of
this response shows that little change in synthesis occurs during the
first 12 hr. of ACTH treatment. At longer times, an increase in
synthesis of cytochrome P-450scc 1is observed which peaks at 36hr.
following initiation of treatment. The presence of ACTH beyond 36hr.
results in a decrease in synthesis. A similar profile is observed for

other mitochondrial components of the steroidogenic pathway, synthesis
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of 11B8-hydroxylase (cytochrome P-4501m) adrenodoxin and adrenodoxin
reductase, (Kramer et al., 1983a). Therefore, ACTH regulates the
synthesis of mitochondrial steroid hydroxylases in a coordinate
fashion (Waterman, 1982; Simpson and Waterman, 1983). It has been
clearly established in several 1laboratories that ACTH treatment of
adrenocortical cells leads to increased levels of cyclic AMP and that
the acute effects of ACTH to stimulate steroidogenesis can be mimicked
by analogues of cyclic AMP (Hayashi et al., 1979; Kramer et al., 1982;
Rani et al., 1983). It has been shown that analogues of cyclic AMP
can also mimic the effects of ACTH on the synthesis of mitochondrial
components of the steroid hydroxylase pathway (Kramer et al., 1984).
The synthesis of cytochromes P-450scec and P-ASO118 and adrenodoxin are
all increased in response to treatment of bovine adrenocortical cells
with dibutyryl cyclic AMP, the temporal pattern being similar to that
observed following ACTH treatment (Boggaram et al., 1984a). It is

suggested that while the synthesis of these mitochondrial components
in response to ACTH appears to be coordinate, each enzyme may respond

to different levels of cyclic AMP.

The increases in amount of cytochromes P-450scc and P-450llB and

adrenodoxin in adrenocortical cells in response to ACTH are clearly
due in part to an increased rate of synthesis. However, it is also
possible that ACTH may decrease the turnover rates of these enzymes
and in this way also contribute to their elevated levels. This has
been found not to be the case for cytochrome P-450scc and adrenodoxin,
but in the case of cytochrome P-4501m, there appears to be a
significant effect of ACTH to increase the half-life (Boggaram et al.,

1984b).
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ACTH also influences the rate of synthesis of microsomal steroid

hydroxylases. Treatment of bovine ' adrenocortical cells with ACTH
leads to increased synthesis of steroid 21-hydroxylase (cytochrome
P-450.,,) [Funkenstein et al, 1983]. 1In this case, optimal synthesis
is observed 24hr. following initiation of ACTH treatment and beyond
24hr. the synthesis of cytochrome P-ASOC21 decreases. The synthesis
of cytochrome 1?---'450021 can also be induced by dibutyryl cyclic AMP
(Boggaram et al., 1984a). Despite the fact that increased synthesis

of cytochrome P-&SOC21 occurs, no concomitant increase in steroid

21-hydroxylase activity is observed; this has yet to be explained.

The other microsomal steroid -~hydroxylase, 17a-hydroxylase
(cytochrome P-45017u) is also increased in bovine adrenocortical cells
in response to ACTH treatment (Kramer et al., 1983b; McCarthy et al., 4
1983). Microsomes derived from ACTH-stimulated cells had much greater
capacity to convert ‘progesterone to 17a-hydroxyprogesterone than
‘microsomes from untreated cells (McCarthy et al., 1983). Analogues of
cyclic AMP also stimulate synthesis of cytochrome P-45017u (Waterman
and Simpson, 1985). The effect of ACTH on 17a-hydroxylase is much
more dramatic than - that on any other steroidogenic enzyme. The
temporal pattern for ‘this increase in synthesis resembles  that
described for cytochrome P-&SOCZI. Thus, the synthesis of the
microsomal components of the steroidogenic pathway responds to the

same stimuli as the mitochondrial components but with-a‘ different

temporal response. .

