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I. INTRODUCTION

THE number of terpenoids that are synthesized by plants is probably larger than
any other group of naturally occurring compounds. Plants have the ability to
produce almost an endless number of chemical variations on a single chemical
structure, the isoprenoid unit. This group includes essential oils and resins,
steroids, carotenoids, and rubber. In most of these compounds, two or more
isoprene units are joined together in a head-to-tail linkage335. 336, 405 of the car-
bon atoms, either in open chain or in cyclic systems containing one or more rings
(Fig. 1). The main exceptions to the head-to-tail linkage involves the formation
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FiG. 1. Structural relationships of the isoprenoids (from ref. 73).

of artemisia ketone (and related monoterpenoids), squalene, gossypol, and the
carotenoids. In addition to the unsaturated hydrocarbons which are multiples
of CsHsg, a wide variety of compounds which are derived from them by oxida-
tion, reduction, and/or loss of a carbon atom are found in nature. The wide
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154 PROGRESS IN THE CHEMISTRY OF FATS AND OTHER LIPIDS

diversity of chemically altered structures to which any particular isoprenoid
may give rise provides us with many excellent examples why nature is still the
most versatile and accomplished chemist. ,

A summary of the general classes of terpen01d§ is shown in Table 1.7 More
specific information on the structure and dxstnbutxon of terpenoids can be
found in the reviews by Sandermann343 and Welssman 411 It appears that all
plants possess the ability to synthesize several members of the isoprenoid
family,? but in many species this may be restricted to carotenoids, phytol (the
chlorophyll side-chain), and the steroids. In contrast, the ability to form mono-,
sesqui-, di-, tri-, and polyterpenes and their derivatives is scattered irregularly

TABLE 1%
The Isoprenoid Family
Empirical
Class formula Occurrence and example Oxygenated derivatives
Isoprene CsHs Does not occur in nature Isopentenol pyroph&sphate
Monoterpenes | CioHie | Essential oils, myrcene Terpene alcohols (geraniol),

aldehydes, ketones
Sesquiterpenes| CisH2sa | Essential oils, resins, farnesene | Alcohols (farnesol), ketones

Diterpenes CroHs2 | Essential oils, resins, Cago terpenol, phytol,
Cso terpene vitamin A, resin acids
Triterpenes CsoHsg | Ubiquitous, squalene Sterols (< Cso), saponins,
lupeol
Tetraterpenes | CsoHes | Carotenes, phytoene Xanthophylls
Polyterpenes (CsHs)n | Rubber, gutta | Alcohols (polyprenols)
+ From ref. 73.

throughout the plant kingdom. This review will deal with the biosynthesis and
breakdown of the relatively few plant-produced terpenoids on which studies
have been made. Sandermann3# reviewed this subject in 1962. Nicholas262
reviewed the biosynthesis of terpenoids in 1963, as did Clayton!? in 1965.
Richards and Hendrickson thoroughly covered the biosynthesis in their book
published in 1964.323 Many important observations in the field were published
in the proceedings from a Ciba Foundation Symposium in 1959.423 The reader
is urged to consult these reviews for many historical details, Nicholas28¢ has
recently reviewed the metabolism of isoprenoid compounds and has covered
animal-produced terpenoids and the higher molecular weight terpenoids quite
effectively.

The researches conducted on cholesterol biosynthesis by the laboratories of
Bloch, Cornforth and Popjdk, and Lynen have helped clarify many of the steps
involved. This information can be extended to terpenoids in general, and par-
ticularly to the steps leading to the formation of farnesylpyrophosphate from
acetate.
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II. BIOSYNTHESISt

A. Generation of the biological isoprene unit

The very structure of terpenes makes it seem probable that they are generated
from a basic five-carbon unit as suggested by Ruzicka in 1953.3%5 Bloch and
Rittenberg®® were the first to demonstrate that the carbon skeleton of a polyiso-
prenoid compound, cholesterol, arose exclusively from acetate (I). An extensive
search for the intermediates in the pathway led to the testing of various five-
and six-carbon branched chain acids as precursors. A major development in
elucidating the biosynthetic pathway of polyisoprenoid compounds came from
the discovery of mevalonic acid (MVA) (XI) by Folkers and his associates!53, 361
at Merck, Sharp and Dohme laboratories. The similarity of this compound to
3-hydroxy-3-methyl-glutaric acid (HMG) (V), a compound which Bloch had
shown to be a precursor, made it seem like a probable candidate. Experiments
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FiG. 2. Biosynthesis of mevalonic acid from acetic acid.

t The suggestion of F. R. Stermitz and H. Rapoport, J. Am. Chem. Soc. 83, 4045 (1961), that
the word “biosynthesis™ should describe in vivo experimental studies on the mode of formation
of natural products while the word ““biogenesis’ should be applied to the hypothetical schemes
suggested to rationalize the formation and structures of natural products will be followed.
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with rat liver homogenates showed that 43 per cent of racemic MVA-2-14C
could be converted to cholesterol while the radioactivity of MVA-1-14C was
lost as 14CQ3.174, 378, 379 These observations indicated that the six-carbon MVA
(XI) became the five-carbon isoprenoid precursor by the loss of the carboxyl
group at C-1 and that only one enantiomorph of racemic MVA was converted
to cholesterol. The basic isoprene unit was ultimately found to be isopentenyl-
pyrophosphate (IpPP) and was shown to be generated through phosphorylated
derivatives of MVA (XI) as indicated in Fig. 4.67, 108, 257

1. Formation of mevalonic acid (XT)

Most of what is known concerning the biosynthesis of MVA (XI) has been
obtained using yeast and liver systems, and Popjak and Cornforth have dis-
cussed this subject in detail. 301 At the present time, it is not clear whether the
formation of MVA (XI) occurs through free acetoacetyl-CoA (III) and hydroxy-
methyl-glutaryl-CoA (HMG-CoA) (IV) or if these acids are protein bound at
all times until the release of MVA (XI).

