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m Abstract Molting is elicited by a critical titer of ecdysteroids that includes the
principal molting hormone, 20-hydroxyecdysone (20E), and ecdysone (E), which is the
precursor of 20E but also has morphogenetic roles of its own. The prothoracic glands
are the predominate source of ecdysteroids, and the rate of synthesis of these polyhy-
droxylated sterols is critical for molting and metamorphosis. This review concerns three
aspects of ecdysteroidogenes#:i{ow the brain neuropeptide prothoracicotropic hor-
mone (PTTH) initiates a transductory cascade in cells of the prothoracic gland, which
results in an increased rate of ecdysteroid biosynthesis (upregulatiphdy{ the con-
centrations of 20E in the hemolymph feed back on the prothoracic gland to decrease
rates of ecdysteroidogenesis (downregulation); apddw the prothoracic gland cells
convert cholesterol to the precursor of E and then 20E, a series of reactions only now
being understood because of the use of a combination of classical biochemistry and
molecular genetics.
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INTRODUCTION

Although insects are not the only animals that rh@see 2, 143 for a discussion of

the monophyletic taxon Ecdysozoa), insects have used that process efficiently over
hundreds of millions of years in order to grow at times when predators and other
endangering environmental factors (e.g., temperature or photoperiod shifts) were
less threatening. Evolutionary biologists suggest molting arose as an adaptation
to allow an increase in size of secondary locomotory devices such as cuticular
spines (170). Many of the morphological, physiological, biochemical, and molec-
ular events occurring during the molting process are elicited and/or modulated by
the principle molting hormone, 20-hydroxyecdysone (20E), although its precur-
sor ecdysone (E) likely has role(s) independent of 20E, as do several peptidergic
hormones. Therefore, current thinking accepts the premise that 20E is the ma-
jor, although hardly the sole, player. As the years pass, there is little doubt that
myriad factors will be identified and characterized that are influential in control-
ling or modulating the virtually countless complex events comprising molting and
metamorphosis.

It should, therefore, be obvious that studies of the control of the hemolymph
and tissue titers of 20E and E are critical if we are to design physiologically
relevant experiments in the hope of understanding the complexities of insect mor-
phogenesis. As has been demonstrated consistently, arthropods cannot synthesize
sterols from a simple precursor molecule such as acetate, but they require sterols
in their diet [e.g., cholesterol (C), sitosterol] (51). Therefore, the study of the
biosynthesis of E or 20E is in essence the analysis of a sequence of molecu-
lar alterations of the C molecule resulting in the formation of polyhydroxylated
ecdysteroids in the insect’s prothoracic glands. It is of interest that molting in ne-
matodes is also compromised in the absence of dietary sterols (26), although

IWe use the term molting to include all those phenomena that at times are referred to as the
molting process, i.e., retraction of the epidermis (apolysis), deposition of new cuticular ele-
ments, retrieval of elements from the old cuticle, and the shedding of the almost completely
digested old cuticle (ecdysis).
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there is, as yet, no concrete evidence that nematodes synthesize ecdysteroids
(187). In this chapter, we not only discuss ecdysone biosynthesis, many of the
detailed steps having eluded investigators for decades until recently, but further,
we present what is now known about how ecdysteroidogenesis in the protho-
racic glands is regulated. This comprises a balance between stimulation of ecdys-
teroidogenesis by the brain neuropeptide prothoracicotropic hormone (PTTH),
the details of which we are beginning to understand, and feedback inhibition
of biosynthetic events, of which we know little at the biochemical or molecular
levels.

A great deal of the data discussed here has been generated using the tobacco
hornwormManduca sextand the fruit flyDrosophila melanogastethe former
because of its large size, relatively short life cycle, and paired prothoracic glands,
each of which secretes ecdysteroid at a rate basically identical to the other so that
in vitro studies have inherent controls, and the latter for its ability to serve as an
object of molecular genetic analysis.

Although it is generally conceded that research on insects can benefit humanity
by providing a basis for the design of new control agents to combat agricultural
pests and vectors of disease, studies on the molecular gendiicssofphilahave
also revealed telling insights into protein function in human pathologies via the
study ofDrosophilahomologs of genetically based human disease (39).

CONTROL OF ECDYSTEROID SYNTHESIS

Sources of Ecdysteroids

Development and growth are dependent on the coordinated and orderly expres-
sion of genes, and this is particularly evident in the periodic molts undergone
by insects, especially holometabolous insects that undergo metamorphic molts
(146). The primary proximate regulators of this episodic gene activity are the
ecdysteroid hormones, especially 20E (72). In pre-adult lepidopterans, 20E is a
product of the two-step conversion of the prohormone 3-dehydroecdysone (3dE).
3dE is produced by the prothoracic glands (138, 179), unique organs comprising
a single steroidogenic cell type in most insects, although in the higher flies, the
prothoracic gland is part of a composite organ, the ring gland, which also includes
the corpus cardiacum and corpus allatum (31, 145). 3dE is sequentially converted
to ecdysone by a hemolymph reductase and then to 20E by an intracellular 20
monooxygenase found in a number of cell types but not in the prothoracic gland
itself (55). Ecdysteroids are also produced by epidermal and gonadal cells in some
insects, especially during adult life, by which time the prothoracic glands have
completely or nearly completely disappeared owing to programmed cell death
during pupal-adult development (32, 50). This section concentrates on the regu-
lation and synthesis of ecdysteroids by lepidopteran prothoracic glands under the
control of PTTH because the ecdysteroid titer is for the most part a consequence
of prothoracic gland regulation.
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Prothoracicotropic Hormone and Other Ecdysiotropic
Factors Affecting the Prothoracic Gland