The decrease in synthesis observed at longer times of -continued

ACTH treatment has been attributed to desensitization of the cells,
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perhaps in part at the level of the ACTH receptor, but also at a site

distal to the production of cyclic AMP (Kramer et al., 1984).

ACTH serves two crucial regulatory roles in its target tissue,
the adrenal cortex. The first is an acute role which ‘is well
established as regulation of the availability of substrate
(cholesterol) for the pathway (Simpson and Waterman, 1983; Privalle et
al., 1983). The second regulatory role is a chronic one, resulting in
maintenance of optimal levels of steroid hydroxylases in the adrenal
cortex. Under normal physiological conditions, the adrenal cortex
experiences a rather constant pattern of ACTH stimulation leading to a

regular diurnal pattern of production of glucocorticoids and adrenal
androgens. Fluctuations in the level of ACTH lead to fluctuations in
the levels of these products due to changes in the amount of
cholesterol entering the pathway. . In addition, the constant
stimulation by ACTH leads to optimal levels of the enzymes in this

pathway always being present (Waterman and Simpson, 1985). Thus, it
is presumed that these forms of cytochrome P-450 in the adrenal cortex
are constitutive and their levels do not change dramatically, unlike
certain hepatic forms of cytochrome P-450 whose synthesis is altered

in vivo as the organism encounters varying levels of .xenobiotics.

This suggests that the synthesis of the adrenocortical steroid
hydroxylases is mediated by cyclic AMP produced ‘by activation of
adenylate cyclases by ACTH. The 1long time period required for
increased synthesis, as well as the variability of synthesis of
mitochondrial components, depending on the level of cyclic AMP
suggests that cyclic AMP mediates the effect via a series of-as yet
undescribed steps. This has yet to be proved conclusively (Waterman

and Simpson, 1985).
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Adrenal cortex cholesterol ester hydrolase has been shown to bé

activated after cyclic AMP-dependent phosphdrylation (Trzeciak and

Boyd, 1974; Naghshineth et al., 1978). The 11B-hydroxylation

cytochrorfxe P-450 (P-4501m) has been demonstrated to be a good
substrate for cyclic AMP-dependent protein kinase (Defaye et al.,
1982). In addition, the adrenal cortex contains several cyclic
nucleotide-indépendent protein kinase activities which could
participate in phosphorylation of substrates of key metabolic

significance (Cochet et al., 1977; Cochet et al., 1980).

Cholesterol 7a-hydroxylase is a microsomal mixed function oxidase
that includes cytochromfé P-450 as one of its subunits and catalyses

the NADPH-dependent hydroxylation of cholesterol. It 1is the

rate-limiting enzyme in the conﬁérsion of cholesterol into bile acids.

It is interesting to note that evidence has been provided for the
modulation of cholesterol /a-hydroxylase by ;::hanges in its
phosphorylation state (Sanghv‘i et al., 1981; Goodwin et al., 1982).
P}losphorylation of the phenobarbital-inducible form of cytochrome
P-450 isoenzyme IM2 (purified from rabbit 1liver microsomes) in
solution (Pyerin et al., 1983) and reconstituted membranes (Pyerin et
al., 1984) by cyclic AMP-dei:endent protein kinase was ?shown to
decrease its enzymic activity by conversion into cytochrome P-420 with

consequent loss of haeme (Taniguchi et al., 1985). Thus, breakdown of
this cytochrome P-450 and, therefore, its turnover may be under the

3

control of adrenergic transmitters mediated by the second messenger
cyclic AMP (Taniguchi et al., 1985; Pyerin ;e;_t_. al., 1986). The

cytochrome P-450 isoenzyme LM2 from rabbit liver microsomes 1is
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phosphorylated at a single site, the serine residue in position 128 of

the amino acid sequence. This serine is located in a partial sequence
which 1is specific for substrates of cyclic AMP-dependent protein
kinase (Muller et al., 1985). Phosphoryiation of cytochrome P-450 1is
not restricted to the cytochrome P-450 mentioned above (Pyerin gﬁugl;;

1987). However, the phosphorylation is very specific and restricted

to certain combinations of cytochrome P-450 isoenzymes and protein
kinases. Other enzymes involved in drug metabolism and chemical

carcinogenesis have been found to be poor kinase substrates, except

several isoenzymes of glutathione transferase (Pyerin et al., 1987).