All of the reactions for the synthesis of MVA (XI) from the coenzyme A
esters of acetoacetate (III) and HMG (IV) have been demonstrated.8l, 260, 331, 332
The formation of HMG-CoA (IV) from acetoacetyl-CoA (III) and acetyl-CoA
(I1) is mediated by the condensing enzyme and has been reported in both liver
and yeast?60. 332 and in plants.2l? Equimolar quantities of acetoacetyl-CoA (11I)
and acetyl-CoA (II) are consumed in the reaction with the formation of HMG-
CoA (1V) and the release of coenzyme A from acetyl-CoA (II).338 The acyl thiol
bond of the reacting acetoacetyl moiety remains intact during the reaction. In
yeast systems the enzyme is located in the soluble fraction while it is located in
both the microsomes and mitochondria of rat liver systems.8¢ The net contri-
bution to MVA synthesis by the mitochondrial condensing enzyme is probably
small since it is coupled with an enzyme which cleaves HMG-CoA as indicated
in Fig. 1. The net effect of these two enzymes is the conversion of acetoacetyl-
CoA (III) and acetyl-CoA (II) to acetyl-CoA (II) and acetoacetic acid (XII).

Hydroxymethylglutaric acid (V) is probably not a direct intermediate in the
formation of MVA (XI) from acetate (I). Metabolism of this acid, however,
has been demonstrated in both animals and plants.130, 223

Reduction of HMG-CoA (IV) to MVA (XI) is catalyzed by a single enzyme,
hydroxymethyl-glutaryl-CoA reductase.l4® Reduction occurs at the thiol ester
linkage and requires two moles of NADPH. It is generally concluded that free
mevaldic acid (X) is not an intermediate in the reaction. The reduction of
HMG-CoA (IV) to MVA (XI) is reversible with difficulty, which explains the
efficient utilization of MVA for sterol synthesis which is in contrast to the poor
utilization of HMG-CoA. It was suggested that the small amount of meval-
date (X) in the avian liver preparations is due to the non-enzymatic hydrolysis
of the protein-bound intermediate indicated in Fig. 1. The presence of
mevaldate reductase in the mammalian liver systems reported by several
groupsl16. 153, 226, 255, 353, 426 hag been suggested to be a salvage enzyme for the
mevaldic acid (X) formed in this hydrolysis. Severe depression of HMG-CoA
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reductase activity in fasting rats suggests that this enzyme may play an
important role in the control of the formation of isoprenoid compounds.

An alternate pathway for the biosynthesis of MVA (XI) has been re-
ported.82. 83, 8 The purified fatty acid synthesizing system from pigeon liver
extracts catalyzed the formation of HMG-CoA (IV) and MVA (XI) from
acetyl (II) and malonyl-CoA (VI) when deprived of NADPH. Trapping experi-
ments proved conclusively that acetoacetyl-CoA (III) and HMG-CoA (IV)
were not obligatory intermediates. The acetate and malonate moieties of acetyl-
and malonyl-CoA were independently bound to protein through thioester bonds.
Acetoacetate could be isolated from the protein after treatment with strong
Qase, indicating that it was also protein bound. It has been proposed that the
intermediates are all enzyme bound until the final release of MVA (XI).

The interesting observation has recently been made that the condensing
enzyme from yeast will accept acetoacetyl-acyl carrier protein from E. coli
as well as acetoacetyl-CoA (XIII).330 The probable product of this reaction is
HMGe-acyl carrier protein (XIII) as indicated in: Fig. 2. The thiol ester bond
of the acetoacetyl moiety remains intact during the reaction. It may be specu-
lated that acyl carrier protein is of some significance in isoprenoid biosynthesis.
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Fic. 3. Formation of HMG-acyl carrier protein.

2. Synthesis of isopentenylpyrophosphate

Since mevalonic acid supplies five of its six carbons to the isoprenoid path-
way, it was of considerable importance to establish the most biologically active
isoprene unit. The incorporation of MVA into squalene by a dialyzed yeast
enzyme system required the addition of ATP and pyridine nucleotides.? This
finding suggested the possible existence of a phosphorylated intermediate being
required in terpenoid biosynthesis.

Mevalonic acid is converted to A3-isopentenylpyrophosphate (IpPP) (XVI)
in three ATP dependent steps (Fig. 4). The first reactions are catalyzed by
mevalonate kinase?4l, 247. 381 and mevalonate phosphate kinase,%7. 202 resulting
in mevalonate-5-phosphate (XIV) and mevalonate-5-pyrophosphate (XV), re-
spectively. The third reaction to form IpPP (XVI)!8 is a rather unique decar-
boxylation which appears to be initiated by phosphorylation at the hydroxyl
group to provide a triphosphorylated MVA (XVII) intermediate.%7, 258
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The presence of mevalonate kinase and mevalonate phosphate kinase has
been demonstrated in both yeast and mammalian systems300 381 and the former
also in higher plants?47: 421 and bacteria.!17 These enzymes are stereospecific for
the (4-)-isomers of mevalonic acid (XI) and mevalonate-5-phosphate (XIV),
respectively, and require ATP.134,257 Differences in these two kinases are found
in that the mevalonate kinase catalyzed reaction is irreversible while that of
mevalonate phosphate kinase may be reversed with an excess of ADP. Divalent
metal ion requirements and pH optima near 7.0 are exhibited by these enzymes.

