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Abstract. In the mid fifth-larval-instar tobacco hommworm, Manduca sexta, the midgut has high ecdysone
20-monooxygenase (E20MO) activity, with a peak at the onset of wandering on day five. Activities of
E20MO, present both in mitochondria and in microsomes, were determined around the time of the peak.
During the day preceding the peak the microsomal E20MO increased 60-fold (total activity) or 115-fold
(specific activity), and it decreased to one half or less of the peak activities within two days after the peak.
The mitochondrial E20MO increased only 1.3 to 2.4-fold (total and specific activities, respectively) be-
fore the peak, but declined more rapidly than the microsomal E20MO after the peak. It is concluded that
mitochondrial and microsomal E20MO activities are controlled independently and that changes in the
physiological rate of ecdysone 20-hydroxylation are effected primarily by changes of the microsomal
E20MO activities.

INTRODUCTION

Ecdysone 20-monooxygenase [ecdysone, hydrogen donor: oxygen oxidoreductase (20-
hydroxylating), EC 1.14.99.22] catalyzes the hydroxylation of ecdysone to 20-hydroxy-
ecdysone, the last and probably rate-limiting step in the biosynthesis of the insect molting
hormone (Weirich et al., 1984; Smith, 1985). Ecdysone 20-monooxygenase (E20MO) is a
cytochrome P-450 enzyme found in mitochondria and/or in microsomes (endoplasmic re-
ticulum) of various insect and crustacean tissues (for refs., see Weirich et al., 1984; Smith,
1985; Weirich, 1989; Thompson et al., 1990; Svoboda et al., 1991).

The activity of E20MO has been shown to undergo changes related to postembryonic
development, oocyte maturation, and adult age, and these changes are believed to be es-
sential for the regulation of the 20-hydroxyecdysone titer and thereby indirectly for the
control of development (Nigg et al., 1976; Smith et al., 1983; Zhu et al., 1983; Beckage &
Templeton, 1986; Halliday et al., 1986; Smith & Mitchell, 1986; Liebrich et al., 1991;
Darvas et al., 1993). In some cases these changes in E20MO activities reflect similar
changes in hemolymph ecdysteroid titers (Johnson & Rees, 1977; Feyereisen & Durst,
1980a,b; Mitchell & Smith, 1988) and may in fact be controlled by the concentration of
circulating ecdysteroids. Increased E20MO activity has been elicited in Locusta migrato-
ria (Feyereisen & Durst, 1980b) and Manduca sexta (Keogh et al., 1989) by injection of
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ecdysone, and in Musca domestica by feeding an ecdysone-supplemented diet (Srivatsan
et al., 1987). Removal of prothoracic glands or ligation of the larvae, on the other hand, re-
duced the E20MO activity in L. migratoria and M. sexta (Feyereisen & Durst, 1980a,b;
Keogh et al., 1989).

Smith et al. (1983) traced the changes in E20MO activities of M. sexta midgut and fat
body to changes in the maximal velocities but found no indications for significant changes
in the Michaelis constants. In mitochondria of ecdysone-fed Musca domestica larvae in-
creased E20MO activity involved both an increase in the V , and a decrease in the K,
(Srivatsan et al.,, 1987). Changes of the E20MO activity in fat body mitochondria of
Spodoptera littoralis were correlated with the abundance of polypeptides immunologically
related to components of steroidogenic enzyme systems in vertebrate mitochondria. Anti-
bodies to bovine adrenal cytochrome P-450,, cytochrome P-450,, adrenodoxin and
adrenodoxin reductase were also shown to inhibit the E20MO of S. littoralis mitochondria
(Chen et al., 1994a). The possibility of a short-term control of E20MO activity by reversi-
ble phosphorylation-dephosphorylation of some components of the enzyme system was
demonstrated in mitochondria and microsomes of S. littoralis fat body (Hoggard & Rees,
1988; Hoggard et al., 1989).

In the first study of E20MO, the activity in M. sexta midgut was found to be limited to
the late fifth larval and early prepupal stages (Nigg et al., 1976). A detailed analysis of
E20MO in midgut and fat body tissues (slices) and homogenates for the period between
the last (fifth) larval and the pupal ecdysis revealed a particularly large E20MO activity
peak in homogenates of the mid fifth-instar midgut (Smith et al., 1983). However, M.
sexta midgut contains two E20MOs, one located in the mitochondria and one in the micro-
somes (Mayer et al., 1978; Kaplanis et al., 1980; Weirich et al., 1985), and the enzyme as-
says with whole tissues or homogenates did not allow the distinction between
mitochondrial and microsomal E20MO activities. Based on a recent kinetic analysis which
showed the microsomal E20MO to have a 44 times lower K (i.e., higher affinity) for
ecdysone than the mitochondrial E20MO, we concluded that the microsomal E20MO is
the primary midgut enzyme involved in ecdysone 20-hydroxylation (Weirich et al., 1996).
The present study was undertaken to further clarify the function of the two enzyme sys-
tems. Activity changes of mitochondrial and microsomal E20MOs have been determined
separately and compared to total midgut E20MO activities (Smith et al., 1983) around the
time of the large fifth instar peak.