Eight decades ago, it was shown that the brain produced a diffusible factor re-
quired by a second organ (the prothoracic gland) posterior to the brain in order
for normal molting to occur (97). This diffusible factor, now known as PTTH,
has been both purified and cloned, first frBmmbyx mor{89) and subsequently
from a variety of other Lepidopter&pamia cynthig79), Antheraea perny(142),
Hyalophora cecropigF. Sehnal, personal communicatiol), sexta(H. Kataoka,
personal communication)]. PTTH is produced by a pair of large lateral neurons
in the brain whose axons course posteriorly and terminate in the corpus allatum,
the neurohemal organ for PTTH (1). PTTH release from this neurohemal organ is
under complex control that integrates, presumably at the level of the brain, envir-
onmental factors such as photoperiod, time of day, and physiological factors such
as nutritional state of the animal (18). In the Lepidoptera, PTTH-stimulated surges
in ecdysteroid synthesis and the resultant peaks in the hemolymph ecdysteroid titer
occur once per instar, with the exception of the last larval instar. In the last larval
instar, there are at least two PTTH-dependent ecdysteroid peaks, the first peak
being small and unique to this stadium (19). It results in changes in commitment
(gene activity) so that at the subsequent molt, under control of the typical larger
ecdysteroid peak, metamorphosis occurs (i.e., ecdysis to the pupa) (127).
Analysis of the PTTH protein, cDNA, and genomic sequences revealed that this
hormone is synthesized as a prohormone and released as a shorter, glycosylated,
homodimeric molecule (25-30 kDa) with a single intermonomer cystine-cystine
bond and three intramonomeric cystine-cystine bonds (78, 89). The molecular
structure specified by these latter bonds is essential for the bioactivity of the hor-
mone, with dimerization and glycosylation of the hormone being less important for
PTTH activity (78). Despite the strong conservation of these cystines and a number
of other amino acid residues, pair-wise comparisons of the amino acid sequence
of the five lepidopteran PTTHs known to date indicate that these neuropeptides
have diverged considerably. Only tBamiaand Hyalophorasequences exhibit
strong similarity (94% identity in 125 amino acids); the other paired comparisons
yield identities from 47% to 65%. Nevertheless, these lepidopteran PTTHs clearly
comprise a family of related proteins when structural features such as the distri-
bution of charged amino acids or hydrophilic regions are considered (72). PTTHs
are essentially species specific in action, suggesting that the primary amino acid
sequence is critical in eliciting the ecdysteroidogenic response. Outside of the
Lepidoptera, the only PTTH to have been characterized in any detail is that of
D. melanogasterThe semipurifiedrosophilaprotein is considerably larger than
the moth PTTHs and requires significant glycosylation for activity (93). Searches
of the Drosophilagenome database using any of the moth-PTTH amino acid se-
guences have not yielded any obvious homologs (R. Rybczynski, unpublished
observations). This suggests two possibilities. First, PTTHs have diverged from
an ancestral molecule to such a degree that PTTHSs from different major taxa may
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exhibit minimal amino acid conservation. Second, PTTHs from different major
taxa have evolved different PTTHs whose only similarity is the ability to elicit
ecdysteroid synthesis by the prothoracic gland. The surprising ability of a lepi-
dopteran PTTH (fronB. mori to stimulate ecdysteroidogenesis by a hemipteran
prothoracic glandRRhodnius prolixul albeit requiring relatively high doses, sug-
gests that the first possibility may apply (169). However, the inability of cyclic
AMP (cAMP) analogs to stimulatBrosophilaring gland ecdysteroid synthesis
(71) is in contrast to the well-characterized action of this second messenger in
Manduca(see below) and suggests that there might be multiple nonhomologous
families of PTTHSs that activate different intracellular transductory cascades.
Factors other than PTTH may elicit ecdysteroidogenesis by the prothoracic
gland, but our knowledge of the nature of such molecules, their biological signif-
icance, and their modes of action is rudimentary. The best characterized of these
factors s the brain-derived small PTTH (MW10,000) oManduca Small PTTH
stimulates ecdysteroid synthesis in larval glands but exhibits poor activity when
applied to pupal glands (18). Small PTTH appears to stimulate the same second
messenger cascades as big PTTH{Cand cAMP (68); see below], which sug-
gests that it might be an active proteolytic fragment of PTTH generated during
PTTH purification. However, pure or recombinant small PTTH is not available
in contrast to big PTTH (54), so that all studies on the action of small PTTH
have utilized crude extracts. Conclusive evidence that small PTTH is released
into the circulation is also lacking. It is clear that purification and sequencing
of this molecule are necessary to determine its physiological role, if any. One
or more ecdysteroidogenic factors, acting in vitro on the prothoracic gland, have
also been partially purified from lepidopteran proctoddda gexta Lymantria
dispar, andOstrinia nubilali§ (47, 49), but definite physiological roles have yet
to be demonstrated for these incompletely characterized insect molecules. Simi-
larly, the dose-dependent stimulatory and inhibitory action of an ovarian-derived
dipteran oostatic factor on lepidopteran prothoracic gland PTTH-stimulated ecdys-
teroid production is intriguing (48), but the significance of these data remains to
be determined. A small prothoracicostatic peptide has been isolated from brains of
B. mori(76). This peptide can block PTTH-stimulated ecdysteroidogenesis in vitro
in a dose-dependent manner, but its natural occurrence in the hemolymph has yet
to be demonstrated.

The PTTH Transductory Cascade

Early studies of theManducaprothoracic gland revealed that levels of cCAMP,

an important intracellular second messenger, were elevated at times of increased
ecdysteroid synthesis (171). Further studies, using an in vitro system, demon-
strated that PTTH stimulated a rapidg min) increase in larval gland cAMP
content (154). Pupal glands metabolize cAMP more rapidly owing to an increased
expression of cellular phosphodiesterases, requiring the use of phosphodiesterase
inhibitors to easily detect the PTTH-stimulated increases in cAMP (152, 157, 158).
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The generation of CAMP is not the first intracellular event triggered by PTTH,
however. Further experiments in vitro revealed that cAMP generation was de-
pendent on the influx of extracellular &awhich suggests that CAMP synthesis
required C&*-calmodulin-dependent adenylyl cyclase activity, which is indeed
present in lepidopteran prothoracic glands (63, 108, 155). Based on the use of
various channel-blocking drugs, PTTH appears to open either an L-type or T-type
plasma membrane achannel (11, 12, 57), but the identification of channel types
based on drugs used in pharmacological analyses of vertebrate systems may be
problematic and could be dependent on methodological details [i.e., in one study
the L-type C&" channel inhibitor nitrendipine failed to block PTTH-stimulated
ecdysteroidogenesis (11), whereas, in a second study, just the opposite was found
(57)]. The mechanism by which PTTH opens prothoracic glarid €aannels is
also not clear. Based on a variety of pharmacological studies coupled with mea-
surements of prothoracic gland €aBirkenbeil (12) concluded that G-proteins
were not involved in C& channel opening, but these conclusions may not be
applicable to all stages of development. For instance, Birkenbeil (12) utilized pro-
thoracic glands from wandering last stage sexta a time at which prothoracic
gland ecdysteroid synthesis is anomalously high in vitro in the absence of PTTH
(60). Thus, the failure of the poorly hydrolyzable GDP analogue, g®Ro
block PTTH-stimulated C4 influx in prothoracic glands from last instar wander-
ing animals and by implication to block PTTH-stimulated ecdysteroid synthesis
(12) contrasts with the ability of this compound to inhibit PTTH-stimulated ecdys-
teroid synthesis earlier in development and with the extracelluf&r-@apendence
of a GTP analogue, GTF5, to stimulate ecdysteroid synthesis (S. Kellough, R.
Rybczynski & L.I. Gilbert; unpublished data). A further complication is evident
in the apparent inability of either G/ or GDRSS to exert these effects on
early pupal prothoracic glands (S. Kellough, R. Rybczynski & L.I. Gilbert; un-
published data). Itis clear that our knowledge of the earliest events in PTTH action
is incomplete, and these include PTTH-receptor interactions.

All mammalian adenylyl cyclases are activated by Ghe « subunit of the
GTP-bound G-protein (77), and this is likely true of the insect adenylyl cyclases as
well. As expected, when intracellular levels of cCAMP rise, the cAMP-dependent
kinase, protein kinase A (PKA), is activated in prothoracic glands (153). The phys-
iological targets of PTTH-stimulated PKA are not known nor has a requirement
for PKA activity in PTTH-stimulated ecdysteroidogenesis been demonstrated un-
equivocally. Active cell-permeable analogues of cAMP elicit prothoracic gland
ecdysteroidogenesis (62, 153, 158), and an inhibitory stereocisomeric analogue of
CAMP inhibits PTTH-stimulated ecdysteroidogenesis (158). However, these ob-
servations do not eliminate the possibility that cAMP-dependent proteins other than
PKA may eventually transduce the PTTH signal into a stimulation of ecdysteroid
synthesis. Intriguing in this regard is the report of a mammalian cAMP-dependent
guanine nucleotide exchange factor that activates small G-proteins (90) that in
turn stimulate further phosphorylation-dependent events, including the activation
of the 70-kDa S6 kinase, a known moiety in PTTH action (see below).
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PTTH stimulates a number of rapid protein phosphorylations in the prothoracic
gland via PKA, mitogen-activated protein kinases (MAPKSs) (132), and/or other un-
characterized kinases, with a proteire84 kDa being perhaps the most prominent
and consistent substrate (27,129, 130, 162). This 34-kDa protein was postulated to
be the ribosomal protein S6 based on molecular weight and precedence from verte-
brate steroidogenic systems (52). Its identity as S6 was verified by two-dimensional
gel analysis of ribosomal proteins and the sensitivity of its phosphorylation to the
70-kDa S6 kinase pathway inhibitor rapamycin (162, 163). Rapamycin blocks
not only S6 phosphorylation in the prothoracic gland but also PTTH-dependent
ecdysteroid and protein synthesis (163). In vertebrate systems, S6 phosphoryla-
tion increases the rate of translation initiation, especially of mRNAs possessing
a polypyrimidine tract at their’&ranscriptional start (37), and it likely plays a
similar role in insect cells.