The enzymatic conversion of mevalonate-5-pyrophosphate (XV) to IpPP (XVI)
by the mevalonate-pyrophosphate decarboxylating enzyme is ATP dependent
and has also been demonstrated in both yeast and mammalian systems. Products
of the dehydration-decarboxylation reaction are IpPP (XVI), COz, ADP, and
inorganic phosphate, and a stoichiometric relation between the substrates and
products is observed.s7 Isolated needles and cell-free extracts of Pinus radiata
incorporate radioactive inorganic phosphate into ATP, mevalonate-5-pyro-
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Fic. 4. Formatioen ef isopentenylpyrophosphate from mevalonic acid.

phosphate (XV), and IpPP (XVI); and MVA-2-14C into XIV, XV, and XVI1.397
Studies with mevalonate-3-130242 indicate that an ester linkage is formed between
the terminal phosphate at ATP and the tertiary hydroxyl group of mevalonate-5-
pyrophosphate (XV). Since all attempts to isolate this phosphate ester have
failed,87, 397 the ester either decarboxylates while it is still on the enzyme or
undergoes S-elimination spontaneously after release from the enzyme. Alterna-
tively, since a mevalonic acid-3-phosphate derivative has not been found as an
intermediate, the mechanism most consistent with the facts is a concerted
elimination302 (XV—>XVI).

B. Isomerization and polymerization of the biological isoprene unit

Lynen et al. 257 found that part of the IpPP (XVI) must isomerize to produce
an allylic pyrophosphate in the form of dimethylallylpyrophosphate (DmaPP)
(XVIII) before polymerization to geranylpyrophosphate (XIX) (GPP) and
higher isoprenoids can occur. This conversion is catalyzed by isopentenylpyro-
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phosphate isomerase.* The isomerase is inhibited by iodoacetamide and the
equilibrium ratio of IpPP and DmaPP is 87:13.358

The mechanism of isomerization, first proposed by Agranoff et a/.,* and later
established by Shah et 4/.,38 involves the stereospecific addition and removal
of a proton at carbon atom 2 (Fig. 5). An enzyme-substrate complex has been
isolated338 in which the intermediate (Fig. 5) is proposed to be bound covalently
to a sulfhydryl group of the isomerase.t In this mechanism, the methylene
carbon atom of IpPP (XVI) is protonated, the proton from carbon atom 2 is
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F1G. 5. Mechanism of isometization of isopentenylpyrophosphate. The starred atoms
indicate the exchangeable hydrogens of isopentenyl and dimethylallylpyrophosphates
(according to Shah et al.3%8),

discharged into the medium, and DmaPP (XVIII) is formed. In the reverse
reaction, a proton is added stereospecifically at carbon atom 2 of DmaPP
(XVIII). Consequently, this isomerization does not result in a randomization of
the label originally present in the methylene group of IpPP (XVI).
The condensation of one mole of IpPP and one mole of DmaPP yields geranyl-
pyrophosphate (XX) (GPP) or merylpyrophosphate with the elimination of
1 An interesting substance that may be related to the S-enzyme intermediate is felinine, an

unusual amino acid excreted in cats’ urine, which may be formed from MVA or leucine.
(P. V. Arigoni and J. C. Wriston, Biochem. Biophys. Acta 34, 279 (1959).)
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pyrophosphate and a proton (H*) from one of the Cs precursors,?3. 112, 323, 423
The elimination of the proton is probably stereospecific with respect to carbon
atom 2 of IpPP. The methyl groups in the DmaPP thus seem to retain their
identity by being either cis or trans with respect to the double bond and support
the mechanism described in the preceding paragraph. Biosynthesis studies
indicate that the methylene group of IpPP (XVIa) becomes the trans methyl

>\_\—opp — >_—\—opp

Xvia XVliite

group in DmaPP (XVIIIa). This phenomenon will be discussed later in relation
to biosynthesis studies performed on specific compounds.

The formation of sesquiterpenes, diterpenes, and higher isoprenoids occurs
by the condensation of a mole of IpPP with GPP, farnesylpyrophosphate (XX)
(FPP), geranylgeranylpyrophosphate (XXI) (GGPP), etc., in a ‘“head-to-tail”
type reaction as shown in Fig. 6.

In yeast and liver, FPP (XX) is enzymically produced in this manner from
GPP (XIX).119, 300, 301 I the pea plant enzyme extract, GPP (XIX), FPP (XX),
and GGPP (XXI) are sequentially produced.298 Thus, further polymerization
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FiG. 6. Biosynthesis of polyisoprenoid units employing the “head-to-tail” type
reaction.

(i.e., in the production of rubber) may be considered to occur in an analogous
fashion to the formation of these terpenolpyrophosphates. Alternatively, as will
be discussed later, further polymerization can occur by the condensation of

higher isoprenoid homologues (i.e., 2 moles of FPP (XX) to give squalene).
The enzymatic synthesis of trans-GGPP (XXI) from IpPP (XVI) and trans-
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FPP (XX) by an enzyme system from bakers’ yeast,'8! a partially purified carrot
root GGPP synthetase2?8 preparation and a partially purified synthetase from
Micrococcus lysodektius??! has been reported. The yeast enzymes also catalyzed
the formation of FPP, but the conversion of FPP to GGPP was 150 times
slower than FPP synthesis under the same conditions. Mg*+ is required for the
yeast and bacterial enzymes, but Mn++ is a better activator for the carrot root
(and also pig liver) enzyme(s).

The formation of trans-geranylgeraniol from MVA in the presence of ATP
was demonstrated in cell-free homogenates of the endosperm nucellus of the
seed of Echinocystis macrocarpa (wild cucumber).175 Presumably, the formation
of the Cg¢ terpenol proceeded through its pyrophosphate, although the latter
was not isolated. Most likely, the geranylgeraniol resulted from the action of
phosphatase on GGPP. It still remains uncertain as to whether one or several
enzymes are involved in the biosynthesis of GGPP from IpPP and the three
allylpyrophosphates (DmaPP, GPP, and FPP).

