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ABSTRACT

STUDIES ON THE BIOCHEMISTRY OF JUVENILE HORMONE
AND OTHER INSECT LIPIDS

By

Mark Allan Bieber

The aims of this research were to develop an accurate and reliable
method for the quantitative determination of Cjg-cecropia juvenile
hormone, methyl 10,ll-epoxy-7-ethyl-3,11-dimethyl-2,6-tridecadienocate,
and conduct studies on its biosynthetic origin.

A reverse isotope dilution/carrier technique was devised for the
quantitative determination of juvenile hormone and the occurence and
levels of this molecule were studied in a variety of insects. After
addition of a deuterium-labeled form of the juvenile hormone to an insect
extract, the mixture of deuterium and protium forms were purified and
the resultant fraction was analyzed by combined gas chromatography-
mass spectrometry. The deuterium/protium ratios were obtained by
multiple ion detection using the accelerating voltage alternator accessory
of an LKB 9000 gas chromatograph-mass spectrometer. Levels of hormone
in abdomina of both adult male and female cecropia, cynthia, and
promethea moths, as well as in male and female housecrickets, worker
honeybees, mixed male and female cereal leaf beetles, and housefly
larvae were determined. The results confirmed the level of juvenile
hormone previously reported for the male cecropia moth (approximately

1.6 pg per organism) and indicated sexual dimorphism. Female moths



Mark Allan Bieber
contained less juvenile hormone than their male counterparts; female
crickets, however, contained much more hormone than male crickets.

When the results are presented on the basis of the amount of 1lipid
extracted, housefly larvae and cereal leaf beetles stand out for
their relatively low and high levels, respectively. As a sidelight,
the elution profile of five classes of neutral lipids on Sephadex LH-20
in benzene-methanol (1:1) was determined by use of thin-layer chromatography
and direct probe mass spectrometry of selected fractions.

Since the juvenile hormones elucidated are methyl esters, it was
of interest to determine if other naturally occurring methyl esters
were present in insects. A variety of naturally occurring fatty acid
methyl and ethyl esters was found in late third instar housefly larvae
reared aspetically and axenically. The fatty acid esters were identified
by combined gas chromatography-mass spectrometry and their levels
quantitatively determined by computer-controlled mass fragmentography.
The total levels of methyl and ethyl esters found were 5.2 and 13.1
nmole per gram wet weight, respectively. This represented approximately
0.007% and 0.019% of the total lipid extracted. Levels of these esters
in the synthetic diet were 3.6 and 0.2 nmole per gram, respectively.
The esters were not localized to any extent in the insect cuticle and
the possibility that they arose as artifacts of extraction or
purification was ruled out by control experiments.

Attempts to elucidate the pathway of juvenile hormone formation in
housefly larvae, grown aseptically and axenically on diets containing

gg;[z—]“clmevalonic acid and g;[Me-luclmethionine,proved negative in
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that no radiolabeled juvenile hormone was found at the levels of
detection used. A thin-layer radiochromatogram of a portion of the
lipid extracted after growth on labeled mevlaonic acid revealed at
least five radioactive bands, three of which co-migrated with authentic
neutral lipid standards (free fatty acid, triglyceride, and sterol
ester). This finding would be consistent with a hypothesis that the
mevalonate had been incorporated into a fatty acid that was present
in these three fractions. The triglyceride fatty acids were therefore
studied in detail after enzymatic hydrolysis by hog pancreatic lipase.
The acids were esterified with diazomethane and subjected to analysis
by gas-liquid radiochromatography. These analyses indicated that a
radioactive fatty acid methyl ester was present in the region of the
Ci17 methyl esters. Preparative gas-liquid chromatography was carried
out to enrich this radioactive component. Through mass spectral analysis
and comparative gas chromatographic data the radioactive unknown was
tentatively identified as methyl 15-methyl hexadecanoate. It had a
specific activity of 7.1 mCi/mmole which is consistent with the incorpor-
ation of one mole of mevalonic acid (specific activity=7.2 mCi/mmole).
Three other gas chromatographic peaks eluting in the same area were
analyzed by mass spectrometric techniques and tentatively identified as
a mixture of methyl l4-methyl hexadecanoate and methyl 2,3-methylene-
hexadecanoate, methyl heptadecanoate, and methyl 9,10-heptadecenoate.

A possible biosynthetic scheme for the formation of the iso fatty acid

arising from mevalonic acid is presented.
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INTRODUCTION

After many years of work in the isolation and partial characterization
of the insect juvenile hormone from the giant silkmoth, Hyalophora
cecropia, its structure was elucidated in 1967 by a research group
composed of H. Roller, K. Dahm, C.C. Sweeley, and B.M. Trost (l1). The
structure of the insect juvenile hormone of the male cecropia moth is
methyl c¢18-10,11~-epoxy-7-ethyl-3,11-dimethyl-trans,trans-2,6-trideca-
dienoate. It was characterized by use of nuclear magnetic resonance
spectroscopy and combined gas chromatography-mass spectrometry of the
natural hormone and its catalytic hydrogenation product. This structure
was received with doubts by some members of the scientific community (2)
since it was a methyl ester of an unusual terpenoid-like fatty acid
never before encountered in a biological system. The doubts were soon
removed when total chemical synthesis was achieved (3) and the biological
activity of the synthetic product proved that the structure was correct.
A second research group, headed by A. Meyer, confirmed the structure
and found a second juvenile hormone in male cecropia the 7-desmethyl
homolog, methyl ¢is8-10,1ll-epoxy-3,7,ll-trimethyl-trans,trans-2,6-trideca-
dienoate (4,5) which accounted for 13-20% of the hormonal activity
observed. A report was recently published in Chemical and Engineering
News that methyl 10,ll-epoxy farnesoate is the juvenile hormone of
tobacco hornworm, however no other reports of this have appeared. These

confirmations left all doubts behind and speculation that hormonal control



of insects could become the "third generation" of pesticides soon be-
came apparent (6) since application of this developmentally important
hormone during a vulnerable time in the insect's life cycle (directly
after the last larval or nymphal molt) disrupts metamorphosis radically
and creates a supernumerary larva or nymph unable to successfully
complete life and become a functional and fecund adult.

Since the structure(s) of all these juvenile hormones resemble
the terpenoid alcohol farnesol in carbon skeleton and positions of un-
saturation, and insects have been reported to have the capacity for
de novo synthesis of farnesol (7), it seemed as if the biosynthetic
pathway of juvenile hormone formation in insects could be discovered
without the long and tedious years of research that has been the case
in the elucidation of many biosynthetic pathways now well characterized.
Farnesol could be methylated, oxidized, and epoxidized to obtain juvenile
hormone (JH). The use of new instrumental techniques such as combined
gas chromatography-mass spectrometry (GC-MS), the growing use of
computer applications in the biochemical field with these new instruments,
and the perfection of classical methods on a micro scale made this
possibility seem realistic. The original aims of this research, there-
fore, included studies on characterization of the biosynthesis of JH by
use of in Vivo radioisotope administration using several substrates that
seemed to be likely precursors such as mevalonic acid, homomevalonic
acid, methionine, acetate, propionate, leucine, or isoleucine.

It soon became apparent to the investigators in this field that the
problem of JH biosynthesis would be much more difficult and elusive than

expected (8). A major problem was that methods for purification and



quantitative determination were time consuming, difficult and somewhat
inaccurate since much of the hormone was lost during manipulative
procedures and biological assay was relied upon heavily for quantitation.
The male cecropia moth, which contains more juvenile hormone than any
other insect studied to date (9), has at most one or two micrograms
per organism and therefore many insects would have to be studied.

A primary objective of this research project therefore was to develop

a reliable and accurate method for determination of JH in an insect
extract, hopefully by techniques that would not involve the use of a
biological assay since these have been proven to be inaccurate (10) and
open to subjectivity and would require expertise not at hand. After

a method had then been devised, biosynthetic experiments using the
appropriately labeled precursors could be undertaken.

