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ABSTRACT

The mature female yellow mealworm beetle, Tenebrio molitor, uses 4-methylnonanol as
a sex attractant pheromone. Data from in vivo studies suggest that the terminal biosynthetic step,
reduction of 4-methylnonanoic acid (or derivative) to 4-methylnonanol, is regulated by Juvenile
Hormone (JH) IlI. The goals of this study were (i) to develop synthetic routes to commercially
unavailable substrates and standards required to study the reduction of 4-methylnonanoic acid
(or derivative); (ii) to develop an in vitro assay for the reduction of 4-methyinonanoic acid (or
derivative) to 4-methylnonanol in the yellow mealworm beetle: (iii) and to confirm that the
reduction of 4-methylonanoic acid is regulated by JH. A facile synthetic route to racemic 4-
methyinonanoic acid and 4-methylnonanol was developed. As the overall yields were low
(11.8% and 10.1%, respectively), a second route involving a Claisen orthoester rearrangement
was developed, producing racemic 4-methylnonanol in 21.2% overall yield. [H]-4-
Methy!lnonanoyl-CoA was synthesized in yields ranging from 10% to 20% using an enzymatic
method. The in vitro assay was performed by incubating crude or partially purified (by
differential centrifugation) enzyme in the presence of tritium labeled 4-methylnonanoyl-CoA and
reducing cofactor NADH and/or NADPH). Products were solvent extracted. resolved by silica
gel chromatography and quantified by liquid scintillation counting. Activity was increased by
incorporating protease inhibitors during the protein isolation, and increased further by decreasing
the ionic strength of the isolation/assay buffer. The activity in the crude protein experiments was
largely compromised by an extremely active thioesterase activity, which destroyed the substrate.
This problem was reduced dramatically by sub-cellular fractionation, as the majority of the
thioesterase activity was localized in the soluble fraction, while the reductase was in the 10 000 x
g pellet. Localization of reductase activity in the 10 000 x g pellet was unexpected, as all known

eukaryotic acyl-CoA reductases are microsomal. Higher activity was observed in crude protein
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assays using NADH as reducing cofactor. However, there was no detectable difference between
NADH and NADPH when using protein isolated from the 10 000 x g pellet. Although the assay
was optimized for time and protein concentration, NADH and NADPH activity curves must yet
be determined to find the preferred reducing cofactor and optimal concentration. Preliminary
results suggest that females and not males are able to perform the conversion. The inability of
males to reduce 4-methyinonanoyvl-CoA implies that the conversion is a regluated step of sex

pheromone biosynthesis in the yellow mealworm beetle.



1.0.0. INTRODUCTION

Pheromones are chemicals used by individuals to convey specific messages to others of
the same species. Pheromone use is highly evolved in insects, and mediates processes such as
mating. aggregation/anti-aggregation, alarm signaling. foraging, and trail marking. The many
molecules used by insects as pheromones are structurally diverse and may be of fatty acid,
terpenoid, amino acid or unknown origin (Vanderwel and Oehlschlager, 1987). Such a wide
spectrum of pheromone molecules no doubt involves an equally wide spectrum of biosynthetic
pathways. which have only begun to be explored. A greater understanding of the biochemistry
of pheromone production may eventually lead to the development of environmentally friendly

pest monitoring or control strategies.

Although pheromone bidsynthesis has been studied extensively in moths. the process in
beetles has received much less attention. Furthermore. what is known of beetle pheromone
biosynthesis mostly concerns aggregation pheromones, while little is known about sex
pheromone biosynthesis. The vellow mealworm beetle. Tenebrio molitor. serves as an attractive
model for studies on sex pheromone biosynthesis as it is commercially available,. easily reared
and many aspects of its physiology have been characterized. The goal of our lab is to further the
knowledge of sex pheromone biosynthesis and regulation in beetles using 7. molitor as a model
for study. A better understanding of sex pheromone biosynthesis in 7. molitor would aid future

studies of similar processes in other beetle species.

Early investigations found the adult female yellow mealworm beetle produced a sex
attractant pheromone and studied its regulation using behavioral assays, long before the

pheromone’s chemical identity was elucidated. Sex pheromone levels are extremely low in



newly eclosed (emerged as an adult from the pupal state) females, who usually do not mate and
are not attractive to males for the first three days of adult life (Gerber, 1973). Female
attractiveness to males increases over time, reaching a maximum between 4 days (Happ and
Wheeler, 1969; Happ. 1970) and 7 days (Tschinkel, er al., 1967) post-eclosion. Activity remains
relatively constant until between 9 days (Tschinkel, er al.. 1967; Menon and Nair, 1976) and [ |
days (Happ and Wheeler, 1969), at which point it decreases over the life of the beetle (Tschinkel
et al.. 1967). This female-produced male attractant pheromone was later identified as (4R)-(+)-
4-methylnonanol (Tanaka ef a/.. 1986: Tanaka et al., 1989). Recently. through stable isotope
labeling studies. the biosynthetic route to 4-methylnonanol was elucidated (Islam et al., 1999).
As summarized in Figure |, the pathway is basically a modification of normal fatty acid
biosynthesis. Production is initiated with a propionyl moiety (presumably propionyl-CoA). to
which a two-carbon unit (presumably via malonyl-CoA) is added. followed by a three-carbon
unit (presumably via methylmalonyl-CoA) to create the methyl branch, followed by another two-
carbon unit (again. presumably via malonyl-CoA). The pathway is completed by reduction of the
4-methylnonanoyl moiety (possibly as an acyl carrier protein or CoA conjugate, or as the free

acid) to the behaviorally active alcohol.

o o O O
QO O
oA oM x S
/\n/ X AT. /\/\n/ X “LT’ M X ‘LT’
0 co, o co, 0 co,
Propronyl ELONGATION Pentanoyl ELONGATION 2-Mcthylheptanoy | ELONGATION
derisative (2 C addition) Denivative (addition of 2 C denvative (2 C addition)

and methyl branch)

2 /\/\/J\/M
X —_— — OH

0

4-Mcthylnonmaoyl derivative REDUCTION 4-Methyi-1-nonanol

Figure I: Biosynthetic route to 4-methyl-1-nonanol in female T. molitor (Islam et al.. 1999). X is likely
coenzyme A or acyl carrier protein, although species may also be present as the free acid.
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1.1.0. LITERATURE REVIEW

The levels of 4-methylnonanot in the female yellow mealworm are regulated by Juvenile
Hormone (JH) Il (Menon, 1970). JH III is produced in the corpora allata (a pair of glands in
the head. associated with the brain) and stored and released from the corpora cardiaca (two
glands closely associated with the corpora allata). Removal of the corpora allata and corpora
cardiaca greatly diminishes pheromone production in mature female yellow mealworms when
compared to sham operated controls (Menon. 1970). This decrease. however, is reversed by
injection or topical treatment with the JH analogues (JHA) farnesyl methyl ether and rrans,
trans.-N.N-diethyl-3.7.1 1-trimethyl-10-1 1 -epoxydodeca-2.6-dienamide. Menon and Nair (1976)
demonstrated that the latter JHA can also increase pheromone levels in immature females (which
do not produce pheromone) to levels above those of mature females. Furthermore. corpora allata
from adult 7. molitor specimens produce JH III in vitro. while those from immature females do
not (Judy et al.. 1975). This suggests a model where as JH III levels increase during maturity.
pheromone activity is gradually up-regulated. At the physiological level. it is as vet unclear how
pheromone levels are modulated. The simplest explanation would be that JH mediates the
stimulation of pheromone biosynthesis at the cellular level by increasing the levels of one or
more enzymes involved in the 4-methylnonanol biosynthetic pathway. However. other
explanations are possible. For example. JH might regulate pheromone release (where
pheromone transport to or release from a pheromone gland is regulated by JH). Alternatively.
pheromone production may be constitutively active and a degradative pathway may be present
that modulates pheromone titre. This degradative pathway may be inhibited by JH. slowly being
‘turned off” as the beetle matures and JH levels increase, thus allowing pheromone levels to rise.

JH 111 generally acts as a transcriptional regulator, although the events from hormone reception

W



to transcriptional activation or repression have not been well-defined (Laufer and Borst, 1983;
Jones, 1995). JH mediates events by one of two distinct mechanisms: either by binding to high
affinity nuclear receptors; or by binding to cell surface receptors and activating an inositol
triphosphate-mediated second message system (Nijhout, 1994). Exactly how JH Il modulates 4-

methvinonanol levels. however, remains to be etucidated.

1.1.1. JH Regulation of Pheromone Biosynthesis in Other Insects

JH has been implicated in the regulation of pheromone biosynthesis in over a dozen
species of beetle in addition to 7. molitor (Vanderwel and Oehlschlager. 1987; Vanderwel.
1994). Unfortunately. only preliminary investigations have been completed in most systems and
many of the biosynthetic pathways involved are poorly defined. In the boll weevil. Anthonomis
grandis. biosynthesis of the male-produced four-component aggregation pheromone blend is
stimulated when beetles are fed a JH [ll-supplemented diet (Hedin er al., 1982) or treated
topically with the JHA methoprene (Dickens er al.. 1988). Wiygul er al. (1990) subsequently
determined that pheromone biosynthesis occurs in the fat body and that JH III stimulates
pheromone production when the fat body is incubated in vitro along with B-bisabolot (a major
terpenoid volatile of cotton. the natural boll weevil host). Since JH II1 is terpenoid in origin as
are the aggregation pheromones of the boll weevil. it is possible that JH 111 is simply acting as a
precursor (i.e.. more substrate may vield more activity). rather than a hormone. Further study.
such as the development of a cell-free in vitro assay or use of a non-terpenoid JHA (which could
act as a hormone. but not as a pheromone precursor) are necessary before the true mode of JH
action may be elucidated. If JH is indeed functioning hormonally, it must be acting directly at

the site of pheromone biosynthesis (Wiygul et al., 1990) and not through a secondary brain



hormone, as JH is sufficient to increase activity in fat body incubations (where the brain and

other brain factors are absent).

I B-Oxidation 0] I w-1 Oxidation
_—
0 3‘ s
—CoA CoA
S—Co: 3 Acetyi-CoA
(o) Lactonization o)
OH | _—_— ‘ |
§ - O
CoA
1 1-Hydroxy-3(Z)- (R)-3(Z)-dodecen-1 I-olide
dodecenovl-CoA "CUCUIOLIDE (1"

Figure 2: Biosynthetic route to Cucujolide Il, Or=aephilus mercator aggregation pheromone
(Vanderwel et al.. 1992).

Production of the male-produced aggregation pheromones of the grain beetles
Orzaephilus mercator, O. surinamensis, Cryptolestes ferrugineus and Tenebrio casteneum is
stimulated by feeding on oats treated with the JHA methoprene (Pierce ef al., 1986). The
biosynthetic route to cucujolide Hl [3(Z)-dodecen-1 1-olide], the fatty acid derived aggregation
pheromone of the merchant grain beetle. was elucidated through stable isotope labeling studies
(Figure 2) (Vanderwel ez al., 1992). Biosynthesis consists of chain-shortening of a fatty acid.
such as oleic acid (likely through B-oxidation as the CoA derivative). to 3(Z)-dodecenoyl-CoA.
followed by hydroxylation of the penuitimate carbon (second to last in the chain), and finally
stereospecific cyclization. Pheromone biosynthesis is drastically reduced in starved merchant

grain beetles (Pierce ef al., 1986). The biosynthetic point for this regulation seems to be the



hydroxylation of 3(Z)-dodecencyl-CoA (Vanderwel, 1991; Vanderwel 1994). It is also possible

that this step is the target for JH regulation as well, though this remains to be proven.

In the female western pine beetle Dendroctonus brevicomis, aggregation pheromone
biosynthesis is stimulated by either JH treatment or by ingestion of a polar factor from the host
tree (Hughes and Renwick. 1977a). JH likely works directly at the site of pheromone production
in D. brevicomis. as pheromone production may be stimulated by JH in decapitated beetles
(where there is no source of secondary brain hormones that JH couid stimulate the release of). In
contrast. aggregation pheromone production in male European fir engraver beetles Pityokteines
curvidens. P. spinidens and P. voronizovi (Harring, 1978). and the bark beetle lps paraconfusus
(Hughes and Renwick, 1977b) is controlled by feeding or JH. Interestingly, stimulation of
pheromone production by JH is prevented by decapitation (indicating another brain factor. or
neural impulses, is/are required) and production was recovered when the CC (with or without the
CA) were implanted. Furthermore, the effect of JH stimulation could be mimicked by gut
distention (by feeding or artificially by air injection), indicating that a component from the
specific host was not required. Whether feeding stimulates JH production or acts through a
separate mechanism (perhaps by bypassing JH and stimulating the release of a second brain
factor) remains to be determined. Synthesis of ipsdienone. implicated precursors of the two
terpenoid components of the /. paraconfusus aggregation pheromone blend, has been localized in
the metathorax (Ivarsson er al., 1998). Interestingly, the mRNA for 8-hydroxy-B-methylglutaryl-
CoA reductase (HMG-R), the rate limiting enzyme in terpene biosynthesis. also specifically
accumulates in the thorax (Ivarsson ef al.. 1998) and may be stimulated further by JH treatment
(Tittiger ef al., 1999). Although progress in this area is promising, increased HMG-R mRNA
has not yet been linked to increased HMG-R levels, nor has HMG-R been implicated in the

biosynthetic pathway of I. paraconfusus aggregation pheromones.



Modutation of pheromone production by JH has been demonstrated in several non-beetle
insect species as well. In moths, pheromone biosynthesis activating neuropeptide (PBAN) is the
apparently ubiquitous regulator of sex pheromone biosynthesis and JH has only been implicated
as a regulator in two noctuid moths: Pseudaletia unipuncta and Agrotis ipsilon (Raina. 1997
McNeil er al.. 1997). While PBAN still regulates pheromone biosynthesis in both P. unipuncta
(Cusson and McNeil. 1989: Cusson et al., 1994) and A. ipsilon (Gadenne, 1993: Picimbon ef al..
1995). PBAN biosynthesis is. in turn, regulated by JH. It is possible that this higher regulation
of sex pheromone production serves some ecological purpose. as these moths are migratory and
most others studied are not (McNeil er al., 1997). The desert locust Schistocerca gregaria
produces a four-component aggregation and maturation inducing pheromone blend (Tawfik er
al., 1997). When fifth instar nymphs or adults were exposed to JH by injection. topical
application or by fumigation. onset of pheromone production was retarded and maximal
production levels were lower than in untreated individuals (Tawfik ef al., 1997). Unfortunately.
as the effect was greater in nymphs than adults. this decrease is likely due to the juvenizing
effects of JH (retarding maturation) rather than direct control of pheromone biosynthesis.
Females of the german cockroach, Blatella germanica, and the brown-banded cockroach. Supella
longipalpa. produce their respective sex attractant pheromones upon maturation. The advent of
pheromone production is completely prevented by CA removal. and may be rescued by re-
implantation of the CA or topical treatment with JH (Schal er al.. 1997). Unfortunately., it is
unknown whether JH acts directly on the sternal pit glands. which produce pheromone. or by

stimulation of a secondary brain hormone as in P. unipuncta and A. ipsilon.

Although this review of the literature for JH regulation of pheromone biosynthesis is not

exhaustive, it summarizes current knowledge in the best-studied systems. In addition to the



evolution of many different classes of pheromones (frass, volatile, contact, etc.). pheromones are
used to communicate a wide diversity of messages (aggregation. sex attractant, copulation,
copulation release. growth inducing. and alarm. to name a few). Taken together with the diverse
biosynthetic origins of pheromone molecules, these factors present a diverse mixture of
molecules and likely an almost as diverse collection of biosynthetic pathways. making it
extremely unlikely that a single overlying mechanism exists to regulate biosynthesis of all
coleopteran pheromones. Furthermore. no coleopteran sex attractant pheromones have been
studied with which to draw parallels with 4-methylnonanol biosynthesis in the yellow

mealworm.

1.2.0. RESEARCH PROJECT SYNOPSIS

The long-term goal of these studies is to elucidate the regulated steps of 4-
methylnonanol biosynthesis at the metabolic level. /n vivo studies have shown that the JHA
methoprene is able to stimulate the last step of pheromone biosynthesis. the reduction of 4-
methylnonanoic acid to pheromone in immature and decapitated females (which contain little or
no pheromone by bioassay) (Islam. 1996). While it is more typical to regulate a pathway as
early as possible to prevent accumulation of intermediates. regulation at the terminal step of
pheromone production is not unprecedented. Regulated acyl-CoA reductions to alcohol
pheromones are also present in two moth species, Bombyx mori (Ozawa et al.. 1993) and
Spodoptera littoralis (Martinez et al.. 1990). It is possible that terminal regulation of these
pathways serves some evolutionary advantage. as having a stockpile of pheromone precursor
would dramatically speed pheromone production upon up-regulation. However. the drawback of
in vivo studies such as those performed by Islam (1996) is that other potentially regulated

processes involved in the intact animal cannot be resolved from biosynthesis. For example,



availability of cofactors, transport between tissues where different steps of the biosynthesis may
occur, pheromone release from secretory tissue or organ and even pheromone degradation may
be regulated by JH to affect pheromone levels in the beetle at any given time. In vitro
experiments minimize the influence of these factors, as extracellular transport processes are
abolished and cofactor availability may be carefully controlled. By comparing in vivo and in
vitro data. extra-cellular events such as those listed above may be resolved from events involving

transcription, translation or enzyme activity.

The overall goal of this project is to develop an in vitro assay for the reduction of 4-
methylnonanoic acid (or derivative) to 4-methylnonanol in 7. molitor and to confirm regulation
by JH I1l. Reduction of fatty acids has been reviewed by Riendeau and Meighen (1985), and
progress since then has not added considerably to the field. Fatty acids must be activated as the
CoA derivative before they can be reduced to their corresponding alcohols. although many cell-
free preparations will reduce the free acid if provided with CoA and ATP in addition to reducing
cofactor. All known alcohol-generating acyl-CoA reductases are microsomally located and have
a strong preference for NADPH (except Euglena gracilis. which uses NADH). In the algae.
Euglena gracilis (Kolattukudy, 1970). jojoba seed (Pollard ez al.. 1979), duck uropygial gland
(Wang and Kollatukudy, 1995), and pea leaves (Vioque and Kollatukudy, 1997). the reduction of
acyl-CoA to aldehyde to alcohol has been shown to be catalyzed by the same enzyme with only
minute quantities of aldehyde intermediate released from the enzyme. In the bacteria
Acinetobacter calcoaceticus. however, a gene involved in wax ester synthesis has been identified
whose protein product catalyzes the reduction of fatty acyl-CoA to aldehyde, suggesting an
aldehyde reductase is also involved in long chain alcohol formation (Reiser and Somerville,
1997). In insects, in vitro evidence for the presence of an acyl-CoA reductase in pheromone

biosynthesis has been demonstrated in the orange tortrix moth (Wolf and Roelofs, 1983). S.



littoralis (Martinez et al., 1990) and B. mori (Ozawa et al., 1993; Matsumoto ef al., 1996).
Unfortunately, the reduction has only been studied in any detail in the silkworm moth
(Matsumoto ez al., 1996), where the reduction appears to require NADPH. although no evidence
is given indicating NADPH is the preferred or only accepted reducing cofactor. The authors
hypothesize that the reductase may also be inhibited by protein phosphorylation. though this
remains to be substantiated. Therefore, in the yellow mealworm beetle. reduction of 4-
methylnonanoic acid to 4-methylnonanol is likely catalyzed by a single microsomal enzyme that
prefers NADPH as the reducing cofactor. Although 4-methylnonanoyl-CoA is likely the actual
enzyme substrate. it is possible that the free acid may be used in vitro. as long as ATP and CoA

are supplied.