5. Metabolism of Ecdysteroids

Isolation of ecdysteroids alone does not indicate their metabolic

relationship, which can only be achieved by studying the
interconversions of ecdysteroids. The main reactions in ecdysteroid

metabolism can be summarized as follows (Fig. 12):

(a) hydroxylation of ecdysone to 20-hydroxyecdysone.
(b) epimerization at C-3 to yeild a stereoisomer.

(c¢) hydroxylation at C-26, eventually followed by oxidation to a
carboxylic acid.

and (d) conjugation.

The titre of any hormone is the result of two main processes:
biosynthesis and secretion on the one hand and metabolic inactivation
and excretion on the other. In most hormonal systems, the amount of

hormone assimilated by the target tissue is rather small compared with



- 33 -

hydroxylation

side—-chain cleavage

\
conjugation

\‘ QH hydroxylation,oxidation, and
l ' conjugation

o~

HO |
conjugation ol |
A OH
/,H : }: 1

0

OH

oxidation, reduction
and epimerization

Fig 12 General reactions comprising ecdysone metabolism
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the amount that is metabolically inactivated. This is borne out by
the short half-lives of many hormones, which are in t@e order of a few
minutes to one hour. Steroid hormones' circulating in the blood are
often protected from metabolic degradation by binding to blood
protein(s). This phenomenon may be important in the regulation of
ecdysteroid titres, as ecdysteroid-binding proteins have been
demonstrated in the haemolymph of Locusta migratoria (Feyeresisen,

1980) as well as a number of other species (Yund and Osterbur, 1985).

The most important hydroxylation reaction is that of ecdysone at
the C-20 position to yield 20-hydroxyecdysone. This reaction has been
demonstrated in all insect species investigated (Koolman, 1982). In
most insect species studied, the conversion of ecdysone to
20-hydroxyecdysone occurs rather rapidly and the circulating hormone
is generally, but not exclusively 20-hydroxyecdysone which is mainly

responsible for eliciting the moulting process.

Further hydroxylation of ecdysone and 20-hydroxyecdysone usually
occurs at position C-26, producing 26-hydroxyecdysone and
20,26-dihydroxyecdysone, both of which have much reduced hormonal
activity (Thompson et al., 1967; Kaplanis et al., 1973). These
metabolites have been identified and characterized in a number of

insects including- Manduca sexta (Thompson et al., 1967; Kaplanis et

al., 1973) and Calliphora vicina (Greenwood and Russel, 1978).

26-Hydroxyecdysone was identified as a metabolite of ecdysone in

Pieris brassicae (Lafont et al., 1980) demonstrating that the

metabolism of ecdysone can also begin with hydroxylation at C-26.
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Removal of hydroxyl groups, has as yet, only been observed in
micro-organisms (Hayakawa, 1973). ~ However, inokosterone
(25-deoxy-20,26-dihydroxyecdysone) has been identified as a metabolite

of labelled ecdysone in Calliphora (Koolman et al., 1979). It is

conceivable that dehydroxyla;ion through the elimination of sulphuric
acid from a 25-sulphate of either 20-hydroxyecdysone or

20,26-dihydroxyecdysone occurs and that the product is then converted

into inokosterone.

Ecdysone and other ecdysteroids are readily oxidized at C-3 to
yield 3-dehydroecdysone. The reaction 1is catalysed by ecdysone

oxidase (E.C. 1.1.3.16) (Milner and Rees, 1985). This enzyme will not

oxidize cholesterol, 20-hydroxycholesterol or 22,25-dideoxyecdysone.

