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Juvenile hormone catabolism in Manduca sexta: homologue selectivity of catabolism and 
identification of a diol-phosphate conjugate as a major end product 
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Abstract. We studied time-dependent metabolism of (10R)-[3H] juvenile hormone (JH) III and (1 OR, 11S)-[3H] JH I 
injected into Manduca sexta larvae; the hormones are metabolized to polar metabolites, especially the JH acid-diol, 
and an unknown. Products were analyzed using a reversed-phase liquid chromatography assay. (10R)-JH lII is 
metabolized much more rapidly than (10R, 11S)-[3H]JH I, whether injected seperatcly or as a mixture of hormones. 
The unknown metabolites of JH I and JH III were identified as phosphate conjugates of JH I and JH III diol by 
tandem mass spectral analysis of isolated samples. The phosphate conjugate of JH I diol is the principle end product 
of JH I metabolism. 
Key words. Juvenile hormone esterase; juvenile hormone epoxide hydrolase; juvenile hormone binding protein; 
reversed-phase liquid chromatography assay. 

Juvenile hormones (JHs) are secreted by a pair of 
minute retrocerebral glands in insects, the corpora al- 
lata (CA). JHs are structurally related sesquiterpenoids 
that possess morphogenetic and gonadotropic activity. 
Based on many studies, there is a hypothesis that only 
insects from the order Lepidoptera, the butterflies and 
moths, have the ability to synthesize ethyl branched JH 
I, JH II, JH 0 and 4-methyl JH p,2 A recent study 
claimed the existence of JH I in hemolymph of a 
hemipteran, Riptortus c[avatus 3, but CA of this species 
have been found subsequently to secrete in vitro neither 
JH I nor JH III, but an unknown, more polar material 
produced also by CA of three other hemipteran spe- 
cies 4. The TLC behavior of this unknown may be simi- 
lar to that of JHB3, the bisepoxide secreted by several 
higher depteran species 5,6. JH III, the simplest homo- 
logue of the 6 known JHs, is the most commonly 
occurring, form and has been isolated from insects of 
several orders including lepidopterans 2. 
The levels of JH play a key role in the development of 
insects. A decrease in JH titer during the last larval 
stadium of lepidopteran insects results in the initiation 
of pupation; this decrease in JH titer is largely at- 
tributed to JH catabolizing enzymes 7. Research done to 
date has shown substantial differences among various 
insect species regarding the role of separate enzymes in 
the metabolism of JH. Two hydrolytic enzymes, juvenile 
hormone esterase (JHE), which forms JH acid, and 
juvenile hormone epoxide hydrolase (JHEH), which 
forms JH diol, appear to be involved to various degrees 
in this process in the species examined 7'8. During the 
last decade much attention has been given to JHE, 

perhaps because it is the only catabolic enzyme present 
in insect hemolymph 7. Using affinity columns, JHE has 
been purified from a number of lepidopteran species 9, 
and recently its gene was cloned and sequenced from 
Heliothis virescens 1~ Comparatively few attempts have 
been made to characterize other pathways, including 
JHEH and conjugation enzymes. 
Much work done to date on JH catabolism is based on 
in vitro studies using techniques such as thin-layer chro- 
matography and partition assays 7"~. Recently, we de- 
veloped a new reversed-phase liquid chromatography 
assay for JH metabolites and used it to study 
catabolism of JH III in vivo in fifth stadium larvae of 
the tobacco hornworm, Manduca sexta~L Our results 
clearly show that, in addition to JHE, other enzymes 
play an important part in JH catabolism in vivo. 
In M. sexta, the balance and titer of JH I, JH II, and 
JH III vary during development. Eggs contain the 
trishomosesquiterpenoids JH 0 and 4-methyl JH I, with 
traces of JH I TM 14. An examination of the hemolymph 
titer of fifth stadium larvae showed the presence of JH 
I and JH II, and occasionally traces of JH l ip  5, while 
the adult hemolymph contains JH II and JH III I6. Even 
though JH I and JH II predominate in vivo in larvae, in 
vitro studies performed with corpora allata from larvae 
of the same species and stage indicate that the CA 
actively biosynthesize and secrete three JHs: JH I, JH 
II, and JH III tT' 18. This discrepancy between the virtual 
absence of JH III in vivo and its synthesis in vitro is 
curious. 
We now present the results of in vivo catabolism studies 
of JH I and JH III as well as in vitro biosynthesis 
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studies in fifth stadium larvae of M. sexta. We have 
identified a new major end product metabolite of JH, a 
diol-phosphate conjugate. 