While the methodology for determination of JH was being developed
by use of a reverse isotope dilution/carrier technique, reports that
most of the obvious precursors for JH were not incorporated into the
molecule in newly emerged male cecropia moths started to appear (11).
Even though it therefore seemed that the biosynthetic experiments planned
were not likely to succeed, attempts were made using mevalonic acid
and methionine added to synthetic diets of housefly larvae reared aseptically.
An interesting observation was seen upon thin-layer chromatographic
analysis of the neutral lipid fraction that had become labeled after
growth of housefly larvae on 2;7[2-1“C]mevalonic acid. At this point
in time, research emphasis was switched to attempt at least partial

identification of some of the lipids that had become labeled through

mevalonate.



Most of the accepted dogma concerning mevalonic acid has been
that it is the first "totally dedicated" molecule in the biosynthesis of
terpenes and sterols in mammals and plants (12) and the observation that
several neutral lipid fractions became labeled through mevalonate became
an interesting problem. Since it is well characterized that insects
cannot make sterols de novo (13,14), characterization of the radiolabeled
lipid could possibly lead to new metabolic fates of mevalonic acid or
even to a possible cryptic precursor of the juvenile hormone that is
biosynthesized and stored during the larval phase of growth.

Since the naturally occurring juvenile hormones are methyl esters,
it was also of interest to determine whether insects (in this case,
housefly larvae reared aseptically and axenically) contained other
natural fatty acid methyl esters. In these investigations, the unexpected
result of finding naturally occurring fatty acid ethyl esters prompted
some studies on the characterization, localization, and levels of
these fatty acid methyl and ethyl esters in this insect system.

In order to carry out much of the planned research, extensive use
of combined GC-MS and multiple ion monitoring was found to be necessary.
Efforts were therefore also directed into this area. These efforts,
including a collaborative effort with Dr. Jack Holland and Richard Teets
to computerize the process of multiple ion detection using the accelerating
voltage alternator accessory of an LKB 9000 combined GC-MS, will not be

presented as part of this dissertation.



LITERATURE REVIEW

Hormonal control of insect growth and metamorphosis was first
postulated by Kopec in 1917 (15) from studies with the gypsy moth
(Porthertia dispar) in which he removed the brains from young and
mature larvae and observed that they continued to grow or pupate.
Summaries of many of the early biological experiments done to determine
that insect development was' under hormonal control have been published
in a volume by Wigglesworth (16). Since the observations were made that
insect development was under hormonal control, this area of research
grew to be of major importance not only to the developmental biologist
but also to the biochemist and environmentally oriented entomologist
since proper use of these hormones could lead to a highly effective
approach to insect control.

Hormonal Control of Growth and Development

There are three basic hormonal systems operating in an insect
that control development and these are, in turn, controlled by a
myriad of factors. The three hormones are brain hormone; ecdysone,
or molting hormone; and juvenile hormone, or status quo hormone.
Extensive reviews of insect growth and development can be found in the
following books and will not be specifically covered in this review.
These include: The Control of Growth and Form (16), The Physiology of
Insect Metamorphosis (17), Insect Hormones (18), and The Principles

of Insect Physiology (19) all by Wigglesworth; The Physiology of Insecta



edited by Rockstein (20); and The Metabolism of Insects by Gilmour (21).
Excellent review articles have also been written by Berkhoff (21),
El-Ibrashy (22), Gilbert and Schneiderman (23), Siddall (24), and
Williams (25,26). A brief review of an insect's endocrine system is
included to give the reader an insight into the pertinent physiological
relationships.

The brain, or supraesophageal ganglion, is divided into three
sections--the protocerebrum, the deutocerebrum, and the tritocerebrum.
In the anterior dorsomedial region of the protocerebrum are located the
pars intercerebralis, where the medial neurosecretory cells are found.
From the pars interecerebralis, axons leave to form bilaterally
symmetric tracts that cross and then lead to the posterior edge of
the brain. This pair of nerves, the nervus corpus cardiacus I, leaves
the brain to terminate in the corpus cardiacum, a paired but often fused
endocrine organ whose chief responsibility is storage and release of
brain hormone produced in the neurosecretory cells. Lateral neurosecretory
cells are located on either side of the protocerebrum and are also
connected to the corpus cardiacum by axons. Directly underneath the
corpora cardiaca are the corpora allata--paired, non-neural epithelial
glands that are responsible for the synthesis and secretion of the
juvenile hormone. The other main endocrine gland in the insects is the
prothoracic gland, located in the prothorax in most species, sometimes
called the ecdysial gland since it is responsible for synthesis and
release of ecdysone, the molting hormone. The interaction of the
hormones secreted by each organ are quite extraordinary. Brain hormone

stimulates the prothoracic gland to secrete ecdysone, which, in turn,



acts at the cellular level and causes molting. Meanwhile, the corpora
allata secrete juvenile hormone, determining whether the larval or
nymphal molt will become another larva or nymph, or molt into a pupa

or adult. The corpora allata radically increase in size at the time of
juvenile hormone secretion (23) and the hormone has been chemically
identified from in vitro organ culture (27). The juvenile hormone
therefore permits growth but prevents maturation. These hormones seem
to be synergistic and injection of one into the animal will induce

the secretion of others (18).

The chemistry of brain hormone has remained elusive since it is
pPresent in very small quantities and difficult to bioassay (28). It
was first thought that brain hormone was cholesterol (28); however, this
has been proven to be incorrect (29) and it is now thought that brain
hormone is a heat-stable non-dialyzable protein or polypeptide of
molecular weight around 10,000 (29). It has not been purified to
homogeneity and therefore nothing is known of its chemical composition.
Secretion of brain hormone involves external nerve stimulation as in the
case of molting in Rhodnius prolizus, a blood-sucking hemipteran. After
ingestion of a blood meal, the movement of the stretch receptors
tirggers nerve impulses which in turn stimulate the corpora cardiaca and
then release of brain hormone, which triggers the release of ecdysone.

Ecdysone, the molting hormone, has been shown to be a water-
soluble, hexahydroxy steroid having the structure 28,38,14a,22R,25-penta-
hydroxy-5-B-cholest-7-en-6-one. The elucidation of its structure by
Butenandt and Karlson (30) by X-ray chrystallographic methods marked a

milestone after years of research toward this goal. Since the structure



of ecdysone has been elucidated, at least five other similar insect

and arthropod molting hormones have been discovered in many plants

(24,31) and the biosynthetic origin of ecdysone from cholesterol (24)

has been characterized. An excellent review of the chemistry and bio-
chemistry of the ecdysones has been presented by Rees (129). The mode

of action of ecdysone has been explored by many research groups,
especially those of Gilbert, Laufer, and Clever. They have found

that addition of ecdysone to the giant salivary gland polytene chromosomes
of several species, especially Chironomus tentans, causes specific
chromosomal puffing patterns (32,33,34). Through the use of differential
staining, it has been determined that these puffs represent synthesis

of RNA and DNA and therefore protein synthesis. These effects will be

discussed in greater detail in later sections.

Juvenile Hormone

Overview: Comprehensive reviews of the history of juvenile hormone (JH)
research have been published. The biology of the hormone and its function
in relationship to the other insect hormones was discussed by Schneiderman
and Gilbert in 1964 (28) and chemical aspects of the hormone have
been reviewed by Roller and Dahm (8), Pfiffner (35), and Trost (36).
Research interest in JH and JH mimics or analogs has grown over the
bPast years to the point that it has merited no less than three major
international symposia and the proceedings of these have been published
(37:38,39). The reader is referred to any of these references for

additijional information not presented in this review.