Vertebrate and insect steroidogenic cells are surprisingly homologous in the
mechanisms that regulate acute changes in steroidogenesis. In both taxa, sharp
increases in steroid hormone synthesis are regulated primarily through the action
of peptide hormones produced by neurons or other brain-associated cells. It is
of interest that nearly 17% of the cells of the insect central nervous system pro-
duce neuropeptides, and although the number of neuropeptides characterized has
increased greatly in the past decade, the physiological role of the great majority
of them remains unknown (45,120). PTTH is a notable exception. Peptide hor-
mones normally bind to plasma membrane receptors (presumed in the case of
PTTH) that are often associated with G-proteins and with the subsequent gener-
ation of CAMP as well as transient increases in intracellul&rCia both insect
and vertebrate systems, the final step in the acute upregulation of steroid hormone
production appears to be the rapid translation of one or more short-lived proteins
critical in removing a rate-limiting bottleneck in the steroid synthesis pathway.
In vertebrate steroidogenesis, two proteins, StAR (steroidogenic acute regulatory
protein) and DBI (diazepam-binding inhibitor), are believed to facilitate the move-
ment of cholesterol across the mitochondrial membrane to the side chain cleavage
Pssoenzyme (118, 165). Itis this rate-limiting step that results in the conversion of
cholesterol to pregnenelone, which is alleviated by the rapid translation that in turn
is stimulated by a peptide hormone such as adrenocorticotropic hormone (ACTH).
A ManducaDBI homolog has been cloned, and current evidence is consistent
with a role for DBI in basal ecdysteroid synthesis (159, 160), but experiments to
explicitly testits role in acute PTTH-stimulated ecdysteroidogenesis have yetto be
reported. Analysis of thBrosophilagenome database indicates that an insect StAR
homolog may not exist (R. Rybczynski, unpublished observation). Nevertheless,
it is clear that PTTH-stimulated ecdysteroid synthesis requires new translation, as
evidenced by the ability of translation inhibitors such as cycloheximide to block
such ecdysteroid synthesis (92, 135). Furthermore, past data indicate movement of
an ecdysteroid precursor between intracellular compartments (endoplasmic retic-
ulum and mitochondrion) is required, rate-limiting ilanducaand Drosophila
ecdysteroid synthesis, and a carrier protein may be involved (172, 175).
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Analysis of protein synthesis iManducaprothoracic glands revealed that
PTTH stimulates overall translation at most developmental stages and that some
proteins, perhaps as many as ten, are differentially translated against the back-
ground of this general increase (56, 133). Two of these proteins have been identi-
fied and cloned: g tubulin (135, 136) and a cognate 70-kDa heat shock protein
(hsc70) (134, 137). The slow and prolonged temporal dynamics of hsc70 synthesis
suggest that this protein functions in supporting translation, acts as a chaperone
for the ecdysone receptor, or participates in other long-term effects of PTTH not
directly connected to acute changes in ecdysteroidogenesis. On the other hand,
PTTH-stimulateds-tubulin synthesis is rapid and transitory, which suggests a
more direct role for this cytoskeletal protein (135). Indeed, treatment of pupal
prothoracic glands with microtubule-disrupting drugs inhibits PTTH-stimulated
ecdysteroid synthesis (181); however, this effect is not seen in larval glands (R.
Rybczynski & L.I. Gilbert, unpublished data). Furthermore, the pupal inhibition is
associated with translation inhibition that can be overridden by treatment of glands
with a cAMP analogue, indicating that physical coupling between the PTTH recep-
tor and a protein acting early in the transductory cascade is disrupted by such drugs
rather than the drugs affecting the ecdysteroid precursor movement (R. Rybczynski
& L.1. Gilbert, unpublished data).

The above discussion clearly indicates that although a number of important
PTTH-related events are understood, our comprehension of the control of ecdys-
teroid synthesis by PTTH is still relatively rudimentary. For instance, although
PTTH-dependent cAMP generation suggests strongly that the PTTH receptor is
a protein that belongs to the G-protein-coupled receptor family, the members of
which are plasma membrane proteins with seven transmembrane domains, confu-
sion about the gating of the PTTH-activated®Cahannels makes this conclusion
conjectural.

PTTH probably has a number of other functions in both the prothoracic gland
and elsewhere. PTTH stimulates both general and specific protein synthesis in
the prothoracic gland, and it is possible to inhibit the former without affecting
the PTTH steroidogenic effect (133). This indicates that PTTH probably acts as
a trophic factor for the prothoracic gland, which undergoes significant changes in
cell size, basal ecdysteroidogenesis, and protein content (66, 109, 135). Significant
levels of PTTH are present in adult brains (114), a stage at which the prothoracic
glands are no longer present due to their programmed cell death (32), indicating
that PTTH likely regulates tissues and processes other than prothoracic gland
ecdysteroid synthesis (e.g., ovarian ecdysteroidogenesis).

In higher animals, the intracellular transmission of extracellular signals is often
mediated by several sets of MAPK cascades, each consisting of three levels of pro-
tein kinases that sequentially activate each other by phosphorylation. The activation
of these cascades is initiated by either a small GTP-binding protein or an adaptor
protein, which transmits the signal either directly or through a mediator kinase
to the MAPK kinase kinase level. The ability of activated MAPKs to translocate
into the nucleus and trigger transcription completes a signaling pathway from the
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receptor to the nucleus, which mediates the induction of several cellular processes
including those related to development. Because of theirimportance, MAPKs have
been investigated for a possible role in the contrdl@inducaprothoracic gland
upregulation (132). PTTH activates a MAPK pathway, resulting in a rapid increase
in the phosphorylation activity of an ERK (extracellular receptor activated kinase)
(132). ERKSs can regulate a wide variety of intracellular processes from transcrip-
tion, by relaying signals from the cell membrane to the nucleus, and translation to
microtubule stability (103). However, activation of the ERK pathway in the pro-
thoracic glands by PTTH does not regulate ecdysteroidogenesis (132). The role of
ERKs in prothoracic glands is complicated because all gland ecdysteroidogenesis,
both basal and PTTH-stimulated, appears to be dependent on the maintenance of
a small basal population of active (phosphorylated) ERK molecules (132). Which
signal(s) maintains this basal level of ERK phosphorylation is unknown.

PTTH stimulates not only translation but also transcription as noted above
(92), but at present, it is unclear if PTTH-stimulated transcription is necessary for
the acute ecdysteroidogenic effect of PTTH. Blocking transcription significantly
reduces PTTH-stimulated ecdysteroid synthesis (92, 135), but it also rapidly de-
creases translation to a large extent (135), which raises questions of the specificity
of the effect in the prothoracic gland. In vertebrate steroid hormone-producing
cells, steroidogenic protein hormones like ACTH regulate the expression of genes
that code for enzymes comprising the steroid hormone pathway (82). These longer-
term effects, requiring hours to occur, may also be found true for PTTH and the
ecdysteroidogenic machinery (e.g., the trophic function of PTTH). The answers
to such questions should become apparent once the ecdysteroidogenic enzymes
and other proteins (see following section) have been cloned and characterized, and
their mRNA and protein levels are determined via molecular, biochemical, and
immunological methods. A summary of the presently known and postulated PTTH-
regulated intracellular signaling pathways leading to increased ecdysteroid syn-
thesis is presented in Figure 1.

PTTH Release and the Dynamics of Ecdysteroid Synthesis

The periodic increases in ecdysteroid titer critical to insect development reflect
to a large degree the episodic activation of the prothoracic gland by PTTH that
has been released from the corpus allatum. PTTH release occurs in particular diel
time windows, after the organism integrates a variety of factors such as time since
last molt, nutritional status, and physical size. The identity of the cells that sense
such factors and how the information is transmitted to the brain neurosecretory
cells producing PTTH, or to the cell endings in the corpus allatum, are unknown.
However, some knowledge of the immediate neural events is available, indicating
that PTTH release may be controlled by the muscarinic class of cholinergic neurons
(102, 149). Neuroendocrine modulation of PTTH release has also recently been
demonstrated ifPeriplaneta americanaacting via the neurochormone melatonin
(126). Although, melatonin is a common mediator of day-night physiological
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differences in a variety of organisms, neither melatonin nor PTTH temporal cycling
was measured iReriplaneta However, melatonin could be involved in controlling
the diel cycle of PTTH release as describedRimodnius(168) and presumably
occurring in other insects as well.

Several studies have addressed developmental cycles of PTTH release in
Bombyxusing a prothoracic gland assay system in vitro (148) or anti-PTTH anti-
bodies (112). Although these latter two studies are not in complete agreement as
to the timing and number of PTTH hemolymph peaks during the final larval instar,
both investigations indicate that major peaks of ecdysteroid secretion are preceded
by, and partially cotemporal with, high PTTH titers, and that some larval and pupal-
adult periods of increased PTTH titer are not associated with obvious ecdysteroid
production. The latter is best illustrated by a late—pupal-adult development PTTH
peak (112), at which time ecdysteroid levels are low and the prothoracic glands
have presumably undergone programmed cell death. These data support the sug-
gestion that PTTH has functions other than the regulation of prothoracic gland
ecdysteroidogenesis.