Materials and methods 
Chemicals. JH I and III  were obtained from Sandoz 
Crop Protection. Labeled (10R, 11S)-[12, 13-3H]JH I 
(specific activity 58 Ci/mmol) and (10R)-[12-3H]JH III  
(specific activity 15 Ci/mmol) were gifts from Prof. G. 
Prestwich and Dr. B. Latli. L-[methyl-14C]methionine 
(57mCi/mmol) was obtained from NEN/DuPont,  
Boston, MA, USA. Custom prepared medium 199 lack- 
ing valine, isoleucine and methionine, but containing 
NaHCO3 was bought from GIBCO labs, The medium 
was supplemented with 20 g/L of Ficoll 400 and 20 mM 
Hepes at final pH 6.5. JH acid, JH diol and JH acid-diol 
were available from an earlier study ~2. 
Purification of  JH I and JH III. The labeled (10R, l lS ) -  
JH I and (10R)-JH III  were purified by normal phase 
liquid chromatography, using a Brownlee 22 x 0.46 cm 
Spheri-5 column (5 lam), monitored at 220 nm, and 
eluted with hexane:ether (94:6, v/v). The retention times 
of JHs were determined with unlabeled standards. The 
labeled JH was then injected and a peak with appropriate 
retention time was collected. 
Animals. M. sexta larvae were reared on an artificial 
diet ~9 at 27 ~ 40% humidity and a 16 h light:8 h dark 
photoperiod. For in vivo metabolism studies, fourth 
stadium larvae with a clear head capsule were removed 
and injected within 10 min of molting to the fifth stadium. 
For the biosynthesis study, the CA were removed within 
1 h of molting to the fifth stadium. The average weight 
of the newly molted fifth stadium larvae was 1.4-1,6 g. 
In vivo catabolism study. Approximately 200,000 dpm of 
(10R, l lS ) - JH  I or 50,000 dpm of (10R)-JH III  was 
dissolved in 1 I11 acetone and injected into the dorsal 
prothorax of a single larva. This gave approximately 
0.4 ng of JH I and JH III  per insect, less than the 
calculated endogenous titer of JH I. After incubating at 
27 ~ for various time periods, the insects were homog- 
enized in 4 -5  ml of CH3CN containing triethylamine (2 
drops per I00 ml of CH3CN) using a Polytron PT-20 
(Brinkmann). The extract was evaporated and analyzed 
for JH metabolites on reversed-phase liquid chromatog- 
raphy (RPLC) as described earlier 12. 
Incubation of  the unknown metabolite with enzymes. The 
unknown metabolite of JH III  was separated from other 
metabolites on a polymer column as described earlier ~2. 
Sulfatase (Sigma, type V) and glucuronidase (Sigma, 
type IX-A) were dissolved separately in 5 ml of 0.2 M 
sodium acetate buffer (pH 7.0) and the unknown frac- 
tion was incubated for 24 h at room temperature. Simi- 
larly, alkaline phosphatase (50 gg, Type l-S, Sigma, 
bovine intestinal mucosa) was dissolved in 5 ml of 0:.1 M 
sodium acetate buffer (pH 10.4) and incubated with'the 
metabolite. At the end of the incubations, the samples 