1.2.1. Project Objectives

Development of an in vitro reduction assay will likely require high sensitivity. as mature
female yellow mealworm beetles only contain about 30 nanograms of 4-methylnonanol (Tanaka
et al.. 1986). This means that the enzyme(s) of interest may be expressed at low levels, or
exhibit low activity. Secondly, although the literature suggests that the reduction from acid (or
CoA derivative) to alcohol is likely catalyzed by one enzyme, this still remains to be
substantiated. It is possible that one enzyme may catalyze the reduction of 4-methylnonanoic
acid (or CoA derivative) to the aldehyde. 4-methylnonanal. and that a second enzyme (which
need not be present in the same sub-cellular compartment) then reduces the aldehyde to 4-
methylnonanol. Thus. the assay must also provide the chemical identity of any/all product(s)
produced. especially if multiple reductase activities are discovered. A spectrophotometric assay
would be convenient. as such assays offer moderate sensitivity and real-time monitoring of

activity lends itself to convenient kinetic studies. Unfortunately, the UV/visible spectra of 4-
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methylnonanoic acid. 4-methylnonanal and 4-methylnonanol are not sufficiently different to
provide any information on product identity. For these reasons, it was decided that the best
assay method would be to monitor the fate of radiolabelled 4-methylnonanoic acid (or its CoA
derivative) in vitro. After incubation, unreacted substrate and any labeled products may be
resolved from one another by a variety of chromatographic techniques and quantified by liquid
scintillation counting. Product identification could be achieved by product resolution by a high-
resolution chromatographic technique, such as HPLC, and by comparison of retention times to
those of authentic standards. Unfortunately, the radiolabelled substrates required for this assay is
are not commercially available. Thus, the project objectives were as follows: first, to synthesize
the necessary substrates and any necessary standards: second, to develop and optimize the in
vitro assay for reduction of 4-methylnonanoic acid (or CoA derivative); and third. to use the
optimized assay to determine whether or not the reduction of 4-methylnonanoic acid (or CoA
derivative) is a regulated step of 4-methylnonanol biosynthesis in the yellow mealworm beetle.

The approach to each of these objectives is discussed in more detail below.

1.2.2. Synthesis of Required Chemicals

Several synthetic routes have been published for either racemic or enantiomerically
enriched 4-methylnonanol (Carpita er al.. 1989; Tanaka er al.. 1989. Odonikov ez al., 1991.
Odonikov et al.. 1993: Kitahara and Kang, 1994). Unfortunately. these syntheses are undesirable
for our purposes for two reasons. First, the easiest route for the synthesis of radiolabelled 4-
methylnonanoic acid would require a double bond close to the end of the synthesis for tritium
addition by reduction with tritium gas, which none of the existing routes contain. Second. all of
the published routes involve synthetically complex steps, or costly reagents, or both. The ideal

synthetic route would be amenable to label incorporation, would not require a specialized



organic synthetic lab and would be practical for investigators with only moderate experience in
organic synthesis. A suitable route was developed in our lab (summarized in Figure 3).
However the overall yield was low, making it unsuitable for larger scale synthesis. Although
only a few milligrams of radiolabelled substrate were required for the entire study, considerably
more unlabelled 4-methylnonanol and 4-methylnonanoic acid were required for dilution of the
radiolabelled substrate to an appropriate specific activity and for use as standards and cold
carrier. Before any serious biochemical studies can be performed, a more practical and efficient

synthesis for the acid and alcohol will be required.

Amberlyst
1) Mg OH CH;O OH Resin
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Figure 3: Synthetic route to tritium labeled 4-methyl- I-nonanol and 4-methyinonanoic acid.



As mentioned previously, the in vitro enzyme assay may require the use of 4-
methylnonanoy! CoA as substrate. Although the free acid may function in vitro with crude
protein preparations, the CoA derivative will be necessary to assay purified or partiaily purified
enzyme preparations. In addition. assaying reduction of the CoA derivative directly may
improve activity, as only one enzymatic conversion will have to be optimized instead of two
(acyl-CoA synthesis and reduction). Several chemical methods have been published for the
syntheses of acyl-CoAs. These involve chemically reacting CoA with the acid chloride of the
fatty acid (Seubert. 1960: Bishop and Hajra, 1980), the anhydride of the fatty acid (Sanchez er
al.. 1973; Stadtman. 1957) or the N-hydroxysuccinimide ester (Al-Arif and Blecher. 1969). The
major setback of the chemical synthesis methods is that the product is invariably purified by
crystallization, which is difficult when working at such a small scale that the crystalline product
is not visible to the naked eye. Furthermore, all methods require chemical modification of the
fatty acid before condensation. When synthesizing CoA derivatives with radiolabelled fatty
acids. it is desirable to manipulate the fatty acid as little as possible during the process. as there
is always some loss inherent with any chemical procedure and the fatty acid is by far the more
costly reagent. Enzymatic syntheses of radiolabelled CoA derivatives are preferable. as the
enzyme requires free fatty acid and thus no prior modification is necessary. There are several
published syntheses that use partially purified acyl-CoA synthetase (Banis et al., 1976; Galliard
and Stumpf, 1968: Komberg and Pricer Jr., 1953), however preparation of enzyme would be
unnecessary as purified acyl-CoA synthetase is commercially available. The method of Banis er
al. (1976) seemed the most promising to adapt for use in our laboratory because the authors used
TLC for product purification instead of precipitation. Product purification by TLC is convenient
because the entire incubation mixture may simply be applied to the plate, resolved and then

extracted using a suitable solvent/buffer system.
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1.2.3. In vitro REDUCTION ASSAY DEVELOPMENT

A crude in vitro assay for 4-methylnonanoic acid reduction has been established in our
lab (Gameiro. 1996: Zolondek 1996: Khuu. 1996). Unfortunately the preliminary results have
not been straightforward. While Khuu (1996) was able to observe 4-methylnonanol production
by incubating free 4-methylnonanoic acid (+ATP, +CoA. +NADH. and +NADPH) with mature
female homogenates. Gameiro (1996) and Zolondek (1996) were unable to duplicate the activity
and required the acyl-CoA derivative to observe any conversion. Furthermore. all three
investigators were only able to observe low conversion levels. The confounding substrate
requirements and low activity must be resolved before the existing assay may be used for further

investigations.

1.2.4. Determination of JH Effects on 4-Methvinonanol Formation

Once the assay is optimized. it may be used to study the regulation of 4-methyinonanoyl
CoA reduction. Regulation of reductase activity will be investigated by comparing the ability of
enzyme preparations from mature females to those from immature females and immature
females pre-treated with methoprene. If the reduction is indeed regulated. immature females
would be expected to be able to perform the conversion only after pre-treatment with hormone.
[t may also be interesting to compare methoprene pre-treated enzyme preparations to those of
immature females where methoprene is included in the incubation. If JH is functioning as a
transcriptional regulator, then only pre-treated preparations should demonstrate reductase
activity. Stimulation by methoprene included in the assay mixture would be unexpected and
would be suggestive of regulation at the protein level, either allosterically or by some signaling

pathway.
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A second interesting aspect of 4-methylnonanoyl CoA reduction. which deserves
attention. is the fact that crude mature male homogenates are able to reduce 4-methyinonanoyl
CoA. even though the male beetle does not produce pheromone (Gameiro. 1996). At low
substrate concentrations, homogenates prepared from females exhibit more reductase activity.
but when the substrate concentration is increased 4-fold. male homogenate activity becomes
comparable (Gameiro. 1996). Although the results are interesting, these experiments were
preliminary and will have to repeated using an optimized assay. A similar phenomenon is
observed in the biosynthesis of muscalure. the female-produced sex pheromone of the housefly
Musca domestica (Tillman-Wall er al.. 1992). In females. enzyme activity of the regulated
biosynthetic step is linear at low substrate concentration, but demonstrates saturation as substrate
tevels increase. Male activity on the other hand. is much lower than female activity at lower
(and presumably more physiological) substrate levels and increases linearly with substrate with

no demonstrable saturation. It would be interesting to if this is also the case in T. molitor.

These studies will lay the groundwork for further study of pheromone biosynthesis in the
vellow mealworm beetle. Once the regulated steps of 4-methylnonanol biosynthesis are
determined and assays for thetr activity developed. study of regulation at the ceilular and
molecular levels may begin. A clear understanding of pheromone biosynthesis in the vellow

mealworm will be directly applicable to related studies in other beetle species.
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2. MATERIALS AND METHODS

19

.I. PURCHASED CHEMICALS

19

A1, General

All solvents were purchased from Mallinckrodt (Kentucky. USA) and were of
spectrophotometric grade or better. All other reagents were obtained from BDH (Toronto.
Ontario. Canada) or Mallinckrodt (Kentucky. USA). and were of ACS grade or better. Gases
were obtained from CANOX (Mississauga. Ontario. Canada) and were “extra dry” grade. For
column chromatography. silica gel (Merck grade 60. 230-400 mesh. 60 A) was obtained from
Aldrich (Milwaukee. Wisconson. USA) and Florisil (100-200 mesh) was obtained from BDH
(Toronto. Ontario. Canada). The liquid scintillation cocktails Scintisafe Plus 50% and Scintisafe
Econo F were obtained from Fisher Scientific (Fairlawn. New Jersey. USA). Deuterated
chloroform (containing 0.05% TMS) for NMR analysis was purchased from CDN Isotopes
(Point Claire. Quebec. Canada). Specialty chemicals were obtained from the suppliers specified

below and were used "as is” without further purification. unless otherwise noted.
2.1.2. Malonic Ester Synthetic Route

Dimethyl malonate (97%). 2-bromoheptane (technical) and lithium aluminum hydride
(95%) were obtained from Aldrich (Milwaukee. Wisconson. USA). Hydrobromic acid (48%

w/v) and methyl iodide were purchased from Mallinckrodt (Kentucky, USA) and powdered

potassium hydroxide from Fluka (CH-9471 Buchs. Switzerland).
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2.1.3. Claisen Orthoester Synthetic Route

2-Bromopropene (99%), pentanal (97%). TMOA (99%) and palladium on charcoal (3%

Pd) were all obtained from Aldrich (Milwaukee. Wisconsin. USA).

2.1.4. Svnthesis of Radiolabelled 4-Methyinonanoyvl CoA

The tritium iabeled 4-methylnonanoic acid used in this synthesis consisted of a mixture
of isomers labeled on carbon 4 and either carbon 3 or 5 (the synthetic route is summarized in
Figure 3). Tris HCl and Tergitol 15-S-9 were purchased from Sigma (Oakville. Ontario.
Canada). 5'-Adenosine triphosphate (dipotassium salt) and Coenzyme A (CoA. trilithium salt
dihydrate) were purchased from Calbiochem (San Diego. California. USA). Magnesium
chloride hexahydrate was supplied by BDH. Acyl CoA synthetase (from Pseudomonas fragi)
was obtained from Boehringer-Mannheim (Laval. Québec. Canada). Silica gel TLC plates (60
mesh. 250 um thickness) were obtained from EM Separations Technology (Gibbstown. New

Jersey. USA).

2.1.5. Biochemical Studies

Mono- and di-basic potassium phosphates were purchased from Calbiochem. Horse
heart cytochrome c. ascorbic acid (Sigmauitra grade). N.N.N.N-tetramethylphenylene diamine
(TMPD), sodium orthovanadate, Fiske-Subbarow reducer. sodium azide (ACS grade). 1.4-
Piperazinebis(ethanesulfonic acid) (PIPES. Sigmaultra grade). 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, min. 99.5%). ethylenebis(oxyethylenenitrolo)tetraacetic

acid (EGTA, min. 97%) and mammalian protease inhibitor cocktail were supplied by Sigma
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(Oakville, Ontario, Canada). TMPD was recrystallized from ethanol before use. Magnesium
chloride hexahydrate and 2-propanol were obtained from BDH. NADH (disodium sait) and

NADPH (tetrasodium salt) were obtained either from Sigma or Calbiochem.

2.2. SYNTHESIS OF REQUIRED CHEMICALS

Syntheses of target molecules were performed as outlined below. Purification by flash
chromatography was performed using the method of Still ez a/. (1978). 'H and proton decoupled
"*C NMR spectra were acquired on a Varian Gemini 200 spectrometer. Gas chromatographic
analyses were conducted on a Hewlett Packard 5890 gas chromatograph equipped with a flame
ionization detector and a 25 m x 0.2 mm Hewlett Packard FFAP fused silica capillary column
with a 0.25 pm stationary phase thickness. Helium gas was used as carrier at a head pressure of
10 psi. The GC oven was held at 80 °C for 0.5 minute. then ramped at 20 °C/minute to 180 °C.
where it was maintained until the end of the run. The GC injector and detector were held at 180
°C and 250 °C. respectively. Mass spectral analyses were conducted on a Hewlett Packard model
5890 GC. using helium gas as carrier. coupled to a Hewlett Packard 5989A mass spectrometer
operating in the electron impact mode at 70 eV. The GC was equipped with a 30 m x 0.25 mm
Supelco SPB-5 capillary column with a 0.25 um stationary phase thickness. operating in the
splitless injection mode under a 15 psi head pressure. The oven was maintained at 55 °C for the
first three minutes. at which point the temperature was ramped at 10 °C/minute to 180 °C. where
it was held until the end of the run. The temperatures of the injector port. GC/MS transfer line.

source and quadrupole were 190 °C. 280 °C, 275 °C and 100 °C. respectively.
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2.2.1. Malonic Ester Route

Dimethyl 2-heptylmalonate (1). Sodium methoxide was generated by dissolving freshly
cleaned sodium metal (2.066 g, 90.8 mmol) in methanol (75 ml) under nitrogen atmosphere with
magnetic stirring. Dimethyl malonate (9.943 g, 75.7 mmol) was added via pressure equalized
dropping funnel and the resulting mixture was stirred at room temperature. After one hour. 2-
bromoheptane (13.557 g. 75.7 mmol) was added drop-wise over a 10 minute period using a
pressure equalized dropping funnel. The mixture was allowed to reflux for eighteen hours at
which point it was poured into a separatory funnel containing water (250 ml). The mixture was
then extracted with diethyl ether (3 x 50 ml). The pooled organic phases were washed with
water (4 x 50 ml), then brine (3 x 30 ml). The extract was then dried over anhydrous magnesium
sulfate for thirty minutes, filtered. and the solvent was removed by rotary evaporation under
reduced pressure. The resulting oil was purified by distillation under reduced pressure (0.75 mm
Hg. 88 °C). resulting in the colorless oil 1 (10.63 g, 45.1% yield): 'H NMR (200 MHz. CDCl;) §
3.73 (s. 6H). 3.27 (d. J/=7.9 Hz, 1H). 2.23 (m, 1H). 1.27 (m, 8H), 0.972 (d. /=6.8 Hz. 3H). 0.88 (1,
J=6.56 Hz. 3H): "C NMR (50.3 MHz, CDCl;) 5 169.45, 169.28, 57.56. 52.24, 34.28. 33.53.
31.78.26.46. 22.56, 16.96. 14.03: MS n/z 41.05 (33%), 55.15 (23%). 69.15 (35%). 100.10
(44%). 101.15 (30%), 132.20 (100%). 133.20 (14%). MS-CI (methane) m/= 231.25 (34%).

229.25 (12%). 199.30 (100%). 132.15 (13%), 101.20 (15%).

Methyl 3-methyloctanoate (2). The diester (1) (7.957 g. 34.55 mmol) was dissolved in DMSO
(50 ml). along with H,O (0.623 g, 34.55 mmol), and lithium chloride (2.929 g. 69.1 mmol). The
mixture was stirred magnetically and heated to reflux under nitrogen atmosphere. As the
reaction progressed, the mixture slowly changed from a clear. light yellow solution to a turbid.

vellow-brown solution. After one hour, the reaction mixture was allowed to cool under inert
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atmosphere and then poured onto water (300 ml). Afier acidification with hydrochloric acid (5%
v/v in water), the mixture was extracted with pentane (4 x 30 ml). The combined organic layers
were washed with water (4 x 30 ml) and then brine (2 x 30 ml), then dried over anhydrous
magnesium sulfate. Filtration and solvent removal by rotary evaporation under reduced pressure
resulted in a yellow oil which was subsequently distilled under reduced pressure (0.75 mm Hg.
65 °C), to yield the colorless oil 2 (4.77 g. 80.0% yield): 'H NMR (200 MHz. CDCl;) 6 3.67 (s.
3H). 2.364-2.224 (m, 1H). 2.161-2.019 (m. IH), 1.954 (m. 1H). 1.270 (m. 8H), 0.927 (d. J=6.51
Hz. 3H), 0.882 (t, /=6.87 Hz. 3H): *C NMR (50.3 MHz. CDCl;) & 173.835. 51.356. 51.293.
41.681. 36.674. 31.930, 30.503. 26.559, 22.614, 19.737, 14.047: MS m/- 98.25 (18%). 87.10
(61%). 69.15 (27%). 60.15 (82%), 57.15 (100%). 56.15 (30%), 55.15 (39%). 43.10 (65%), 41.05

(73%): MS-CI (methane) n/= 159.30 (100%). 141.35 (15%).

3-Methyl-1-octanol (3). A 250 mli three-neck round bottom flask. equipped with a magnetic stir
bar and pressure equalized dropping funnel. was purged with nitrogen and flame dried. Once
cool. anhydrous diethyl ether was added (100 ml) and cooled to 0 °C. The nitrogen atmosphere
was broken briefly for the addition of lithium aluminum hydride (1.715 g, 45.20 mmol) viaa
funnel. The ester 2 (4.768 g. 30.13 mmol) was added drop-wise over a five minute period via
pressure equalized dropping funnel. Once complete. diethyl ether (2 x 10 ml) was used to rinse
any residual ester from the funnel into the reaction flask. Reaction progress was monitored by
GC (1 drop reaction mixture added to I ml diethyl ether over 5% HCI. organic layer retained and
dried with anhydrous sodium sulfate) for the disappearance of 2. and the appearance of 3. After
60 minutes, the reaction mixture was poured slowly onto ice water (200 ml). Concentrated
hydrochloric acid was then added until the mixture was acidic to litmus paper. The ether layer
was removed, and the aqueous was extracted with diethyl ether (2 x 30 ml). The combined

organic layers were washed with water (3 x 30 ml), and brine (2 x 30 ml), then dried over
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anhydrous magnesium sulfate. Solvent removal by reduced pressure rotary evaporation, yielded
the colorless oil 3 (4.16 g, 90.8% yield): '"H NMR (200 MHz, CDCl,) § 3.686 (d of t. /= 6.72 Hz,
2.4 Hz, 2H). 1.70-1.50 (m, 2H), 1.326-1.249 (m, 8H), 0.909 (d, /= 6.47 Hz, 3H), 0.885 (t. /=
6.96 Hz, 3H): “C NMR (50.3 MHz. CDCl;) 5 61.772, 40.485, 37.576. 32.626, 29.978, 27.106.
23.180. 20.137. 14.589: MS m/= 98.30 (28%). 70.20 (85%), 69.20 (45%). 57.10 (74%), 56.10
(90%). 55.10 (100%). 43.10 (92%), 42.10 (32%). 41.10 (90%): MS-CI (methane) m/= 127.30
(10%), 125.30 (11%). 97.25 (10%). 85.25 (73%). 83.25 (26%). 71.20 (100%), 70.30 (13%).