Other Sources of Ecdysteroids

Although prothoracic glands are the major source of ecdysteroids during insect
larval and pupal-adult development, other tissues also contribute ecdysteroids in
some insects, especially during pupal-adult development and adult life (34). For
example, during pupal-adult development, isolaltéahducaabdomens devoid

of prothoracic glands and lacking gut or testes synthesize ecdysone (139, 177).
The sources of ecdysone in such preparations are not yet identified but could be
the oenocytes and the epidermis (34). The importance and possible roles of these
nonglandular sources in intact animals have been questioned (139), but no real con-
clusions can be made at this time. Notable, however, is the observation of integu-
mental ecdysteroid synthesis in a noninsect arthropod, the hardnidkyomma
hebraeumwhich lacks a prothoracic gland, and the finding that such synthesis
can be stimulated by agents increasing intracellular levels of cCAMP (105).

A potentially important but as yet unproven area of research concerns the pro-
duction of ecdysteroid by lepidopteran gonads in vitro. The secretion of ecdysteroid
by the larval testis is stimulated by a small testes ecdysiotropin (TE) originating in
the brain (104). The transductory cascade has been characterized partially using
various pharmacologic agents, is quite complex, and awaits clarification that can
only be achieved by actual determination of changes in second messengers. The
amount of ecdysteroid synthesized by the testis is only a small fraction of that
produced by the prothoracic glands, suggesting a paracrine or autocrine role.

The synthesis of ecdysteroids by ovarian follicle cells is also well established,
and these steroids may be important in several aspects of reproduction. Ecdys-
teroids modulate the production of yolk proteins by the fat body, and maternally
derived ecdysteroids in the egg undoubtedly are important during embryonic de-
velopment. Ovarian ecdysteroids are produced by the nurse and/or the follicle
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cells, based on the recent cloning of gene products believed to be involved in
ecdysteroid synthesis (21, 40). The data suggest that several extracellular signals,
utilizing distinct intracellular signal transduction pathways, are involved in con-
trolling ovarian ecdysteroidogenesis. In the blowllgormia regina analysis of

the activity of brain extracts in this species revealed both cAMP-sensitive and
-insensitive ovarian ecdysteroid synthesis (106). Among the candidate molecules
that regulate ovarian ecdysteroid synthesis in a cCAMP-independent manner are
insulin-like factors. An insulin receptor homolog has been cloned from the ovaries
of Aedes aegypt{59), and bovine insulin elicits ecdysteroidogenesisAeyles
ovaries (128). The natural ligand for the insect insulin receptor remains unknown,
but candidates include members of the bombyxin family, with at least 32 genes in
B. mori(188), and an insulin-related peptide identified.otusta(74). A protein
recognized by antisera against the human insulin receptor is present in several
Manducatissues, including the prothoracic gland (156), which suggests that this
pathway may also modulate ecdysteroid synthesis outside the ovary. A likely target
for any insulin-mediated regulation of prothoracic gland ecdysteroid synthesis is
the MAPK pathway, which regulates steroid production dynamically in the gland
independent of PTTH (132).

DOWNREGULATION OF THE PROTHORACIC
GLANDS: ROLE OF EcR

The EcR Complex of the Prothoracic Gland

For the ecdysteroid-responsive sequence of events to occur at multiple times during
the life of an insect, there must be a sensing mechanism in the glands with the abil-
ity to discern 20E in both gqualitative and quantitative terms and then transduce this
information to the cell’'s biosynthetic machinery so that the rate of ecdysteroido-
genesis can be adjusted. Furthermore, this sensing mechanism must distinguish
between the active ecdysteroids such as 20E and inactive metabolites. To begin to
examine this putative mechanism, our laboratory has investigated the heterodimeric
ecdysteroid “ecdysone” receptor (EcR) in the prothoracic glandd.afextaby
analyzing the receptor constituents and how they may react to an increasing titer
of 20E.

Insect molting and metamorphosis are directly or indirectly regulated by the
interaction of 20E with the ECR complex that recognizes specific DNA response
elements and triggers a cascade of gene activity that directs the molting process
(72). Nuclear receptors comprise a superfamily of ligand-activated transcription
factors that regulate diverse functions in metazoans (e.g., development, differenti-
ation, metamorphosis, reproduction). As homodimers or heterodimers, they bind
to hormone response elements, ultimately leading to changes in gene activity. The
EcR heterodimer important to insect molting and a variety of other physiological
events is composed of EcR and ultraspiracle (USP) proteins, the latter being a
homolog of the mammalian retinoid X receptor (RXR) (186). Although receptors
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for mammalian steroid hormones are ligand-activated modulators of transcription
that bind to specific hormone response elements, it is still not understood exactly
how the receptor system regulates transcriptional efficacy in vivo (8). Both ECR
and USP are members of the nuclear hormone receptor family that is character-
ized by a DNA-binding region and a carboxyl terminal ligand—binding domain
(35). Genes for botEcRandUSPwere cloned and sequenced fr@rosophila
(73,95,117,147) and subsequently from representatives of a variety of insect
orders (24).

The EcR complex from th#1. sextaprothoracic gland also contains the im-
munophilin FK-binding protein (FKBP46) (161), although its role in the ECR com-
plex remains conjectural. In the case of mammalian steroid hormone receptors,
immunophilins are postulated to act as molecular chaperones (119), to be involved
in receptor trafficking from cytoplasm to nucleus (29, 30), and to function as po-
tentiators of receptor activation (98) or modulators of receptor phosphorylation
(110). FKBP46 is also associated with a nuclear kinase that phosphorylates the
immunophilin in the presence of Mand ATP and forms a complex with nuclear
TP2 (i.e., it is a DNA-binding protein) (3). All of the above point to critical roles
for FKBPs, and it would be tempting to speculate about their possible roles (e.g.,
FKBP46 as a corepressor or coactivator acting in conjunction with nuclear hor-
mone receptors in the modulation or reprogramming of insect gene activity). The
present findings suggest that the insect ECR complex may be an excellent model
system for defining the role of FKBPs associated with nuclear hormone receptors.

When prothoracic gland homogenates frivinsextalarvae were immunopre-
cipitated by antibodies specific to EcR, USP, and FKBP46, a native ECR complex
containing EcR, USP, and FKBP46 was detected in the precipitate by Western blot
analysis (161). Most importantly, this immunoprecipitated native ECR complex
bound ponasterone A, a phytoecdysteroid commonly used for EcR-binding assays
(25), with aKq of 7.04 x 10~° M. Using a functional approach withrosophila
cells, it was shown that several auxiliary factors are necessary, at least transiently,
for the initial association of the ECR/USP heterodimer with the DNA-binding site
(6). However, these factors are neither required to maintain DNA binding nor re-
quired for the binding of ligand (ecdysteroid) to the ECR/USP complex. These
factors include FKBP, HSP 70, HSP 90, HIP, and HOP (53).

Western blot analysis of the immunoprecipitatddnducaEcR complex as
well as prothoracic gland homogenates revealed that the ECR complex contains
three EcR proteins (76, 78, and 80 kDa), two USP proteins (47 and 49 kDa), and
the FKBP46 protein. Two more forms of USP (p52 and p54) exist in the gland
homogenate but are not part of the ECR complex (161, 164). The 80-kDa EcR
isoform was identified as the phosphorylated form of EcR-B1 and the 78-kDa
isoform as EcR-A by the use of specific antibodies (164).

The four isoforms (p47, p49, p52, p54) of USP discerned in homogenates of the
prothoracic glands during developmental studies display two distinct expression
patterns depending on developmental stage (164). The p52 and p54 isoforms that do
not heterodimerize with EcR are expressed maximally at days 1-6 of the fifth larval
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stadium (M_g) and R_, (days 0-2 after pupation) when hemolymph ecdysteroid
levels are low, whereas p47 and p49 were expressed maximally gant B_g,

when the hemolymph ecdysteroid titers are at their highest level and when the p52
and p54 isoforms were barely detectable. The dramatic change in USP isoform
expression indicates that USP may play a critical role in regulating ECR complex
function.