C. Monoterpernoids

1. Open-chain compounds

i. Head-to-tail monoterpenoids. Most of the monoterpenes (Cyo) and their
related alcohols, aldehydes, or ketones can be derived from geraniol (XXII) or
nerol (XXIII). Geraniol can be formed by the action of pyrophosphatase on
GPP (XIX).t It is logical thai the myriad of Cio hydrocarbons (see ref. 343 for
more structures) such as myrcene (XXVIII) and the ocimenes (XXIX-XXXI)
are formed by dehydration of geraniol; however, experimental evidence to

CHy0H R oy I
CHaOH CHO | l CH,OH
| | |

Geraniol Nerol Citral Linalool Myrcenone Citronellol
XX (cis-geraniol ) XXy XXV XXVl XXvil
XX '
Myrcene B-ocimene-X ﬁ ocimene-Y allo ~ocimene
XXvill XXIX XXX1

+ Unpublished results obtained in our laboratory on in vitro studies using Nepeta cataria L.,
Santolina chaemyocyparissus L., and Skytanthus acutus M. plant extracts with GPP (XIX) and
nerolpyrophosphate as substrates indicate that a rapid conversion to the corresponding alcohols
occurs.
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support this concept is lacking.t Since alcbhol dehydrogenases are widespread
in nature, and int general do not exhibit & high degree of substrate specificity,
the corresponding Cio aldehyde (citral, XXIV) probably results from such a
geraniol oxidation. Analogies for allylic rearrangements to form compounds
such as linalool (XXV) are not as readily apparent. Formation of secondary
Cjo alcohols seems, for the most part, to be followed by subsequent oxidation
to give rise to the ketones such as myrcenone (XXVI), sitice the ketones are
usually in the highest concentration. Hydrogenation can occur to give the cor-
responding products such as citronellol (XXVII) from géraniol (XXII).

A recent report403 on the phosphorylation in a cell-free system- of geraniol
(XX1I), nerol (XXIII), and dimethylallyl alcohol to the ‘Corresponding mono-
phiosphates is of initerest. Leaves of Mentha piperita (peppérmint), glandular
hairs of Humulus lupulus (hops); underground and developing inflorescences of
Petasites speciosa (Western coltsfoot), and germinating seeds of Pisum sativum
(pea) were used in preparing the extracts. It was difficult to measure total phos-
phorylation since the extracts also contained an active phosphatase; however,
the net phosphorylation of geraniol was 0.5 to 1.0 per cent in 3 hours. ATP was
required and Mn+*+ was stimulatory. The phenolic compounds (i.e., tannins)
present in plants which tend to bind with enzymes to render them inactive?48
were removed by adding insoluble polyvinylpyrollidine. Phosphorylated inter-
mediates produced by Pinus radiata have also been demonstrated.398s

Birch et al®! demonstrated that acetate-2-14C can be incorporated into
citronellal (XXXII) produced by Eucalyptus citriodora (Hook) with labeling of
alternate carbons in the chain and of all the methyl carbons. The extent of

.
* ]
CHyCOOR ———p ‘CHO
. [

Gitronsllal
XXX

incorporatien of radioactivity from the acetate was low. The authors noted that
considerable randomization of carbon-14 from acetate-2-14C had occurred, giving
rise to activity in positions that could be derived from the catboxyl carbon of
acetate. Convincing evidence for the role of acetate and mevalonate and for the
stereospecificity of the methyl groups of the latter compound was obtained by
Birch er al.% in studies on the blosynthe51s of myceliatiamide (XXXIII), a
metabolite produced by Penicillium griseofulvum. The side chain of mycehan-
amide is methylgeranjolene (XXXIV). Chemical degradation of mycelianamide
provided methylgeraniolene, which was fed to a rabbit that formed Hildebrandt’s
acid (XXXV) (excreted in the urine). Degradatlon of Hildebrandt’s acid to give
acetaldehyde (XXXVI) indicated that 80 per cent of the radioactivity of the

t+ Unpublished results from our laboratory show that dehydration of geraniol readily occurs
at temperatures above 150°C in the injection port of the gas chromatograph to give myrcene,
ocimene(s), and some unidentified monoterpene hydrocarbons.
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terminal methyl groups was not randomized (Fig. 7). The authors suggested
that the degree of randomization was more likely a result of the chemical de-
gradative procedure than a lack of specificity during biosynthesis.t These data
provided the first strong experimental evidence in support of the mechanism
of isomerization of isopentenylpyrophosphate discussed in the preceding section
of the chapter.
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lNo/NH3
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XXXIV  Methylgeraniolene
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HO2C XY X

XXXV Hildebrondt's Acid

"
XXXVl CH3CHO

( Unlabeled )

FiG. 7. Proof of steric differentiation in the terminal methyl groups of geraniol
synthesized from mevalonate-2-14C.84

It is of interest to note that citronellal (XXXIT) and citral (XXIV) biosynthesis
from acetate and mevalonate by an ant, Acanthomyops claviger, have been
reported.192s These results showed that ants can synthesize terpenoid compounds
which are important in chemical communication and that they do not have to
rely on preformed terpenes in their food.

In studies on the biosynthesis of artemisia ketone, it was found that MVA-
2-14C was incorporated into myrcene (XXVIII) produced by S. chaemocyparis-
Sus.408

In addition to mycelianamide (XXXIII), the occurrence of several naturally
occurring compounds containing an isopentenyl sidechain are known (Fig. 8).
Mycophenolic acid, which is another mold metabolite (P. griseofulvum), has a
C» sidechain which is regarded as a remnant of an oxidized C;¢ chain. Birch et
al.®3 have also studied the biosynthesis of mycophenolic acid from acetate<1-14C,
The ergot alkaloids, which are of considerable pharmacological and chemical
interest, are known to be biosynthesized from tryptophan(XXXVII) and

+ It was assumed that no geometric isomerization of the double bonds within the rabbit

occurred; consequently, the carboxyl carbon would be derived from the methyl group, which
was originally trans.
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MVA (XI),5: 417 of which the alkaloid chanoclavin-I (XXXVIII) will serve as
an example. Another related fungal metabolite of isoprenoid origin (and also of
tryptophan) is echinulin (XXXIX),228 in which mevalonate-derived side-chains
are attached to the indole nucleus at carbons 5, 7, and 3.