69.15 (59%).

3-Methyl-1-bromooctane (4). The alcohol 3 (6.46 g. 44.78 mmol) was added to hydrobromic
acid (37.75 g. 223.9 mmol) in a 100 ml round bottom flask with a condenser. The mixture was
refluxed under nitrogen with magnetic stirring. The reaction progress was monitored by GC for
the disappearance of 3 and the appearance of 4 (sample preparation: 1 drop reaction mixture in 1
ml ether over 5% sodium bicarbonate, organic layer retained and dried over anhydrous sodium
sulfate before analysis). After sixteen hours the reaction mixture was allowed to cool. poured
onto water (200 ml), then extracted with pentane (3 x 30 ml). The combined organic phases
were then washed with 5% (w/v) sodium bicarbonate (2 x 30 ml). then water (2 x 30 ml). and
finally brine (2 x 30 ml) before being dried over anhydrous magnesium sulfate. Filtration and
solvent removal by reduced pressure rotary evaporation resulted in the amber oil 4 (8.29 g. 91.0
% vyield) which was used in the next step without further purification. For 4: 'H NMR (200 MHz,
CDCl;) 6 3.532 (m. 2H), 1.967-1.767 (m, 1H), 1.268 (m, 8H). 0.887 (t, /=6.60 Hz, 3H). 0.885 (d.
J=6.35 Hz, 3H): "C NMR (50.3 MHz, CDCl;) § 40.069, 36.447, 32.268, 32.080. 31.663. 26.477.

22.672.18.976. 14.101.



4-Methylnonanoic acid (5). A 250 ml 3-neck flask with a condenser and pressure equalized
dropping funnel was assembled and flame dried under positive nitrogen pressure. Once cool,
anhydrous diethyl ether (30 ml) was added, followed by freshly cleaned and dried magnesium
(0.599 g. 24.65 mmol). The bromide 4 was dissolved in 30 ml diethyl ether and loaded into the
pressure equalized dropping funnel. After addition of several drops of bromide. it was necessary
to heat the ether to reflux before the reaction initiated (as indicated by gas evolution from the
magnesium turnings). The bromide solution was added drop-wise over a 2.5 hour period. while
the reaction mixture was maintained at reflux and stirred magnetically. One half hour after
bromide addition was complete. carbon dioxide was introduced to the mixture at a slow bubble.
After thirty minutes, the reaction mixture was poured over water (100 ml), and acidified with 5%
hydrochloric acid. The ether layer was removed and the aqueous phase extracted with diethyl
ether (2 x 30 ml). The combined ether extracts were washed with water (3 x 20 ml). and brine (2
X 20 ml). then dried with anhydrous magnesium sulfate. After solvent removal by reduced
pressure rotary evaporation. the resulting oil was dissolved in pentane (20 ml) and extracted with
5% (w/v) sodium hydroxide. The aqueous extracts were combined, acidified with concentrated
hydrochloric acid, and extracted with diethyl ether (4 x 20 ml). The ether extracts were pooled
and washed with water (2 x 20 ml), and brine (2 x 20 ml), then dried over anhydrous magnesium
sulfate. Solvent removal, by rotary evaporation under reduced pressure. resulted in the slightly
vellow oil § (1.86 g. 39.6% yield). The product was purified by flash chromatography (silica
gel. 99% diethyl ether: 1% acetic acid) in smaller batches as needed. For 5: 'H NMR (200 MHz.
CDCl;) 8 11.119 (s. 1H), 2.378 (d of d. /=6.55 Hz, 3.63 Hz. 1H). 2.334 (d of d. /=6.65 Hz. 2.83
Hz. 1H). 1.798-1.549 (m. 1H), 1.549-1.387 (m. 2H). 1.387-1.008 (m. 8H), 0.885 (t. /=6.53 Hz,
0.882 (d. J=6.18 Hz. 3H): "C NMR (50.3 MHz, CDC};) 5 180.612.36.579, 32.327. 32.129,
31.878.31.616, 26.567, 22.675, 19.252, 14.100: MS (as methyl ester) m/z 98.25 (18%). 87.10

(61%), 69.15 (27%). 60.15 (82%), 57.15 (100%). 56.15 (30%), 55.15 (39%). 45.10 (20%), 43.10
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(65%). 42.10 (24%), 41.05 (73%); MS-CI (methane) n/= 188.25 (12%). 187.25 (100%). 185.25

(11%). 153.20 (13%).

4-Methylnonanol (6). A 250 mli three-neck flask equipped with a condenser and pressure
equalized dropping funnel was dried at 110 °C overnight then assembled hot and allowed to cool
under nitrogen atmosphere. Diethyl ether (20 ml) was added and cooled to 0 °C on ice. Lithium
aluminum hydride (0.264 g. 6.97 mmol) was added to the ether with magnetic stirring. The acid
5. dissolved in ether (20 ml). was added drop-wise to the three-neck flask via the pressure
equalized dropping funnel over thirty minutes. Once addition was complete. any remaining acid
was rinsed into the reaction flask with ether (2 x 5 mi). Reaction progress was monitored by GC
(sample preparation: | drop reaction mixture added to 1 ml ether over 5% (w/v) hydrochloric
acid. organic layver retained. dried with anhydrous sodium sulfate and methylated with
diazomethane before analysis). After two hours. the reaction had halted at 53% complete and
more lithium aluminum hydride was added (0.025 g, 0.66 mmol). After twenty five hours. the
reaction had again halted at 75% complete. necessitating the addition of more lithium aluminum
hydride (0.025 g. 0.66 mmol). Once the reaction was complete (26 hours), the reaction mixture
was poured onto ice water (100 ml). The resulting mixture was acidified with 5% (w/v)
hydrochloric acid (100 ml) and the ether layer removed. The aqueous phase was extracted with
pentane (3 x 30 ml). The combined organic layers were washed with water (2 x 30 ml). and
brine (2 x 30 ml), then dried over anhydrous magnesium sulfate. Solvent was removed by rotary
evaporation under reduced pressure. followed by swirling under high vacuum for fifteen minutes.
The product was the colorless oil 6 (0.87 g, 85.2% yield). which was purified by flash
chromatography (silica gel. 70% pentane: 30% diethyl ether) in small batches as required. For 6:
'H NMR (200 MHz, CDCl,) & 3.631 (t. /=6.80 Hz. 2H). 1.696-1.457 (m, 2H), 1.414-1.117 (m,

10H). 0.885 (t, J/=6.15 Hz, 3H), 0.869 (d. /=6.23 Hz. 3H): "C NMR (50.3 MHz, CDCl;) &

[15)
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63.473, 36.959, 32.964, 32.647,32.236, 30.374, 26.720, 22.727, 19.654, 14.136; MS m/z 112.20
(10%). 97.20 (12%), 84.20 (22%), 70.10 (29%), 69.10 (80%), 57.15 (100%), 56.15 (81%), 55.15
(41%). 43.05 (51%), 42.05 (22%), 41.05 (92%); MS-CI (methane) m/z 158.25 (1%), 157.25

(9%). 141.30 (11%), 99.25 (27%), 97.25 (30%). 85.25 (100%), 83.25 (62%), 71.30 (75%), 69.15

(45%).

Methyl 4-methyinonyl ether (7). 4-Methylnonanol. 6. (0.25 g, 1.60 mmol) was added to
dimethylsulfoxide (3 ml) under nitrogen atmosphere and with magnetic stirring. After five
minutes, powdered potassium hydroxide (0.39 g, 6.9 mmol) was added and the reaction flask
was cooled in an ice bath for ten minutes. Once cold, the flask was removed from the ice bath
and methyl iodide (0.49 g, 3.50 mmol) was added drop-wise. Sixty minutes later. the reaction
mixture had changed from a light yellow with white precipitate, to a colorless solution with
white precipitate. The reaction mixture was then poured onto water (40 ml), and extracted with
pentane (4 x 5 ml). The combined organic extracts were washed with water (2 x 5 ml), then 5%
(w/v) copper sulfate (2 x 5 ml) and dried over anhydrous magnesium sulfate. The product was
purified by flash chromatography (silica gel, 90% hexane: 10% diethyl ether) to yield the
colorless oil 7 (0.169 g. 56.2% vyield): 'H NMR (200 MHz, CDCl;) & 3.354 (t. J=6.65 Hz. 2 H).
3.333 (s. 3H). 1.643-1.453 (m, 3H), 1.452-1.034 (m. 10H). 0.877 (t, /=6.80 Hz. 3H), 0.846 (d.
J=6.41 Hz. 3H); “C NMR (50.3 MHz. CDCl;) § 73.364. 36.923. 33.326. 32.676. 32.220. 27.212,
26.690.22.704, 19.615. 14.109: MS m/z 112.25 (22%), 97.15 (25%). 84.15 (36%). 70.20 (34%).
69.05 (61%). 57.05 (81%). 56.05 (97%), 55.05 (41%), 45.10 (100%). 43.10 (35%). 41.10 (55%):
MS-CI (methane) m/= 173.30 (7%). 172.30 (2%), 171.30 (12%). 141.35 (34%), 139.35 (23%),

99.30 (27%). 97.30 (47%). 85.20 (84%). 83.20 (100%). 71.20 (71%), 69.20 (54%).



2.2.2. Claisen Orthoester Rearrangement Route

2-Methyl-1-hepten-3-ol (8). All glassware for this reaction was assembled, flame dried under
nitrogen atmosphere, and allowed to cool before use. Freshly cleaned magnesium (0.201 g. 8.27
mmol) was added to tetrahydrofuran (freshly distilled over potassium under nitrogen
atmosphere. 5 ml) and heated to reflux. 2-Bromopropene (1.00 g, 8.27 mmol), dissolved in
tetrahydrofuran (10 ml), was loaded into a pressure equalized dropping funnel and several drops
were added to the magnesium turnings. Within fifteen minutes, the reaction mixture starting to
go turbid. indicating the reaction was proceeding. The remainder of the 2-bromopropene
solution was added drop-wise over a 60 minute period. and the mixture left to react for a further
fifteen minutes. Pentanal (0.785 g, 9.09 mmol) was added to the reaction flask all at once.
resulting in a very exothermic reaction. The reaction was allowed to proceed a further 30
minutes before cooling to room temperature and pouring onto water (100 ml). After
acidification with concentrated hydrochloric acid. the mixture was extracted with diethyl ether (3
x 20 ml). The organic extracts were pooled. washed with water (2 x 20 ml). then brine (2 x 20
ml). and dried over anhydrous magnesium sulfate. Solvent was removed by rotary evaporation
under reduced pressure. followed by high vacuum for 10 minutes resulted in the colorless oil 8
(0.93 g. 79.2% yield). The product was purified by flash chromatography (silica gel. 70%
pentane: 30% diethyl ether) as necessary. 'H NMR (200 MHz. CDCl;) 8 4.934 (t. /=<1 Hz, 1H).
4.830 (t. J/=1.49 Hz. 1H). 1.724 (broad singlet, 3H). 1.610-1.495 (m. 2H), 1.400-1.200 (m. 2H),
0.907 (t. J=6.69 Hz. 3H): "C NMR (50.3 MHz, CDCI;) & 147.691. 110.916. 76.014. 34.638.
27.758.22.627. 17.450. 14.033; MS m/= 86.10 (19%). 72.10 (10%). 71.10 (100%). 58.15 (16%).
57.15 (15%), 43.05 (62%). 41.05 (45%); MS-CI (methane) m/= 129.25 (7%), 128.25 (1%).

127.25 (6%), 111.25 (92%), 109.25 (12%), 85.20 (12%). 71.20 (37%), 69.20 (100%).



Methyl 4-methylnon-4-enoate (9). Toluene (20 ml), TMOA (6.97 g. 58.0 mmol), propanoic
acid (0.179 g, 2.42 mmol), and the alcohol 8 (0.93 g, 7.25 mmol) were combined in a 50 mi
round bottom flask. The reaction flask was provided with a nitrogen atmosphere and heated to
reflux. Reaction progress was monitored by GC (sample preparation: | drop reaction mixture
added to 1 ml hexane over | ml water, organic phase retained and dried over anhydrous sodium
sulfate before analysis). At completion (30 hours), the reaction flask was outfitted with
distillation apparatus and distillate was collected until the vapor temperature reached 100 °C (18
mi distillate collected). in order to remove most of the toluene. The still leavings were cooled.
shaken with water (30 ml). and the organic layer removed. The aqueous phase was then
extracted with hexane (2 x 10 ml). The combined organic extracts were then washed with water
(3 x 10 ml). then brine (2 x 10 ml), then dried over anhydrous magnesium sulfate. Solvent
removal by rotary evaporation under reduced pressure, followed by high vacuum for 10 minutes
resulted in the colorless oil 9 (1.05 g. 78% vield. >95% pure by GC). The preduct was purified
by flash column chromatography (silica gel. 90% hexane: 10% diethy! ether) in smail batches as
required. For9: '"H NMR (200 MHz. CDCI;) & 5.128 (trip of quart, J,=7.17 Hz. J,=1.28 Hz, 1H).
3.632 (s. 3H). 2.420-2.205 (m. 4H), 1.943 (m. 2 H). 1.576 (s. 3H). 1.311-1.22] (m. 4H). 0.856 (t.
J=6.74 Hz. 3H): "C NMR (50.3 MHz. CDCl,) 8 173.946, 133.015. 125.674, 51.442, 34.713,

33.082.31.899.27.560, 22.280, 15.829, 13.982.

Methyl 4-methylnonanoate (10). Palladium on charcoal (5% w/w. 10 mg) was added to the
ester 9 (1.05 g, 5.70 mmol). dissolved in 95% ethanol (15 m!). Hydrogen atmosphere was
introduced (| atm) and the mixture was stirred magnetically at room temperature. Reaction
progress was monitored by GC (sample preparation: | drop reaction mixture added to 1 ml
hexane over 1 ml water, organic phase retained and dried over anhydrous sodium sulfate before

analysis). At completion (8.5 hours), the reaction mixture was filtered and added to water (150
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ml) and extracted with hexane (3 x 20 ml). The pooled organic extracts were washed with water
(3 x 20 ml). then brine (2 x 20 ml), and dried with anhydrous magnesium suifate. Purification by
flash column chromatography (silica gel. 80% hexane: 20% diethyl ether) resulted in the
colorless oil 10 (0.509 g, 43.2% yield): '"H NMR (200 MHz, CDC};) § 3.667 (s. 3H). 2.334 (d of
d.J,=7.02 Hz. J,=3.01 Hz. 1H). 2.289 (d of d. J,=6.68 Hz. J,=2.65 Hz, 1H). 1.665-1.480 (m,
2H). 1.480-1.285 (m. 2H). 1.275-1.195 (m. 8H). °C NMR (50.3 MHz. CDC]l;) 5 174.592,
51.443.36.600.32.401, 32.125.31.912. 26.573. 22.665. 19.268. 14.084: MS m/- 98.25 (18%).
87.10 (61%). 69.15 (27%). 60.15 (82%). 57.15 (100%), 56.15 (30%), 55.15 (39%). 45.10 (20%).
43.10 (65%). 42.10 (24%). 41.05 (73%): MS-CI (methane) m/= 188.25 (12%), 187.25 (100%).

185.25 (11%). 153.20 (13%).

4-Methylnonanol (6). All glassware was flame-dried and allowed to cool under nitrogen gas
before use. Lithium aluminum hydride (40 mg. 1.073 mmol) was added to anhydrous diethyl
ether (20 ml) and stirred magnetically under nitrogen atmosphere. The mixture was cooled on an
ice bath and methy| 4-methylnonanoate (100 mg. 0.537 mmol), dissolved in anhydrous diethyl
ether (10 ml), was introduced drop-wise via pressure-equalized dropping funnel over a ten
minute period. Any remaining ester was rinsed into the reaction flask with anhydrous diethyl
ether (2 x I ml). The ice bath was removed and the reaction allowed to proceed, during which
time progress was monitored by GC [sample preparation: | drop reaction mixture added to | ml
diethyl ether over 5% (w/w) hydrochloric acid. organic layer retained and dried with anhydrous
sodium sulfate before analysis]. At completion (one hour). the reaction mixture was added to ice
cold 5% (w/w) hydrochloric acid. The mixture was shaken and the organic layer removed. The
aqueous phase was further extracted with diethyl ether (2 x 20 ml). The combined organic
extracts were then washed with saturated sodium chloride (2 x 20 ml) and dried over anhydrous

magnesium suifate. Solvent was removed by rotary evaporation under reduced pressure
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followed by a gentle nitrogen stream (45 minutes) to produce the colorless o0il 6 (71.0 mg, 83.6%
yield). The product was used without purification, as the NMR spectra were indistinguishable
from those of purified 4-methyinonanol from the previous route (6). For 6: 'H NMR (200 MHz,
CDCl;) & 3.631 (t, /~6.80 Hz, 2H), 1.696-1.457 (m. 2H). 1.414-1.117 (m, 10H), 0.885 (t. /=6.15
Hz. 3H), 0.869 (d, /=6.23 Hz, 3H): °C NMR (50.3 MHz. CDCl;) 8 63.473, 36.959. 32.964.
32.647.32.236.30.374. 26.720, 22.727. 19.654, 14.136: MS m/= 112.20 (10%). 97.20 (12%).
84.20 (22%). 70.10 (29%). 69.10 (80%). 57.15 (100%). 56.15 (81%), 55.15 (41%). 43.05 (51%).
42.05 (22%). 41.05 (92%); MS-CI (methane) m/= 158.25 (1%). 157.25 (9%). 141.30 (11%).

99.25 (27%). 97.25 (30%). 85.25 (100%). 83.25 (62%), 71.30 (75%), 69.15 (45%).