Discovery: The existence of a status quo or juvenile hormone that

¥ould Getermine the fate of the subsequent molt was first postulated by



Wigglesworth in the late 1940's (16). It was not until 1956, however,
that Carroll Williams at Harvard discovered a rich source of JH activity
in an ethereal extract of male cecropia moth abdomina (40). He termed
this extract "golden o0il" due to its striking color and proceeded to
test its juvenilizing effects on a variety of insects (130). He also
found JH activity in a variety of sources including lipid extracts of
mammalian organs such as thymus and placenta (41). These unusual findings
and the need for a quantitative measure of JH in lipid extracts prompted
the development of many biological assays for JH. Juvenile hormone
bioassay has classically involved topical application or injection of a
hormonal agent in an appropriate solvent at the proper stage in the
insect's life cycle with subsequent scoring of the next molt by well
established and sometimes highly sophistocated criteria. Several of

the most accurate and popular biocassays are the Galleria wax test (42),
the Tenebrio assay (8), the Polyphemus bioassay (43) and the Rhodnius
bioassay (44). Until the structure of the hormone was known, many of
the bioassay results were presented on an artificial scale of

"cecropia units", relating back to the potency of "golden oil". A
cecropia unit was later found to be equivalent to 3 ng of actual JH (2).
The pitfalls and problems encountered in bioassay have been discussed

by Staal (10). He noted that bioassays, if done properly, could be of
great use. In the wax test, for example, hormonal agents in concentrations
as low as 10 © Hg can be measured (10) and therefore these assays seem
to be more sensitive than any chemical techniques developed to date.

Elucidation of Structure: Soon after the discovery of JH, the

Séarci was underway to find out the chemical nature of this molecule.
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Through the work of Gilbert (45) it was determined that JH was a non-
saponifiable neutral lipid. Smialek (7,46) isolated several milligrams
of the terpenoids farnesol and farnesal from the feces of the yellow
mealworm, Tenebrio molitor. He found, however, by bioassays that these
compounds gave results which could not be reconciled with their being
the juvenile hormone, due to their low specific activities. Law and
Williams (47) isolated a fraction enriched at least 50,000-fold in JH
activity and found that the main component was methyl 9,10-epoxypalmitate.
Upon chemical synthesis of this substance they found that the synthetic
product was totally inactive as a hormonal agent and theorized that JH
was present as a minor component in their final fraction.

Successful purifiéation of JH was achieved by Roller et al.
(48,49,50) and, in 1967, they obtained 810 ug of pure JH from 875 male
cecropia abdomina. Through the use of nuclear magnetic resonance
spectroscopy and mass spectrometry of the natural hormone and its catalytic
hydrogenation product, the structure was reported (1) to be methyl
10,11-epoxy-7-ethyl-3,11-dimethyl-2,6~-tridecadiencate. This structure
was soon confirmed by a research group headed by Meyer (4,5,51) who had
been seriously working on the problem since 1963. They also discovered
a second hormone present in male cecropia that accounted for 13-20%
of the biological activity and found that it was the 7-desmethyl
hOmolog of JH, methyl 10,1ll-epoxy-3,7,11l-trimethyl-2,6-tridecadienocate.

Both of these structures have been confirmed as the juvenile hormone
°f another giant moth, Hyalophora gloverii (52), and preliminary evidence
has been presented that these are also the juvenile hormones of the

Silkmo th Samia eynthia (53). A third JH molecule, methyl 10,11-epoxy
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farnesoate has been reported (54) to be a natural product of the
tobacco hornworm, Manduca sexta. No experimental details or further
reports concerning this latter structure have been published.

The few structural ambiguities of the JH's were solved and the
stereochemistry, optical rotation, and chirality of the molecules have
been determined (8,55). Thececropia juvenile hormones are: (+)-cis-
10k ,115-10,11-epoxy-7-ethyl-3,11-dimethyl-trans,trans-2,6-tridecadiencate
and (+)-ci8-10R,115-10,11-epoxy-3,7,1l1-trimethyl-trans,trans-2,6-tri-
decadienoate.

Chemical Syntheses: The first chemical synthesis of JH was

achieved by the Wisconsin group within nine months after publication

of the structure (3). This synthesis involved a lengthy procedure with
very poor yield of a racemic product. Since then, at least 16
additional syntheses of the JH molecules have been published (56-71),
including the elegant syntheses of Corey in which several new reactions
involving trisubstituted olefins were originated (72). These chemical
syntheses run the gamut from being stereospecific to yielding a rapid
method for obtaining a mixed racemic product. A highly active area of
research, the chemical syntheses of JH analogs will be discussed in a
later section.

Biosynthesis and Metabolism: There seem to be several plausible

biosynthetic routes for JH biosynthesis that can be envisioned in
vView of its structural resemblence to the terpenoid alcohol farnesol
in caxbon skeleton and positions of unsaturation. Research in this
area has revealed that elucidating the biosynthetic pathway of JH has

become a difficult problem. Most of the work has been carried out
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in vivo on newly emerged adult male cecropia moths; however use of
corpora allata organ culture has been reported (73). Metzler et al.
(11,53) reported that methionine is incorporated exclusively into the
methyl ester methyl group and not into the carbon skeleton to any
measureable extent. They also found that neither mevalonic acid,
farnesol, farnesyl pyrophosphate, nor propionate was utilized in the
biosynthesis of the carbon skeleton. Only acetate (and that at a
very low level of incorporation) was found to be incorporated into the
carbon skeleton of JH. They also found that radiolabeled 10,ll-epoxy-
7-ethyl-3,11-dimethyl~2,6-tridecadienoic acid injected into newly
emerged male moths gave rise to radiolabeled JH and proposed that the
esterification with methionine was probably the final step in the
biosynthesis of JH. Evidence for such enzymatic activity has been
shown by Akamatsu and Law (74) who characterized an enzymatic reaction
from Mycobacterium phlei that promoted esterification of fatty acids
using S-adenosylmethionine as the methyl donor and oleic acid as the
preferred substrate.
Ajami and Riddiford (73) recently reported that labeled JH
could be recovered after incubations in vivo with acetate, glucose,
methionine, and, to less extent, isoleucine and valine. They also
found that bishomofarnesol, farnesol, lysine, 4-methyl-ci8-3-hexenol,
4-methyl-3-pentenol, propionate, and mevalonic acid did not contribute
to the formation of JH. After incubations im vitro with corpora allata,
they recovered label in the JH fraction only when glucose served as
4 pPrecursor and concluded that the pathway of carbon incorporation into

JH muast be significantly different from the pathways leading to fatty
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acids and terpenoids commonly found in insects.

In view of the above findings, the idea of a cryptic precursor
for JH synthesis could be a reality, i.e., a molecule such as the
JH-acid is made during the pupal or late larval stage of growth and
stored, possibly as part of a triglyceride, until completion of the
molecule by the adult is necessary. Research in this direction is
currently underway at the Zoecon Corporation (75).

Although many unanswered questions have been posed in reference to
JH biosynthesis, a wealth of information is known about its metabolic
fate. It has recently been reported that a specific lipoprotein exists in
insect haemolymph that acts as a JH carrier (76) and that the half-life
of the molecule varies from several hours to three days in the adult
(77,78,79). Catabolism of JH has been studied in at least 20 different
species (77-79) and all have been shown to include ester hydrolysis
and epoxide hydration. This diol-acid has been found to be totally
inactive as a hormonal agent in at least two species tested (79).
Excretion of the JH-diol-acid as a glucoside or glucuronide seems to
be its final metabolic fate, since conjugated polar metabolites have
been found in the feces and incubation of this fraction with glusulase
has revealed JH-acid-diol. From the very limited observations of
Slade and Zibitt (78), it seems as if JH is metabolized in a similar
fashion in mice. It has previously been shown that JH is not toxic
to mice after a single dose oral ingestion at a level of 5000 mg/kg

body weight (80). Alternative catabolic fates of JH via fatty acid
*idations, as has been shown for the terpene-like phytanic acid (81)

1n Mammals, have not been shown to occur in insects.
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Biological Effects: Many functions have been claimed for JH,

inclu@ing egg maturation, accessory sex gland secretion, control of
larval and pupal diapause, mating, and general metabolism. The most
important property investigated to date, however, has been its mor-
phogenetic activity. Various viewpoints have been taken as to how

growth and differentiation are mediated by JH. Williams first suggested
that ecdysone functions as the active promotor of growth and meta-
morphosis and that JH functions as a "brake" on this development (6).
Roller and Dahm (8) indicated that JH modified the expression of a molt
in such a way as to favor development of larval structures. Wigglesworth
(18) maintained that JH possibly has an effect of activating the larval
genome. The ability of JH to "reverse" metamorphosis supports the
hypothesis for an active role for it. Williams and Kafatos (82,83)

have published a new theoretical model for JH function in which master
genes (larval, pupal, or adult) are controlled by JH-dependent repressors;
successive master genes are derepressed as JH titer decreases throughout
the 1life cycle.