Several terpenoid guanidines are known; sphaerophysin (XL) from Sphaero-
physa salsula can be formed from mevalonate.322. 3% The isoprenylated phloro-

COgH NHe
. COgH
HO
+
HO N
N
H H
Mevalonote Tryptophan Chanoclavin -1
X XXXVII (R'=H or Me)

XXXVIH

glucinol, humulone (XLI), can be formed from MVA-2-14C and leucine-2-14C
in the branches bearing developing cones of Humulus lupulus (hop plant).250 A
preliminary degradation of the carbon-14 labeled product showed label from
leucine in the isovaleryl group of humulone.
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Fic. 8. Non-isoprenoid nuclei alkylated by isoprenoid or polyisoprenoid groups,
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The occurrence of several naturally occurring compounds containing an
isoprenoid sidechain attached to adenine has been reported. The adenine-
isoprenoid compound (XLII) isolated from yeast s-RNA!85 can promote cell
division and differentiation (a cytokinin), which makes it of special interest for
future studies.

Finally, the vitamins (E and K) and related compounds, such as coenzyme
Q, which represents an alkylation by isoprenoid or polyisoprenoid groups,
should be pointed out (the structure of Vitamin K serves as an example)
(XLIM). More information on this group of compounds possessing an iso-
prenoid sidechain will be discussed in a later section. Of interest is a related
toxic isoprenoid, naphthoquinone (XLIV), isolated from Tectona grandis
(teak).35!

ii. Non-head-to-tail monoterpenoids. Artemisia ketone (XLV)is regarded as an
atypical monoterpenoid in which the tail of one isoprene unit is linked to one
of the central carbon atoms of the other, in contrast with the usual head-to-tail
arrangement. In biosynthesis studies in Santolina chaemcyparissus L. plants
employing MVA-2-14C as a precursor, it was found that five monoterpene
hydrocarbons (including the open-chain compound myrcene (XXVIII) and the
bicyclic monoterpene, S-pinene (LXII)), were labeled (300 to 1500 times the arte-
misia ketone), but no significant amount of label was found in the artemisia

(':oon
CHy~_ 0 GHs oH P
CamGH— C—C — CHom CH St c—ch—c—
s ] =CH—CH—C—CHj
CHy b, My Nen,
XLV Artemisia Ketone XLVI Chrysanthemic Acid
CH=CH,
GH!\ ﬁ c"S CH CH.
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ketone.408 This finding is in contrast with an earlier study performed on the
biosynthesis of chrysanthemic acid (XLVI), another atypical monoterpe-
noid,128, 18¢ where it was shown that mevalonate-2-14C was the precursor and
that the carbon-14 label was found in the terminal methyl carbon atoms in
agreement with a non-head-to-tail mevalonate precursor hypothesis.

Chrysanthemic acid (XLVI) has a structure similar to that of artemisia
ketone, but in addition has a cyclopropane ring. It is logical to assume that the
biogeneses of these two compounds are related and several biogenetic schemes
involving isoprene units?85 have been proposed, the most recent being that of
Bates and Paknikar.34

Related non-head-to-tail isoprenoid compounds are iso-artemisia ketone
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(XLVII) and 2,5-dimethyl-3-vinylhexa-1,4-diene (XLVIII), which are probably
involved in the biosynthesis of the above compounds.385

Of interest is the finding that the long-chain linear paraffin heptacosane,
produced by Wistaria sinensis (wisteria) flowers, is labeled from MVA-2-14C on
the same order of magnitude as from succinate-2,3-14C and pyruvate-2-14C.77
The authors concluded that MVA was probably broken down to smaller
molecules before being utilized in heptacosane biosynthesis.

2. Monocyclic monoterpenes

In developing the biogenetic isoprene rule, Ruzicka33’ suggested a series of
ionic mechanisms (Fig. 9) for the formation of cyclic monoterpenes from a Cjo
alcohol (i.e., geraniol, XXII) or radical mechanisms (Fig. 10) for similar cycliza-
tion of a Cyo hydrocarbon (myrcene, XXVIII; or ocimene, XXIX). Since no
experimental evidence has as yet appeared to either support or negate this theory,

=y
Y

——

CHaOH

7
XX{!  Geraniol Terpmeol\nmonene
XLiX
LII Llll
A>Carene
Liv

———

>
>
s

—=C
—5-
AT

OH 0
EEf [35 s
Borneol a-Pinene Fencho!
Lvi LVii LvIH
Thujone
LiX

F1G. 9. Ionic mechanisms in the biogenesis of monoterpenes.335

it still remains a working hypothesis. It seems more logical to this author that
enzymically catalyzed ring closure would employ the biologically active form of
geraniol, i.e., geranylpyrophosphate (XIX). It should be pointed out that
nerylpyrophosphate may be a more direct precursor than GPP (XIX) since it
has a configuration more compatible with direct cyclization. In an interesting
non-enzyme analogy, it was found2?? that in an ether solution at room tem-
perature neryldiphenylphosphate (LXIV) with a cis-allylic double bond gave a
45 per cent vield of limonene (L), whereas geranyldiphenylphosphate was
transformed very slowly to a small amount of myrcene (XXVIII) and ocimene
(XXIX) (Fig. 11).
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The biosynthesis of limonene (L) from MVA-2-14C in Pinus pinea 1.346,348
resulted in the distribution of label shown. Likewise, it was established that

X 2 9
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B-phellandrene (LXV) formed from MVA-2-14C by Pinus contorta®® had a
similar labeling pattern. These results show that the terminal methyl groups
are not equivalent and offer additional evidence to support the stereochemical
dimerization of the biologically active isoprene unit.