2.2.3. Tritium Labeled +4-Methylnonanoyl CoA

The incubation mixture consisted of Tris buffer (pH 8.00. 500 mM). with 3% (v/v)
Tergitol 15-S-9. 60 mM MgCl,. 40 mM ATP, 20 mM CoAS-H and [*H}-4-methyvinonanoic acid
(between 0.176 mCi and 1.85 mCi) in a total volume of 0.1 ml. The reaction was initiated by the
addition of 1-5 units of Acyl Coenzyme A synthetase and allowed to continue for 4 hours at 30
°C. at which point it was terminated by the addition of 25 pl of concentrated hydrochloric acid.
The reaction mixture was spotted as a line across a thin layer chromatography plate (silica gel
60. 250 um thickness) and the plate was allowed to dry. The TLC plate was developed with
5:2:3 butanol: acetic acid: water (4-5 hours), removed from the developing chamber and allowed
to dry for two hours at room temperature. The TLC plate was scraped in bands and the silica gel
transferred to pre-weighed test tubes (so that radioactivity could later be normalized to the silica
gel mass for easier comparison, since all bands were not necessarily the same size). Each
fraction was extracted with methanol (3 x | ml) and a | ul aliquot quantified by scintillation

counting in 3 ml Scintisafe Plus 50%. The bulk of the radioactivity was localized in a2 band
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ahead of the unreacted co-enzyme A (R;= 0.75). These extracts were pooled and buffered with 1
mM acetate buffer, pH 5. such that the resulting solution was 80% methanol. Typically. the
fractions containing acyl-CoA were extracted a second time with methanol (3 x I ml). To
recover any unreacted [’H]-4-methylnonanoic acid. the solution was extracted with pentane (5 x
1 ml). To ensure no pentane remained, the sample was cooled on ice and a gentle stream of N,
was passed over it for fifteen minutes. The activity of the product was determined and it was
kept frozen in liquid nitrogen until needed. Sample degradation (hvdrolysis) was monitored
regularly by spotting 1-2 pul of solution on a 1.5 cm x 8 cm TLC plate and developing with
50:50:1 ether: hexane: acetic acid. The plate was then cut horizontally into 0.5 cm strips and the
radioactivity of each strip was quantified using a Beckman model 6500 liquid scintillation
counter using 3 ml Scintisafe Plus 50%. While unreacted fatty acid would migrate with the
solvent front, acyl-CoA would remain at the origin. Any free acid was then extracted with

pentane as above. and the activity of the remaining acyl-CoA solution was re-determined.

2.3. REARING OF INSECTS

T. molitor larvae were obtained from Northwest Scientific Supply Ltd.(Victoria. Brittish
Columbia, Canada). Larvae were fed on 4:2:1 (v/v) wheat bran/rolled oats/wheat germ and were
provided moisture from moistened paper towels. which were spread over the colontes. Colonies
were maintained at 28-30 °C on a photoperiod (12 hours dark: 12 hours light). Pupae were
collected from the colonies and sexed using the method of Battacharya er /.. 1970. Males and
females were segregated at the pupal stage. Mature beetles (between 7 and 11 days post-

eclosion) were used for experimentation.



2.4. BIOCHEMICAL STUDIES

2.4.1. Buffers

For the preliminary activity assays. the buffer systems used by previous investigators in
our lab (Gameiro. 1996: Khuu, 1996; Zolondek. 1996) were used. Low sucrose buffer (LSB),
which was used for all crude protein assays. consisted of 0.1 M potassium phosphate buffer. pH
7.2, with magnesium chloride (2 mM), dithiothreitol (1 mM) and sucrose (0.25 mM). For initial
investigations of sub-cellular fraction activity. high sucrose buffer (HSB) was used. which was a
0.1 M potassium phosphate buffer, pH 7.2, containing magnesium chloride (2 mM),
dithiothreitol (1 mM) and sucrose (25 mM). Later in the project. the buffer system was changed
to one that was more amenable to the isolation of intact mitochondria (Rickwood er al., 1987).
The new buffer (referred to as ‘MITO buffer” for convenience) consisted of 5 mM HEPES and 5
mM potassium dihydrogen phosphate. pH 7.4, with 300 mM sucrose, | mM EGTA, | mM DTT
and 2 mM magnesium chloride. All buffers used for enzyme preparation were supplemented
with mammalian protease inhibitor cocktail (I ml per 20 g of wet tissue. as suggested by the

manufacturer). with the assumption that each beetle possessed 100 mg of non-cuticular tissue.

2.4.2. Preparation of Crude Protein for Assays

Beetles were cold immobilized by chilling in a petri dish over ice. The number of
beetles used varied from 2-5 per assay tube and was limited by availability. Generally, as many
beetles were used as possible to ensure adequate protein yield. The beetles were wrapped in
cheesecloth, then crushed using an ice-cold mortar and pestle in 3 ml buffer (containing protease

inhibitors). After removing the homogenate to an ice-cold homogenizing tube, the remains were
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re-extracted twice more in a similar fashion, using a more vigorous grinding action each time.
Protein extract was then homogenized in an ice-cold size 23 Duall glass homogenizer using 10
full up and down strokes with a twisting motion. The crude homogenate was centrifuged at 1000
x g for 10 minutes in a Beckman Model L3-50 Ultracentrifuge thermostatted to 4 °C. using either
a Beckman SW 28 swinging bucket or a TI45 fixed angle rotor. The pellet (containing unlysed
cells. nuclei. cuticle bits, etc.) was discarded and the supernatant used directly for
experimentation. Protein concentration was determined using the method of Bradford (1976)

using BSA as a standard.

2.4.3. Effect of Protease Inhibitor Cocktail on Reductase Activity

Each of the five treatments (NADH + protease inhibitors. NADPH + protease inhibitors.
NADH - protease inhibitors. NADPH — protease inhibitors. and no protein control) was
performed in triplicate. Each assay tube contained final concentrations of the appropriate
reducing cofactor and 300 000 DPM of [*H]-4-methylnonanoyl CoA in a total volume of 1 ml.
Each assay was started with the addition of 27 mg crude protein (3.3 beetle equivalents), or
buffer for the no protein control. and incubated for sixty minutes in a 30 °C shaking water bath
(60 strokes/minute). The reaction was terminated by the addition of 0.5 M ethanolic potassium
hydroxide (1.0 ml). Tubes were left overnight at ambient temperature to allow any remaining
acyl-CoA to hydrolyze. Prior to extraction. tubes were acidified with the addition of 0.6 M

hydrochloric acid (I ml).



2.4.4. Preference for NADH or NADPH as Reducing Cofactor

The activity of crude female homogenates in the presence of NADH or NADPH was
compared to a no protein control in triplicate. Each assay tube contained 300 000 DPM [H]-4-
methyinonanoyl CoA and | mM of either NADH or NADPH with a final volume of 1 ml. The
reaction was initiated was initiated with the addition of 11.5 mg protein (4 beetle equivalents). or
buffer for the no protein controls and the incubation was carried out. terminated and prepared for

work-up as in the previous experiment (see Section 2.4.3.).

2.4.5. Crude Assay: Comparison of Males and Females

The five treatment groups [females + NADH. females + NADPH. males + NADH. males
+ NADPH and no protein control (+ NADH and NADPH)] were run in triplicate. Each assay
tube contained 300 000 DPM [*H]-4-methylnonanoyl CoA and | mM of either NADH or
NADPH in a total volume of 1 mi. Each assay tube was initiated by the addition of 3.3 beetle
equivalents of protein (or buffer for the no protein controls), then incubated. killed and treated as

described in Section 2.4.3.

2.4.6. Sub-cellular Localization of Activity: Males vs. Females

Crude enzyme preparations were prepared from 50 female and 50 male beetles (as
described in Section 2.4.3) using HSB. In an attempt to obtain a mitochondrially enriched
fraction. the 1000 x g supernatant was centrifuged at 25 000 x g for 10 minutes at 4 °C. The 25

000 x g supernatant was subsequently centrifuged at 100 000 x g for 90 minutes to obtain a
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microsomal fraction. The final supernatant was retained as the ‘soluble” fraction. Both pellets
were kept on ice until needed, at which point they were re-suspended in LSB (6 ml for the
‘mitochondrial” pellets and 3 ml for the ‘microsomal’ pellets) using a #19 Potter-Elvehjem
homogenizer. Each of the sub-cellular fractions were assayed in triplicate and compared to a no
protein control. The reaction was initiated by the addition of protein [6.7 beetle equivalents
mitochondrial (16.2 mg male. 15.5 mg female), 13.3 beetle equivalents microsomal (10 mg male.
24.7 mg female). or 4 beetle equivalents soluble (10.1 mg male. 20.4 mg female)] to yield a | ml
incubation mixture with | mM NADH and 300 000 dpm [’H]-4-methylnonanoyl CoA.

Otherwise. assay tubes were incubated and terminated as described previously (Section 2.4.3).

2.4.7. Murker Enzyme Analysis

Cytochrome ¢ oxidase was assaved as a mitochondrial marker using the procedure of
Rafael (1983). Mitochondrial (25 000 x g), microsomal (100 000 x g) and soluble (100 000 x g
supernatant) sub-cellular fractions were obtained from 20 mature beetles as previously described.
Duplicate analyses were performed on each sub-cellular fraction from two separate preparations.
Dilutions of active fractions were assayed to ensure the observed activity was linear with enzyme

concentration.

Alcohol dehydrogenase (soluble marker) was assayed by monitoring the NAD"
dependant oxidation of 2-propanol based on the method of Elliott and Knopp (1981). The assay
medium consisted of 0.1 M glycine buffer, pH 9.3, with 1.68 mM NAD" and 0.218 M 2-
propanol. Each assay was initiated by protein addition, providing a total assay volume of 2.0 ml.
Absorbance at 340 nm was monitored at three minute intervals over a thirty minute assay period

and compared to a no-2-propanol control. The analysis was carried out on sub-cellular fractions

-
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from three discrete protein preparations. To maximize activity in less active fractions, as much
protein was used as possible while avoiding excessive turbidity. In the case of active fractions,
several protein addition levels were assayed to ensure the observed activity was linear with

protein load.

As a plasma membrane (microsomal) marker. sodium/potassium ATPase activity was
assayed following the method of Bowman and Bowman (1988). Mitochondrial (25 000 x g).
microsomal and soluble sub-cellular fractions were obtained from 25 mature beetles as described
previously with the exception that a phosphate free buffer was used in the isolation (10 mM
PIPES. pH 7.2, with 5 mM magnesium chloride, | mM dithiothreitol and 150 mM ammonium
chloride). The 25 000 x g pellet was re-suspended in 3.0 ml of buffer and had a total of 48.06
mg protein. The microsomal pellet was re-suspended in 1.5 ml buffer and contained 3.27 mg
protein. The remaining soluble fraction had a volume of 4.2 ml and contained 36.05 mg protein.
To ensure that a suitable protein concentration was supplied to the assayv. either 10 pl. 100 ul or
500 pl of each fraction was assay. The assay was carried out as prescribed (Bowman and
Bowman. 1988) except that the assay was terminated with the addition of 1.0 ml 20% TCA (for a
final volume of 2.0 ml). TCA-precipitated samples were centrifuged and a 1.5 ml aliquot of each
assay tube was used for phosphate determination using the method of Fiske and Subbarow

(1925).

2.4.8. Refinement of Sub-Cellular Location

Crude enzyme extracts (prepared as described in Section 2.4.3) were prepared from 25
mature females using MITO buffer, and further centrifuged to produce a 3 000 x g pellet.a 10

000 x g pellet, a 100 000 x g “‘microsomal” pellet and the 100 000 x g supernatant. or “soluble’
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fraction. Pellets were re-suspended in MITO buffer just prior to assay (6 ml forthe 3 000 x g
pellet. and 3 ml for the 10 000 x g and microsomal pellets) using a #19 Potter-Elvehjem
homogenizer. Protein concentration of each fraction was determined using the method of
Bradford (1976) using BSA as a standard. Reductase activity in each fraction was assayed in the
presence of | mM NADH and 300 000 dpm [’H]}-4-methylnonanoyl CoA (1 ml final assay
volume) in triplicate and compared to a no protein control. The assay was initiated with the
addition of 700 nl protein (12.1 mg 3000 x g, 1.7 mg 10 000 x g. 9.5 mg microsomal and 12.6
mg soluble) and was executed as described in Section 2.4.3, with the exception that the
incubation was terminated with the addition of 20% trichloroacetic acid. Tubes were also

extracted within one hour of termination (as opposed to being left on the bench ovemight).

2.4.9. Determination of Protein Curve

For this experiment. only a 10 000 x g pellet was obtained by using the method from the
previous experiment (see Section 2.4.8) and omitting the 3 000 x g spin. The 10 000 x g pellet
was re-suspended in 5 ml MITO buffer using a #19 Potter-Elvehjem homogenizer and protein
concentration was determined as in the previous experiments. The assay was carried out in
triplicate with each assay tube having a final volume of | ml. and consisting of | mM NADH.
300 000 dpm [’H]-4-methylnonanoyl CoA and 10 mg, 7.5 mg. 5 mg. 2.5 mg. | mg. 0.5 mg. 0.1
mg or 0 mg protein. Each reaction was initiated by the addition of protein and incubated as in
previous experiments. except only for 15 minutes. Reaction was terminated by the addition of

20% trichloroacetic acid (1 ml). Tubes were extracted within one hour of termination.
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2.4.10. Determination of Time Curve

A 10 000 x g enzyme preparation was prepared as in the previous experiment (see
Section 2.4.9). All assay tubes contained | mM NADH. 300 000 dpm [*H]-4-methylInonanoyl
CoA and 0.1 mg protein from the 10 000 x g pellet in a total volume of | ml. All assays were
initiated by the addition of protein and allowed to incubate as previously described for 0. 1. 5,
10. 15. 20. 25 or 30 minutes before termination with 20% trichloroacetic acid (1 ml). Tubes

were extracted within one hour of termination.

2.4.11. Determination of NADH and NADPH Substrate Curves

Protein from the 10 000 x g pellet was prepared as for the protein and time curves. All
assay tubes contained 300 000 dpm [*H]-4-methylnonanoyl CoA and a variable amount of
NADH or NADPH. The reaction was initiated by addition of 0.1 mg protein from the 10 000 x g
pellet. producing a final assay volume of 1.0 mil. Tubes were incubated for ten minutes in a
shaking water bath at 30 °C before the reaction was terminated with the addition of 20%

trichloroacetic acid (1 ml). Products were extracted within one hour of termination.

2.4.12. Extraction and Resolution of Products From Assay Mixtures

Assay tubes, either after overnight hydrolysis and acidification for KOH/ethanol
terminated assays or immediately after trichloroacetic acid termination, were extracted with
pentane (5 x 1 ml). For each assay tube, the combined extracts were washed with 10% aqueous
sodium sulfate (3 x 1 ml) and dried over anhydrous magnesium sulfate. Samples not

immediately subjected to column chromatography were stored in the refrigerator.
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The organic products were resolved by mini-column chromatography on florisil. The
mini-columns were packed with a 7 cm bed of florisil and wetted with pentane prior to sample
loading. During sample loading, all pentane was collected as a single fraction in a 20 ml
scintillation vial. The column was first eluted with 80:20 pentane/diethyl ether and seven 3 ml
fractions were collected in 7 ml scintillation vials. The column was next eluted with 99:1 diethyl
ether/acetic acid until a total of seven 3 ml fractions had been collected. All column fractions
were mixed with an equal volume of either Scintisafe Econo F or Scintisafe Plus 50% cocktails
and radioactivity was quantified by scintillation counting. Results were compared to the elution

profiles of standard [°’H]-4-methylnonanoic acid and [’H]-4-methylnonanol.

2.4.13. Seatistical Analvsis

Statistical comparison of means was carried out with the application of a Student-

Neuman-Keuls test. Means were deemed significantly different if p<0.05.

3.0. DATA AND RESULTS

1. SYNTHESIS OF REQUIRED CHEMICALS

[PF]

.1.1. Mualonic Ester Synthetic Route

w2

4-Methyl- I-methoxynonane, 4-methylnonanoic acid and 4-methylnonanol were
successfully synthesized (Figure 4) in overall yields of 11.8%, 10.1% and 5.7%, respectively.

The carbanion of dimethyl malonate was created using sodium methoxide and subsequently
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reacted with 2-bromoheptane to form the diester 1. Dealkoxycarbonylation using the method of
Krapcho (1982a. b) produced 3-methyl-1-octanol (3), which was then brominated to form 3-
methyl-1-bromooctane (4). The Grignard-derivative of 4 was generated and coupled with carbon
dioxide to form the first product, 4-methylnonanoic acid (5). Routine reduction of § with [ithium
aluminum hyvdride formed the second product, 4-methylnonanol (6). 4-Methyl-1-
methoxynonane (7) was synthesized by methylation of 6 with methyl todide. The vields reported
in Figure 4 are corrected for product purity, which was determined by GC. The reported purity
and thus the yield for each step are likely higher than reported, as samples were generally over-
injected on the GC to emphasize the baseline. Detector saturation during the elution of the
product peak would result in the resulting signal being artificially low relative to the other peaks
detected. thereby reducing the apparent product purity and corrected yield. In any case. the

prevalence of any particular species never exceeded 0.5% of the total area. unless noted.

3.1.2. Cluisen Orthoester Rearrangement Route

4-Methylnonanol was successfully synthesized with 21.2% overall yield (Figure 5).
Pentanal was coupled with the Grignard derivative of 2-bromopropene to form 2-methyl-1-
hepten-3-ol (8). The Claisen orthoester rearrangement of 8 produced methyl 4-methyinon-4-
enoate (9). Palladium-catalyzed hydrogen reduction yielded methyl 4-methylnonanoate (10) and
subsequent reduction with lithium aluminum hydride produced the target molecule 4-

methylnonanol (6) in 21.2% overall yield.
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Figure 4: Malonic ester based synthetic route to racemic 4-methylnonanoic acid, 4-methylnonanol

and 4-methyl-1-methoxynonane.
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3.1.3. Synthesis of Tritium Labeled 4-Methylnonanoyl-CoA

[*H]-4-Methylnonanoyl CoA was successfully synthesized from available {*H]-4-
methylnonanoic acid with yields ranging from 10% to 20%. Recovery of unreacted ['H]-4-
methylnoanoic acid was consistently very poor (<10%) when extracted either from the reaction

mixture after termination or from the TLC plate after purification.

3.2. BIOCHEMICAL STUDIES

3.2.1. Effect of Protease Inhibitor Cocktail on Reductase Activity

The benefit of isolating protein in the presence of protease inhibitors was investigated.
Abnormal chromatographic profiles resulted in the elimination of one sample from each of the
NADH + protease inhibitors and NADH — protease inhibitors treatments. resulting in duplicate
data sets for these treatments. In both cases, there was an abnormal amount of radioactivity in
F1 (where only hydrocarbons should elute) and in the pre- diethyl ether/acetic acid fractions.
This “streaking’ is consistent with the loss of chromatographic resolution observed when samples
are wet with a polar solvent such as water (improperly dried) or ethanol (likely introduced during
reaction termination). The mean 4-methyinonanol production and standard error were calculated
for each treatment using the remaining samples. Results are represented graphically in Figure 6.
Enzyme isolation in the presence of protease inhibitors resulted in a 2-fold increase in reductase
activity in the presence of NADH and a 1.6-fold increase in the presence of NADPH. Activity in
the absence of protease inhibitors was not significantly different from the no protein control. In
the presence of protease inhibitors, activity was increased 1.5-fold in the presence of NADH than

NADPH.
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Reductase activity was assayed using crude protein in the presence of either NADH or
NADPH in order to establish whether a reducing cofactor preference exists. Mean reductase
activity and standard error for each treatment (n=3) are shown graphically in Figure 7. Slightly
lower activity was observed in the presence of NADH than in the last experiment. even though
slightly more protein was used (4 beetle equivalents as opposed to 3.3 in the previous
experiment). Like the previous experiment, reduction in the presence of NADPH was not

significantly different from the no protein control.