MATERIAL AND METHODS*

Chemicals
Ecdysone was obtained from Simes Pharmaceuticals (Milan, Italy). All other reagents were as speci-
fied previously (Weirich et al., 1985).

Preparation of mitochondria and microsomes

Tobacco hornworms (M. sexta L.; Lepidoptera: Sphingidae) were reared as described previously
(Weirich et al., 1993). Groups of insects were collected on the fourth day of the fifth instar (V-4, one day
before the E20MO activity peak), on the fifth day of the fifth instar (“wandering larvae”, WL, peak of
E20MO activity), and two days after the onset of wandering (WL +2, E20MO activity in the post-peak

* Mention of a company name or proprietary product does not constitute an endorsement by the U.S. De-
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downslope; Smith et al. 1983). Midguts were dissected, cleaned and homogenized (Weirich & Adams,
1984; Weirich, 1985) in 30 mM HEPES buffer, pH 7.6, containing 0.3 M sucrose and 0.1 mM EDTA
(buffer A). Mitochondria and microsomes were obtained by differential centrifugation (Weirich & Ad-
ams, 1984; Weirich, 1985). Mitochondria were washed twice by resuspension in buffer A and recentrifu-
gation. Microsomal pellets were rinsed with buffer A.

Ecdysone 20-monooxygenase assay

Suspensions of mitochondria and microsomes in buffer A were used for the assays. In addition to the
enzyme preparation (0.74-3.0 mg protein per assay) and ecdysone (30-32 uM), the hypotonic reaction
mixtures contained 30 mM potassium phosphate, 10 mM HEPES, pH 7.4, 0.1 M sucrose, 0.1 mM EDTA,
and an NADPH-generating system, consisting of 0.6 mM NADP*, 6 mM Glc-6-P, and 0.6 U Glc-6-P de-
hydrogenase, in a total volume of 250 pl. Assays of mitochondrial E20MO also contained 2 mg bovine
serum albumin per m! which has been shown to stabilize the mitochondrial E20MO (Weirich et al., 1985;
Weirich, 1985). The incubation mixtures were shaken continuously at 30°C in 2-ml polypropylene mi-
crocentrifuge tubes (nonconical) providing a large surface area for efficient gas exchange. After a 5-min
preincubation of all other components, the reactions were started by the addition of ecdysone dissolved in
10 mM HEPES, pH 7.6. Each preparation was tested at two different protein concentrations and/or incu-
bation times with duplicate assays for each combination of parameters. Incubation times were 15 or 30
min, after which the reactions were stopped by addition of 250 ul methanol, and samples were kept at
~88°C until analyzed.

Prior to analysis samples were centrifuged for 15 min at 16,000 g and 5°C. All samples were analyzed
twice by reversed-phase HPLC on Resolve Radial Pak C, cartridges (10 cm x 5 mm, 10 pm particle size:
Waters) at 35°C and a flow rate of 1.1 ml/min (Weirich & Svoboda, 1992). The cartridge was first washed
with water for 5 min, then developed with 15-17% acetonitrile in water for 35 min, followed by a 10-min
rinse with 50% acetonitrile in water and 5 min reequilibration with water. This HPLC system was capable
of resolving 20-hydroxyecdysone and 26-hydroxyecdysone. The ecdysteroids were quantified by integra-
tion of the A,., ., peaks (Waters Model 810 Baseline Workstation). Combined recoveries from enzyme
assays were between 97 and 100% of the amount of ecdysone recovered from control incubations without
(live) enzyme.

Protein determination
Protein concentrations were determined by a Folin microassay (Peterson, 1977), with bovine serum al-
bumin as the standard.

RESULTS

Figure | shows the specific and total E20MO activities of microsomes and of mitochon-
dria. The specific activity of the microsomal E20MO increased 115-fold between days
four and five (from 0.4 to 45.9 pmol/min/mg protein) and declined to about half the peak
activity (21.5 pmol/min/mg protein) two days later. The total E20MO activity in micro-
somes showed a smaller increase than the specific activity before the peak (65x; from 1.1
to 71.4 pmol/min/midgut) and a larger decline (to about 1/4 or 16.2 pmol/min/midgut) af-
ter the peak. These different proportional changes are the consequence of a continuous de-
crease in the amount of microsomal protein per midgut during the period from V-4 to
WL +2 (Table I).