were extracted with ethyl acetate (3x), and the organic 
fraction vacuum evaporated. The residue was 
dissolved in 50 gl of water and analyzed by RPLC as 
described by Halarnkar and Schooley ~2. 
Isolation and purification of the unknown metabolite. To 
isolate the unknown metabolite of JH III, newly molted 
fifth stadium larvae were each injected with a solution 
containing l gg of (10R, S)-JH III  mixed with 
200,000dpm of (10R)-[3H]JH III. The insects were 
incubated for 1 h, and then homogenized in 5-7 ml of 
CH3CN containing triethylamine (1 drop per 100 ml of 
CH3CN). The extract was vacuum evaporated and the 
residue redissolved in CH3CN:water (50:50). This solu- 
tion was passed through 100 mg of Vydac C4 reversed- 
phase packing to remove materials which would bind to 
the RPLC column with this solvent. The sample was 
concentrated under nitrogen to about 0.3 ml and injected 
on RPLC along with cold standards of JH as described 
previously ~2. The unknown radioactive peak was col- 
lected and pooled from several animals. 
For isolating the metabolite of JH I, midgut slices 
( ~  10-30 mg) from newly molted fifth stadium larvae 
were removed and each was incubated in 100 gl buffer 
containing 2 gg of (1 ORS, 11SR)-JH I and 200,000 dpm 
of (10R, 11S)-[3H]JH I. After 2 h of incubation, midgut 
slices were removed and the medium was injected on 
RPLC. The unknown metabolite eluted between the 
acid-diol and the acid standards. Several fractions were 
collected between these peaks and radioactivity of 
aliquots measured; radioactive fractions were pooled. 
To remove buffer and further purify each sample, pooled 
fractions from JH I or JH III  incubations were injected 
on a Brownlee ODS column (10 x 0.46 cm) eluted with 
a 25 min gradient from 100% water to 100% CH3CN. 
The fraction containing the radioactivity appeared to be 
pure. Samples obtained from several insects were pooled 
and the volume was reduced under a stream of nitrogen 
to 15 gl for mass spectrometric analysis. 
Mass spectrometry. Liquid secondary ion mass spectra 
(LSIMS) were obtained on a Finnigan-MAT TSQ70 
triple stage quadrupole, equipped with an Antek cesium 
ion gun. A primary beam of 8 keV nominal energy was 
used to bombard the sample (0.1-1.0 gg) dissolved in 
1 gl of a glycerol matrix. Collision-induced dissociation 
mass spectra were obtained at energies of ~ +20 eV, 
using argon as a collision gas at a pressure of 0.8- 
1.0 millitorr. 
In vitro biosynthesis of  JH. 5 pairs of CA from newly 
molted fifth stadium larvae of M. sexta were incubated 
for 4 h in 100 gl of custom prepared medium 199 as 
above, but containing 1 ~Ci of L-[methyl-~4C]meth - 
ionine for 4 h. At the end of incubation, the products 
were extracted with isooetane and then subjected to 
normal phase LC to separate JH I, JH II and JH III. 
Peaks corresponding to cold standards were collected 
and radioactivity was assayed. 
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Resul t s  and  discussion 

Recently we developed a reversed-phase liquid chro- 
matographic (RPLC) method to study JH catabolism in 
vivo ~z. This method uses a polymer column and has 
significant advantages over methods such as TLC and 
partition assays as, in addition to separating all known 
metabolites, it allows one to work with large, impure 
samples. We found significant levels of  JH acid-diol in 
M .  sex ta  injected with labeled (10R)-JH III, as well as 
JH acid, JH diol, and an unknown metabolite ~2 eluting 
between JH acid-diol 4 and JH acid 2. We have now 
investigated this further. Previously, JH diol was not 
regarded as a detectable metabolite in lepidoptera 7,2~ 
but recent in vitro studies have shown the existence of  
J H E H  activity in tissues of  Galleria mellonel la 2~ and M. 
s e x t a  22, 23 