Experimental evidence for direct action of JH at the cellular
level has been presented by Lezzi and Gilbert (32,84), who showed that
application of JH caused specific chromosome puffs in the Balbiani Ring
I of the giant polytene chromosomes of the salivary gland of (. tentans.
At the same time, several ecdysone specific puffs were decreased and they

Proposed that an antagonistic relationship existed between these two
hormones. Laufer and Holt (34) confirmed the JH results but were
unable to find the antagonism proposed by Lezzi and Gilbert. Since

these specific puffing patterns can be induced by careful manipulation
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of the sodium and potassium levels (84), the possibility exists that
these hormones act indirectly on gene activation by altering ion
permeability. Ilan et al. (85) have postulated that JH exerts control
at the level of translation from experiments in 7. molitor. Williams
and Kafatos (82,83), however, argue that JH must act at the level of
transcription and have presented evidence for this in their theory.
Zalokar (86) demonstrated that stimulation of the coropora allata caused
increased incorporation of tritium labeled uridine into RNA in the
german cockroach, Blattela germanica. Whatever the mode of action of JH
is found to be, the effects of the hormone are all encompassing in

the insect. Further research in this area will certainly be forth-
coming with the availability of tritium labeled JH of very high specific
activity (87).

Juvenile hormone has been directly implicated with the reproductive
capacity of insects and has been shown to induce vitellogenin synthesis in
the monarch butterfly, Danaus plexippus (88), induce yolk protein synthesis
(89) and the synthesis of female-specific proteins in the cockroach,
Leucophaea maderae (90), and promote ovarial development in the Douglas-
fir beetle, Dendroctonus pseudotsugae (91). Juvenile hormone also plays
an important role in the programming of the post-embryonic development in
the eggs of H. cecropia (92,93). The hormone has been shown to induce
Specific esterases (94) and it seems a well documented fact that ex-
tirpation of the corpora allata promotes lipid synthesis in a variety of

insects (95). Concomitantly, increasing JH titer corresponds with a
decreasing rate of lipid synthesis in H. cecropia (96). Juvenile hormone has

been ¥ound to be a regulator of diapause and incorporation of corpora allata
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or application of JH or a JH analog can abruptly terminate diapause (18,97).
Analogs: After the discovery of JH activity in the cecropia moth
and the identification of farnesol and farnesal as JH active compounds,
the push to find and/or synthesize other JH active molecules was
started. At least five hundred compounds have now been synthesized
and their possible uses as insecticides investigated. A majority of
this work and the structure/activity realtionships found has been
reviewed by Slama (9) and the current status of the field has been
summarized in a series of articles in Science (98). A review of
some of the findings with field experiences has also been presented (99).
Several hormonal analogs stand out in their importance due to unusual

activity and specificity. One of the most interesting of these is
methyl 10,11-epoxy farnesoate, called Bowers' compound since it was
synthesized by Bowers et al. (100) in 1965. It is amazing that this
molecule was synthesized two years before the structure of JH was known
and seven years later it has been identified as an actual JH itself.
Another highly potent compound was prepared in 1966 by Law, Yuan, and
Williams (101) after they bubbled hydrogen chloride gas into an ethanolic
solution of farnesoic acid. This mixture is in wide use and has been
commercially available for several years. The active principle was
identified by Romanuk et al. (102) and is an ethyl ester of 3,7,11-
trimethyl-7,11-dichloro-2-dodecenoic acid. 1In 1965, Slama and Williams
(103) observed that certain American paper products contained a source

of JH activity for the bug Pyrrochoris gpertus. They determined that

the active principle, called the paper factor, was found to have its

°’igi yy in the wood of certain pulp trees, especially that of the balsam
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fir .- It is a specific hormonal agent for P. apertus and inactive on
all other insects studied. Bowers et al. (104) identified the active
component to be the methyl ester of todomatuic acid, and called it
juwvalk>ione. An additional compound, specific for the same insect,

has = 1 nce been characterized from balsam fir (105); it is dehydro-

juvaXx> i one.

Compounds have been synthesized that bear little resemblance to
JH a&axxx still possess high activity. Aromatic, peptidic, and non-
texry>exaic compounds now exist that show potential for use as insecticidal
agemnt = (9) and field tests of many of these are in progress (98).
The *F wature of hormonal control of insect populations and Carroll Williams'

pred i ction that JH or JH analogs could become the "third generation" of

pes ¥t i cides may become a reality.

Fatty Acid Methyl and Ethyl Esters

Methyl and ethyl esters of long chain fatty acids have been reported
from a yige variety of tissues and organisms, in levels ranging from
0.00ax to 18% of the total lipid extracted from guinea pig liver (106),
Mouse liver (107), human liver (108), human pancreas (109,110), ox
pancreas (111) , various organs of dog, rat, and monkey (112), corn
POllen (113), Rhizopus arrhizus (114), and Tetrahymena pyriformis (115).
The POssibility that they are artifacts has been investigated under
va.rious conditions of extraction and purification (107) and their
pl':ese“ce is usually attributed to solvent or chromatographic catalyzed

es
terification (116-119). The occurrence of fatty acid methyl and

et
'YL esters in insects has been reported for grasshopper eggs (120),
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bumblebees (121-123), and beetles (124,125). Although no specific
physiological function has been determined for these methyl and
ethyl esters in insects, Calam (126) pointed out that they could be
cal 1l ed pheromones in the broadest sense since they are found in the
assembling scent of beetles and have been identified in the territory-
maxrJ< 3 xg substances of bees and therefore influence insect behavior

and @Ay play a role in insect communication.

Biochemical Fates of Mevalonic Acid

The metabolism of mevalonic acid in plants, insects, and mammals
in x> e 1lation to terpene and cholesterol biosynthesis has been pursued
sinmc e Tavormina et al. (127) established that mevalonic acid was the
Prec<cwaxsor of the isoprene unit. Since that time, hundreds of research
pul> 1 i cations have arisen concerning terpene and cholesterol biosynthesis.
The xesults of a majority of this work can be found in a recent
Biochemical Society Symposium on substances formed biologically from

meva lonic acid (12). Insect terpenoids have been reviewed by Karlson (128)

anAq the capacity for insect synthesis of terpenes but not cholesterol
has been under continual investigation (11,13,14,131-133). It is not
the Aim of this section to present a detailed review of isoprene synthesis
angq

the reader is therefore referred to any of the above references
t° aaasi tional information on this subject.

Reports that mevalonic acid has been incorporated into seemingly
xm.rl“"-7-erpenoid neutral lipid fractions have been presented for the
adu) housefly (134), Neurospora erassa (135), and cardiovascular
hott\c’genates (136), however no specific identifications were made.

©leq palmitic, stearic, and oleic acids were tentatively identified
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as arising from mevalonate in incubations iz vivo in the silkmoth,
Bombyx mori (137), however the techniques used in this study are
opern to question. Further evidence for mevalonic acid incorporation

into non-isoprenoid lipids will be presented in the Discussion.



MATERIALS AND METHODS

MA TE RIALS

Insects

Hzycx £ ophora cecropia, Samia cynthia,
anda Callosamia promethea
ApZ = mellifera (without queen)

Ac?re Z=a domestica

0 Z erracx melanopus

Mies <—=cx domestica

Chemicals

The common reagents were all of reagent-grade quality.

reagents used are listed below.

Solwents

Genera) solvents

Die thyrl Ether

C
=D Xomatographic Supplies

P < .
lorisi (acid-washed, 80/100 mesh)

Sephadex Li-20

s < .
Ldicic Acid (Unisil, 200/325 mesh)

20

General Biological Supply House,
Chicago, Ill.