Ecdysone and most of its metabolites can undergo irreversible
epimerization to yield Ja-stereoisomers of ecdysteroids
(3-epiecdysteroids), in some insect species. The 3-epiecdysteroids
differ from the ecdysteroids only in their configuration at C-3. The
reaction involves the intermediacy of 3-dehydro compounds, which are

reduced to the 3-epi compounds by 3-dehydroecdysone reductase

(Koolman, 1976; Milner and Rees, 1985).

A further oxidation of 26-hydroxyecdysteroids yields_ the
corresponding carboxylic acid. Such oxidation products may be
expected from ecdysone, 20-hydroxyecdysone and possibly also
3-epiecdysone and 3-epi-20-hydroxyecdysone (Lafont et al., 1980). The
major metabolite to accumulate is 20-hydroxyecdysonoic acid, which is
the end-product of an ecdysteroid inactivation pathway in a number of

Lepidoptera species (Lafont et al., 1983).
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In many insects, the major metabolic route of ecdysteroids
appears to be the formation of conjugates. Numerous ecdysteroids can
exist in conjugéte formi,” most notably ecdysone, 20-hydroxyecdysone,
20,26-dihydroxyecdysone and several 3-dehydro- and 3-epiecdysteroids.
Thus, the conjugating enzymes are apparently very efficient and not
specific for a particular metabolite. The presence of sulphate esters

of some ecdysteroids has been reported (Koolman et g_}_.; 1973).

The existence of ecdysterdid phosphate esters has only been
recognized comparatwi&.\?rely recently. These include 'ecdysone
22-phosphate, 2-deoxyécdysone 22-phosphate and the corresponding
20-hydroxylated compounds in the eggs of Schistocerca gregaria (Isaac
and Rees, 1984). The 2- and 3-acetate of ecdysone 22-phosphate along
with the 3-éce’£y1 i-phosphate of écdysone and 20-hydroxyecdysone,j and
3-epi-2-deoxyecdysone 3-phosphate appear in J Schistécerca eggs Just
prior to hatching (Isaac and Rees, 1984). 3-Epi-2-deoxyecdysone
3-phosphate has also been identified in embryos from Locusta

migratoria (Tsoupras et :.:-:1_1_., 1982b).

More recently, ZB-hydroxyecdyséne 22-glucoside has  Dbeen

characterised fully from the developiﬁg eggs of Manduca sexta

(Thompson et al., 1987). Ecdysteroid 22-fat%:y acyl esters have been
isolated from Arachida (ticks; Connat et al., 1984; Crosby et al.,
1986). More recently, fatty acyl ésfer derivatives of ecdysteroids
have also been detected in insects (Hoffmann et al., 1985; Whitinlg and

Dinan, 1988; Sliﬁger and Isaac; 1988).



- 137 -
6. Covalent Modification

In a multicellular oéganism, the major barrier to the flow of
information is the cells plasma membrane. Dispersed on the outer
surface of the cell are protein receptors which detect an incoming
messenger and transmit this information by inducing a conformational
change in the protein next in line. At some point, the information is
assigned to small molecules or even to ions within the cells
cytoplasm. These*afe the second messengers, whose diffusion enables a
signal to propagate rapidly throughout the cell. Although the
internal signal pathways in cells are very universal, the small number

of known second messengers are capable of regulating a vast variety of

physiological and biochemical processes (Krebs and Beavo, 1979).

Three major signal pathways are known to exist. The first and
second employ the second messengers, cyclic adenosine monophosphate
(cyclic AMP) and cyclic guanosine monophosphate (cyclic GMP). The
other employs a combination of second messengers that includes calcium
ijons, inositol trisphosphate (IP3) and diacyl glycerol (DG) (Fig. 13).
(Berridge, 1985). Of all the steps of the known second-messenger
pathways, the ones best understood are the ones of transduction and
amplification that activate cyclic AMP (Fig. 14). For information‘toﬁ
flow across the cells plasma membrane two events must first occur.
At the surface of the cell an external signal molecule must bind to
its receptor and a GTP (guanosine triphosphate) molecule must then act
on its G protein in the cell (Krebs and Beavo, 1979). Two types of G

proteins are involved, one of them stimulatory and other inhibitory.