Using the RPLC assay, we performed an in vivo 
metabolism study of (10R, l lS) - [3H]JH I and (10R)- 
[3H]JH III  in newly molted fifth stadium larvae of  M. 
sexta.  We selected this stage because the JH titer is high 

and JH catabolic activity is low ~5. Insects were injected 
with 0.4 ng of  labeled JH III  or JH I, and after certain 
time periods they were homogenized in CH3CN. An 
aliquot of  crude extract was analyzed admixed with 
non-labeled standards; peaks corresponding to stan- 
dards were collected in scintillation vials and the ra- 
dioactivity was assayed. Figure 1 shows an RPLC trace 
with histogram obtained after a 30 rain incubation with 
JH I. Radioactivity was obtained in peaks which 
coelutcd with JH I acid-diol and JH acid standards. 
Significant amounts of  unknown metabolite(s) eluted 
between the acid-diol and the acid. 
The unknown metabolite did not have different LC 
behavior after treatment with diazomethane, and gave 
varying yields of  JH diol on treatment with enzymes 
(see below). These data suggested that the metabolite 
was a conjugate of  JH diol. 
The unknown metabolite was further purified as de- 
scribed in 'Materials and methods'.  Figure 2A shows the 
negative ion LSIMS spectrum of  the JH I metabolite. 
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Figure 1. Radio-HPLC trace of (10R, llS)-[3H]JH I and its described under 'Materials and methods'. The shaded portion 
metabolites. A newly molted fifth stadium larva of M. sexta was represents the radioactivity, whereas the solid line is the absorbance 
injected with the labeled substrate, the insect incubated for at 245 nm. la, JH I; 2a, JH I acid; 3a, JH I diol; 4a, JH I acid-diol; 
30 rain, and metabolites extracted and analyzed by RPLC as 5a, JH I diol-phosphate. 
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Figure 2. Mass spectrometric analysis of the 'JH I metabolite'. 
Figure 2A shows the negative ion LSIMS spectrum. The anion at 
m/z 391 corresponds to a molecular weight of 392, indicating the 
presence of diol conjugate of JH I. Figure 2B shows the MS-MS 
for m/z 391. Ions at m/z 79 (PO;-) and 97 (H2PO2) indicate the 
presence of a phosphate ester. 

The spectrum includes signals derived from the glycerol 
matrix and its sodium adducts (ie, m/z 91, 113, 183,205, 
275, etc), as well as 3 products of Mr 392, 408, and 522. 
The ion at m/z 391 represents the parent anion and 
corresponds to a molecular weight of 392, indicating the 
presence of a sulfate or phosphate conjugate of JH I diol. 
Analysis o fm/z  391 and 521 by MS-MS showed in both 
instances the presence of product ions at m/z 79 (PO3) 
and 97 (H2PO4) (fig. 2B). These two ions indicate the 
presence of a phosphate ester. A sulfate ester standard 
(estradiol sulfate) showed m/z 80 (SO~) and 97 (HSO4) 
under these conditions. The material at m/z 407 does 
not appear to be related to a JH-type structure, nor does 
the phosphate ester at m/z 521. The unknown metabolite 
of JH III  was also identified as a phosphate conjugate 
of diol by MS-MS (data not shown). MS analysis 
of JH-10, l l -dioP 4 and JH-10-hydroxy, l l-methoxy 25 
derivatives is dominated by a-cleavage of the C-10, 11 
bond. In the negative ion MS of JH I diol phosphate (fig. 
2A), there is an anion at m/z 71 corresponding to the 
c~-cleavage product C H 3 C O - =  CHCH3. The comple- 
mentary ion at 320 is not observed, but loss of PO~ from 
this ion accounts for the anion observed at m/z 241. 
Thus, these data are strongly suggestive that the phos- 
phate ester is bound to the secondary hydroxyl (C-10). 
This appears to be the first physico-chemical identifica- 
tion of any JH conjugate; additionally, we demonstrate 
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Figure 3. Time-dependent metabolism of radiolabeled (10R)-JH 
III (fig. 3A) and (10R, llS)-JH I (fig. 3B) in fifth stadium larvae 
of M .  s e x t a .  Insects were injected with the radioactive substrate and 
incubated for the given time periods, and the metabolites extracted 
and analyzed by RPLC as described under 'Materials and meth- 
ods'. Each time point is the mean of two insects. 