The profile of the microsomal E20MO activities was very similar to that reported for
midgut homogenate (Smith et al., 1983), which showed a 60-fold increase over a period of
one to two days, followed by a decline to half the peak activity about two days later.

The E20MO activities in the mitochondria followed a different pattern from that of the
homogenate and the microsomes. The mitochondria already contained substantial E20MO
activity on day four (17.6 pmol/min/mg protein; 91.6 pmol/min/midgut). The activities in-
creased only moderately (2.4 and 1.3-fold for specific and total activities, respectively)
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Fig. 1. Ecdysone 20-monooxygenase activities in mitochondria and microsomes of fifth instar M. sexta
larvae at three different ages (one day before peak, at peak, two days after peak activity). Mean + S.D. of
two preparations per age, each assayed in duplicate, two HPLC analyses per assay. WL, wandering larvae.
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between days four and five and declined more precipitously than the microsomal activities
during the two days following the peak (to 1/5 and 1/25 of the peak for specific and total
activities, respectively). Again, the total activity increased less during the day before the
peak and declined more strongly after the peak than the specific activity did because of de-
creasing amounts of mitochondrial protein per midgut (Table 1).

TasLe 1. Mitochondrial and microsomal protein yields from fifth instar M. sexta midgut.

Protein yield (mg protein/midgut®)

Age® (days after ecdysis)

mitochondria microsomes
4 533+1.17 2.60x0.11
5(WL) 2.88 £ 0.30 1.59 £ 0.01
7 (WL+2) 0.54 +0.02 0.76 = 0.09

* WL — wandering larvae; WL +2 — larvae two days after onset of wandering.
® Means + S.D. of two preparations for each age.

Incubations of V-4 microsomes with ecdysone produced not only marginal amounts of
20-hydroxyecdysone, but also small amounts of a compound that eluted with the R, of
26-hydroxyecdysone. Neither microsomes from the two later age groups nor any of the
mitochondria yielded detectable amounts of this compound.

DISCUSSION

E20MO activities of microsomes and mitochondria showed a different temporal profile
between days four and seven of the fifth larval instar (Fig. 1). Although both E20MOs
peaked on day five, the relative increase during the day before and decline during the two
days following the peak were quite different. This observation suggests a different mode
of control for the activities of the two enzymes.

The K_s of the microsomal and mitochondrial E20MOs have recently been reported to
be 3.67 x 107 M and 1.63 x 10~ M, respectively (Weirich et al., 1996). In the present
study E20MO activities were measured at a concentration of 30-32 pM ecdysone, i.e.
about twice the K_ for mitochondrial E20MO and almost two orders of magnitude above
the K_ for microsomal E20MO. The rates of the hydroxylation were therefore close to
V. for the microsomes, and between one half V, , and V,, for the mitochondria.

Maximal enzymatic reaction rates, by definition requiring infinite substrate concentra-
tions, are never realized under physiological conditions. The hemolymph ecdysone titers
between days four and seven of the fifth instar are 36 to 200 ng/ml (7.8 x 10™* to 4.3 x 107
M) (Smith et al., 1983). As we have recently reported, in this concentration range the total
E20MO activity of midgut microsomes exceeds that of the mitochondria 8-fold (Weirich
et al., 1996).

The activity profile of the microsomes, although not comparable in absolute numbers,
showed a close similarity to the E20MO activity profile previously reported for midgut
homogenates (Smith et al., 1983). The activities in homogenates were measured at 0.34
1M, a concentration about equal to the peak hemolymph titer during the fifth instar and to
the K_, for microsomal E20MO, but far below the K_ of mitochondrial E20MO. The re-
sults, therefore, would be expected to reflect mainly microsomal activities (at about one
half V__) with only minor contributions by the mitochondria (far below V), as indeed

max.
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they did. However, determinations of V_ for midgut homogenates during the same period
of development revealed a close temporal and quantitative similarity to the profile ob-
tained at 0.34 uM (Smith et al., 1983). Apparently, even at the higher ecdysone concentra-
tions used for the kinetic analysis there was no significant contribution by the
mitochondrial E20MO. The reason(s) for that are not obvious, but osmolarity or other ex-
perimental parameters may have been involved.

The fat body of M. sexta larvae contains another low K_, high affinity E20MO, which is
located in the mitochondria (Bollenbacher et al., 1977; Smith et al.,, 1979, 1980). The
E20MO activity in the fat body continuously decreases between days four and seven of the
fifth instar (Smith et al., 1983), thus representing yet another activity profile, different
from those of midgut homogenate, microsomes and mitochondria.

The E20MO activities found in midgut homogenates (peak at 498 pg or 1.07
pmol/min/mg tissue) far exceeded those of fat body homogenates (peak at 63 pg or 0.14
pmol/min/mg tissue; Smith et al., 1983). The total masses of fat body and of midgut tissue
are comparable, 0.52 and 0.34 g, respectively, for fifth instar larvae at the end of the feed-
ing period (Williams-Boyce & Jungreis, 1980). Thus, the midgut has a significant poten-
tial for ecdysone 20-hydroxylation.