Fig 13. Known signal pathways in cells (Berridge, 1085)
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The stimulating protein called 'Gs' links itself to external receptors
called 'Rs'. The binding of a stimulatory receptor signal to an
external receptor induces a conformation change in that receptor. The
change is transmitted through the cell membrane to 'Gs' making it
susceptible to GTP, which is present within the cell. The binding of
GTP to 'Gs' in the presence of adequate Mgz+ or Mn2+ ions forces 'Gs'
into still another conformational change which enables it to activate
adenylate cyclase (AC) and thereby instigate the formation of cyclic
AMP (Fig. 14). The activity of the Gs-GTP complex is ended by the

hydrolysis of GTP to GDP (guanosine diphosphate) catalysed by

the enzyme GTPase.

The other type of G protein in the cyclic AMP pathway mediates an

inhibitory transduction. The arrival of an external inhibitory signal
at the receptor designated 'Ri' results in a conformational change in
the G protein called 'Gi' (a change again dependent on the binding of

2+'orl“‘lnz+ ions). The 'Gi' protein,

GTP in the presence of adequate Mg
in turn, inhibits adenylate cyclase (Fig. 14) [Berridge, 1985]. The
final chemical steps in the cyclic AMP pathway are mediated by an
A-protein kinase which phosphorylates a particular protein when it is
activated specifically by cyclic AMP.- Each A-protein kinase consists
of two components, a catalytic subunit and a regulatory subunit.

Cyclic AMP binds to the regulatory subunit, thereby liberating the

catalytic one, which is then free to phosphorylate proteins (Berridge,

1985).



ITwo isoenzyme forms of A-protein kinase designated types I and II
have been identified and are present in most tissues, although the
relative amounts of each form vary among tissues, species and
developmental or physiological conditions (Corbin et al., 1975).
Cyclic AMP 1is degraded by the enzyme phosphodiesterase. Sodium
fluoride also activates adenylate cyclase through the 'Gs' protein,

although the precise mechanism of action 4is wunknown (Smith and

Combest, 1985).

Cyclic GMP has all the hallmarks of a second messenger although
its precise role in the cell is not well understood. The enzyme
guanylate cyclase which converts GTP to cyclic GMP in the presence of
Mn2+ or Mgz+, is usually not connected to a receptor. Nevertheless,
the formation of cyclic GMP often occurs together with the activation
of the inositol-lipid pathway. The end of the signal pathway is
equally obscure. Cyclic GMP is known to activate a protein kinase (in

particular G-kinase) which in turn phosphorylates certain proteins,

the functions of which are not clearly understood (Fig. 13).

Intracellular levels of cyclic nucleotides are determined by a
balance between synthesis (via cyclase) and degradation to
5'-mononucleotides (via cyclic nucleotide phosphodiesterase or PDE).
At least three distinct forms of PDE have been characterized (Wells
and Kramer, 1981). These three forms differ in their substrate
specificity, ie. cyclic AMP vs cyclic GMP, and are present in
different relative amounts from tissue to tissue (Wells and Kramer,

1981).
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The third pathway, the inositol-lipid path, which employs a
combination of messengers that includes calcium, inositol
trisphosphate and diacyl glycerol 1is also complex and not fully

understood (Fig. 15). The external signal binds to the receptors

which transmit information through a G protein to activate
pilosphatidylinositol 4,5-bisphosphate phosphodiesterase. In turn
phosphodiesterase cleaves phosphatidylinositol 4,5-bisphosphate into
the second messengers inositol trisphosphate and diacyl glycerol. The
inositol trisphosphate is water soluble, and so diffuses into the
cytoplasm. There it releases calcium from storage in the membranous
intracellular endoplasmic reticulum. In turn, the calcium stimulates
a protein kinase. The diacyl glycerol remains in the membrane, where
it activates the enzyme C-kinase. The membrane phospholipid,
i;:hosphatidyl serine, 1is a cofactor, or necessary adjunct, for the
activation. The two limbs of the pathway lead to phosphorylation of
distinct sets of proteins. This pathway is covered more fully in the

review article by Berridge (1985).