3.2.3. Comparison of Males and Females

The ability of males and females to reduce [’H]-4-methylnonanoyl CoA in the presence
of NADH was assessed. A single experiment was conducted (n=3 for each treatment). One trial
from each of the no protein control and males treatments was discarded (resulting in n=2 for the
no protein control and male treatments. n=3 for female treatments) due to abnormal
chromatographic behavior, as described previously. Crude protein derived from male beetles
was unable to catalyze the reduction of [’H]-4-methylnonanoyl CoA in the presence of NADH
under these conditions (Figure 8). Conversely. crude protein from females demonstrated activity

consistent with that in the previous experiments.



3.2.4. Sub-Cellular Localization of Activity in Males and Females

Reductase activity was assayed in sub-cellular fractions generated from mature male and
female beetles in a single experiment (for each treatment. n=3). Microsomal and soluble fraction
protein were unable to catalyze the reduction of 4-methylnonanoyl-CoA. however, both male and
female mitochondrial (25 000 x g pellet) protein showed activity (Figure 9). The conversion by
female mitochondrial protein matched the magnitude observed in the previous experiments. even
though substantially more protein was used (6.7 beetle equivalents compared to 3.3 or 4 beetle
equivalents). Contrary to observations from the previous experiment. males were able to
perform the reduction. although not as well as females at equal beetle equivalents of protein.
Although the mitochondrial protein concentrations were comparabie between males and females
for the mitochondrial fraction. females possessed substantially more microsomal and soluble

protein. This is to be expected. as females are actively engaged in oogenesis.

3.4.5. Murker Enzyme Analysis

The 25 000 x g sub-cellular fraction (Figure 10A) contained 96.9% of the total
cytochrome C oxidase activity. The two sub-cellular preps analyzed yielded similar cytochrome
C oxidase activities. 12.42 mkat/beetle and 15.42 mkat/beetle. respectively (1 kat = 1 mole e’

transferred to oxygen per second).

The majority of alcohol dehydrogenase activity was localized in the soluble sub-cellular
fraction (Figure 10B) as expected (Elliott and Knopp, 1981). Alcohol dehydrogenase activity

obtained from the three protein preparations tested was slightly more variable than that of



cvtochrome C oxidase. with the yield averaging 1.0 £ 0.2 EU/beetle (1 EU = | umol NADH

formed/minute).

Results obtained from the analysis of the plasma membrane Na /K -ATPase were not
straightforward (Figure 10C). Although the highest activity was observed in the mitochondrial
fraction at the lowest protein level and drops off dramatically as more protein is supplied to the
assay. Activity in the microsomal fraction. however, was consistently low. Activity in the

soluble fraction was substantial at the 10 pl protein level, but minimal at higher concentrations.

3.2.6. Refinement of Sub-Cellular Localization in Females

The sub-cellular distribution of female reductase activity was assayed using pellets
obtained at 3 000 x g. 10 000 x g and 100 000 x g (microsomal fraction), as well as the post-100
000 x g supernatant (soluble fraction). A single experiment was conducted with each treatment
assaved in triplicate. This was the first assay in which MITO buffer was utilized in protein
isolation and the assay itself. The most important observation is the 1 I-fold increase in activity
compared to the previous buffer system. Although activity was detected in the 3 000 x g and
microsomal pellets, the bulk of the activity was localized in the 10 000 x g pellet (Figure 11B).
This resulted in a substantial purification of the reductase activity. as the 3000 x g pellet
contained substantial amounts of protein (104 mg, 29% of the total isolated protein) while the 10
000 x g pellet contained a total of 6.55 mg protein (1.8% of the total isolated protein). The high
activity present in the small 10 000 x g pellet is readily apparent when the activity is normalized
to protein content for each sub-cellular fraction (Figure 11C). Specific activities could not be

determined, as it was not known whether the activity in each fraction was linear with time.
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Substantial amounts of free 4-methylnonanoic acid were recovered from incubations
with ail sub-celluiar fractions (Figure 11A). In contrast, almost no free acid was isolated from
the no protein control. In previous experiments, assays were terminated with the addition of
ethanolic potassium hydroxide with the intention of hydrolyzing and unreacted 4-
methylnonanoyl CoA. The use of trichloroacetic acid in the termination procedure preserved
unreacted acyl-CoA and led to the discovery of substantial hydrolysis that occurred in the

presence of protein. especially from the soluble fraction.

3.2.7. Determination of Protein Curve

A protein-activity curve was generated using 10 000 x g pellet protein in order to gain an
idea of the amount of enzyme required to observe activity in a convenient assay time (15
minutes). Enzyme activity was determined by subtracting the mean no protein control activity
from the mean activity observed at each protein concentration assayed. Enzyme activity in the
15 minute assay was approximately linear at protein concentrations less than 0.1 mg and reached
a maximum between 0.25 and 0.5 mg protein (Figure 12). Since the 10 000 x g pellet yielded 1.1
mg protein per beetle used. only 0.5 beetle equivalents of protein was required to obtain maximal
activity in a 15 minute time frame. Based on these findings, a protein concentration of 0.1

mg/ml was chosen for further characterization of reductase activity in female beetles.

3.2.8. Determination of Time Curve

Using 0.1 mg of 10 000 x g pellet protein. a time curve for the reduction of 4-

methylnonanoyl CoA was obtained (Figure 13). Mean activity at each time interval was control-
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subtracted. Activity was approximately linear until nearly the 10 minute mark, at which point it

began demonstrating saturation.

3.2.9. Determination of NADH and NADPH Substrate Curves

Substrate activity curves were derived for both NADH (Figure 14A, B) and for NADPH
(Figure 14A). A hyperbolic activity curve could not be obtained for NADH using 10 000 x g
protein. In fact, similar activity was obtained regardless of whether NADH was supplied to the
preparation or not (Figure 14B). The NADPH curve derived in Figure 14A may be
demonstrating some dependence on concentration as activity is much lower with 1 uM NADPH

than the rest of the curve.
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Figure 6: Effect of protease inhibitor cocktail use during enzyme isolation on the
reduction of ’H]-4-methyinonanoyl CoA (in the presence of NADH or
NADPH) by crude homogenates of mature female 7. molitor. Means not
labeled with the same letter are statistically different (p<0.05).
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Figure 7: Reducing cofactor preference in the reduction of [’H]-4-methylnonanoy!
CoA by crude homogenates of mature female 7. molitor (isolated in the
presence of protease inhibitors). Means labeled with a different letter are
significantly different (p<0.05).
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Figure 8: Reduction of [’H]-4-methylnonanoyl CoA (in the presence of NADH) by crude
homogenates of mature male or female T. moliror beetles isolated in the presence
of protease inhibitors. Differentially labeled means are significantly different

{p<0.05).
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Figure 9: Sub-cellular localization of [*H]-4-methylnonanoyl CoA reductase activity
in mature male and female 7. molitor (in the presence of NADH). Enzyme
preparations from both sources were obtained in the presence of protease
inhibitors. Differentially labeled means are significantly different (p<0.05).
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Figure 10: Sub-cellular distribution of marker enzyme activities. A: Cytochrome C oxidase
(mitochondrial marker). For each treatment, n=2. B: Alcohot dehydrogenase (soluble marker).
For each treatment, n=3. C: Sodium/potassium ATP-ase (plasma membrane marker). Activity
was assayed using 10ul. 100ul or 500ul of protein from the respective sub-cellular fraction.
Activity was normalized to sub-cellular fraction volume for comparison.

51



180000 A b o \ a
z 160000 -
= I 60000
= 7 s0000
Z Z 40000
Z Z 30000
= = 20000 ¢
>3 10000
03 ENEE . v -
NPC 3000x g 10000x g  Microsomal Soluble
a
z 30000 - B
< _ 30000
S 7 .
Z T 20000 - b
— =z | b
== 100004 c
Z . ¢
= 0 ' .
NPC 3000x g 10000x g  Microsomal Soluble
25000
7 22500 ( '
< 20000
2 1500
=
= 1000
£ 500
po
= 0
3000xg 10000x g Microsomal Soluble

Figure 11: Refinement of sub-cellular localization of 4-methyinonanoyvl CoA reductase activity. Acid
and alcohol production in the presence of NADH by sub-cellular fractions of mature femaie
T. molitor beetles using enzyme isolated in the presence of protease inhibitors.
Differentially labeled means are significantly different (p<0.05). A: 4-Methylnonanoic
acid production from [*H]-4-methylnonanoy CoA. B: 4-Methylnonanol production from
[*H]-4-methyinonanoyl CoA. C: Total sub-cellular reductase activity normalized to protein
content.
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Figure 12: Dependence of reductase activity on {0 000 x g pellet protein obtained from mature female T
molitor beetles in the presence of protease inhibitors. Activity was assaved in the presence of
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Figure 13: Time curve for the reduction of [’H]-4-methyinonanoyl CoA in the
presence of NADH using 10 000 x g peliet protein obtained from mature
female 7. molitor beetles (isolated in the presence of protease inhibitors).

n=3 for each time point.
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Figure 14: Dependence of reducing cofactor on reduction of [’H]-4-methylnonanoyl
CoA in the presence of 10 000 x g pellet protein obtained from mature female
T. molitor beetles. A: Activity curves for | uM to 10 mM NADH and
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4.0. DISCUSSION

4.1. SYNTHESIS OF REQUIRED CHEMICALS

The synthesis of 4-methylnonanoic acid 4-methylnonanol using the malonic ester-based
route was achieved with overall yields of 11.8% and 10.2%. respectively (the product yield at
each step is summarized in Figure 4). The first step of the synthesis. the addition of 2-
bromoheptane to the carbanion of dimethy! malonate. was the least successful. with a yield of
only 45.1%. While the reaction itself ran smoothly. product isolation was not straightforward.
Solvent extraction was unable to remove more than 60% of the product from the reaction
mixture. with the reported protocol being the most successful. The use of diethy! ether instead of
pentane increased recovery. while using more or less water in the work-up and acidification prior
to extraction had no significant effect. With the hypothesis that the presence of methanol was
solubilizing the product in the aqueous phase. a distillation step was added prior to extraction in
order to remove as much methanol as possible. Unfortunately, this was unsuccessful in
improving product recovery. The difficulty in isolating the product from the reaction mixture
was unforeseen. as reactions such as this have been used extensively over the last century from
micro- to industrial-scale. typically in high yield. It is entirely possible that recovery could be

enhanced dramatically through further optimization of the extraction protocol.

The second step of the pathway, dealkoxycarbonylation via the Krapcho reaction
(Krapcho. 1982a. b). proceeded essentially quantitatively with no side products detectable by GC
or NMR. Unfortunately. the product (2) possessed an acrid odor, likely from thermal
decomposition products arising from the DMSO used as solvent. These odorous contaminants

were successfully removed by distillation, aithough this did reduce the yield to 80.1% (Figure 4).
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Attempts to oxidize and remove the contaminants (by increasing their water solubility) by
washing the product with a 0.5% bleach solution initially seemed successful. as it eliminated the
odor. However, the odor reappeared later in the synthesis (after reduction with lithium
aluminum hydride) indicating the contaminants had been oxidized but not removed by the bleach
washes. This was unfortunate. as the yield would have been increased significantly if the

distillation could have been avoided.

After routine reduction by lithium aluminum hydride, the alcohol (3) was brominated to
form 3-bromooctane (4) by refluxing with hydrobromic acid. Hydrobromic acid was initially
selected as a brominating agent based on its simplicity. both during the reaction and product
isolation. Serendipitously. the reaction worked well enough that it was unnecessary to develop

an alternative.

Chain elongation by carbonylation of the Grignard derivative of 3-bromooctane to form
4-methylnonanoic acid (§) proved to be the lowest vield step (39.6%) in the route. The
generation of the Grignard derivative of 3-bromooctane, magnesium 3-bromooctyl bromide.
proved to be the most complicated step, as is the case with Grignard reagents produced from
many aliphatic halides. Care must be taken to add enough 3-bromooctane to initiate reaction
with the magnesium but not so much as to have excess bromide in solution (which may react
with freshly generated Grignard reagent and dimerize). It is possible that the addition of carbon
dioxide to the Grignard reagent was incomplete when the reaction was worked up. however. it is
unlikely as Grignard reagents are quite reactive (especially with carbon dioxide) and a generous
reaction time was allowed in the procedure. In the future, the progress of this reaction could be
monitored using GC to verify that complete reaction was indeed achieved. Most likely. the

sluggish reactions of magnesium with 3-bromooctane, coupled with hasty bromide addition were
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responsible for the low yield obtained. In the future, the yield of this step may be improved by
using 3-iodooctane rather than 3-bromooctane, as iodides react more readily than bromides.
Alternatively. tetrahydrofuran (THF) may be used as the solvent for the reaction. THF has a
higher boiling point than diethyl ether thereby providing more energy to aid the reaction of alkyl

halide with magnesium. However. it is more difficult to remove THF from the product than

diethyl ether.

Formation of 4-methylnonanol (6) by reduction of 4-methylnonanoic acid (5) with
lithium aluminum hydride proceeded nearly quantitatively and in high yield. The yield and
purity listed tn Figure 4 are that of the crude product, as it was not purified after extraction. The
purity of the crude product was 90% by GC and in fact was likely greater due to sample over-
injection during analysis (as explained in the Data and Results section) and the absence of any
other species of significant abundance. Samples were analvzed in this manner because it was
deemed more important to gain qualitative information about the species present in the sample
than the GC purity. As a precautionary measure, the product was purified by column
chromatography in small batches as needed to guard against sample decomposition or

contamination during storage.

The Claisen orthoester rearrangement route (Figure 5) was slightly more successful than
the malonic ester route. providing 4-methylnonanol in 21.2% overall yield. Although the first
step of this route involved a Grignard reaction. which proved to be the major setback of the
previous route, the bromide used was allylic rather than aliphatic. Allylic halides differ from
aliphatic halides in that they are much less reactive with magnesium. requiring higher boiling
solvents (March, 1992). Indeed, the generation of the Grignard reagent of 2-bromopropene did

not proceed in diethyl ether at all and in THF only under reflux. In addition, allylic Grignard
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reagents are much poorer nucleophiles due to the presence of the n electron cloud from the
double bond (March, 1992). This proved to be a substantial advantage, as any generated reagent
would not react readily with unreacted 2-bromopropene in solution. Furthermore, when pentanat
was added. the reaction proceeded so exothermically it nearly boiled out of the flask. The 88%
vield obtained is excellent and the product purity was exceptional, as no substantial side
reactions occurred and any unreacted starting materials had a low enough boiling point that they

were removed with the solvent during rotary evaporation.

The Claisen orthoester rearrangement of 2-methyl- | -hepten-3-ol (8) to form methyl 4-
methylnon-4-enaote (9) likewise proceeded in high yield and excellent purity (>95% before
purification). The only undesirable factor was the prolonged (30 hour) reaction time. The
palladium-catalyzed addition of hydrogen across the double bond of 9 to produce methyl 4-
methylnonanote (10) proceeded poorly, resulting in a low 48% yield. Unfortunately. the cause
for the low yield was incorrectly set GC parameters, which resulted in the reaction being deemed
complete prematurely. It was not discovered until the product was purified that substantial
unreacted starting material remained. The long (8.5 hour) reaction time is likely due to the
double bond being tertiary (containing three alkyl substituents), as reaction rates decrease with
increasing substitution of the double bond (March, 1992). In the future, using an elevated
temperature or using a hydrogen atmosphere of greater than | atmosphere (although special
apparatus would be required for this) could be used to decrease reaction times. To complete the
synthesis. methyl 4-methylnonanoate was reduced with lithium aluminum hydride to form 4-

methylnonanol although a simple hydrolysis of the ester would also form 4-methylnonanoic acid

in high yield.
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Although only completed on a small ‘test’ scale, the Claisen orthoester route shows
promise as a replacement for both the maionic ester route to unlabelled alcohol and acid as weli
as the existing synthesis for radiolabelled substrate. In the synthesis of radiolabelled 4-
methyvinonanol and 4-methylnonanoic acid. the presence of a double bond in a defined position
on 9 (Figure 5) makes it a better candidate for tritium addition than the mixed alkene product
obtained in the existing synthesis (summarized in Figure 3). In addition, the required
radiolabelled molecule, 4-methylnonanoic acid. is produced in a single step by a routine
hydrolysis rather than two steps in the existing pathway. In general. the less product
manipulation required after radiolabelling the better. to minimize both loss and the potential for a
major accident (e.g. spillage), especially when working with large amounts of radioactivity.
Finally. in the existing synthesis (Figure 3), 4-methylnonanol is produced by the cleavage of
methyl 4-methyinonyl ether, which is then oxidized to the acid. The problem arises with the use
of the acid as a substrate in the in vitro reduction assay. as care must be taken to ensure that no
residual alcohol remains. Contaminating radiolabelled 4-methylnonanol would increase the
background "activity” detected in the assay. thereby reducing the sensitivity of the assay and
could even be mistaken for actual enzymatic reduction. These problems would be avoided by
using substrate produced using the Claisen orthoester synthesis, as 4-methylnonanoic acid is

produced directly.

The enzymatic synthesis of acyl-CoA from [’H]-4-methylnonanoic acid was successful.
although the yield was low (10%-20%). The low yield is likely a product of both incomplete
CoA derivatization as well as product hydrolysis during the work-up procedure. When reaction
progress was monitored using TLC, maximal acyl-CoA production (42%) was achieved within
one hour (data not shown). The actual conversion determined is likely an underestimate.

however, as the free fatty acid would be counted more accurately than acyl-CoA in TLC plate
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scrapings by LSC. This discrepancy arises from the fact that the free fatty acid has a lower
affinity for silica gel than the acyl-CoA and produces a much more homogeneous (and more
accurately counted) LSC sample. Since the vield of the reaction ranged from 10%-20% after
purification, this would suggest that more than half of the product degraded during the isolation
and purification procedure. Although much better than acid precipitation. the preparatory TLC
product purification is only an improvement, not a solution. Silica gel is well known to catalyze
the hydrolysis of a wide variety of esters, even in the absence of water. The TLC purification
mcthod uses a mobile phase which is 50% water, increasing the potential for hydrolysis. To
make matters worse, the TLC plate requires 4-6 hours to develop plus a further 2-3 hours to dry
before the product may be extracted from it. The prolonged exposure of product to wet silica gel
poses a serious threat to product stability, which seems to be validated by the loss in yield

observed during product isolation.