Wilbanks Apiaries, Claxton, Ga.

Fluker's Cricket Farm,
Baton Rouge, La.

Gift or Dr. S. Wellso

Cultured as described in Methods.
Eggs gift of Dr. R.E. Monroe

Special

All solvents were routinely
redistilled by continuous rotary
evaporation before use.

Diethyl ether was redistilled
in glass and stored over Type 3A

Molecular Sieve (Fisher Scientific
Co., Pittsburgh, Pa.)

Fisher Scientific Co.
Pharmacia, Piscataway, N.J.

Clarkson Chemical Co.,
Williamsport, Pa.
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Thin-Layer Plates
Silica Gel G, 250 um

Silica Gel G, 500 um

Silica Gel G, 500 uym, impreg-
nated with 5% Silver Nitrate

1ls ard 3% SE-30 on Supelcoport
(LOO_7120 mesh); 15% EGA on
CIhh x> <o>mosorb WHP (80/100 mesh)

3% 2X¥-60 on Gas-Chrom Q

(80O _~7100 mesh); 3% EGSS-X on
Gass —Chrom Q (100/120 mesh)

Lipyids

Fat ty Acid Methyl Esters

Txriolein, Fatty Acid Methyl Esters,
Fatty Aacid Ethyl Esters, Palmitic
Acidq, stearic Acid
Cholesteryl Palmitate,

gholesteryl Oleate,
holesteryl Stearate

garnesol, Geraniol, Nerolidol,
S Xanylgeraniol

TAalene, Tripalmitin, Tristearin
(@

holesterol, Oleic Acid
P

Nospholipid TIC Standards

™ ..
thal lipid extracted from 100 ml
plasma

Ce .
“XOpia Juvenile Hormone

Quantum Industries, Fairfield,
N.J.; Analtech Inc., Newark, Del.

Made on a Reeve-Angel Quickfit
Spreader, Model 8CR by slurrying
55 g Silica Gel G (Brinkman
Industries, Des Plaines, Ill.)
with 90 ml glass distilled water.
Made on the plate spreader by
slurrying 55 g Silica Gel G

with 90 ml 5% Silver nitrate (w/v)

Supelco, Inc., Bellefonte, Pa.

Applied Science Laboratories,
State College, Pa.

Made by acid-catalyzed methanolysis
of fatty acids extracted from
Ivory Soap (Procter and Gamble,
Cincinatti, Ohio)

Applied Science Laboratories

Supelco, Inc.

K and K Laboratories, Jamaica, N.Y.

Eastman Organics, Rochester, N.Y.
Fisher Scientific Co.

Gift of Dr. W. Esselman

Gift of Dr. C. Mapes

Gift of Drs. D.J. Faulkner and

M.R. Petersen, Scripps Institute,
La Jolla, Calif.






22

Isotopically Labeled Compounds

[ 2H 31 Methyl Ester of Cecropia
Juwvenile Hormone; CH3C[2H2]-
Ethyl Ester of Cecropia Juvenile
Ho rImone

DI.— [ 2-1"CclMevalonic Acid (DBED
salt, 14.3 mCi/mmole, free acid,
7. =2 xCi/mmole)

L— [Me—l“C]Methionine
(LO - S mCi/mmole)

pr.— [ '7-Et—1,2-3HZ]Cecropia Juvenile
Ho x=xxaone (14.1 Ci/mmole)

Me thhahyl (1- l4clpalmitate
(54A . 6 mCi/mmole)

Sc< A xtillation Fluid

DP<O Toluene

LUuench Gases

Propane, natural grade, 96%

P—10 proportional Counting Gas
(90 Argon, 10% Methane)

22— 10 Quench Gas
(98. 7% Helium, 1.3% Butane)

\Mi S ce l1laneous

A7, dormestica synthetic diet:
Sodium Oleate

Casein, Yeast Extract,
Celluflour, Wesson Salts

Bacto-Agar

L -
1Pase (Hog Pancreatic), Sodium

oau.r_:ocholate » Sodium Cacodylate,
Smium Tetroxide

Gift of Drs. D.J. Faulkner and
M.R. Petersen, Scripps Institute,
La Jolla, Calif.

New England Nuclear, Boston, Mass.

New England Nuclear

New England Nuclear

Applied Science Laboratories

Prepared by dissolving 4 g PPO
and 50 mg POPOP per liter toluene.
PPO and POPOP were obtained from
Research Products International,
Elk Grove Village, Ill.

Matheson Gas Products, Joliet, Ill.

Matheson Gas Products

Matheson Gas Products

Fisher Scientific Co.

Nutritional Biochemicals,
Cleveland, Ohio

Difco Labs, Detroit, Mich.

Sigma, St. Louis, Mo.
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Lithium Aluminum Hydride Ventron, Beverly, Mass.

N—Me thyl-N'-Nitroso-N-Nitro - Aldrich Chemical Co., Milwaukee, Wisc.
guanidine

10% Palladium on Carbon Engelhard Industries, Newark, N.J.

RhodAanmine 6G Allied Chemicals, Morristown, N.J.

ME T EIODS

Insect Rearing

Cecropia moth, Hyalophora cecropia, cynthia moth, Samia cynthia,
and promethea moth, Callosamia promethea, cocoons were allowed to

Ae~re lop at 32° with a 14 hour photoperiod. After adult emergence, the

in s e cts were allowed to mate, and at 6-7 days post-emergence, abdomina

fxromn male and female moths were collected, weighed, and either stored

irn dQAiethyl ether at -20° or homogenized directly. Worker honeybees,

AP Z & mellifera, (without queen) were anesthetized with CO,, counted,

Weighed, and stored in diethyl ether at -20°. Housecrickets, Acheta

domes tica, obtained as young adults, were sexed, weighed, and stored

in diethyl ether at -20°. Cereal leaf beetles, Olema melanopus, were

homogenized directly after weighing.

Larvae of the common housefly, Musca domestica, were cultured

axenically on synthetic diets as described (138). One mg cholesterol

and 315 glass distilled water were added for each gram of dry diet

useq Prior to autoclaving; 30 g of diet were used for a 2.5-1 Fernbach
E .
lask. Eggs were surface sterilized with 0.2% sodium hypochlorite for
2 -
° Minutes and transferred to the sterilized diet. Larvae were reared

b & . .
N total darkness at 35° and were collected as they entered the migrating

s .
tage, thus indicating that the majority of the larvae were in the latter
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part of the third instar. Approximately 25-35 g of larvae could be
obtained from one 2.5-1 Fernbach flask. Larvae were homogenized

dixrectly after weighing.

Extraction of Lipids

Extraction of Juvenile Hormone: The insect or insect fragment

wa s khomogenized in three volumes of diethyl ether in a VirTis Model 23
gl &= = Teflon-capped homogenizer at high speed for five minutes. The

re =ss i due was subsequently re-homogenized in three volumes of diethyl

etIhh e x-methanol (9:1) for an additional five minutes. After filtration,

thh i = residue was extracted by continuous stirring in ten volumes diethyl

etlh»ex until no additional lipid could be detected by Land's spot

test (187) (about three extractions for 12 hours each). When less than

1O g was extracted, the extraction volumes were increased by five-fold.
The combined lipid extracts were pooled, a known amount of the deuterated
JH was added (usually 75 pg) and the solution was filtered through a
Sintered glass funnel of fine porosity containing anhydrous sodium

SUulfate. The total lipid extract was then taken to dryness under

reduced pressure at 35° in a tared round-bottom flask.

Extraction of Fatty Acid Methyl and Ethyl Esters: Housefly larvae

wWere homogenized in a VirTis Model 23 glass Teflon-capped homogenizer

at high speed for five minutes in five volumes diethyl ether. To study
cuticular lipids as well, the larvae were first slurried gently in ten
vo Lumes chloroform (without added alcohol stabilizer) for 30 minutes.
The Solvent was decanted and the larvae were homogenized as described.
In ©ither case, the extract was filtered and the residue was subsequently
hou'°9enized in five volumes of diethyl ether-ethyl acetate-acetone

(55=30:5). Finally, the residue was refluxed in ten volumes of
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diethyl ether-ethyl acetate-acetone (50:30:20) for 90 minutes.
Aftex cooling, the extracts were pooled and filtered through anhydrous
sodiunm sulfate in a solvent-washed sintered glass funnel of fine
poxosity and evaporated to dryness under reduced pressure at 35° in
a taxed round-bottom flask. After weighing, the total extract was
pl a&a<ed in hexane (50 ml/qg).