There are still many enzymes, particularly those involved in
biosynthetic pathways, that are controlled by protein kinases whose

mechanism of regulation are not yet understood (Cohen, 1980).

To modulate cell function via protein phosphorylation there must
also exist a phosphoprotein phosphatase to reverse the reaction
catalysed by protein kinase (Krebs and Beavo, 1979). The protein
phosphatase activities involved in regulating the major pathways of

intermediary metabolism in vertebrates can be explained to-date by
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only four enzymes which are divided into two classes, Type-1 and Type-

2. Type-1l protein phosphatases dephosphorylate the pB-subunit of
phosphorylase kinase in preference to the a-subunit and are potently
inhibited by two thermostable proteins termed inhibitor-1 and
inhibitor-2, whereas Type-2 protein phosphatases preferentially

dephosphorylate the a-subunit of phosphorylase kinase and are

insensitive to inhibitor-1 and inhibitor-2.

The Type-2 protein phosphatases can be further divided into 2A,
2B and 2C protein phosphatases according to their substrate
specificity. ~Protein phosphatase-~l (Type 1) and -2A have very broad
substrate specifities. The major differences between these, apart
from the site specificity for phosphorylase kinase, are the much

higher myosin 1light chain phosphatase and ATP-citrate lyase

phosphatase activities of protein phosphatase  2A. Protein

2

phosphatase=-2C (a Mg +-dependent enzyme) also has a broad specificity,

but can be distinguished from protein phosphatase-2A by its extremely
low phosphorylase phosphatase and histone Hl phosphatase activities,
and its slow dephosphorylation of sites (3a + 3b + 3c) relative to
site-2 of glycogen  synthase. Protein  phosphatase-2B (a
Caz+-calmodu1in-dependent enzyme) is the most specific phosphatase and
to-date 1is only known to dephosphorylate the ‘a-subunit of
phosphorylase = kinase, inhibitor-1 and myosin 1light chains at a

significant rate (Ingebritsen and Cohen, 1983).

Most of the work on ‘insect adenylate cyclases has been carried

out with nervous tissue, but by no means exclusively. It appears that
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adenylate cyclases are as widespread in invertebrates as they are in
vertebrates (Smith and Combest, 1985). Cyclic nucleotide dependent
protein kinases have been obtained from various arthropod tissues (Kuo
et al., 19713 Liu et al., 1981). The two principal protein kinases
present in these tissues are A-kinases and G-kinases. In fact, most
A-kinases can be activated by higher molar concentrations of cyclic
GMP and most G-kinases by cyclic AMP. It has been suggested by Kuo
and Greengard (1969) that all the biochemical and physiological
effects of the two nucleotides are mediated through their specific
kinases. The high level of cyclic GMP in insect tissues (Ishikawa et
al., 1969) and changes in protein kinase activity during the course of
development of silkworm eggs (Takahashi et al., 1975), support the
hypothesis that the two cyclic nucleotide-dependent protein kinases

may play distinct roles in insect metabolism.