In addition to the low yield of the acyl-CoA synthesis. problems were also encountered
recovering synthesized acyl-CoA from the TLC plate. The failure to efficiently extract
synthesized [’H]-4-methylnonanoyl CoA from the TLC plate scrapings is likely due to the short
carbon chain length of the acyl portion of the molecule. The water solubility of acyl-CoA
molecules is derived from the highly polar CoA portion of the molecule. while the carbon chain
length of the acyl group linked to the CoA reduces this polarity, due to its hydrophobic character.
The longer the acyl moiety is, the less polar the acyl-CoA is. and the easier it is to extract from a
polar TLC plate. Conversely, the shorter the acyl group is. the more polar the resulting acyl-
CoA becomes. and the higher affinity it has for a polar stationary phase such as silica gel. To
offset the increased polarity of 4-methylnonaoyl CoA, relative to palmitoyl-CoA which is seven
carbons longer or oleoyl-CoA which is nine carbons fonger, a more polar solvent (methanol) was

selected than that used by Banis er. a/ (1976). Unfortunately, methanol still proved not to be
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polar enough to efficiently extract the product from the plate, as demonstrated by the persistent
radioactivity in successive extractions of the acyl-CoA containing TLC fractions. Attempts to
extract the acyl-CoA with acetate buffer were unsuccessful as the silica gel became sludgy and
the extract could not be completely removed from the gel. Isolating the product in a water-based
medium would have been preferable, as the extract could be readily lyophilized in order to
increase the concentration of the resulting acyl-CoA solution. Methanol is much more
troublesome to remove in vacuo as it does not remain frozen like water does and the risk of

solvolysis increases dramatically.

Although the yield of [’'H]-4-methylnonanoyl CoA was low. sufficient quantities were
generated for experimental use, and the synthesis would not be wasteful if the unreacted fatty
acid could be recovered. Unfortunately. attempts to recover the unreacted 4methylnonanol were
unsuccessful. Again. the likely reason for the failure in recovery is the TLC purification stage.
The problem with working with shorter chain fatty acids is they possess substantial vapor
pressures. making them quite volatile compared to long chain fatty acids, which are generally not
very volatile. It is likely that the combination of the long TLC development time. the minute
quantities of fatty acid being used as well as the extremely high surface area of the TLC plate
resulted in the evaporation of the majority of the unreacted fatty acid. Attempts to extract the
reaction mixture with pentane before TLC purification were also unsuccessful due to the small
volumes involved and resulted in a loss of reaction mixture on the side of the vial. The failure to
reclaim unreacted fatty acid was disappointing. as the synthesis of radiolabelled 4-

methylnonanoic acid was not only time consuming but costly as well.

The problems of acyl-CoA isolation and unreacted fatty acid recovery may be solved

using reverse phase HPLC instead of TLC for product purification. As HPLC possesses much
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higher resolution than TLC, product dilution would be kept to a minimum, as it would elute in a
much tighter band. Also, there is no chance for evaporation from an HPLC column, so loss of
unreacted fatty acid would be minimal. Most importantly, the entire reaction mixture could be
purified in one or two thirty minute HPLC runs, as opposed to the protracted TLC process. The
synthesis was successful overall. as sufficient acyl-CoA was generated for several weeks of
experimentation. Although the synthesis itself could probably be optimized to provide a higher
vield by varying the cofactor concentrations and reaction times. it is probably not worth while
until the purification step is optimized or replaced. The low yield could easily be reconciled by

the recovery of unreacted fatty acid. as the synthesis could then be repeated.

4.2. BIOCHEMICAL STUDIES

In vitro reduction of radiolabelled 4-methylnonanoyl CoA by homogenates of mature
female yellow mealworm beetles was observed. However. the assay has not been compietely
optimized. The first step in the assay development was to test the effect of protease inhibitors on
reductase activity. Enzyme samples isolated in the presence of protease inhibitors should be
“healthier’ than those unprotected from endogenous proteases. However this does not always
translate to an increase in activity. Although the mechanism of fatty acyl reduction has not been
elucidated, it likely proceeds through a tetrahedral intermediate. as does peptide hydrolysis
(Figure 15). As most competitive protease inhtbitors are stable mimics of these intermediates,
they may also behave as competitive inhibitors towards various reductases as well. Although
protease inhibitors have a high affinity for their peptide-based active sites and the substrate
binding site of an acyl-CoA reductase should be quite different from that of a protease, it is still
possible that one or more protease inhibitors may have sufficient affinity to reduce the activity of

the enzyme of interest. The cocktail selected was designed for use in mammalian systems and
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contained 4-(2-aminoethyl)benzenesulfonyl fluoride, pepstatin A, trans-epoxysuccinyl-L-
leucylamido(4-guanidino)butane, bestatin. leupeptin and aprotinin. When used in protein
isolation at concentrations recommended by the manufacturer, reductase activity was increased
2-fold and 1.5-fold when using NADH or NADPH as a reducing co-factor. respectively (Figure
6). Although activity could possibly have been increased further by evaluation of other inhibitor
combinations and concentrations. it was not deemed necessary in light of the activity levels

observed in later experiments (Figures 11-14).
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Figure 15: Thioester and peptide hydrolysis showing common tetrahedral intermediate. A. The
nucleophilic hydroxyl group (either hydroxide ion or active site serine/threonine) attacks
the thioester. forming a tetrahedral intermediate, which decomposes to yield a fatty acid
and CoAS-H. B. Nucleophilic attack from the enzyme active site hydroxyl group (serine.
for example) forms a tetrahedral intermediate. The intermediate decomposes. forming a
free amino acid (or peptide) and anacvlenzyme conjugate, which undergoes further
hydrolysis.

Attempts to remove extraneous protein from the assay by differential centrifugation
yielded unexpected results. Although all eukaryotic acyl-CoA reductases studied are

microsomally localized (Riendeau and Meighen, 1985; Wang and Kollatukudy. 1995: Vioque
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and Kollatukudy, 1997), 81.4% of the reductase activity was found in the 25000 x g pellet and
only 4.5% in the microsomal pellet (Figure 9). Although the 25 000 x g pellet used in the assay
was not purely mitochondria, it did contain 97% of the total cytochrome C oxidase activity

(Figure 10A). suggesting that virtually all of the cellular mitochondria were in this pellet.

Based on the potential and unexpected mitochondrial localization of reductase activity.
the development of other enzyme assays was undertaken in order to estabiish the composition of
the 25 000 x g, microsomal and soluble sub-cellular fractions. Classical eukaryotic marker
enzymes were selected. with an effort made to select enzymes that had been used in other insect
systems. Alcohol dehydrogenase (a soluble marker) was selected because it has been used in
other insect systems including Drosophila melanogaster (Leal and Barbancho. 1993: Elliott and
Knopp. 1981). «cheta domesticus and Periplaneta americana (Borgeson and Blomquist. 1993).
Although no cytosolic contamination of the 25 000 x g or microsomal pellets was expected.
alcohol dehydrogenase was selected as a control to form a complete set of marker enzymes.
Alcohol dehydrogenase activity was segregated to the soluble fractions as expected (Figure
10B). The sodium/potassium ATPase was selected as a plasma membrane marker based on its
use in both A. domesticus and P. americana (Borgeson and Blomquist. 1993). The assay
measures phosphate liberated from ATP both in the presence and absence of orthovanadate. a
specific inhibitor of the plasma membrane ATPase. The activity lost in the presence of vanadate
when compared to activity in the absence of vanadate is equal to the sodium/potassium ATPase.
The activity observed from this assay was erratic and confusing (Figure 10C). The only
inference that may be drawn from these results is that the plasma membrane likely did not
sediment with the microsomes. but with the 25 000 x g pellet instead. This assay will have to be
repeated before any solid conclusions may be draw, however. The major problem with the assay

was that it was performed as a stopped-time assay, which made it nearly impossible to be sure
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activity was linear with protein load or time. Furthermore, the observation of activity only at the
end of the assay led to the resulits being dependent on a single data point. In the future. much
more information could be gained by assaying at different time intervals in order to construct
activity-time curves (this would also provide multiple data points per assay. allowing for the
recognition and deletion of outliers). p-Nitroanisole demethylase was selected as a marker for
the mixed-function oxidase system of the endoplasmic reticulum using the method of Hansen
and Hodgson (1971), however the assay failed to produce any substantial amounts of activity. p-
Nitroanisole demethylase has been used studied extensively in insects. mainly in the field of
pesticide resistance, so failure to observe meaningful activity was unexpected. The development
of a complement of marker enzyme assays was put aside at this point, as it was drawing an
enormous amount of time from the project objective (the development of an in vitro reductase
assay to determine whether reduction to 4-methylnonanol was a regulated step of pheromone

biosynthesis).

To further investigate the co-localization of cellular mitochondria with the reductase
activity. the literature was reviewed for a more suitable speed at which to isolate mitochondria.
Van den Bergh (1965) detailed the isolation of intact mitochondria from several insect species at
3000 x g. while in a review, Rickwood et al. (1987) reported a value of 10 000 x g, irrespective
of the tissue or source. When activity in each of these pellets was compared to that of the
microsomal and soluble fractions. 59% of the activity was found in the 10 000 x g pellet (Figure
11B). Even more surprisingly. the 10 000 x g pellet contained only 1.8% of the total protein
isolated. The substantial purification of reductase activity is readily apparent when the
individual sub-cellular fractions are normalized to protein content (Figure 11C). Unfortunately.
specific activities could not be calculated as it was not known if the activities were linear with

time. The 3 000 x g pellet contained 22% of the total activity, but 29% of the total isolated
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protein. Substantial activity was observed in the microsomal pellet, though this was disregarded
as residual activity that failed to sediment at the lower speeds, especially since this microsomal
activity was absent in the previous experiment (Figure 9). Further studies will be required to
determine the mitochondrial distribution on these centifugal fractions and whether or not the 4-
methylnonanoyl CoA reductase activity is located in the mitochondria. As the current project
involved the development of an assay for the in vitro reduction of 4-methylnonanoyl CoA. the
sedimentation at 3 000 x g was eliminated and a single 10 000 x g pellet encompassing the total

reductase activity was used for subsequent analyses.

The possibility of the reduction of 4-methylnonanoyl CoA occurring in the mitochondria
led to a re-evaluation of the buffer system used both for enzyme isolation and in the assay. The
phosphate buffer initially used for the preliminary studies (Sections 2.4.3 through 2.4.6). which
vielded only low amounts of activity, was replaced by the MITO buffer (see section 2.4.1)
suggested by Rickwood et al. (1987) for the isolation of intact mitochondria. Use of the new
buffer system led to a ten-fold increase in activity (Figure 1 1B). The low reductase activity
observed in the early experiments was likely at [east partially due to the extreme ionic strength of
the phosphate buffer used. As many proteins are not stable at high salt concentrations. a wide
range of enzymes was likely inactivated during isolation. If the reduction did indeed occur in the
mitochondria, activity could be limited further by an intact mitochondrial membrane separating
substrate and enzyme. Unfortunately. attempts at lysis using ultrasound. osmotic shock and
freeze-thawing following the procedure of Robinson et al. (1987) did not lead to any increase in
reductase activity (data not shown). While ultrasonic lysis runs the risk of inactivating the
enzyme of interest, freeze-thawing and osmotic shock are usually more gentle (Robinson er al.,
1987). Failure of all three of these methods to increase activity, coupled with the fact that insect

mitochondria are significantly less stable than those from other animal sources (Van den Bergh,
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1965). suggests that after enzyme isolation there is no longer, if there ever was, an intact

membrane barrier.

Preliminary experiments showed that the reduction of 4-methylnonanoyl CoA seemed to
prefer NADH over NADPH as reducing co-factor in some cases (Figures 6 and 7). However in
some cases there was no difference (data not shown). The preference for NADH over NADPH
as reducing co-factor is an interesting prospect. as all known eukaryotic acyl-CoA reductases
have a strong preference for NADPH (Riendeau and Meighen. 1985: Wang and Kollatukudy.
1995: Vioque and Kollatukudy. 1997). Drawing any conclusions about co-factor preference
from these early experiments would be premature, however, as the assays used crude protein and
were not optimized. In many cases, enzymes will have a substantially higher affinity for one
reducing co-factor over the other. but will accept the other when it is present at extremely high
concentration. Since the NADH and NADPH concentrations were high (1 mM) for the early
experiments. it is plausible that preference for NADH could be seen in some experiments but not
others. The results of these crude assays could not be compared to each other. however. as the
amount of protein used in each experiment varied. Since low activity was observed in the crude
protein experiments (Figures 6-9). as much protein was used as possible in each experiment in
case the enzyme in question was present only at low levels or had low activity. Subsequent
experimentation showed this was not the case and the assay buffer was responsible for the low

activity.

Based on the crude experiments (Figures 6 and 7). NADH was selected as the reducing
co-factor of choice for optimization of the reduction assay since it produced the same or better
activity than NADPH. The next factor optimized was the protein levels used in the assay. When

a protein curve was constructed using protein from the 10 000 x g pellet, it was found that
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activity was linear with protein below 0.15 mg protein, in a 15 minute assay (Figure 12). This
was considerably less protein than was used in the crude experiments earlier. where 10-30 mg
crude protein was used. Although using the 10 000 x g pellet enriched the target enzyme
considerably. the proteir levels used in the crude assays were obviously much greater than
required (especially with the 60 minute incubation time). Using 10 000 x g protein. 0.1 mg/ml
protein was selected as the optimal protein concentration for future assays. as it was on the linear
portion of the protein curve (Figure 12). Using the conditions established thus far (0.1 mg/ml 10
000 x g protein and 1 mM NADH). a time curve was derived (Figure 13). Observing normal
kKinetic behavior. activity was linear until approximately 10 minutes. at which point saturation
occurred. Based on these results. the assay time was shortened to 10 minutes for the future.
Attempts to produce NADH and NADPH concentration curves to resolve the reducing co-factor
uncertainty resulted in failure. Activity in the presence of NADH was insensitive to co-factor
concentration. with equal activity observed even when no endogenous reducing co-factor was
added (Figure 14A, B). In the presence of NADPH. it is possible that some dependence on co-
factor concentration was being demonstrated (Figure 14A). although the “trend™ depends on a
single data point. The experiment would have to be repeated at lower NADPH concentrations to
substantiate the observed trend. These results led to the realization that the crude comparisons
between NADH and NADPH (Figures 6 and 7) were fundamentally flawed in that they lacked a
‘no reducing co-factor” treatment. Regardless. the crude experiments still did demonstrate a
difference in activity between NADH and NADPH. which was not seen in the most recent
experiments. It is too early to draw any conclusions from this data and the matter will require
future study. Since the 10 000 x g pellet likely contains all the mitochondria. there is a good
chance that high levels of NADH are present in the protein isolate. as NADH is abundant in
mitochondria while NADPH is not (Van den Bergh, 19635). Since the radiolabelled substrate is

present at low micromolar concentrations. it is possible that enough NADH is present to produce
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the activity seen. A more disturbing possibility is that a competing enzymatic process is
occurring whose product co-clutes with 4-methylnonanoli under the column chromatography
conditions currently employed. although this is not likely. as there are no other plausible
products that could form under the current assay conditions. Attempts to resolve the enzyme
products by HPLC in order to effect positive identification were not successful. as the sample
could not be solubilized in the available mobile phases. Future work will be necessary to resolve
the identity of the product(s) generated by the assay and to resolve the preferred reducing co-
factor before the assay may be use to investigate any aspects of regulation of the reduction of 4-

methylinonanoyl CoA in T. molitor.

4.3. SUMMARY

Two synthetic routes were developed for the synthesis of 4-methylnonanoic acid and 4-
methylnonanol. the Claisen orthoester rearrangement route being the more promising of the two.
Although the overall product yield was low (21.2% for 4-methylnonanol). it is expected to
increase dramatically with continued development. In addition. it is also suitable for future
production of radiolabelled compounds. An enzymatic synthesis for 4-methylnoanoyl CoA was
also developed. The yield for this reaction was also low (10-20%) but expected to increase with

further development. most notably with the move to an HPLC based product recovery.

An in vitro assay for the reduction of 4-methyInonanoic acid was developed. but not
fully optimized. Adequate activity was detected with the assay with the use of protease
inhibitors in initial enzyme isolation and the improved buffer system. However. the product(s)
of the assay were not identified with complete certainty. Although there are no other

conceivable labeled products that may form from [*H]-4-methylnonanoic acid (or the CoA
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derivative) under the current assay conditions, it still remains to verify product identity by a
high-resolution method such as HPLC or mass spectrometry. The issue of reducing cofactor
preference still remains to be resolved. In the presence of crude protein, there was preference for
NADH over NADPH. When using protein from the 10 000 x g pellet. however. maximal
activity was detected in the absence of exogenous cofactor. The problem likely lies with
endogenous mitochondrial NADH present in the assay. This problem remains to be overcome so
that proper concentration curves may be constructed (for NADH and NADPH) and the preferred
cofactor and concentration may be determined. The presence of an extremely active thioesterase
activity plagued activity in crude experiments by dramatically reducing available substrate. This
problem was largely overcome by differential centrifugation. as the reductase activity resided in
the 10 000 x g pellet and the thioesterase activity was mostly in the soluble fractton. With the
reductase activity being localization in the 10 000 x g pellet. it is possible that the reductase may
be mitochondrially localized. Coupled with a potential preference for NADH over NADPH. this
prospect is both significant and intriguing. as all other eukaryotic acyl-CoA reductase
characterized to date are microsomally localized and prefer NADPH. Further study will be
required to resolve the sub-cellular localization of the reductase responsible for the reduction of

4-methylnonanoyl CoA and its reducing cofactor preference.
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APPENDIX 1 A: Dimethyl 2-heptylmalonate

'H NMR spectrum
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APPENDIX 1 B: Dimethy! 2-heptyimalonate *C NMR spectrum
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APPENDIX 1 C: Dimethy! 2-heptylmalonate mass spectrum (El)

File
Operator
Acquired
Instrument

Sample Name:

Misc Info

: C:\HPCHEM\1\DATA\JL14S1A.D
: Ray Bacala

: 14 Jul 98 11:17 am using AcgMethod RAY10JL
: 5989B-MS

Sample 1

: 1 ul injection(54.3 ng/ul) range:40-250
Vial Number: 1

Abundance
400000 !