Birch et al.8t showed that mevalonic lactone-2-14C is incorporated as indicated
into cineole (LXVI) produced by Eucalyptus globulus; however, Arigonil®
reports that label from MVA-2-14C is completely randomized before incorpora-
tion into this monoterpenoid.

It was found by Battaile and Loomis3 that labeled terpenes are formed in
young peppermint leaves in less than an hour after 14COz administration,
whereas mevalonate was not incorporated into monoterpenes in detectable
amounts (cut leaves of the peppermint plant). In contrast, Hefendehl et l.195, 196
reported the incorporation of MVA-2-14C into the monoterpenes of several
varieties of peppermint oil, and their evidence suggested that piperitenone!?s
was not the first precursor in the biosynthesis of the oxygenated monoterpenes.
The Loomis group, using labeled terpenes as substrates for leaf slices, demon-
strated the conversion of piperitenone (LXVII) to piperitone (LXVIII), of
pulegone (LXIX) to menthone (LXX) and of pulegone (LXIX) to menthofuran
(LXXTI). Menthol (LXXIII)2?1 can be formed from acetate-1-14C and the label
is in carbons 1, 3, and 8. Reitsema in 1958%19 proposed a scheme of terpene
interconversion, mostly reductive, to account for the formation of the principal
monoterpenes in peppermint oil. The scheme has been revised to agree with the
recent findings by Loomis8® and is shown in Fig. 12. The revised scheme
accounts for the formation of isomenthone and of the several isomers of men-
thol which are found as minor components of peppermint oil.

The biosynthesis of limonene (L) and carvone (LXXIX) produced by Anethum
graveolens was studied using MVA-2-14C, and the label was distributed as
shown. The specific activity of limonene (L) was about three times that of
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—_—
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Limonene Carvone
L LXXIX

Z
LXXVil

carvone (LXXIX), indicating that it is probably the precursor. A similar study365
was conducted using Carum carvi (caraway) and the results obtained indicated
that no migration of the double bond occurred in the conversion of limonene
(L) to carvone (LXXIX). This conclusion was based on retention of the same
distribution of label of the terminal methyl carbons (4:1) in limonene and
carvone. Supporting evidence from the incorporation of 14CO; into the mono-
terpene hydrocarbon of Mentha piperita has recently been provided.196a

It is important to recognize that incorporation of carbon-14 into mono-
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terpenes has been consistently low [approximately 0.1 per cent, except for certain
of the methylcyclopentane monoterpenoids such as skytanthine (LXXX) and
verbenalin (LXXXIII)] in the monoterpenes studied to date. The recent report42
that MVA-2.14C is not directly incorporated into peppermint monoterpenes,
but is first degraded to 4CQ; and subsequently labeled monoterpenes appear
via carbon dioxide fixation, indicates once again that it is necessary tobe cautious
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Fi1G. 12. Biochemical relationships of monoterpenes in peppermint. Dotted arrows
indicate postulated reactions.88, 319

about making the definite conclusions that have appeared in the literature.
Loomis and Burbott?4® have compared the efficiency of incorporation into
peppermint monoterpenes of acetate-2-14C, MVA-2-14C, glycolate-2-14C,
glyoxylate-2-14C, pyruvate-2-14C, serine-2-14C, alanine-2-14C, ribose-1-14C,
glucose-1-14C, -2-14C, -34-14C, and -6-14C, and 14CO., and concluded that
glucose and CO:2 are the best precursors. More will be said about the difficulties
encountered in monoterpene biosynthesis in the section on regulation of ter-
penoid metabolism.

3. Bicyclic monoterpenes

It has already been mentioned that Ruzicka33 has postulated ionic (Fig. 9)
and radical (Fig. 10) mechanisms for the biogenesis of some of the bicyclic
monoterpenes. As mentioned for the monocyclic monoterpenes, these schemes
still represent good working hypotheses. The proposed schemes do not cover
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methylcyclopentane monoterpenoids, which represent a special class, for the
most part, of bicyclic monoterpenoids.

i. Methyicyclopentane monoterpenoids. The class of naturally occurring com-
pounds known as the methylcyclopentane monoterpenoids are gaining increased
recognition because of their varied and somewhat exotic types of biological
activity and because they provide a structural link between terpenes and alka-
loids, two previously divergent classes of natural products that have interested
scientists for many years. The methylcyclopentane compounds have powerful
biological activity including antibiotic,157 insecticide,13? insect repellant and
attractant,108, 146, 328, 342 feline attractant,13. 154, 263, 264, 339, 389 capjne attract-
ant,338 arthropod defense,105. 147, 262, 267, 326 gntidiabetic!® 187 and the ability to
stimulate the learning capacity of rats.3.158 This is in contrast to the usual
physiological inertness of the classical monoterpenoids.

The occurrence of compounds which possess a methylcyclopentane mono-
terpenoid ring system is widespread in nature. They are composed of three
groups: oxygenated monoterpenes, alkaloids, and glucosides (the sugar moiety
is B-D-glucose). Several laboratories have studied the biosynthesis of these
compounds and the evidence for their isoprenoid origin is now well established.