The developmental profiles of EcR, USP, and FKBP46 expression reveal three
peaks of EcR and USP ag\W5, and R in concert with peaks in the hemolymph
ecdysteroid titer (19, 174), while that of FKBP46 remained relatively constant. It
should be reiterated that the hemolymph ecdysteroid peak atidits cellular
reprogramming (127), whereas those atavid R initiate the molt from larva to
pupaand pupato adult, respectively (55). These results indicate that the ecdysteroid
titer may regulate EcR and USP expression, perhaps through transcriptional and/or
translational regulation (81, 88).

The EcR Complex and the Regulation of Ecdysteroidogenesis

The most reasonable role for the ECR complex in the prothoracic gland is in down-
regulation of ecdysteroidogenesis because E and especially 20E inhibit ecdysteroid
production by the lepidopteran prothoracic gland (10). Other data also support the
supposition that 20E acts on the prothoracic gland as a negative-feedback regu-
lator at particular developmental periods (140). If negative feedback is to occur
during the regulation of gland activity, then the functional ECR complex must be
present at the time when the hemolymph ecdysteroid titer reaches a critical level.
To test this hypothesis, gland homogenates from betglahds that possess the
predominant p52 and p54 isoforms angd §lands that contain mainly the small
isoforms were immunoprecipitated. The results indicated that only the p47 and
p49, but not the p52 and p54, dimerized with the EcR in the gland homogenate
and that the ECR complex is much more abundant at staghavi at \4 (164).

These results suggest that when p47 and p49 predominate in the presence of a
high-ecdysteroid titer, feedback inhibition of ecdysteroidogenesis may occur via
a cascade of transcriptional factors. Perhaps the p52 and p54 isoforms of USP
partner with other receptor moieties for other purposes.

To provide direct evidence that the increased expression of p47 and p4Qat V
and R_4 resulted from the rising hemolymph ecdysteroid titers,pvothoracic
glands were incubated with 20E. The data showed that increased expression of
p47 and p49 was elicited by 20E in vitro in a dose- and time-dependent manner
(164). A concentration as low asidM 20E was effective with maximum expres-
sion of the small forms of USP occurring at M 20E, concentrations close to
the physiological concentrations in the hemolymph for bothekd R animals.

The increased expression of p47 and p49 occurred simultaneously with a drastic
decrease in the quantity of p52 and p54. E was effective but only at a concentration
of 100uM, a pharmacological dose for\pand B_sanimals. These in vitro data
demonstrate that 20E is more effective than E in eliciting the expression of the



Annu. Rev. Entomol. 2002.47:883-916. Downloaded from arjournals.annualreviews.org
by UNIVERSITY OF WASHINGTON on 08/09/05. For personal use only.

896

GILBERT ® RYBCZYNSKI = WARREN

small forms of USP, as it is in decreasing the synthetic activity of the prothoracic
glands (10).

The fact that high levels of p47 and p49 occurred almost simultaneously with
peaks in the hemolymph ecdysteroid titer and the finding that 20E regulates the
expression of these isoforms suggested that high titers of hemolymph 20E may
regulate ecdysteroidogenesis by the prothoracic glands via specific expression of
p47 and p49, which then dimerize with EcR to form the active ECR complex.
This may then lead to a cascade of translational and/or transcriptional events
that culminate in the downregulation of ecdysteroid production. In an attempt
to provide more direct evidence for this hypothesis, prothoracic glands from V
larvae were incubated in the presence or absence of 20E and then challenged
with PTTH. Incubation with 20E fo6 h orlonger inhibited PTTH-stimulated
ecdysteroidogenesis severely5-90%) (164). 20E also inhibited the basal level
of ecdysteroid production (i.e., not stimulated with PTTH). These data strongly
suggestthat PTTH-stimulated ecdysteroidogenesis is feedback-regulated by a high
hemolymph titer of 20E, probably via selective expression of specific forms of
USP that presumably dimerize with ECR and together with a variety of chaperones
form the functional EcR complex (53). The resultant increase in ECR complexes,
after binding to 20E, could ultimately lead to gene activity that downregulates the
expression of one or more critical components of the ecdysteroidogenic pathway.
This is surely an important area for research on the regulation of insect molting
that has been all but ignored.

Because two USP transcripts are presentlanduca(80), it was of interest
to investigate how the four forms of USP in the prothoracic glands relate to these
transcripts. The developmental expression pattern of p49 is identical to that of p47,
which suggests that perhaps p49 is the phosphorylated form of p47 because all
members of the nuclear receptor superfamily are phosphoproteins (119). The same
relationship may be true for p54 and p52. To test this hypothesis, partially purified
p47,p49, p52, and p54 proteins were treated wititotein phosphatasg{PPase)
and then subjected to Western blot analysis. The data revealed the complete disap-
pearance of the p49 and p54 bands (164), indicating that p49 is the phosphorylated
form of p47 and p54 is the phosphorylated form of p52. Thus, there are only two
true USP isoforms in the prothoracic glands, each of which can exist in a phospho-
rylated or unphosphorylated state. To study the effect of phosphorylation on the
function of the ECR/USP complex, preliminary binding studies were performed.
Dephosphorylation did not disrupt the ECR/USP complex but did alter the ligand-
and DNA-binding ability of the complex (Q. Song & L.1. Gilbert, unpublished in-
formation), which suggests that phosphorylation and dephosphorylation may play
important regulatory roles with the binding activity of the complex.

Anincrease in the ECR complex at times when the hemolymph ecdysteroid titer
is high suggests that a critical titer of active ECR complex is a consequence of the
high titer of 20E, that the complex requires the 20E-elicited small forms of USP, and
thatthe complexis instrumental in the downregulation of ecdysteroidogenesis. The
subsequent cascade of events leading to decreased ecdysteroidogenesis is the final
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act in feedback inhibition, returning the rate of ecdysteroidogenesis to the basal
level and thus modulating the ecdysteroid peaks so typical of, and influential in, the
physiology of the insect (19). Indeed, several critical physiological phenomena are
elicited by a decreasing ecdysteroid titer (55). Research in the future must address
the question of exactly how the active ECR receptor interacts with the genome
to achieve decreased rates of ecdysteroidogenesis. This may include inhibition of
the synthesis of specific enzymes or sterol translocation proteins (see subsequent
discussion), or effects on specific transcription factors.

ECDYSTEROID BIOSYNTHESIS

Steroid Biosynthesis in Insects Versus Vertebrates

Although the basic mode of action of insect and higher vertebrate peptide and
steroid hormones are quite similar, these animal groups differ most notably in
the manner in which they obtain and use cholesterol (C). Vertebrates synthesize
C from small carbon units, e.g., acetate, pyruvate, whereas arthropods do not
and so must ultimately obtain it from their diet (51). Nevertheless, both verte-
brates and invertebrates have developed closely analogous systems that control
precisely the level of this critical intermediate in their respective steroidogenic tis-
sues. In mammals, the initial delivery of C to the outer mitochondrial membrane
of steroidogenic glands, then subsequently across the aqueous intramitochondrial
space to the inner mitochondrial membrane/matrix, is rate limiting for steroid hor-
mone biosynthesis (165). In the mammalian mitochondrial matrix, C undergoes
the first committed reaction in steroid hormone biosynthesis, i.e., irreversible side
chain cleavage mediated by cytochrome Rgs0a complex multistep monooxy-
genase (151). In arthropods, following the novel dehydrogenation of dietary C to
7-dehydrocholesterol (7dC) in the ER (Figu®,dt is postulated that this critical
pre-ecdysteroid intermediate must also translocate first to, and then within, the
mitochondria of the prothoracic glands (172, 175). In the insect prothoracic gland,
this process may be rate limiting and under the control of PTTH. Within the mi-
tochondria of these glands, the enzyme system that mediates the oxidation of 7dC
to a pre-ecdysteroid molecule may also involve a complex multistep catalysis by
one or more insect-specific P450 monooxygenases (Figure 3).