Twenty grams of the synthetic diet were refluxed in the afore-
me €t doned solvent mix for 90 minutes and the extract treated as
Ae = < xibed above. For control experiments, tripalmitin, triolein,

t x & =s tearin, and oleic acid (100 mg each) were refluxed in 100 ml

of the same solvent mix for 90 minutes and treated as described above.

Purification of Lipids

Purification of Juvenile Hormone: The mixtures of protium and

Aeuterium forms of JH were purified according to the methods of
Dahm and Roller (52). The total lipid extract was placed in diethyl
©ether (10 ml/g) in a round-bottom flask and equilibrated to -78° in
X ethanol-dry ice bath for fifteen minutes. An equal volume of
<SS 1A methanol (-78°) was then added and, after one hour, the mixture
WAas fjltered under aspirator suction through a sintered glass funnel
©f medium porosity at -30°. The filtrate was taken to dryness under
FedAuced pressure at 35° and a minimal amount (approximately 2 ml) of
l:'e“Zene-methanol (1:1) was added to the filtrate and it was chromat-
9 Xaphed on Sephadex LH-20 which had been swollen and packed in the
Same solvent mixture. The column, 2.5 x 90 cm, had a void volume of
180 ml, as determined with polyethylene glycol 6000, and a total volume

©f aso ml; it could accommodate up to 3 g of lipid. Fractions (2 or 4 ml)
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were collected with benzene-methanol (1:1) as the eluting solvent.

Fractions containing JH were established by several trial runs with
synthetic and radiolabeled JH. At least 95% of the lipid applied

to the column was eluted within one column volume. After chromatography,

appropriate fractions were pooled and the solvent was evaporated by

rotary and micro evaporation under a stream of dry nitrogen. Prior

to column chromatography, however, two aliquots (10 pl each from the
2 ml) were taken out and applied directly to a TLC plate; one spot was
sprayed with Zinzandee's reagent (molybdenum blue) (139) and the other

with a-napthol spray (140) for detection of phospholipids and glyco-

lip ids, respectively. The lower limits of detection with these TLC

Spx ay reagents are 2 ug for phospholipids and 1 ug for glycolipids,

respectively.

Crude JH was further purified by thin-layer chromatography on

O —heat-activated Silica Gel G plates (250 um, Quantum) in paper-

4 ined tanks that had been equilibrated for at least one hour. The

Tixrst separation was in chloroform-ethyl acetate (2:1) and the second

A benzene-ethyl acetate (95:5). When necessary (see below), a third

S <paration was achieved using chloroform-pentane (2:1). A maximum of

1o mg lipid was applied per plate in the first separation and 6 mg

L ipid in the second or third separations. These will be referred to as
Tl‘c‘l , TIC-2, and TIC-3 in subsequent sections of the dissertation.
The <Center portion of the plate was covered tightly with Saran Wrap
|[naq the edges, including standards, were briefly exposed to iodine

~>
a‘-pors to locate the JH band, which was then removed from the plate

w i .
*Th a razor blade and the gel eluted with 20-30 ml of diethyl ether-
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ethyl acetate (l:1) per plate.

The purification was monitored by gas-liquid chromatography

(see instrumental) and was not considered complete until only one

major peak was obtained.

Purification of Fatty Acid Methyl and Ethyl Esters: The total

extract (larval, diet, or control) was partitioned between hexane and

an equal volume of water after which the water phase was extracted three

times with an equal volume of hexane. The combined hexane layers

werxe taken to dryness under reduced pressure at 40° in a tared round-

bottom flask. The total lipid was subsequently placed in a minimal

Vo lume of hexane and chromatographed on Florisil which had been packed

Qs a slurry in hexane. The Florisil had been heated at 120° overnight

and then de-activated by the addition of 7 ml water per 100 g and equilibrated

Wi th air at 23° for at least two hours before use; one g of Florisil
Fatty acid esters were eluted

wWaass used for each 50 mg lipid (41).
This fraction

W i th seven column volumes of 1% diethyl ether in hexane.

“YWaas evaporated, weighed, and then chromatographed on pre-coated TLC

E X ates (Silica Gel G, 250 um, Analtech) in hexane-diethyl ether-

S, <etic acid (80:20:1). A maximum of 10 mg lipid was applied per plate.

This solvent system will be referred to as the neutral lipid solvent

S sten in the remainder of the dissertation. After chromatography,

The Center portion of the plate was covered tightly with Saran Wrap

A the edges, including standards, were briefly exposed to iodine

g
= Pors. The band migrating with authentic fatty acid esters was

*XTked, the iodine was allowed to evaporate from the plate (about 2 hours

a
€ 230 » and this band was scraped with a razor blade into a solvent-
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washed sintered glass funnel. The gel was eluted with 20-30 ml of

diethyl ether-ethyl acetate (1l:1) per plate. For studying cuticular

lipids, TLC was used directly in the neutral lipid solvent system

using the above techniques. At no time during either the extraction

or purification procedures was methanol or ethanol used.

Preparation of Fatty Acid Methyl Esters: Approximately 2 g of

Ivory Soap were dissolved in 100 ml distilled water. The solution

was acidified to pH 4 with 1 N HCl1l and the free fatty acids were removed

from the top of the solution with a spatula, dried on pieces of filter

Paper, and then placed in 100 ml of 1 N HCl in methanol. The solution

was stirred at 23° for two hours, extracted three times with an equal

Vo 1 ume of hexane, and the hexane layer was taken to dryness in a tared

rowund-bottom flask. Working solutions of 10 mg/ml and 1 mg/ml were

made up using hexane.

Purification of Standards: All TLC, GLC, GLRC and GC-MS standards

We xr e checked for purity by the appropriate technique (see instrumental).
On 2y oleic acid needed further purification; this was carried out by

EF>X eparative TLC on 500 um plates in the neutral lipid solvent system

‘2= dng previously described procedures.

In vivo Studies in Housefly Larvae

Radioisotope Administration: In separate experiments, aqueous

Sc)-1l:ltions of %—[2-“C]mevalonic acid (50 uCi, 10.6 umole) and
L-— lfﬁe-l“clmethionine were mixed directly with 30 g synthetic diet in

= - S —1 Fernbach flasks prior to autoclaving. Larval growth under these

< A
©SndAitions appeared to be normal. The larvae were collected, extracted,
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and the extract purified exactly according to the procedures previously
outlined for extraction and purification of JH.

Growth on radiolabeled mevalonic acid was repeated in a separate
experiment (50 uCi, 10.6 umole). The larvae were collected and extracted
by procedures outlined for extraction of fatty acid esters; an
additional extraction of the final residue by a 90 minute reflux in
ten volumes of chlorofor m-methanol (2:1) yielded a fraction enriched
in polar lipids.

Qgrlz-l“C]Mevalonic acid was supplied as its dibenzylethylene-
diamine salt. Dibenzylethylenediamine was removed from the mevalonic
acid by adding an excess amount of sodium bicarbonate (20 umole, 1.7 mg
in 2 ml water) to free the base. The amine was removed by extraction
with 2 ml diethyl ether three times, the dissolved diethyl ether was
removed under a stream of dry nitrogen, and an equimolar amount (20 umole)
of HCl was added to neutralize the aqueous solution of the sodium salt.
Less than 1% of the radioactivity was lost during this procedure, as
determined by liquid scintillation counting of the total ethereal
extract (see instrumental).