The large increase in E20MO activity of midgut homogenates or microsomes occurs
within one day following a small peak of the hemolymph ecdysteroid titer on day four
(Smith et al., 1983). This commitment peak is believed to cause reprogramming of the lar-
val tissues for pupal development (Riddiford, 1978) and is probably eliciting the increase
of E20MO activity as well. Head or thorax ligation of early fifth instar larvae or injection
of cycloheximide or actinomycin D (Keogh et al., 1989) has been shown to prevent the in-
crease in E20MO activity of midgut homogenate, but it can be restored in ligated animals
by injection of ecdysone, 20-hydroxyecdysone (Keogh et al., 1989), or the ecdysone ago-
nist RH-5849 (Keogh & Smith, 1991). Injection of sonicated brain-retrocerebral com-
plexes also restored activity in head-ligated, but not in thorax-ligated larvae (Keogh et al.,
1989). These observations and the data presented in this paper suggest that the sharp in-
crease in midgut microsomal E20MO activity is directly or indirectly caused by an in-
crease of the ecdysteroid titer in the fifth instar larvae and that the mitochondrial E20MO
is not or much less dependent on ecdysone stimulation than the microsomal E20MO.

In experiments reported by Chen et al. (1994b) injection of ecdysone,
20-hydroxyecdysone, or the ecdysteroid agonist RH-5849 into Spodoptera littoralis larvae
(intact or ligated) caused induction of ecdysone 26-monooxygenase rather than E20MO.
These results suggested that injected ecdysteroids and ecdysteroid agonists open a molting
hormone inactivation pathway. Qur experiments, however, have shown that midguts of un-
treated M. sexta larvae at the time of the peak hemolymph ecdysteroid titer (day 7;
WL +2) do not contain any ecdysone 26-monooxygenase activity.

It is interesting to note that not only the total ecdysteroid titer, but also the ratio of
20-hydroxyecdysone to ecdysone in M. sexta hemolymph starts to increase substantially
on day five (Smith et al., 1983}, the day of peak E20MO activities. Although the titers are
undoubtedly influenced by other processes, such as catabolism and excretion, the increase
in the proportion of 20-hydroxyecdysone is probably facilitated by the high midgut
E20MO activity, especially that of the microsomes.
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The increases of the E20MO activities in M. sexta midgut occur at a time when the total
amounts of mitochondrial and microsomal protein decrease 46 and 39%, respectively (Ta-
ble 1). Thus, while the total supply of mitochondria and microsomes is reduced (perhaps a
reflection of the diminishing demands for digestion), these subcellular components are
still being modified for specific metabolic requirements. The increases in the E20MO ac-
tivities could be caused by activation of existing enzymes or the de novo synthesis of new,
perhaps more active cytochromes P-450 and/or other components of the E20MO systems
and their incorporation into mitochondrial or microsomal membranes. The involvement of
gene transcription and protein synthesis has been demonstrated by experiments showing
that the increase of E20MO activity in midgut homogenates is inhibited by actinomycin D
and cycloheximide (Keogh et al., 1989). On the other hand, the increased activity in ho-
mogenates apparently did not result from the production of a higher affinity cytochrome
P-450 because the K did not change significantly (Smith et al., 1983).

The decreases in E20MO activities between days five and seven again reflect specific
modifications of the enzymatic characteristics of mitochondrial and microsomal mem-
branes. At the same time the total amounts of mitochondrial and microsomal proteins con-
tinue to decrease, and the midgut weight also decreases (Weirich et al., 1993).

Feeding of an ecdysone-supplemented diet was shown to increase the E20MO activity
in mitochondria, but not in microsomes, of Musca domestica larvae (Srivatsan et al.,
1987). Although mitochondria and microsomes of ecdysone-treated larvae each contained
six forms of cytochrome P-450 with E20MO activity, only one mitochondrial form, based
on its high activity, was presumed to be responsible for ecdysone 20-hydroxylation under
physiological conditions (Srivatsan et al., 1990; Agosin & Srivatsan, 1991).

The apparent responsiveness of the M. sexta midgut E20MO to ecdysteroid stimulation
and the high affinity of the microsomal enzyme for ecdysone support the conclusion that
the microsomes of the fifth instar M. sexta midgut contain an ecdysone-specific cyto-
chrome P-450, i.e. a true E20MO, and that it is this enzyme, rather than the mitochondrial
E20MO, that is primarily responsible for changes in the physiological rate of ecdysone
20-hydroxylation in the midgut and thereby for the control of the 20-hydroxyecdysone
titer.
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