The steroid hormones of insects and vertebrates also differ in the chemical struc-
tures and properties of the active hormones. Active ecdysteroids, i.e., 20E, E, and
other closely related molecules (Figure) 2are polar steroids, almost sugar-like
in their solubility properties and so are soluble in the aqueous cell environment and
in the more lipophilic cell membranes, thus distributing relatively easily through-
out the open circulatory system of the insect. Mammalian steroid hormones have
more variable structures but universally lack the polyhydroxylated side chain char-
acteristic of ecdysteroids and so are quite nonpolar. As a result, these hormones are
more restricted in their movement and compartmentalization within the organism,
thus affecting their functional capacity.
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Side Chain Dealkylation of Plant and Fungal
Sterols: The Key Role of Cholesterol

Most insects studied can dealkylate and reduce the common 24(R)-alkyl plant
sterols3-sitosterol (Figure &), campesterol, and stigmasterol to C (166). Those un-
ableto do so must synthesize and use alkylated analogues of 20-hydroxycholesterol
(Figure d), i.e., makisterone A and C, to control aspects of growth and metamor-
phosis (36, 123). A few species dispense with the requirement for/stskerols
(including C), circumventthe firstenzyme in the pathway (the-@ehydrogenase),

and utilize food providingA’- or A>"-sterols (i.e.Drosophila pacheg (38, 58,

70; see below). Others must ingest C, i.e., carnivorous Diptera, blood-sucking
Hemiptera.

Conversion ofg-sitosterol to C occurs only in the insect gut, and many of
the intermediates involved have been identified and the corresponding enzymatic
reactions partially characterized (Figura) 28-sitosterol is first dehydrogenated
to fucosterol, perhaps via a&hydroxylated intermediate (167), but the enzyme
responsible has not been characterized, although it may be a cytochrome P450-
oxygenase. Fucosterol is then epoxidized, perhaps by a P450, ang4he C
epoxy intermediate has been isolated (113). The epoxide is then opened (hy-
drolyzed), apparently in conjunction with the neighboring 8ydrogen, by an
epoxide lyase (121). Further oxidation then results in the eventual elimination of
the two-carbon unit and the production of desmosterol, a reaction common to sterol
dealkylation pathways (41, 42). Desmosterol, unsaturated at thgs@osition,
is then finally reduced to C under the control of a microsom#-*>reductase
(43, 150).

Cholesterol to 7-Dehydrocholesterol: The 7,8-Dehydrogenase

The dehydrogenation of C to 7dC (Figure 2) and the importance of this con-
jugated A>’-sterol intermediate in ecdysteroidogenesis have been the object of
study over several decades. Early feeding studies showed that 7dC could support
insect growth in the absence of C or plant sterols (75). Later radiochemical investi-
gations in vivo established that the enzymatic reaction involved the stereospecific
removal of both the #- and 8-hydrogens, i.e., from the more sterically hindered
B-top face of the planar C molecule (28). In vitro radiochemical and bioanalytical
studies using lepidopteran tissue have since shown that the reaction is rapid, basi-
cally irreversible, and catalyzed by a microsomal P450 present only in prothoracic
glands (61, 111, 178). The substrate specificity of this P450 is not absolute because
in many species it also mediates the desaturation of several above-mentioned side
chain alkylated plant sterols to their respective 7-dehydro-analogues (141). It also
converts 25-hydroxycholesterol, a relatively polar sterol analogue, to 7-dehydro-
25-hydroxycholesterol (15, 175), and most surprisingliylanducait could utilize

B-ring C analogues (i.eq-5,6-epoxy-and-5,6-iminocholesterols) as substrates
(177). One species of fruit flyp. pacheahas lost its ability to dehydrogenate C

to 7dC (180). As a result, it is destined to live its entire life cycle in and around

a single desert cactus species that it must ingest to survive because this cactus
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synthesizes tha "-sterol that fulfills this insect’s bizarre sterol requirement (58).

In the laboratory, this species subsists well on an artificial diet containing 7dC
(70, 180). AD. melanogastdow-ecdysteroid mutantjoc without children(185)]

also lacks the C 7,8-dehydrogenase and can be partially rescued by feeding 7dC
(180; see below).

The 7,8-dehydrogenation of C is not considered to be the rate-limiting step
in the acute upregulation of insect ecdysteroidogenesis by PTTH because 7dC is
normally a prominent and persistent sterol in the prothoracic gland throughout
periods of growth and development and not just at ecdysis (60). Instead, one could
consider the 7,8-dehydrogenase and/or the concentration of 7dC in the gland to
be rate-enabling for continued active 3dE synthesis over the long term. That is,
the endogenous concentrations of 7dC both fall and then rise precipitously, in a
manner counter to that of C during the times of peak ecdysteroid biosynthesis in
the last larval instar oflanduca(61, 178).

Translocation of ER-Localized 7-Dehydrocholesterol to,
and within, the Mitochondria

Based on enzyme kinetics data from subcellular fractions of homogenized in-
sect prothoracic glands and by analogy with the ACTH-mediated control of C
movement within the mammalian adrenal mitochondria (165), it has been hypoth-
esized that the rate-limiting step in PTTH-stimulated ecdysteroidogenesis is the
movement of the poorly water soluble 7dC from the ER where it is synthesized
to the mitochondria where it is oxidized to ecdysteroid. Neither 7dC nor its po-
lar analogue 7-dehydro-25-hydroxycholesterol was metabolized after first being
formed from C or 25-hydroxycholesterol by the microsomal fractioklahduca
prothoracic glands (175). Furthermore, in prothoracic gland homogenates, the
kinetics of conversion of C (or 25-hydroxycholesterol) via 7dC (or 7-dehydro-25-
hydroxycholesterol) to ecdysteroids was much slower than when these preformed
dehydrogenated intermediates were supplied directly to the homogenates. That is,
AS’-sterol synthesized in the ER was translocated more slowly to the interior of
the mitochondria prior to its oxidation to ecdysteroid when compared with the
exogenously supplied>’-sterol. Radiochemical incorporation studies in the low
ecdysoneDrosophilamutant,ecd?® (ecdysonele$sindicated that the mutation
might be affecting the movement of 7dC within the ring gland rather than the
biosynthesis of 7dC (172), as . pacheaand the low-ecdysteroid mutawg,
without children(180). Similar feeding of 7dC tecd?® animals had no effect on
the phenotype of the mutant (J. Warren & V. Henrich, unpublished information).
The movement of 7dC synthesized in the ER to the outer membrane of the pro-
thoracic gland mitochondria may be analogous to the movement of ER-localized
C to the adrenal cortex outer mitochondrial membrane. Such a redistribution
of sterol could well be facilitated by carrier protein-based translocation or by
processes that allow for the close proximity of these membranes, i.e., involving
microtubules and/or intermembrane spanning protein moieties (67,122, 181). In
addition, PTTH-stimulated movement of 7dC within the insect mitochondrion
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may be controlled by proteins analogous to STAR (steroidogenic acute regulatory
protein) (5, 165) and DBI (diazepam-binding inhibitor) (118) that have been impli-
cated in the rate-limiting movement of C within the adrenal cortex mitochondria.

Oxidation of 7-Dehydrocholesterol: The “Black Box”

In arthropods and plants, the so-called Black Box mitochondrial oxidations of 7dC
(Figure 3) that may result in the formation of a long-hypothesized intermediate,
the A%-diketol (cholesta-4,7-diene-3,6-dioneetdl), would be different from any
vertebrate steroidogenic reactions and may, therefore, constitute a desirable tar-
get of opportunity for insect control (14, 61). However, no intermediates between
7dC and any molecule bearing the characteristic ecdysteroid structure, ia@s, the
58(H)-38-ol- or 3-dehydro-6-one-7-ene-d4bl functionalities, have been char-
acterized. These clearly complex oxidations and transformations may operate in
concert, perhaps mediated by a single P450 (100,124, 176). In any case, these
reactions must occur much faster, and the resulting intermediates must be much
more labile than those involved in mammalian C side chain cleavage {§P4%0
14-demethylation (P45@pm). The mechanisms underlying these latter classical
multistep oxidations have long been understood since the intermediates were iso-
lated and fully characterized, leading to the development of potent pharmaceuticals
that block the action of these enzymes (20).

Following these unique Black Box reactions, the propasédiiketol interme-
diate is converted to the diketol withcés-A,B-ring fusion by a B(H)-reductase,
at least in crustacean Y-organs (Figures 2 and 3) (14). The analogous structural
transformations leading to mammalian steroid hormones have been well charac-
terized. In contrast to the insect system;feductases mediate the conversion of
the 3-keta\*-functionality to the active &-configuration, i.e., to hormones with a
trans-A,B-ring junction. Truly analogous reduction to thg-8onfiguration gener-
ally gives rise to inactive steroids in mammals, although bile acids are synthesized
in this manner (20).