Radiochemical purity of the mevalonic acid, both before and
after autoclaving, was determined by ascending paper chromatography
using strips of Whatman No. 3 filter paper in n-propanol-ammonium
hydroxide (7:3). The paper strips were scanned on a Packard Radio-
chromatogram Scanner at 1050 volts using Q-10 quench gas at 300 ml/min.
Only one radioactive peak was obtained, but considering the noise level
of the stripscanner under the operating conditions employed, the

radiochemical purity of the mevalonic acid could only be determined as
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at least 97%. The radiochemical purity of the labeled methionine
was not checked; it was stated to have been greater than 97.5% by
the supplier.

Product Identification from Growth QE.QQ;IZ-I“C]Mevalonic Acid:

The extracted lipid was partitioned by the Folch procedure (142) using
ten volumes chloroform-methanol (2:1) and aliquots from the lower
phases obtained from the differential methods of extraction (one-tenth
of the total extracted from each) were pooled and separated into
neutral and polar fractions by silicic acid column chromatography
following established procedures (143). Five g of Unisil were packed
as a slurry in chloroform and the lipid was applied to the column

in chloroform containing 2% methanol. Neutral lipids were eluted with
80 ml of chloroform containing 2% methanol (8 column volumes); polar
lipids were eluted with 100 ml of methanol. Thin-layer chromatography
of the entire neutral lipid fraction was performed in the neutral lipid
solvent system as previously outlined using 6 TLC plates, and the
entire polar fraction was chromatographed on 2 TLC plates in a polar
lipid solvent system, chloroform-methanol-water (100:42:6). Radioactive
bands were identified by means of a Berthold Radioscanner Model 6000
operated at 2100 volts using P-10 quench gas at 40 ml/min. Average
efficiency for 14%c was 20% and that for 3H was 3% as determined by
scanning known amounts of standard radiochemicals on the plate scanner.
After brief exposure to iodine vapor to locate mass, the radioactive
bands were scraped from the plate with a razor blade and eluted from
the gel using 20-30 ml diethyl ether-ethyl acetate (1:1) per plate.

After evaporation of the solvent, these fractions were further
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subjected to mild alkali-catalyzed methanolysis and acid-catalyzed
methanolysis. The fraction migrating with triglyceride as well as
the entire neutral lipid fraction were subjected to lipase treatment
and total reduction with lithium aluminum hydride.

Approximately 2000 dpm per TIC fraction were used for both
methanolysis procedures. The sample was placed in 5 ml of chloroform
and then 5 ml of 0.6 N NaOH in methanol and let stand for two hours
at 23°., After acidification with 0.26 ml 12 N HCl, 5 ml chloroform
and 4 ml water were added, with vigorous mixing by vortex after each
addition. After separation, each phase was removed, evaporated to
dryness under a stream of dry nitrogen, 1.0 ml toluene was added,
and 0.5 ml of this solution was counted in 10 ml DPO toluene in a
liquid scintillation counter (see instrumental). Acid-catalyzed
methanolysis was accomplished in 2 ml of 1 N HCl in methanol at
80° for four hours. The samples were allowed to cool, an equal
volume of hexane was added, and the tubes were shaken vigorously.
After separation, the biphasic system was treated identically as
described above.

Optimal conditions for enzymatic release of triglyceride fatty
acids with hog pancreatic lipase were determined using triolein as
substrate. Both the band migrating with triglyceride and the total
neutral lipid extract (see silicic acid column chromatography above)
were incubated in 0.02 ml 25% sodium taurocholate, 0.2 ml CaC12,

1.7 ml1 1.2 M cacodylate buffer, pH 7.4, and 0.1 ml enzyme (approximately
250 units) for two hours at 37°. The lipid was first evaporated

to dryness under nitrogen in a 20 ml screw-capped tube and the reactants
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were added in the order listed, with thorough mixing by vortex after
each addition. The reaction was stopped by boiling for 2 minutes,

the solution was acidified to pH 4 with 1 N sulfuric acid and

extracted three times with 4 ml hexane to recover the free fatty acids.

After removal of the solvent, the hexane extract was chromatographed
by TLC in the neutral lipid solvent system using a maximum of 10 mg
lipid per plate. The band corresponding to free fatty acid was
identified by comparison with standards and scraped and eluted from
the gel with 20-30 ml diethyl ether-ethyl acetate (l:1) per plate.
This fraction was then esterified in 10 ml of diethyl ether at approx-
imately 0° for twenty minutes with diazomethane (generated from about
100 mg N-methyl-N'-nitro-N-nitrosoguanidine). Alternatively, the
hexane extract was methylated directly in ethereal diazomethane as
described. In either case, the methylated fraction was then re-
chromatographed in the same solvent system, the plates were radio-
scanned and the band migrating with authentic fatty acid esters was
scraped and eluted from the gel as previously outlined. The fatty
acid methyl esters were further subjected to analytical and pre-
parative GLC, GLRC, GC-MS (see instrumental) as well as argentation
TLC with subsequent catalytic hydrogenation and osmium tetroxide
oxidation of the resultant saturated and unsaturated fractions.

Silver nitrate TLC plates were made immediately before use and
heated at 120° for one hour. The plates were stable for no more than
48 hours, even though they were kept in total darkness. A maximum
of 4 mg lipid was applied per plate and saturated and unsaturated

fatty acid methyl esters were separated in hexane-diethyl ether (8:2).
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The resultant bands were visualized under ultraviolet light after
lightly spraying the plate with a solution of 0.05% Rhodamine 6G in
absolute ethanol. The saturated and unsaturated methyl esters were
identified by comparison with authentic standards, the bands were
marked, scraped, and the gel eluted with 20-30 ml diethyl ether-
ethyl acetate (l:1) per plate. After removal of the solvent, 1.0 ml
of methanol was added and the solution was divided equally for
hydrogenation and oxidation.

Catalytic hydrogenation was carried out using a five-fold (w/w)
excess of 10% palladium on carbon under hydrogen at approximately
one pound above atmospheric pressure in the presence of methanol.
The reaction was stirred continuously for one hour, the carbon was
removed by filtration through a fiberglass filter, and the solvent
was removed by evaporation under a stream of dry nitrogen.

Osmium tetroxide oxidation was carried out according to the
method of Polito (144). The fatty acid esters were placed in a 20 ml
screw-capped vial and 1.6 ml dioxane, 0.2 ml of pyridine, and 0.2 ml
of osmium tetroxide in freshly distilled dioxane (50 mg/ml) were
added. The mixture was shaken briefly and allowed to stand at 23° for
one hour, during which time a precipitate formed. A suspension of
sodium sulfite (8.5 ml of 16% Na,SO; in water and 2.5 ml of methanol
were mixed immediately before use) was added, after which the mixture
was left at 23° for an additional hour. The precipitate was removed
by filtration and 20 ml of methanol were added to the filtrate,
yielding another precipitate immediately. After filtration, the

aqueous methanolic solution was taken to dryness under reduced pressure
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and the residue partially dissolved in 5 ml of chloroform-methanol
(2:1). The mixture was filtered and the polyhydroxylated product

was recovered by removal of the solvent under a stream of dry nitrogen.
To this product, 50 ul dry pyridine and 100 pl Regisil (bistrimethyl-
silyltrifluoroacetamide containing 1% trimethylchlorosilane) were added
prior to mass spectral analysis.

For total reduction, a known amount of the lipid (about 150 mg)
was added to a stirred suspension of a five fold excess (w/w) of
finely powdered LiAth in 125 ml diethyl ether. The mixture was
refluxed for two hours, cooled in an ice bath, and flushed with
nitrogen. An amount of water equal to five times that of the LiAlHl+
(w/w, 3.75 ml) was added dropwise with continuous stirring. The
flocculent white precipitate was removed by filtration and the
filtrate taken to dryness under reduced pressure at 35°. Chromatography
of the reduced lipid was carried out on 5 g of Florisil packed as a
slurry in hexane. The Florisil had been prepared as previously
described; alcohols were eluted with 7 volumes of 50% diethyl ether
in hexane (141). One quarter of this fraction was subjected to
TLC in the neutral lipid solvent system and the remainder in benzene-
ethyl acetate (4:1). After radioscanning, the radioactive bands
found were scraped, eluted from the gel, and the sample divided
equally in half to be analyzed by GLRC and GC-MS (see instrumental)
as either free alcohols or their acetylated derivatives. For deriva-
tization, 0.1 ml dry pyridine, 0.05 ml acetic anhydride, and 0.04 ml
triethylamine were added to the dry sample (approximately 10 mg) and

let stand overnight at 23°; 0.5 ml water and 2 ml hexane were added,
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and after phase separation, the acetates were recovered in the hexane

layer.