The first report on the biosynthesis of a methylcyclopentane monoterpenoid
was on skytanthine (LXXX) (Fig. 13) by Marini-Bettolo’s group.?: 100 A more
detailed investigation on this alkaloid, which is also the most detailed study
to appear on a methylcyclopentane monoterpenoid, recently appeared.?2 A
mixture of alkaloids is obtained from Skytanthus acutus M., a plant native to

NYCH, @-cn, é(;ﬂ-cﬂ, é@-c%

LXXXa LXXx 8 LXXX y LXXX 8

LXXXI

FIG. 13. Structures of Skyranthus alkaloids.22. 143 The Greek letters refer to isomers
of skytanthine (LXXX). LXXXI is dehydroskytanthine.

the Atacama desert of Chile (Fig. 13). At least three skytanthine isomers
(LXXX, a, 8, and 8) and a dehydroskytanthine (LXXXI) are known.22: 148 The
amounts of these alkaloids vary with the parts of the plant with the roots con-
taining the most. Biosynthesis experiments (96 hours)?2 were conducted using
methionine-methyl-1¥C and MVA-2-14C as precursors. Specific activities of the
skytanthine alkaloids were found to vary in different parts of the plant.
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Chemical degradations on micro quantities of alkaloid, to eliminate nitrogen
and to determine the amount of radioactivity located in carbons 3, 4, 7, 9, and
10, were devised.?2 It was found that L-methionine-methyl-14C was the precursor
of the N-methyl group of 8-skytanthine. The results of biosynthesis experiments
using MVA-2-14C as a precursor provided evidence for the formation of sky-
tanthine isomers via: (a) an isoprenoid pathway which involved randomization
of the label between the terminal methyl carbon atoms of the monoterpene or
monoterpenoid (i.e., geranylpyrophosphate, XIX) intermediate in 1.3-year-old
plants; and (b) an isoprenoid pathway which did not involve randomization
of the label between the monoterpene terminal methyl carbon atoms in 3-year-
old plants (Fig. 14). To explain these findings, Auda et al.22 proposed several

5% 5%
44—~ N-CHy 45%—~ N-GHy
-245% ~40%
2’5 5% 5%
1.3 Years - 30 Yeors
FiG. 14. Labeling patterns in 8-skytanthine formed from mevalonate-2-14C by Skytanthus
acutus M.22

types of enzyme control systems. They postulated that different enzymes in-
hibitors or different levels of enzyme might be present in the young and old
plants. It may even be possible that the enzyme responsible for randomization
of the monoterpenoid intermediate does not exist in the old plant. Control by
the substrate pool size was also postulated. Perhaps this can be best visualized
by considering that the young plant has a rather large pool of monoterpenoid
intermediate and that the two terminal methyls become equivalent; whereas,
in the old plant, only a small pool of monoterpenoid intermediate exists and the
substrate is immediately utilized in the biosynthesis and does not remain in the
pool long enough for randomization of the methyl carbons to occur. The
possibility that randomization of the label in the 1.3-year-old plants was due to
degradation of MVA to carbon dioxide and reincorporation of the latter into
MVA (to provide MVA-U-14C) was not investigated due to the shortage of
labeled alkaloid. Battu and Youngken4? recently reported on the degradation
of MVA to carbon dioxide and reincorporation of the latter into monoterpenes
of Mentha piperita by CO: fixation. Other evidence by Regnier et al318 has
shown that MVA-2-14C is degraded to 14CO3, but the maximum amount pro-
duced by Nepeta cataria after 48 hours was 0.2 per cent. Variation in an enzy-
matic reaction mechanism due to age is a new phenomenon and it remains to
be studied more thoroughly before an acceptable explanation is forthcoming.

Yeowell and Schmid#2? have studied the biosynthesis of plumieride (LXXXII)
produced by Plumiera acutifolia using acetate-1-19C and MVA-2-14C and found
radioactivity in only the aglucone moiety. Results from chemical degradation
of plumieride formed biosynthetically from MVA-2-14C showed that random-
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ization occurred between carbon atoms 3 and 15 (about 25 per cent of the radio-
activity residing in each), and that carbon 7 contained 44 per cent. It can be
assumed that carbon atom 10 would contain about 6 per cent of the radio-
activity, which is in agreement with our finding on S-skytanthine. Yeowell and

25%

PLUMIERIDE
LXXXI)

Schmid42® suggested that randomization might occur after ring closure of the
cyclopentanoid ring and that carbon atoms 3 and 15 might be equivalent
aldehyde groups. Randomization of the terminal methyl label in the isoprenoid
portion of certain indole alkaloids has also been reported3? 165,261 and the
proposed mechanisms are similar to that suggested for plumieride. These data
are also supported by labeling experiments using geranylpyrophosphate-2-14C
(XIX)38, 39, 40, 185, 245 and geraniol-2-14C (XXII).10. 184, 245 Jt seems logical that
randomization might occur at the monoterpenoid level in these compounds
since carbon 15 of plumieride is further oxidized to a carboxylic acid group and
this biological oxidation might be expected to proceed in a stepwise direction
involving alcohol, aldehyde, and finally acid.

Schmid’s group?!! studied the biosynthesis of verbenalin (LXXXIII), another
methylcyclopentane monoterpenoid glucoside. The results they obtained using
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MVA-2-14C as a precursor of verbenalin (LXXXIII) produced by young plants
of Verbena officinalis show that randomization of the label occurred between
carbon atoms 3 and 8 (18 per cent and 23 per cent of the radioactivity residing
in each, respectively) and that carbon atoms 7 and 9 contained 3 per cent of the
radioactivity as illustrated above. Concurrent with the investigation of the Swiss
group,21 studies in our laboratory by Horodysky er al144.209 showed that
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little randomization of the label occurred in verbenalin (LXXXIII) produced
by mature, flowering V. officinalis plants (see structure above). In order to
resolve this apparent disparity in labeling patterns using MVA-2-14C as a pre-
cursor, the effect of age of V. officinalis plants upon the degree of randomization
was studied.144. 209 Plants of one, two, three, and four months of age were fed
MVA-2-14C and the verbenalin-14C was isolated and partially degraded. The
results are illustrated in Fig. 15. The radioactivity which appeared in carbon