Once saturated, the A-ring 3-ketone group of these vertebrate steroids can then
be reduced reversibly to thegaalcohol under the control of@hydroxysteroid
dehydrogenases (20). In like fashion, similar enzymatic activities ininsects resultin
the interconversion of various products of terminal ecdysteroid hydroxylation (33),
including the ultimately secreted (pro)hormones E, 3dE (94, 178, 179) (Figure 2
and 25-deoxyecdysone (99), the latter being the precursor of the potent invertebrate
hormone (and plant sterol) ponasterone A (115). It is unfortunate that classical
biochemical paradigms have failed to result in the complete characterization of
any of the P450s or other enzymes involved in E biosynthesis. However, recently,
the potent combination db. melanogastemolecular genetics and biochemical
techniques has resulted in the first complete characterization of two endogenous
ecdysteroidogenic cytochrome monooxygenases (see below).

For more than three decades, great effort has been expended to decipher the
mechanism(s) underlying the biosynthetic oxidation of 7dC to an intermediate
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having the basic required functionality of the ecdysteroid molecule (Figures 2
and 3). In insects, the stereospecific loss of the4$, and 6-hydrogens during

the metabolism of specifically labeled C analogues, via 7dC, to E was indicated.
However, 20-30% of theadhydrogen and 10% of the 6-hydrogen were recov-
ered in the product, i.e., the loss was not all or none. These data led to the early
hypothesis of a 3-dehydra#-sterol intermediate (124), i.e., one with an oxidized
and unsaturated A-ring conjugation. In other studies, the incorporation of various
postulated radiolabeled intermediates into ecdysteroids by prothoracic glands was
investigated. These experiments led to the generally accepted notion that, in ad-
dition to all the biochemical restraints mentioned above, the complex and novel
3-dehydro-6-keto-7-ene-&4ol functionality characteristic of ecdysteroids must

be produced in a concerted fashion (i.e., simultaneously). That is, in insects both
in vivo and in vitro, the 14&-hydroxy function could not be introduced after the
formation of the 6-keto-7-ene system (17, 65). In addition, ecdysteroid analogues
with a 6-hydroxyl group could not be oxidized subsequently to the 6-ketone (144).
Furthermore, the 8-hydroxy analogue of the*-diketol (A*-ketodiol) is not a

good substrate for the newly characterizetidiketol-55(H)-reductase (14).

Perhaps a brief discussion of the basic organic chemistry of 7dC and its oxidized
derivatives would alleviate some of the confusion resulting from the above-noted
radiotracer and precursor incorporation studies. Unlike C, 7dC (pro-vitag)in D
is rather unstable and is subject to a facile photochemical B-ring fission reaction
leading to the nonenzymatic formation of vitamig (20). In addition, it also un-
dergoes facile photo-induced Diels-Alder addition of atmospheric oxygen across
the AS’-conjugated diene system to form the,8x-epidioxide (13). Curiously,
under mild nonenzymatic conditions, this highly oxygenated molecule and its 3-
dehydro derivative isomerize and rearrange into a wide variety of polyfunctional
oxygenated sterols (13, 83). Some of these sterols are identical to hypothesized
intermediates in the biosynthesis of E, such as the highly conjugated 3-dehydro-
A*6804triene (Figure 3) (61) and even the*-diketol itself (Figure 2). It is un-
fortunate that the 3-dehydrax3Bu-epidioxide, although extensively metabolized,
was not converted to identifiable ecdysteroids in either insect prothoracic glands or
crustacean Y-organs (J. Warren, C. Dauphin-Villemant & R. Lafont, unpublished
data). Further, the relatively stahle5,6-epoxy-7dC molecule (177), long hypo-
thesized as an intermediate, and its more staBi&®triene product (61), were
not substrates for ecdysteroid synthesis (84). Thus, there are few remaining possible
structures that are stable and thus potentially identifiable molecules for Black Box
intermediates.

The early proposals of the intermediacy of 3-dehydrbsterols in ecdysteroid
biosynthesis were strengthened greatly when it was discovered that 3dE, and not
E, was the major (if not only) ecdysteroid secreted by the prothoracic glands of
many insects and the Y-organ of crustaceans. However, the question of when the
oxidation of the $-hydroxyl group of C occurs remains open (Figuag. Because
itis unstable (4, 101), itis unlikely that 3-dehydro-7dC is formed outside the mito-
chondria. No trace of its characteristic 3-dehydrb -diene facile isomerization
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product could be found following the incubation finducaprothoracic glands

with radiolabeled C or 25-hydroxycholesterol, both of which are converted in situ
in high yield to 7dC or 7-dehydro-25-hydroxycholesterol, respectively (175). This
distinctive product also could not be detected following the direct incubation of
the latter two dehydrogenated compounds with prothoracic glands (J. Warren &
L.I. Gilbert, unpublished information).

Nevertheless, for arthropods it is hypothesized that 3-dehydro-7-dehydro-
cholesterol is a logical initial intermediate that immediately precedes, and is an
integral and concerted part of, the overall mitochondrial oxidations leading to the
A“-diketol (Figure 3). Its formation would function to activate the entire leading
surface of the A, B, C, and D rings of the steroid molecule for further oxida-
tion. This may be best visualized by first considering the structure of the “enol”
of 3-dehydro-7dC, the delocalizet®>“triene that is considered to coexist to
some degree with the 3-dehydro-7dC. Thid%triene constitutes one extreme
thermodynamic “boundary condition” for this system. The other extreme is the
3-dehydroa*684triene, an even more delocalized molecule that is an often-
isolated nonenzymatic product of the further oxidation and subsequent rearrange-
ment of the 3-dehydro-7dC (83). This latter isomerization is basically much like
what was discussed above [i.e., a rearrangement to achieve a lower-energy, more
delocalized (conjugated) system via electron stabilization]. The transition state is
a hypothetical composite of these two stable extremes. It is a high-energy, and
therefore a reactive, hypothetical intermediate whose actual existence would only
be possible because of the planar extensively delocalized electronic character of
its conjugatedr -orbitals (Figure 3, shown in red). Formed at the active site of the
P450, this transient molecule could undergo a variety of rapid and facile oxidation
reactions. For example, it could be attacked in a concerted fashion by oxygen or
peroxide across carbons 6 and 14, i.e., from below, therefore forming a classically
stable, 6-membered structure (another epidioxide) (Figure 3, shown in blue). This
high-energy intermediate would then fragment and stabilize as\fhéiketol.
Alternatively, rapid sequential hydroxylations by the P450 on this transition state
first at G4 and then at gfollowed by additional oxidation, similar to P45&-
or P45Qpwm, could result in the formation of the same product, perhaps even
involving high-energy epoxide intermediates (61, 69).

The A*-Diketol-58(H)-Reductase

The recentdiscovery of an enzyme in crustaceans thatis most active in the Y-organs,
which specifically and selectively converts thé-diketol to the 3 (H)-diketol and
subsequently into E (Figurebp, is quite important. Although characterized in a
cytosolic fraction but also present in the mitochondrial and microsomal pellets,
this enzyme requires NADPH (14). As such, it appears similar to vertebrate 3-oxo-
A*-steroid B (H)-reductases involved in steroid hormone catabolism and bile acid
synthesis (20). Its complete characterization, not only in crabs but also in insects
and plants, is critical to our understanding of ecdysteroid biosynthesis.
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Ecdysteroid Terminal Hydroxylation

A series of hydroxylation reactions at side chain carbons 25, 22 and A-ring car-
bon 2 are vital for ecdysteroid biosynthesis and lead directly to E and 3dE. They
have been characterized extensively in arthropod ecdysial glands and other tissues
at various stages of development (Figut®.2an general, the three responsible
monooxygenases (hydroxylases) exhibit unusually varied substrate specificities,
in addition to some rather unusual reaction characteristics. The most unexpected
observation was the lack of tissue specificity exhibited by these various mitochon-
drial and microsomal cytochrome P450 enzymes activities (87).

All three hydroxylases require molecular oxygen and NADPH, and their reac-
tion rates are reduced by the classical P450-inhibitors, metyrapone, piperonyl! bu-
toxide, and fenarimol. However, unlike the 25- and 22-enzymes, the 2-hydroxylase
is notinhibited by carbon monoxide. Although presentin all prothoracic glands and
Y-organs studied, these enzymes, or similar enzymatic activities, are also found in
the fat body, Malpighian tubules, gut, and epidermis of a variety of insect and
crustacean species (64, 107).