Instrumental

Scintillation Counting: Liquid scintillation counting was

performed on a Beckman LS-150 Liquid Scintillation Counter pre-set
for 1% counting error. Efficiency was determined from a standard

quench curve and was 85-88% for l“C and 55-58% for 3H using 10 ml

DPO toluene.

Gas-Liquid Chromatography and Gas-Liquid Radiochromatography :

GIC was carried out using an F and M Model 400 Biomedical Gas Chromat-
ograph with hydrogen flame ionization. Helium carrier gas was main-
tained at a constant flow rate of approximately 30 ml/min. The carrier
flow was raised to approximately 60 ml/min for radiochromatography,

and the effluent was split 1:10 at the end of the column for mass
(flame) and radiocactivity (Barber Colman Series 5000 Radioactivity
Monitor) determinations, respectively. Radioactive monitoring followed
total combustion of the sample at 700° over CuO with subsequent

removal of the water formed using magnesium perchlorate and counting of
the l"COZ by a proportional ratemeter (145). Propane, natural grade,
96%, was used as quench gas at a flow rate of 8-11% of that of the
helium flow entering the ratemeter. Efficiencies were nominally

70% of the effluent entering the monitor for 14c; however this varied
considerably, probably due to incomplete combustion of the sample and/or
variances in the flow rate of either the carrier or quench gases.

The ratemeter was calibrated daily with a standard 22%Ra source to

obtain a Geiger-Meuller plot (voltage vs. cpm) and the high voltage
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was then set to be mid-range on the plateau portion of this curve
(usually 1800-2100 volts). The lag time observed between mass
and radioactive responses was probably caused by the relatively long
path (approximately 2 m) that the effluent had to traverse and the
inherent slowness of response of the proportional ratemeter as
compared to that of the flame ionization detector. The geometry
of the combustion tube (5" x 3/8") also created the possibility of
a mixing chamber for the effluent gas and thus a cause for zone
spreading. The practical lower limit of detection under the normal
operating conditions was usually 500-600 dpm per radioactive component,
if there were more than one in a mixture. A major porblem encountered
when using the lowest sensitivity scale (300 cpm) was the electronic
noise present in the laboratory. When the preparative ultracentrifuge
was running (it is on the same power bank), ratemeter response was
illicited whenever this machine either started or ended a run.
Preparative GLC was carried out in the following manner. After
several trial runs had established the retention time of the compound(s)
of interest an injection was made, timing was commenced, and the
hydrogen and air were shut off after the solvent front emerged.
At pre-selected times, a 9" disposable pipette (Pasteur type) which
had been cut off at one end to snugly fit around the flame jet was
placed over the jet and collection was carried out for the appropriate
time. A two foot length of Teflon tubing had previously been placed
over the other end of the pipette. A diagram of the pipette and

tubing is shown below:

- cut here
pipette - k\ tubing : pipette
“-W__-
|
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The pipette and tubing were then rinsed with approximately 20 ml of
hexane into a test tube, the solvent removed under a stream of dry
nitrogen, and the fractions of interest analyzed by GC-MS or by
additional GLC trapping by the above techniques to determine radio-
active peaks when the radioactivity present was too low to use the
monitor.

Combined Gas Chromatography-Mass Spectrometry: Combined GC-MS

including single scanning, computer-controlled repetitive scanning,
and manual and computer-controlled single and multiple ion detection
were carried out on an LKB Model 9000, interfaced to a dedicated
PDP-8/I minicomputer (8K core, two 32K discs) for data acquisition
and interactive data reduction and display. The GLC inlet consisted
of a silanized coiled glass column with helium carrier gas maintained
at a constant flow rate of approximately 35 ml/min. In several cases,
the direct probe inlet of the LKB was also used.

The following basic operating conditions of the mass spectrometer
were kept as constant as possible over the several years encompassed
by the above projects: ion source temperature of 290°; molecular
separator temperature of 240°; trap current of 60 pA; full accelerating
voltage of 3.5 kV; entrance and exit slits of 0.8 and 1.2 mm,
respectively; and a nominal resolution of approximately 700-900.
Spectra were recorded at both 22.5 and 70 eV ionizing potentials.

The computer system originally described by Sweeley et al. (146)
has been expanded to include a Tektronix Model 4002A storage scope
with keyboard terminal and a Tektronix Model 4601 hard copy unit. The

system has also been modified to include computer-controlled repetitive



.
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scanning with subsequent output of selected ions (mass chromatography)
(147).

The standard accelerating voltage alternator (AVA) accessory
of the LKB was used for single and multiple ion detection, manually
for the determination of JH, and under computer-control for the
quantitative determination of the levels of fatty acid methyl and
ethyl esters. The levels of these fatty acid esters were determined
by single ion monitoring of a selected ion on all three channels of
the AVA with the aid of computer-control of fine focus, data acquisition,
reduction, and display (148). The proportion of protium form of
JH in preparations was determined with continuous recording of
the intensities of two selected ion pairs. The lower mass of the
pair was first focused by manual changing of the magnetic field
strength; the upper mass was then focused by lowering the accelerating
voltage using coarse and fine voltage dividers which allow up to a
10% lowering of the full accelerating voltage. The areas of each
ion envelope were measured by triangulation and the ratio of
protium to deuterium forms was determined. A blank ratio of these
ions for the pure reference deuterium form was obtained both before
and after a series of analyses and this was subtracted from the
observed isotopic ratios of the samples. To validate this mathe-
matical approach, a general model for isotope dilution calculations

and therefore reverse isotope dilution calculations was devised.
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Mathematical Model for Isotope Dilution Calculations*: The

basic situation in its simplist form where an isotopically labeled
compound is added to its non-labeled form producing a mixture is
illustrated in Figure 1. A specific ion is selected as a linear
measure for each of the isotopic forms of the compound and these two
m/e values are then measured in the labeled form, the non-labeled
form, and in the final mixture. In the mixture, both ions will
contain a contribution from each of the two ions. Due to the many
variables of mass spectrometric analysis, absolute intensities are
not generally accurate enough for reliable quantitative measurements.
To minimize the effects of long term variables and greatly enhance

the reliability of the method, ratios of the intensities of the two
ions are used for the quantitative calculations. Figure 2 illustrates
the composition of the mixture. ILl and INl represent the contributions
at one mass from the labeled and non-labeled forms, and ILz and INz
indicate the contributions at the other mass. Since the ratios for
the two ions in each isotope will remain constant, mathematical
solutions for the intensity of each component in the mixture can be
obtained, since there are two equations with two unknowns. In terms
defined from Figures 1 and 2, IL = RL x I and IN2= RN X INl,

2 Ly
therefore:

I =1 _fE_:_fE__

L M _

1 1 RL R.N
* This approach was devised by Dr. J.F. Holland and R.E. Teets and is
included in the dissertation with their permission. It has been
presented as a preliminary communication to the American Society for
Mass Spectrometry (21th Annual Conference, San Francisco, May, 1973)
and extended by the author to include reverse isotope dilution calculations.
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FIGURE 1. The Isotope Dilution Method
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FIGURE 2. Composition of the Mixture
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and,

R
R - R

L N

It has usually been assumed that the measured ion intensities
are directly and linearily related to amounts of the molecular
isotopic forms from which they arise. This, of course, is fundamental
to the analytical capability of the technique of stable isotope
dil 1ion. 1In fact, each of the ions is usually selected to attain
this linearity if possible. The quantitative identification in

terms from Figure 2 may be defined as:

IL = the measure of the labeled molecule, and
2
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