350000 !
3ooooo€
2soooo§
2000003
1500003
1ooooo£

50000

0

AL

TIC: JL14S51IA.D

L

Time-->

5.00

10.00 "~ 15.00 20.00

Abundance

90000
eoooo;
70000 .
sooooé
sooooé
4ooooé
’ 3oooo§
20000§

100004
i
i

41

Average of 13.506 to 13.516 min.: JLI4Z4S1IA.D
132 -

100

69

101

159 199
156 171 ZPO 215 231

8o 100 120 140 160 180 200 220

88




APPENDIX 1 C: Dimethyl 2-heptylmalonate mass spectrum (EI)

Average of 13.906 to 13.916 min.: JL14S1A.D
Modified:scaled

m/z abund. m/z abund. m/z abund. M/z abund.
40.15 2 51.1 0 63.15 0 74.15 12
41.05 27 52.15 0 64.15 0 75.15 I
42.05 5 53.15 4 65.15 i 76.15 0
43.15 12 54.15 2 66.15 0 77.15 0
44.05 5 55.15 20 67.15 3 78.25 0
45.05 2 56.15 5 68.15 3 79.15 |
46.05 0 57.15 13 69.15 32 80.25 0
47.1 0 59.15 14 70.15 3 81.15 4
48.15 0 60.15 0 71.15 3 82.1 2
49.1 0 61.15 0 72.15 0 85.1 3
50.05 0 62.15 0 73.25 I 84.25 0
Average of 13.906 to 13.916 min.: JLI4SIA.D
m/z abund. m/z abund. m/z abund. M/z abund.
85.1 2 97.25 3 109.2 i 121.2 0
86.15 0 98.25 1 110.2 1 122.2 (]
87.1 1 100.1 43 111.2 1 1232 1
88.25 0 101.15 29 112.25 0 124.2 2
89.1 0 102.25 2 113.2 2 1252 0
91.1 0 103.25 0 114.2 3 127.2 1
92.1] 0 104.2 i 115.2 I 128.2 1
93.25 0 105.2 0 116.2 0 129.2 0
94.25 0 106.15 0 117.2 0 132.2 100
95.25 5 107.2 0 119.25 0 133.2 14
96.25 3 108.2 0 120.2 0 134.2 1
Average of 13.906 to 13.916 min.;: JL14SIA.D
m'z abund. m/z abund. m/z abund. M/z abund.
135.2 0 147.2 0 160.3 | 173.25 0
136.25 0 148.45 0 161.2 0 174.25 0
137.2 0 149.25 0 164.15 0 179.25 0
138.3 1 150.15 0 165.3 0 180.25 0
139.3 1 151.3 0 166.3 0 1813 0
140.3 0 152.3 0 167.3 0 183.25 0
141.25 I 153.3 0 168.3 0 184.25 0
142.25 0 155.3 0 169.3 0 187.25 0
143.25 0 156.3 1 170.3 | 188.35 0
144.3 0 1573 0 171.3 i 197.35 0
145.25 ] 159.3 6 172.25 0 199.25 5
Average of 13.906 to 13.916 min.: JLI4SIA.D
m/z abund.
200.25 |
201.25 0
2153 0
231.35 0
23235 0
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APPENDIX 1 D: Dimethyl 2-heptylmalonate mass spectrum (PCI)

Misc Info 1 ul inj. (50 ng/ul), mass 60-250
Vial Number: 1

File : C:\HPCHEM\1\DATA\RAYPCI1.D

Operator : Ray Bacala

Acquired : 6 Oct 98 12:16 pm using AcqgMethod RAYPCI
Instrument : 5989B-MS

Sample Name: Sample 1

Fxbundance TIC: RAYPCII.D

izsooooo‘ ;

1
1

2000000 |

I
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i
i
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‘
I
H
1
L]

1500000 4

ilOOOOOO

i 500000

Y U P SN SR

(o]

Time--> 4.00 6.00 8.00 10.00 12.00

Abundance Scan 1230 (I3.934 min) : RAYPCIT D ]
199
1000000 | !

800000 |

600000 |

400000 - 231

200000 | 101
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| Il
165 !
6369 83 o111 L1?9 151 777179 0 21s IL 245
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| r
m/z--> 60 80 1060 120 140 160 180 200 220 240
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APPENDIX 1 D: Dimethyl 2-heptylmalonate mass spectrum (PCI)

Scan 1240 (13.934 min): RAYPCIL.D

Modified:scaled

m/z abund. m/z
61.15 0 72.3
62.15 0 73.25
63.05 0 74.15
64.3 0 75.15
65.05 0 759
65.3 0 77.15
67.15 0 78
68.3 0 78.25
69.15 ] 79.25
70.15 0 80.25
71.15 0 81.25
Scan 1240 (13.934 min): RAYPCII.D
m/z abund. m/z
106.35 0 117.2
107.2 0 118.3
108.2 0 119.3
109.2 1 120.3
110.2 0 121.5
1112 | 122.3
112.35 0 123.2
113.2 0 124.3
114.2 0 125.2
3.2 0 127.2
116.3 0 128.3
Scan 1240 (13.934 min): RAYPCII.D
m/z abund. m/z
1559 0 165.25
155.25 i 166.25
156.25 0 167.25
157.25 0 168.25
159.25 2 169.25
160.1 0 170.25
161.25 0 171.25
162 0 172.2
162.25 0 173.2
162.6 0 174.2
163.35 0 175.2
Scan 1240 (13.934 min): RAYPCI1.D
m/z abund. m/z
209.3 0 217.25
209.9 0 218.5
2113 0 219.25
212.15 0 2204
2133 0 221.25
215.25 1 221.9
216.25 0 222.65

abund.

OO0 O0OQOoQoOOoOO0OCO

abund.
0

O -0 OO —00C0

abund.

QO —0O W —WoONO &

abund.

(=)

COoOO0OOo OO0

91

m/z
82.25
83.25
84.25
85.25
86.25
87.25

88.1
89.25
89.85
91.25

92

0.15

LW W ww

— = — = -
[
W
("7

W W

4o 2 W
S 0%
W ot L

abund.

COO0OO0COOCOCOOC —Q

abund.

(= =

(7]

WO —0CO &

abund.

(=]

CO ~00CIVO OO

abund.
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APPENDIX 2 A: Methyl 3-methyloctanoate 'H NMR spectrum

ME FHYL 3-METUYL GCTAMOATE (RAYA?
REGION START/POM) END  INTEERAL
a 3.943 J.g0r 3. ee00
ez 2.4€9 2,024 2,028
D3 2,022 1,790 92,0940
24 1,147 1.5 7.6989
05 1,063 9.689 §,L1E3
METHYL 3-METHYLOCTANDATE (RAYA2
SPECTRAL LINES FOR THe €.19
AFL=  4129.% RFPe- e
INDEY  €REQ PPM  IMTENGIY
21 1152.11 7.286 8.736
22 1.3 3.6857 221,60
23 472,87 2,364 7420
@1 485,73 2,23 2.713
95 484.2 2,292 14,480
26 452,18 2,261 16.248
27 432.22 2,181 17,043
28 421,24 2,121 23.1484
@3 109,79 2,249 13,348
g 2£3.91 1.27¢ 44,90
L 242.18 1.213 £.282
12 188.59 2.943 85,323
12 182,09 2.911 88,232
' 176,48 2.882 15,282
15 123,70 0.862 11,703
'€ 168,59 @.843 14,10
17 9.23 1.B4E-4 39,678

|

-<

—Ha.7s

vy

Jo__.

yryvrrvrrrrre -j.dvjlalnlﬂJ:ﬂ.du]lﬂJ T

7

5

4

Pﬁ'ﬂvnlnlnjj.-.jjld..ﬂud!ﬂ.,-.dlﬁ.}ul-v-. rrerrr TrryTrrrerr

3 2 1 PPM 0
[V | L be e e oo b 1
5.00 XTI 7.0 5.82
0.89
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APPENDIX 2 B: Methyl 3-methyloctanoate *C NMR spectrum
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APPENDIX 2 C: Methyl 3-methyloctanoate mass spectrum (EI)

File : C:\HPCHEM\1\DATA\JL14S2A.D

Operator : Ray Bacala

Acquired : 14 Jul 98 11:47 am using AcgMethod RAY10JL
Instrument : 5989B-MS

Sample Name: Sample 2

Misc Info : 1 ul inj(54.3 ng/ul) ran:40-250, fw=172.27
Vial Number: 1

Abundance TIC: JLI4SZA.D

25000
20000 .

| |
15000 | X

|

1

.

10000

|
5000_1 I l

0 ;htw . .“J\'""‘ J‘ \\-" S, A\ Py S

Time--> 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00

Abundance ~Scan 805 (10.610 min): JLI4SZA.D
4000 _ s

: !

3500 | i

]

|

3000 | 41
1

2500 ; 87

2000 ! i

t
1500 ] i
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1000 4
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" : 115
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' 500
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70 80 90 100 110 120 130 140 150 160

wn

(=]

nl-

QO }J———

94



APPENDIX 2 C: Methy! 3-methyloctanoate mass spectrum (EI)

Scan 804 (10.600 min): JL14S2A.D

Modified:scaled
m/z abund. m/z
41.05 72 54.15
42.05 24 55.15
43.05 64 56.15
44.05 11 57.15
45.05 20 58.15
46.03 1 59.15
37.05 i 60.15
50.05 I 61.15
51.05 2 62.15
523 i 63.15
53.15 5 65.15
Scan 804 (10.600 min): JL14S2A.D
m/z abund. m/z
94 1 1152
95.25 1 116.2
96.25 2 120.45
97.25 3 122.45
98.25 18 [25.35
99.25 4 129.2
100.35 1 143.3
101.25 4
102.25 1
111.35 1
1122 1

Sample 2 (Methyl 3-methyloctanoate)

abund.
3
37
29
100
6
11
85
20
I

95

m/z
66.15
67.15
68.25
69.15
70.15
71.15
72.15
73.15
74.15

77
79.15

abund.

—~ SR —-

— o

m/z
80.15
81.15

82.1
83.25
84.25

85.1

87.1

88.1
89.25
91.25
93.35

abund.

—-——A NN -

=]
W
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APPENDIX 2 D: Methyl 3-methyloctanoate mass spectrum (PCI)

File : C:\HPCHEM\ 1\DATA\RAYPCI2.D
Operator : Ray Bacala
Acgquired : 6 Oct 98 12:38 pm using AcgMethod RAYPCI
Instrument : 59839B-MS
Sample Name: Sample 2 (Methyl
Misc Info : 1 ul inj. (50 ng/ul), mass 60-200, fw=172.27
Vial Number: 1
Abundance TIC: RAYPCIZ.D
100000 -
80000 - :
|
60000 | i
‘3 |
& - ?
' 40000 ! !

? . ; |
20000 g W | [ e ol :

Time--» 4.00 6.00 8.00 10.00  12.00

14.00

?\bundance Scan 1145 (1T.657 min): RAYPCIZ.D
! . 159

'

35000 .

+ 30000:
25000
20000 -
15000 ,
|
10000 -

i

i

. 141 |

: €9 :
e . sr | 1moams
o N L ﬁ'l" ! ||\. L U . X B

m/z--> 60 80 100 120 140 160

96



APPENDIX 2 D: Methyl 3-methyloctanoate mass spectrum (PCI)

Scan 1145 (10.657 min): RAYPCI2.D
Sample 2 (Methyl 3-methyloctanoate)
Modified:scaled

m/z abund. m/z abund. m/z abund. m/z
60.25 2 67.2 1 77.95 0 90.8
61.1 1 67.7 0 79.2 l 91.2
62.1 0 69.2 12 81.2 3 92.45
62.5 0 70.2 2 83.2 9 933
62.85 0 71.2 8 84.3 1 943
63.1 0 73.2 2 85.2 2 95.3
64.25 0 74.35 0 87.2 4 97.15
64.6 0 74.6 0 88.2 0 98.3
65 I 75.1 I 89.2 0 993
65.25 1 75.95 0 90.05 0 100.15
66.6 0 77.6 0 90.55 0 100.4
Scan 1145 (10.657 min): RAYPCI2.D
m/z abund. m/z abund. m/z abund. m/z
101.15 2 1104 0 121.25 1 133.25
102.15 0 111.25 4 122.35 0 134.1
103.3 3 1124 1 123.25 4 135.25
104.15 1 113.25 1 124.25 l 136.1
105.3 0 115.25 2 125.25 4 137.2
105.9 0 116 0 126.35 0 138.2
106.3 0 117.25 2 127.25 1 139.2
106.55 0 118.15 0 128.25 0 140.35
107.3 1 119.4 0 129.35 0 141.35
108.15 0 120.25 0 131.25 1 142.2
109.25 2 120.5 0 132.6 0 143.35
Scan 1145 (10.657 min): RAYPCI2.D
m/z abund. m/z abund. m/z abund. m/z
144.1 0 1552 1 166.4 0 176.4
145.2 0 156.3 0 167.4 0 177.4
146.2 0 157.3 8 168.65 0 178.3
147.2 0 159.3 100 169.3 0 179.15
148.35 0 160.3 11 170.15 0 180.15
149.2 0 161.3 1 171.3 1 181.25
150.2 ¢] 162.2 l 172.15 0 182
151.2 0 163.3 | 173.3 2 183.5
152.45 0 164.3 0 174.15 | 184.25
153.2 I 164.55 0 175.05 0 185.25
154.45 0 165.4 0 175.4 0 [86.25

97
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3-Methyloctanol '"H NMR spectrum

APPENDIX 3 A

J-METHYLOCTANOL COCL3

SPECTRAL LINES FOR THe 15,10 3-METHYLACTANOL COCLZ

RFL=  128.6 RFP= 2 REGION SYART(PPM) END IMTEGRAL

8 o 3.9 3,548 2.0000

PP A a 82 LTS 1462 21810

02 M5 3724 22.814 R 93 1.460 1,035 10.10)3

@3 742,76 M4 25,729 mm.. n 24 1.032 @.7e3 6.0972

84 739,77 X594 44.5)9 m :

05  737.47  3.589  21.ee1 m

9 735.52  3.68@ 55,950 'y

87 731.49 1.658 36,338

@8 729,13  3.E46 32,951 u

99  326.%53 1.633 17,485 m

12 319,33 1,587 |g.92¢

" NS00 1.575  20,6ee L

12 311,98 1,868 15,376 o

13 310.17 1,561 19,291 d

1428318 118 17.074 N AR R s .ﬂ

1S 278,26 1.391 15,722 M. S WM Il

1€ 278,85 1.382 18,508 ¢ u.
17 2703 1,357 29.3% e
8 27,32 1,362 20.480 )
19 265,12 1,328 18,157

20 253,39 {.267 109,044

21 219,90} 1.249  gp.9SE

22 242,04 1.210 19,919

23 191,68 %9  2e0.862

20 177,080 0.885 155,415

25 175.2) .07 199,963

268 170,00 Q.850  14.717

27 .02 4.12€-4 166.107

-4-4-4-11—--<~4<44_441*—-4<ﬁ|q|<-<-4-<~1-<-—<--1-<-qldﬂl.‘l-—Jl-l}fn'dlql*.vjjijla
8 7 5 5 4 3 2 { Py 0
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APPENDIX 3 B: 3-Methyloctanol '’C NMR spectrum
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APPENDIX 3 C: 3-Methyloctanol mass spectrum (EI)

File .
Operator :
Acquired :
Instrument

Sample Name:
Misc Info :
Vial Number:

C:\HPCHEM\1\DATA\JL14S3A.D

Ray Bacala

14 Jul 98
5989B-~-MS

Sample 3 (3-methyloctanol)

1 ul inj(50.0 ng/ul) ran:40-175,

1

12:15 pm using AcgMethod RAY10JL

fw=144.257

Abundance
250000 .

200000 .
150600 -

100000

50000 .

o

TIC: JLI4S3A.D

i J.

Time-->

10.00 15.00 20.00

Abuhd&ntg
300005
2soooj
2oooo€
; 15000 |
100001

5000 .

Scan 936 (8.97¢ min): JLI4S3A.D

S5

o 70

69

98

85 . 105111 1286

138

: . 1 L - - .
40 SO 60 70 80 90 100 110 120 130

140

100



APPENDIX 3 C: 3-Methyloctanol mass spectrum (EI)

Scan 9536 (8.976 min): JLI4S3A.D
Sample 3 (3-methyloctanol)

Modified:scaled

m/z abund. m/z
40.1 5 52.1
41.1 88 53.1
42.1 31 54.2
43.1 90 55.1
44.1 7 56.1
45.1 5 57.1
46.1 2 58.1
47.1 0 59.1
48.2 0 60.1
50.1 0 63.1
51.1 1 64.2
Scan 936 (8.976 min): JLI4S3A.D
m/z abund. m/z
92.2 0 108.3
93.3 0 109.15
95.15 I 110.3
96.3 2 111.3
97.3 13 112.3
98.3 26 113.15
993 2 114.3
100.3 0 121.15
101.3 0 122.25
103.15 0 124.25
105.3 0 126.25

abund.
]

>

abund.
0

— QPO O CQOCOOCOCO

101

NN NN
N kw1
[[SIN TS I 1S 2 9

m/z
78.2
79.2

© 09 9 00 00 00
mNAwsW
9 19 9 19 v iv

abund.

5:&!00—'

(=== R ]



APPENDIX 3 D: 3-Methyloctanol mass spectrum (PCI)

File : C:\HPCHEM\1\DATA\RAYPCI3.D

Operator : Ray Bacala

Acquired : 6 Oct 98 1:17 pm using AcgMethod RAYPCI
Instrument : 59839B-MS

Sample Name: Sample 3 (3-Methyloctanol)

Misc Info : 1 ul inj. (50 ng/ul), mass 60-175, fw=144.25
Vial Number: 1

Abundance TIC: RAYPCII. D
| 800000 :

: 700000 :
i :
{ 600000 :
, !

500000 .

| 400000

300000

L S

200000

JOU

100000

0 :,_ P

Time--»> 3.00 4.'00 5.00 6.00  7.00 8.00

1

Abundance Scan 1070 (8.397 min): RAYPCIZ.D
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APPENDIX 3 D: 3-Methyloctanol mass spectrum (PCI)

Scan 1070 (8.997 min): RAYPCI3.D
Sample 3 (3-Methyloctanol)
Modified:scaled

m/z abund. m/z abund. m/z
60.15 0 69.15 58 78.25
60.8 0 703 4 79.25
61.3 0 71.15 100 79.9
62.05 0 723 6 81.25
62.3 0 73.15 1 83.25
63.15 0 74 0 84.25
64.15 0 74.25 1) 8525
635.05 0 74.65 0 86.25
65.65 0 75 0 87.25
66.4 0 76.15 0 88.25
67.15 | 76.9 0 89.6
Scan 1070 (8.997 min): RAYPCI3.D
m/z abund. m/z abund. m/z
101.2 0 113.33 0 1253
102.45 0 114.35 0 126.3
103.6 0 11545 0 127.3
104.2 0 116.95 0 128.3
105.2 0 117.45 0 129.3
106.45 0 118.3 0 150.4
107.2 0 119.2 0 130.65
107.95 0] 120.05 0 131.3
109.2 0 121.45 0 132.15
111.2 3 1223 0 133.05
112.35 1 123.3 0 134.15
Scan 1070 (8.997 min): RAYPCI3.D
m/z abund. m/z abund.
146.5 0 158.35 0
147.25 0 159.25 0
148.25 0 160.25 0
149.4 0 161.1 0
150.15 0 162 0
151.4 0 162.35 0
152.15 0 163.35 0
153.25 0 164.25 0
155.15 0 16525 0
156.4 0 166.25 0
157.15 0 167.35 0

103

abund.
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m/z
91
92.1
92.75
93.25
9425
95.35
96.35
97.25
98.25
99.23
100.35

m/z
155.3
135.9
136.4
137.3
138.5
1394
140.3
141.3
143.3

144.25
145.25

abund.
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3-Methylbromooctane 'H NMR spectrum

APPENDIX 4 A

I-METUYVLBROMODCTAME £DCLY
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APPENDIX 4 B: 3-Methylbromooctane '°C NMR spectrum
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id '"H NMR spectrum

IC ac

4-Methylnonanoi

APPENDIX S A

PURIFIED 4-METHYLNCHANOLL AC{(
SPECTRAL LINES €01 Tyw

Cw_l

ey

o
N4

Re:]

-3

—{1.1213

. [ Pl

-

vYRLQ
152,79
109.8¢
177,61
UL T
171,93
TN

3@ @S e G
- &

:‘

-9

R O RN R VI N R R S W]

~d s~ -4 Dt AU I I

~
DD B N 1 S -
n .
=i w3 U1 =D J Y

e = — e

(3]

-13-1

PPN

TR
JA0E
.Jeg
L2713
JER

3CA

.J4E
LA
.13
L1
659
JES!
Eeg
ACh
413

LIEREICRY ISRV 25 Y N}

N 3 B

~
3

«
r.