that the phosphate conjugate of JH diol is a major end 
product catabolite in M .  s e x t a  (fig. 3B). 
Several studies have indicated the formation of conjuga- 
tion products of JH metabolites in insects z~ 29. All 
these studies were based on enzymatic hydrolysis by 
sulfatases and/or glucuronidases. Many of these obser- 
vations may be misleading since enzymes such as sulfa- 
tases may contain multiple hydrolytic activities. In ini- 
tial studies we observed the formation of JH III  diol 
when its phosphate conjugate was incubated with sulfa- 
tase. However, less than 3% of the conjugate was hy- 
drolyzed. Incubation with alkaline phosphatase resulted 
in hydrolysis of more than 70% of the conjugate to JH 
III  diol. 

Figure 3B shows the results of a time-dependent 
catabolism study of radiolabeled (10R, l lS)-[3H]JH I. 
Even after 60 min incubation, more than 50% of the 
recovered radioactivity was obtained in the JH I peak, 
about 10% was found in the JH I acid-diol peak, and 
about 15% in the JH I diol-phosphate peak. The total 
recovery of injected radioactivity varied from 80-95%. 
The catabolism of (10R)-[3H]JH III  was much faster 
than that of JH I, but showed a profile of products 
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similar to those from JH I. Within 30 min, more than 
90% of the labeled (10R)-JH III  was converted into 
polar products (fig. 3A). The major catabolite formed 
was JH III  acid-diol rather than JH III  diol-phosphate, 
whereas for JH I the major metabolite was JH I diol- 
phosphate. In both cases there was a steady increase 
with time in the formation of the conjugate; the amount 
of the diol conjugate of JH I was similar to the diol 
conjugate of JH III  after 1 h. 
For JH III, the radioactivity in the acid and the diol 
peaks remained low, whereas the activity in JH acid- 
diol increased rapidly. This indicates catabolism of JH 
III  to acid and diol by JHE and JHEH, respectively; 
these metabolites are then rapidly converted to acid- 
diol, presumably by the same enzymes. However, for 
JH I the formation of the diol conjugate was somewhat 
greater than formation of the acid-diol, and signifi- 
cantly greater than for the acid and the diol. As JHEH 
is required for formation of both the diol-phosphate 
and acid-diol, epoxide hydration appears quantitatively 
more important in JH I catabolism than ester hydrolysis 
at this stage of development. 
We co-injected labeled JH I and JH III  in larvae to rule 
out the possibility of inter-animal variation or other 
circumstances affecting our conclusions. Such a study is 
possible only with the high resolution RPLC assay. We 
found (data not shown) that when both JHs are 
present, JH III  is still rapidly catabolized in comparison 
to JH I, indicating that JH catabolic enzymes are more 
active towards JH II1 even in the presence of JH I. 
We could not detect the formation of JH acid-diol 
conjugate in our studies. It is possible that the phospho- 
transferase enzyme is specific for JH diol and does not 
act on JH acid-diol. However, more studies are needed 
to confirm this. This presents an interesting parallel to 
the literature on ecdysteroid metabolism: at least 10 
phosphate conjugates of ecdysteroid secondary or pri- 
mary alcohols are known, but no phosphate conjugates 
of ecdysonic acids are known 3~ 