25-HYDROXYLATION Generally considered to be the first of the three terminal
hydroxylases in the sequence of hydroxylation, ecdysterol 25-hydroxylase is a
classical microsomal P450 (87). This enzyme is notrequired for the synthesis of 25-
deoxyecdysone, and thus ponasterone A in crustaceans, but exhibits high activity
in Manducaprothoracic gland homogenates (60, 61). In contrast to the vertebrate
P450 that mediates the 25-hydroxylation and activation of vitamii§4@), the
insect enzyme is not stereospecific and exhibits varied substrate specificity (16).

22-HYDROXYLATION Thought to be the second enzyme in the sequence of hy-
droxylations (see below), the 22-hydroxylase is a mitochondrial P450. As a result,
in addition to NADPH, Krebs cycle intermediates can also sustain appreciable
reaction rates in vitro (also true of the 2-hydroxylase). Both this reaction and
the subsequent 2-hydroxylation occur with the retention of configuration at these
positions (87). Mechanism-based, suicide inhibitors of this enzyme have been de-
scribed and this has obvious practical implications (131). Recently, the lack of
endogenous ecdysterol 22-hydroxylation activity has been identified as the cause
of theDrosophilamutation,disembodiedsee below). This gene (CYP302al) has
been cloned (21) and specifically expressed in an insect cell line, and the re-
sultant protein catalyzes the efficient metabolism of the ketotriol (Fighyed?
2-deoxyecdysone (J. Warren, G. Marques, A. Petryk, M. O’Connor & L.1. Gilbert,
unpublished information).

2-HYDROXYLATION In the prothoracic gland and Y-organs, this mitochondrial en-
zyme probably functions last in the sequence of terminal hydroxylations because
ecdysteroid precursors prematurely hydroxylated,a&r€ not good substrates for
subsequent 22-hydroxylase reactions (33). As a result, some intermediates such as
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22-deoxyecdysone and 22,25-dideoxyecdysone were not metabolized to E, even
under lengthy in vitro incubations of ecdysial glands with the ketodiol (125). How-
ever, when these same intermediates were administered in vivo they were generally
convertedto E (86), although not always (9), i.e., the reaction is especially slow dur-
ing larval stages. These results suggest that the specificities and therefore the iden-
tities of the ecdysial gland hydroxylases may differ from those present at various
stages in other insect tissues. As with the 22-hydroxylase, the molecular character-
ization of anotheDrosophilamutant 6hadovy has recently resulted in the com-
plete characterization of the 2-hydroxylase as P450 CYP315al (see “Halloween”
mutants below). This approach should result in a more-complete understanding of
the identity and specificity of enzymes mediating ecdysteroidogenesis.

3-B-Hydroxysterol Dehydrogenases

The ecdysteroid B-ketoreductase requires NADPH and is present in the hemo-
lymph and in many other insect tissues and converts 3dE to E (23, 94,138). In
contrast, the @-ketoreductase is present only in the gut and functions in con-
cert with ecdysone oxidase to inactivate ecdysteroids (22). All intermediates dis-
tal to the A*-diketol, and perhaps tha“-diketol itself, are subject to oxidation
and reduction of the @-alcohol/3-ketone functionality. With the diketol/ketodiol
and 3-dehydro-ketotriol/ketotriol pairs, this reaction may be truly reversible and
catalyzed by enzymes mechanistically similar to mammaligshdroxysterol
dehydrogenases/reductases (Figune With more hydroxylated products like 2-
deoxyecdysone and E, ecdysone oxidase mediates the irreversible oxidation of the
3B-alcohol functionality to the 3-dehydro derivative (96). However, it does not
catalyze the dehydrogenation of the-8pimeric analogues. Reduction of the 3-
keto function to either thefB(active) or 3 (inactive) stereochemistry is achieved

by two different basically irreversible reactions (22, 23).

FUTURE DIRECTIONS

With the notable exception of theggketoreductase (22), the classical techniques
of enzyme analysis and purification have failed to conclusively, or completely,
characterize any of the other enzymes involved in either ecdysteroidogenesis or
the subsequent metabolism of E (Figure 2). Considerable research, however, has
resulted in the characterization of the critical ecdysteroid 20-monooxygenase that
mediates the conversion of E to 20E (184). Analogous studies of the ecdysteroid
26-hydroxylase (7, 91, 183), together with the 3-dehydroecdystesei¢@uctase
responsible for molting hormone inactivation, should resultin their complete char-
acterization in the near future.

For more than 30 years, the study of various low ecdyst&mdophilamutants
has been helpfulin understanding the roles of E and 20E in insect development. The
temperature-sensitive mutatiends (ecdysonele$€46, 172) and thevocmuta-
tion (without children (185) were instrumental in elucidating the early synthesis
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of 7dC from C and the subsequent movement of 7dC within the prothoracic gland
cells of the ring gland. Unlikecd], thewocmutant lacks the &£g-dehydrogenase,

and this enzyme deficiency results in the classical low E phenotype. That is, the
ecdysteroid titer could be dramatically increased and mutants could be partially
rescued by dietary 7dC (180). However, when W gene was cloned, it was
shown to code for a novel zinc-fingered protein that may function as a transcrip-
tion factor (185) rather than the expected P450 enzyme. The amino acid sequence
of wocis upward of 65% similar to genes previously identified in humans that,
when variously mutated, have been linked to mental retardation and leukemia. The
powerful techniques of gene expression analysis (i.e., differential display), subtrac-
tive hybridization, and>rosophilagene microarray screening are being pursued
with this mutation in order to both isolate the 7,8-dehydrogenase gene and to better
understandvoccontrol of Drosophiladevelopment.

Recently, the paradigms of molecular genetics were applied to a series of
Drosophila embryonic lethal mutations that affect cuticle formation, i.e., the
“Halloween” mutants (85, 116, 182). In two mutardssembodie{21) andshadow
(J. Warren, A. Petryk, L. Gilbert & M. O’'Connor, unpublished information), the
mutations are associated with low embryonic ecdysteroid levels and a failure to
activate downstream ecdysone-responsive genes. Following the identification of
the genes, both cytochrome P450s with characteristic N-terminal mitochondrial
import sequences, in situ analyses demonstrated mRNA expression only in the
embryonic and larval ring gland and in the follicle cells of the adult ovary. The
data support the assertion, at leastDrosophilg that the 2- and 22-terminal
hydroxylation reactions are specific to the ecdysial glands. Similar reactions de-
tected in other tissues must therefore be catalyzed by different enzymes. Trans-
fection of these genes infdrosophilaS2 cells followed by radiotracer analysis
revealed that thelisembodiedyene coded for the terminal 22-hydroxylase and
thatshadowcoded for the 2-hydroxylase (J. Warren, G. Marques, A. Petryk, M.
O’Connor & L.I. Gilbert, unpublished information). When both genes were trans-
fected into S2 cells simultaneously, the ketotriol was efficiently converted to E
(Figure D). We believe that future analysis of other members of the “Halloween”
mutant family will result in the identification and characterization of the other P450
enzymes involved in ecdysteroidogenesis, i.e., those affecting the dealkylation of
plant sterols to C and its conversion to E, as well as the subsequent metabolism of
E, firstto 20E and then to inactive metabolites of the molting hormone. This should
provide a solid foundation for an understanding of ecdysteroid titer modulation, a
process critical for the design of new agents for insect control and physiologically
relevant experiments on ecdysteroid action (173).
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Figure 1 A model for PTTH signal transduction in prothoracic glands. Proteins and
cellular processes highlighted biueillustrate well-confirmed PTTH-dependent intra-
cellular eventsRedhighlighting indicates the contribution of factors other than PTTH
in the dynamic regulation of ecdysteroid syntheSislid arrowsindicate character-
ized events, andashed arrowsndicate hypothetical relationships between signaling
molecules. Aquestion markndicates the probable contribution of one or more uniden-
tified molecules or events to a given pathway. R, PTTH receptor; CaM, calmodulin;
PKA, protein kinase A; S6, ribosomal protein S6;°$&inase, 70-kDa S6 kinase;
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regulated kinase.
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