[ RS- R IR - O ISV IT SURE
= 3 AN B D s

I U WD = O 14 B

L2~ B 1~ N N~ - |

(S I 2 BNY s ATV IPY-1

3

THTENG Y

'3.77
¢

37,987
2212
Je.a42
27,263
28,926
18,126
29,504
10,469
MEPR-)
P4 08
14,847
16,320
17,728
23,922
1o, 9t
23,7264

SeedT

21,703

€3 (T T2t IT ty

S AN JWn

-t = e

12 N Wt U e ORI

¢ 23

[5~4

-~ M m . g:&

- L -]
=3 N

PURIFIED 4~METHYLNONAMQIC ACID
REGIOM START!PPM) END

21 11,479
82 2.609
M3 1,004
[uL] 1,561
05 1,009
88 <
2. ¢
LY |
- =
-
: g
m \
0.8 M

te.574
2.142
! .55E
f.e19
2.587

INTEGRAL
@.724
2.000
2.977

11,869

4.;0_

!
8

14-—-14-—-<<<u~<4l-—<-<ﬂﬁ¢\<-<ﬂ<-nd--uuq.-q—

7

6

5

4

LAR AR B B
3

LARAA AN SLINLARLJEL B (AL URL AN S0 A0 S0 BN O

e
2.03

2

ML B

_.
{ PPM

[ o SRV U |
7.9

0.9

{

1.0

106



APPENDIX 5 B: 4-Methylnonanoic acid *C NMR spectrum
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'H NMR spectrum

4-Methylnonanol

APPENDIX 6 A
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4-Methylnonanol *C NMR spectrum

APPENDIX 6 B
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APPENDIX 6 C: 4-Methylnonanol mass spectrum (EI)

File C:\HPCHEM\ 1\DATA\OQOCSS6A.D

Operator Ray Bacala

Acquired S Oct 98 12:29 pm using AcgMethod RAY10JL
Instrument : S989B-MS

Sample Name: Sample 6 (4-methylnonanol)

Misc Info : 1 ul inj. (50 ng/ul), mass 40-180, fw=158.28

Vial Number: 1

LTI

Pnundance TIC: OCSS6A.D
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APPENDIX 6 C: 4-Methylnonanol mass spectrum (EI)

Scan 1138 (10.60! min): OC5S6A.D
Sample 6 (4-methylnonanol)

Moadified:scaled

m/z abund. m/z
40.15 3 51
41.05 93 52.15
42.05 22 53
43.05 51 54.15
44.05 4 55.15
45.05 5 56.15

46 0 57.15

47 0 58.15

18 0 39.15
4915 0 60.15

50 0 61.15

Scan 1138 (10.601 min): OC5S6A.D

m/z abund. m/z
88.2 0 100.2
89.35 0 101.3
91.2 0 105.05
92.1 0 109.2
93.1 0 110.2
94.2 0 111.2
95.2 0 11222
96.2 2 1132
972 14 1143
98.2 7 11513
99.2 1 1233
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APPENDIX 6 D: 4-Methylnonanol mass spectrum (PCI)

File
Operator
Acquired
Instrument
Sample Name
Misc Info
Vial Number

L T T T Y

C:\HPCHEM\ 1\DATA\RAYPCIS.D
Ray Bacala
6 Oct 98 2:14 pm using AcgMethod RAYPCI

5989B-MS

Sample 6 (4-methylncnancl)
1 ul inj. (50 ng/ul), mass 60-180, fw=158.28

1
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APPENDIX 6 D: 4-Methylnonanol mass spectrum (PCI)

Scan 1294 (10.617 min): RAYPCI6.D
Sample 6 (4-methyinonanol)
Modified:scaled

m/z abund. m/z abund. m/z abund. m/z abund.
60.3 0 73.25 0 84.25 10 95.35 0
61.05 0 74 0 85.25 100 97.25 30
62.3 0 74.25 0 86.25 7 98.35 5
63.05 0 75 0 87.25 1 99.25 27
65.15 0 75.9 0 88.25 0 100.25 2
66.4 0 77.25 0 89.25 0 101.35 0
67.15 1 78.25 1) 90.25 0 102.35 0
69.15 46 79.15 0 91.25 0 102.95 0
70.3 7 79.9 1] 92.35 (0] 103.6 0
713 76 81.25 2 93.1 0 103.95 0
72.15 5 83.25 63 93.85 0 104.55 0
Scan 1294 (10.617 min): RAYPCI6.D
m/z abund. m/z abund. m/z abund. m/z abund.
105.2 0 116.3 0 127.3 0 137.3 0
106.45 0 117.2 0 128.05 0 139.3 S
107.35 0 118.3 0 128.45 0 140.4 2
108.35 0 119.3 0 129.2 0 141.3 )|
109.55 0 120.3 0 130.55 0 142.3 2
I11.35 6 121.2 0 1531.3 0 143.3 1
112.2 9 122.05 0 132.4 0 14425 0
113.2 | 123.3 0 133.15 0 1449 0
114.53 0 124.3 0 134.15 0 [45.5 0
114.7 0 125.3 3 135.4 0 146.4 0
1153 0 126.2 0 156.4 0 147 0
Scan 1294 (10.617 min): RAYPCI6.D
m/z abund. m/z abund.
148.15 0 153.5 0
149.25 0 154.25 0
150 0 1554 0
151.4 0 157.25 9
152.5 0 158.25 1
153.25 0 159.25 0

113



APPENDIX 7 A: 4-Methyl- |-methoxynonane '"H NMR spectrum
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APPENDIX 7 B: 4-Methyl-1-methoxynonane C NMR spectrum
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APPENDIX 7 C: 4-Methyl- 1 -methoxynonane mass spectrum

File : C:\HPCHEM\1\DATA\OCSS7A.D

Operator : Ray Bacala

Acquired : 5 Oct 98 2:14 pm using AcgMethod RAY10JL
Instrument - 59898B-MS

Sample Name: Sample 7 (Methyl 4-methylnonanyl ether)

Misc Info : 1 ul inj. (50 ng/ul), mass 40-200, fw=172.31

Vial Number: 1

Abundance TIC: OCSS7A.D
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o ul
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APPENDIX 7 C: 4-Methyl-1-methoxynonane mass spectrum (EI)

Scan 921 (9.842 min): OCSS7A.D

m/z abund. m/z
41.1 55 53.1
42.1 19 55.05
43.1 35 56.05
45.1 100 57.05
6.1 2 58.05
47.1 0 59.05
48.1 0 60.05
48.95 0 61.05
50.1 0 62.05
51.1 0 63.05
52.2 0 64.05

Scan 921 (9.842 min): OCSS7A.D

m/z abund. m/z
87.15 0 99.15
88.25 0 101.15

89 0 102.15
91.15 0 103
9225 1] 105.1
93.15 0 107.1
94.25 0 109.25
95.25 0 110.25
96.15 7 111.25
97.15 25 112.25
98.25 8 113.25

Sample 7 (Methyl 4-methylnonanyl ether)
Modified:scaled

abund.

-

3
41
97
81
6

OO OO OV

abund.

Wilvooso oo o —~~
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APPENDIX 7 D: 4-Methyl-1-methoxynonane mass spectrum (PCI)

File
Operator
Acquired
Instrument

Sample Name:
: 1 ul inj. (50 ng/ul),

Misc Info

Ray Bacala
6 Oct 98
: 5989B-MS

Vial Number: 1

2:29 pm using AcgMethod RAYPCI

C:\HPCHEM\1\DATA\RAYPCI7.D

Sample 7 (Methyl 4-methylnonanyl ether)

mass 60-200, fw=172.

3

Abundance
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APPENDIX 7 D: 4-Methyl-1-methoxynonane mass spectrum (PCI)

Scan 1032 (9.854 min): RAYPCI7.D
Sample 7 (Methyl 4-methylnonanyl ether)

Moaodified:scaled

m/z abund. m/z
61.25 6 72.2
62 0 732
63.1 0 742
64 0 75.2
64.35 0 76.45
65.25 0 76.95
66.2 0 78.35
67.2 1 79.t
69.2 53 8i.2
70.2 8 832
71.2 70 843
Scan 1032 (9.854 min): RAYPCI7.D
m/z abund. m/z
107.3 (1] 119.25
108.15 0 120
109.25 0 121
111.25 5 122.15
112.25 16 123.25
113.4 1 125.25
114.25 0 126.25
115.25 0 127
116.25 0 127.85
117.15 0 129.35
118.4 0 130.6
Scan 1032 (9.854 min): RAYPCI7.D
m/z abund. m/z
[51.3 0 160.55
152.05 0 161.2
152.7 0 162.2
153.05 0 163.45
1535 0 164.65
154.55 0 165.3
1555 0 166.05
157.3 3 166.4
158.3 0 167.55
159.7 0 168.65
159.95 0 169.3
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-Methyl-1-hepten-3-ol mass 'H NMR spectrum

:2

APPENDIX 8 A
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APPENDIX 8 B: 2-Methyl-1-hepten-3-ol mass '*C NMR spectrum
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APPENDIX 8 C: 2-Methyl-|-hepten-3-ol mass spectrum (EI)

File : C:\HPCHEM\1\DATA\CCSSSA.D

Operator Ray Bacala

Acquired 5 Oct 98 4:10 pm using AcgMethod RAY10JL
Instrument 5989B-MS

Sample Name: Sample 9 (2-Methylhept-1-en-3-o0l)

Misc Info : 1 ul inj. (50 ng/ul), mass 40-150, fw=128.21
Vial Number: 1

DT TR

Abundance TIT:.  OCS583A D
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APPENDIX 8 C: 2-Methyl- | -hepten-3-ol mass spectrum (El)

Scan 571 (5.870 min): OCS5S9A.D
Sample 9 (2-Methylhept-t-en-3-ol)
Modified:scaied

m/z abund. m/z abund. m/'z abund. m/z abund.
41.05 45 52.15 1 62.25 0 76.1 0
42.05 7 53 5 63 0 77.1 0
43.05 62 54.15 1 64.1 0 78.35 0
44.05 3 55.15 6 65.1 1 79.1 1
15.05 3 56.15 2 67.1 5 80.2 0
459 0 57.15 15 68.1 3 81.2 1
46.9 0 58.15 16 69.1 8 82.1 0
47.75 0 59.15 I 71.1 100 83.1 I

49 0 60 0 72.1 Hy 84.1 I

50 | 60.9 0 73.1 | 85.1 5

51 I 61.75 0 74.1 0 86.1 19

Scan 571 (5.870 min): OC5SS9A.D

m/z abund. m/z abund. m/z abund.

87.1 1 103.05 0 127.3 0
88.2 0 108.3 0 28.3 0
91.2 0 109.05 0
92.2 0 110.2 0
93.1 0 1113 0
95.2 2 112.05 0
96.1 0 113.2 2
97.2 0 ti4.15 0
98.2 0 118.9 0
99.2 1 126.55 0
100.2 0 126.9 0



APPENDIX 8 D: 2-Methyl-1-hepten-3-ol mass spectrum (PCI)

File : C:\HPCHEM\1\DATA\RAYPCI9.D
Operator : Ray Bacala
Acquired : 6 Oct 98 11:18 am using AcgMethod RAYPCI
Instrument : 5989B-MS
Sample Name: Sample 9 (2-Methylhept-l-en-3-o0l)
Misc Info : 1 ul inj. (S0 ng/ul), mass 60-150, fw=128.21
Vial Number: 1
Abundance TIC: RAYPCIS.D )
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APPENDIX 8 D: 2-Methyl-1-hepten-3-ol mass spectrum (PCI)

Scan 671 (5.887 min): RAYPCI9.D
Sample 9 (2-Methylhept-1-en-3-ol)
Modified:scaled

m/z abund. m/z abund. m/z abund. m/z
60.25 0 732 5 843 | 95.15
61.25 0 74.1 0 85.2 15 96.05

62 0 74.95 0 86.2 8 97.3

63.1 0 75.95 0 87.3 3 98.15
64.25 0 77.1 0 88.3 0 993

65.1 0 77.85 0 892 0} 100.15

67.2 2 79.2 0 90.05 0 101.15

692 100 80.2 0 91.2 0 102.05

702 7 81.2 2 92.05 0 103.15

71.2 38 82.3 i 93.2 1 104.05

72.2 3 83.2 6 94.15 0 105.15

Scan 671 (5.887 min): RAYPCI9.D

m/z abund. m/z abund. m/z abund.
106.3 0 117.25 0 128.25 1
107.15 0 [18.15 0 129.25 7
109.25 12 119.25 0 130.35 I
111.25 91 120.4 0
112.25 8 121.15 0
113.25 3 122.25 0
114.25 0 123.25 1
114.9 0 124.35 0
11515 0 125.35 0
115.5 0 126.1 0
116.25 0 127.25 6

125
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Methyl 4-methylnon-4-enoate 'H NMR spectrum

APPENDIX 9 A

PAY?Q: PUAIFIED PPODUC)

RAY7Q: PURIFIED PRODUCT
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APPENDIX 9 B: Methyl 4-methylnon-4-enoate '>’C NMR spectrum
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APPENDIX 10 A: Methyl 4-methylnonanoate '"H NMR spectrum

PRY 254 BRUYYCT MMY 4K VROUUCT
SPECIPAL LINES FOD Tuw 9,749 SPECTRAL LINES FOR THe 9.3

8FL~  120,8 REPs ) PFLw  425.9 RFP< ? I8
e 0
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01 1LEAE 1,4 B3 469,09 I3 1, mqe s
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APPENDIX 10 B: Methyl 4-methylnonanoate ’C NMR spectrum
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APPENDIX 10 C: Methyl 4-methylnonanoate mass spectrum (EI)

File
Operator
Acquired
Instrument

Sample Name:

Misc Info

"

14

e e e

Jul 98

5989B-MS

: 1 ul inj
Vial Number: 1

C:\HPCHEM\1\DATA\JL14SSA.D
Ray Bacala

3:22 pm using AcgMethod RAY10JL

Sample S (methyl 4-methylnonanocate)

(50.0 ng/ul), mass 40-200, fw=186.2

Abundance
250000 .

TIC: JLI4SS5AD

|

10.00

'15.00

20.00

20000 |

15000

: 10000

5 5000 |

43

41

Scan 1110

T4 Er

(I1.335 min}:

JLI4S5A.D

17 18y

p/z—->

160

180




APPENDIX 10 C: Methyl 4-methylnonanoate mass spectrum (PCI)

Scan 1110 (11.335 min): JLI4SS5A.D
Sample 5 (methyl 4-methylnonanoate)
Modified:scaled

m/z abund. m/z abund. m/z abund. m/z abund.
40.15 4 51.15 1 62.25 0 74.15 100
41.05 63 52.15 0 63.15 0 75.135 10
4215 13 53.15 5 65.15 1 76.15 |
43.05 74 55.15 64 66.15 0 77.15 1
44.05 3 56.15 19 67.15 4 78.25 0
45.05 4 57.15 96 68.25 2 79.15 I
46.15 0 58.15 5 69.15 20 81.15 6
46.9 0 39.15 19 70.25 5 82.25 2
48.05 0 60 1 71.15 44 83.1 17
49.15 0 61.15 0 72.25 3 84.25 2
50.05 0 62 0 73.15 21 85.25 2

Scan 1110 (11.335 min): JLI4SS5A.D

m/z abund. m/z abund. m/z abund. m/z abund.
87.1 100 98.25 2 113.2 15 129.2 8
88.1 19 99.25 0 114.35 2 130.2 1
89.1 1 100.5 0 1152 10 135.3 0
90.25 0 101.25 I 116.2 I 136.3 0
91.1 0 102.25 0 117.2 0 137.3 2
92.25 0 107.2 0 121.35 0 138.3 0
93.25 1 108.2 0 122.35 0 139.3 1
94.25 0 109.2 0 123.2 0 140.45 0
95.25 4 110.2 I 125.2 0 143.3 0
96.25 1 111.2 | 126.2 0 144.2 0
97.25 5 112.35 3 127.3 0 1524 0

Scan 1110 (11.335 min): JLI4SSA.D

m/z abund.

153.3 1)

1553 4
156.3 1
157.3 2
158.3 0
171.3 0
186.25 0
187.4 0
188.4 0

131



APPENDIX 10 D: Methyl 4-methylnonanoate mass spectrum (PCI)

C:\HPCHEM\1\DATA\RAYPCI5.D
Ray Bacala
6 Oct 98 1:55 pm using AcgMethod RAYPCI
5989B-MS

File
Operator
Acquired
Instrument
Sample Name: Sample 5 (Methy 4-methylnonanocate)

Misc Info 1 ul inj. (50 ng/ul), masa 60-200, fw=186.2
Vial Number: 1

LU T TR TR TR T

Abundarnce TICT: RAYPCIS.D
i
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APPENDIX 10 D: Methy! 4-methylnonanoate mass spectrum (PCI)

Scan 1245 (11.564 min): RAYPCIS.D
Sample S (Methy 4-methylnonanoate)

Modified:scaled
m/z abund. m/z
60.35 ] 70.2
61.1 0 71.2
62.25 0 72.35
63.1 0 73.2
63.75 0 74.2
64 0 752
65.35 0 76.1
66.35 0 77.35
67.1 0 77.85
68.1 0 78.35
69.2 } 79.1
Scan 1245 (11.364 min): RAYPCI5.D
m/z abund. m/z
104.15 0 117.25
105.15 0 118.15
106.05 0 1194
107.3 0 121.25
108.05 0 122.25
109.15 0 123.25
111.25 2 125.25
112.25 0 126.25
113.25 1 127.35
115.25 2 129.25
116.25 0 130.35
Scan 1245 (11.364 min): RAYPCI5.D
m/z abund. m/z
156.3 1 167.8
157.3 0 168.55
158.3 0 169.3
159.3 0 171.3
160.05 t] 1723
161.2 0 173.4
162.55 0 174.05
163.2 0 175.15
164.55 0 176.15
165.15 0 177.4
167.15 0 178.05

abund.

COQ0O0OO0OO0OIVOO —~0O

abund.

O~ OO0 IVOOOO0OO0OO

abund.

COO0COO0OOCOIVOOO

3

m/z
131.25
132.25
133.25
133.75
135.25
136.25

137.2
139.2
140.35
141.2
143.2

m/z

179.4
180.25

181.4
182.15
182.65
183.25
185.25
187.25
188.25
189.25

190.4

OCo0o0OoLOO —o —

abund.

CoOoOO0oWVMWIVO —-—QC OO0

abund.

o
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100
12

abund.
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