Even though studies on JH catabolism in the last two 
decades have led to a considerable understanding of the 
enzymes involved, a complete picture of how different 
enzymes interact is still lacking. Most information on 
JH catabolism is based on in vitro studies, and these 
studies have focused mainly on one enzyme: JHE. Very 
few in vivo studies, which take into account all possible 
pathways of JH catabolism, have been performed 2~ 
Based on assay of JHE in hemolymph, a dogma has 
arisen that a pulse of JHE in the hemolymph of lepi- 
dopteran larvae causes the decrease in JH titer, which in 
turn presumably initiates pupation 7. However, recent 
observations by Baker et al. 15 and Zimowska et al. 32 

indicate that in two lepidopteran species, JHE may not 
be important for the decline of the JH levels. Their 
results clearly show that in M. sexta and Spocloptera 
Iittoralis, JH titer in the hemolymph falls to unde- 
tectable levels before JHE begins to rise in the blood. 
Moreover, Bhaskaran's group showed that CA from 
fifth stadium larvae of M. sexta on day 4 stop produc- 
ing JH and instead secrete JH acid, which is then 
converted into JH in imaginal discs by a methyltrans- 
ferase enzyme1< Our in vivo catabolic results (fig. 3) 
clearly show that in newly molted fifth stadium larvae 
of M. sexta, JH acid-diol and JH diol-phosphate are the 
major end products of both JH I and JH III, thus 
indicating an important role for JHEH in addition to 
JHE. 
Affinity purified JHEs from two lepidopteran species, 
the cabbage looper Trichoplusia nP 3 and M. sexta 34, 
have been studied for their substrate specificity towards 
JH I, JH II and JH III. These studies indicate that JH 
I is hydrolyzed a little faster than JH III  by the purified 
enzymes from both species ( ~ 1.5 x for T. ni 35, ~ 2  x for 
M. sexta33). This agrees with earlier results from a study 
of JHE from M. sexta purified using chromatographic 
procedures, which showed that JHE hydrolyses JH I at 
about twice the rate of JH I lP  6. In vitro studies ~2 on 
JHEH from M. sexta eggs showed that JHEH hy- 
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Figure 4. A revised version of the classical pathway for the JH diol-phosphate for R = R'= CH3CH2, a, (10R, l lS)-JH I; for 
catabolism of JH. 1, JH; 2, JH acid; 3, JH diol; 4, JH acid-diol; 5, R = R '  = C H 3 ,  b ( 10R)-JH III. 
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drolyzed JH III  about 6 times faster than JH I; a 
substrate specificity opposite to that of JHE. However, 
natural enantiomers of  JH [ and JH III  were not used in 
any of  these studies, rather, commercially available 
racemic radiolabeled JH was used 22, 33.3s, 36. In our study 
we used the natural enantiomers (10R, I1S)-JH [ and 
(10R)-JI-I III. For  in vivo studies it is important to use 
these natural enantiomers since several studies 37 have 
indicated that hemolymph JH binding proteins (JHBPs) 
play a crucial role in protecting endogenous JH from 
degradation. JHBPs differ in their binding affinities 
towards different JH homologues and enantiomers. 
JHBPs purified from M. sexta are both enantioselective 
and homologue-selective in their binding interactions 
with JHs. Using partially purified JHBP from M. sexta, 