Extensive characterizations have ' been made on both the A- and
G-kinases in whole -pupae of the silkworm, Bombyx mori (Nishiyama et
al., 1975; Takai et al., 1976; Inoue et al., 1976). The cyclic AMP
dependent kinase- purified from this source appears to be identical to
the mammalian enzyﬁe. Further, the insect and mammalian enzymes are
completely exchangeable in "their ability to phosphorylate muscle
glycogen phosphorylase kinase and synthase, resulting in activation
and inactivation of the respective enzymes (Nishiyama et al, 1975;

Takai et al., 1976; Inoue et al., 1976). Both cyclic nucleotide

kinases have also been purified from pharate adults of Ceratitis

capitata (Garcia et al., 1983; Haro et al., 1983) and Drosophila

embryos (Tsuzuki and Kiger 1975; Olsen et al., 1982).
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In addition to the typical A-kinase, a protein kinase has been

isolated from the thoracic integument of Melanoplus sanguinipes and a
similar kinase from the fat body of the adult cockroach, Periplaneta
americana, which display equal high affinities for both cyclic AMP and

cyclic GMP (Takahashi and Hanaoka, 1977; Vardanis, 1980).

The first indication of protein kinase activity in insect nervous
tissue was reported by Kuo and co-workers (1971) 1in Hyalophora
cecropia silkmoth heads. A-kinases have also been isolated in the
central nervous system of Galleria mellonella, where two soluble types

were isolated, and also in the nerve cord of Manduca sexta larvae,

where only one type was isolated and most of its activity in this case

was associated with the particulate fraction (Tsuzuki and Newburgh,

1974: Albin and Newburgh, 1975).

The amount of G-kinase increases progressively (up to 4-fold)
during the eight days of the fifth larval instar in Bombyx fat body.
Neither the G- or A-kinase is found in the first 48 hours after
oviposition. At three days, only the G-kinase is detectable, whereas

by six days both forms are present in equal amounts and by eight days

only the A-kinase is present (Takahashi, 1976).

Limited studies have focused on the phosphorylated endogenous
substrates of protein kinase in arthropods. 'In synaptosomal fractions
of Drosophila heads, several phosphorylated proteins have been
sdentified that are affected by cyclic AMP as well as by

calcium-calmodulin (Kelly, 1981). Phosphorylation of three of these



proteins 1s enhanced by cyclic AMP, while a fourth is reduced.

Treatment of synaptosomal fractions with EGTA results in the loss of

several phosphoproteins which can be rephosphorylated by addition of

calcium and calmodulin. The identity and function of these

phosphoproteins is unknown. Cyclic AMP-dependent thiophosphorylation

has also been observed in homogenates of Drosophila heads, the major

substrate for thiophosphorylation being the regulatory subunit of the

Drosophilia type II cyclic AMP-dependent protein kinase (Muller et

al., 1988). In the adult female locust, vitellin, a phosphorylated

A

storage protein of eggs, serves as a good in vitro substrate for fat

body A-kinase (Pines and Applebaum, 1978). In addition, three

prominent proteins from the larval brain of Manduca sexta have been

isolated, phosphorylation of which are markedly stimulated by cyclic

AMP (Combest and Gilbert, 1986). The major phosphoprotein detected

was apparently independent of cyclic nucleotides and
calcium-calmodulin. The phosphorylation of two of the protein kinase
substrates was stimulated by exogenous calcium and calmodulin.

Incubating, the salivary glands of the 1lone star tick, Amblyomma

americanum, with dopamine or cyclic AMP and theophylline, an inhibitor

of phosphodiesterase, significantly increased the amount of phosphate

incorporated into at least twelve proteins of whole tick salivary

glands (McSwain et al., 1985).

Correlations between A- and G-kinases and a defined physiological
role are few. The effects of the compound diamide in blocking amino
acid uptake and protein secretion in locust fat body are correlated

with the potent inhibition of G-kinase (Harry et al., 1978). In the
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cockroach, injected extracts of corpora cardiaca increase cyclic AMP
in the fat body and dissociate the holoenzyme of cyclic AMP-dependent
protein kinase into regulatory and active catalytic subunits. It is
suggested that the A-kinase may be involved in the hyperglycemic

action of copora cardiaca extract (Takahashi et al., 1983). It has
also been observed in the snail, Aplysia that an A-kinase is involved
in short-term learning mechanisms by modifying <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>