Schooley et al. showed the order of  binding of  JH III  
isomers to JHBP was 10R > 10R, S ~> 10S  38. Peterson et 
al. 39 showed that purified JHBP from M. sexta has a 
relative affinity for racemic JH III  of  0.29 competed 
against racemic JH I (1.0). Prestwich et al. further 
demonstrated that the relative binding affinity of the 
purified JHBP of M. sexta for natural (10R, 11S)-JH I 
is about 3 times higher than the unnatural (10S, l lR)-  
JH I, but about 19 times higher than the affinity for 
racemic JH I I I  (the natural isomer was not tested4~ 
Thus, in doing in vivo studies the complex interactions 
of  binding proteins and hydrolytic enzymes may affect 
results depending on whether the labeled JH is racemic 
or the natural enantiomer. 
To study ratios of  JHs biosynthesized in vitro, CA of 
freshly motted fifth stadium larvae were incubated with 
labeled methionine in medium 199. The methyl group 
from L-[methyl-14C]mentionine incorporates stoichio- 
metrically into the carboxymethyl moiety of  JHs, which 
allows determination of rates of JH biosynthesis 4~. 
The results in the table show the formation of JH I, 
II  and [II with biosynthetic rates o f  0.012, 0.33 and 
0.064 pmol/h/CA, respectively. 
These results are in reasonable agreement with previous 
reports which show the formation of  all three JHs by 
larval M. sexta CA in vitro 17,~s, although the relative 
ratios secreted differ somewhat. Baker et al. ~5 observed 
that relative rates of  JHs secreted by CA of fifth sta- 
dium larvae were JH I I > J H  I > J H  III  which is in 

Synthesis of JH I, JH II and JH III by the fifth stadium larval CA 
in vitro" 

Juvenile hormone Rate _+S.D. (pmol/hour/CA) u 

JH I 0.012 _+ 0.005 
JH II 0.332 _+ 0.127 
JH III 0.064 _+ 0.036 

accord with Bhaskaran's results~L Dahm et al, reported 
higher formation of JH II  than JH Ill ,  but they could 
not detect JH [42. Using RIA assays for JHs secreted in 
vitro by CA, Granger et al. have reported higher levels 
of JH III  vs JH [43,44. However, they could not deter- 
mine levels of  JH II due to the lack of  a suitable 
antibody, and their antibodies read the acid metabolite 
in addition to JH. This metabolite is not detected 
with the radiochemical assay. Some of  the variation in 
results may be due to the use of  different incubation 
media, pH, or other conditions 44. Also, the levels of JHs 
produced by individual glands may vary. Recently 
Bhaskaran's group studied the amounts of different JHs 
produced by individual glands; their results indicate 
that CA may biosynthesize JHs in pulses 45. However, an 
additional complicating factor is that JH esterase has 
been shown to be secreted by M. sexta CA in vitr@ 6, 
affecting the products of  the radiochemical assay. Al- 
though different ratios of JH secreted by the CA are 
reported in all these studies, JH III  was always detected. 
In marked contrast, Baker et al. ~5 detected only trace 
levels of JH III  in the hemolymph of  fifth stadium 
larvae of M. sexta using a highly specific GC/MS assay. 
The dominant JHs present were JH I and JH II, and 
their acid metabolites. 
Our results clearly indicate that there are marked 
differences in rate of metabolism between (10R, 11S)- 
JH I and (10R)-JH III  in vivo. The lower affinity of 
JH-specific binding protein for JH III  will result 
in greater exposure of JH III  to catabolic enzymes than 
JH I. Taken together with our results, this may be 
crucial in explaining why JH III  is usually undetectable 
in larval M. sexta in vivC 5, whereas CA can biosynthe- 
size JH III  in vitro. Several studies have indicated that 
JHE is more active on JH I than JH III  in vitro 33, 3s,36, 
and one in vitro study has shown that JHEH is snore 
active on JH II[  than JH 122. It is therefore difficult 
to assess how the inverse homologue selectivity of 
these enzymes in vitro would contribute to significant in 
vivo differences in rate of  metabolism for the different 
JHs. 

In conclusion, we studied the catabolism of natural 
enantiomers of  JHs in vivo and demonstrated specific 
metabolic differences for different types of  JHs. Using 
MS-MS analysis, we firmly established the structure of  
a phosphate conjugate of  JH diol. To our knowledge 
this is the first identification of  any JH conjugate. 

aIn each assay, 5 CA pairs from newly molted fifth stadium larvae 
were incubated in medium 199 containing 175 ~tM L-[methyl-14C] 
methionine for 4 h at 27 ~ 
bRates are the mean of 6 separate assays. 
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