4% 0-CgH, 05 5% 0-CgH, 04
469~ 0 45%~ 0
0% Z/=28% 0% Z=21%
22%9—+C00CH; 239 -~ GCO0CH;
One Month Two Months
5% 0~CgHy 05 4%, 0-CgHy0s
459~ 0 46% - 0
04 -32% 04 A4
18% —~COO0CH; 89%--CO0CH
Three Months Four Months

F1G. 15. Labeling patterns in verbenalin (LXXXIIT) with respect to plant age, using
mevalonate-2-14C as a precursor.20?

atoms 7 and 9 of verbenalin (LXXXIII) contained 4.1 4 0.4 per cent of the
aglucone portion of the molecule for plants aged one, two, three, and four months.
Thus, carbon atom 9 had approximately 4 per cent of the radioactivity, and by
difference, carbon atom 6 would have approximately 46 per cent of the radio-
activity in each of the four sets of plants. Randomization between carbon atoms
6 and 9 does not occur in young, mature, or senile V. officinalis plants. In
contrast to these results, it was found that the radioactivity appearing in carbon
atoms 4 and 8 contained 22, 23, 18, and 8 per cent of the activity of the aglucone
portion of verbenalin (LXXXIII). By difference, carbon atom 3 would be ex-
pected to have 28, 27, 32 and 42 per cent of the radioactivity of the aglucon
portion of verbenalin (LXXXIII) for plants aged one, two, three, and four
months. The evidence points towards a randomization of the label between
carbon atoms 3 and 8 for young V. officinalis plants, an intermediate stage at
which limited randomization occurs, and finally the stage at which non-
randomization occurs (the mature plant). These results parallel the findings
on the biosynthesis of 8-skytanthine (LXXX) discussed earlier.22

The metabolic relationship between MVA-2-14C and nepetalactone (LXXXIV)
in flowering Nepeta cataria L. plants has been examined.31¢ A limited random-
ization of the carbon-14 was found in carbon atoms 3 and 8 and also carbon
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atoms 6 and 9. With respect to the limited randomization between carbon atoms
3 and 8, the biosynthesis of nepetalactone is similar to that found for the bio-
synthesis of verbenalin (LXXXIIT) by intermediately mature, non-flowering
V. officinalis plants. However, a major difference between the biosynthesis of
nepetalactone (LXXXIV) and B-skytanthine (LXXX-B), plumieride (LXXXII),

18 %
|

29%~
P+36%

¢
17%

Nepetalactone
LXXXIV

or verbenalin (LXXXIII) is the evidence for the high amount of carbon-14
located in carbon 9. The fact that the per cent carbon-14 located in carbon 9
is about equal to that found in carbon 8 suggests that some randomization
can occur at the IpPP (XVI) level. This finding needs further study before it is
completely understood since the evidence to date tends to support the mechanism
of isomerization of isopentenylpyrophosphate proposed first by Agranoff et al4
and later established by Shah et /358

It has now been established that actinidine (LXXXV)30 from Actinidia
polygama can be formed via an isoprenoid route.2 This finding is also of interest
in the field of alkaloid chemistry, since it represents the third pathway for the

QN

Actinidine
LXXXV

biosynthesis of the pyridine alkaloids in plants. No studies were conducted to
determine the location of the label in actinidine formed from MVA-2-14C due
to the small amounts of the alkaloid produced in the biosynthesis experiments.

Of a number of biogenic schemes that have been proposed for the non-
rearranged methylcyclopentane monoterpenoids, only the most recent one of
these which incorporates the information available on their biosynthesis will be
presented!45 (Fig. 16). For earlier proposals and for background information
on the chemistry of these compounds, the reader is referred to refs. 32, 104,
111, 145, and 323. More explanation is necessary for this biogenetic pathway
than others previously discussed because of its newness and uniqueness. Because
of the widespread occurrence of geranylpyrophosphate (XIX) and its known
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biological reactivity, it may be considered a very likely intermediate for ring
closure to yield the methylcyclopentene aldehydropyrophosphate (LXXXVIII)
by utilizing the hydroxy- and aldehydo-pyrophosphates (LXXXVI, LXXXVII).
Structure LXXXIX may be considered the key biological intermediate, and
branches leading from it to the formation of the methylcyclopentane mono-
terpenoid alkaloids and the highly oxygenated methylcyclopentane mono-
terpenoids are shown.

Since the two asymmetric centers (4a and 7) of the methylcyclopentane mono-
terpenoids are identical throughout this series, it is likely that the methyl-
cyclopentane ring must cyclize at an early stage of structure formation to fix
the stereochemistry of the ring junction at 4a and the methyl group at 7 for the
entire series. The stereochemistry of the asymmetric centers other than 4a and 7
is varied at times in the series. This is especially apparent in products from
Skytanthus acutus, which produces three diastereoisomeric skytanthines (LXXX-
a, B, v) differing at carbons 4 and 7a. The multiplicity of skytanthine isomers
would suggest that the nitrogen-containing ring cyclized at a later stage than the
methylcyclopentane ring. Thus, the skytanthine isomers may arise from a
common precursor which permits a multiplicity of isomers to be formed during
ring closure.

The formation of XC (alkaloid route) may be rationalized as taking place
through biological transamination of LXXIX. The intermediate XC is structur-
ally attractive because the most receptive carbonyl of LXXXIX would be utilized
during amination and the presence of the allylic double bond would greatly
facilitate intramolecular nucleophilic displacement of pyrophosphate by the
amino group. This process would yield XCI, and the succeeding dehydration
step leading to the dienamine mixture XCII-a, b, and ¢ would be expected to
take place readily. It seems likely that an equilibrium could exist between
XClII-a, b, and ¢, which would permit stereoselective enzymatic partial reduc-
tion to the nor-a, B, and y skytanthines (XCIII) with the expected fixed stereo-
chemistry resulting at positions 4a and 7, as well as enzymatic dehydrogenation
to actinidine (LXXXYV). While the mode of formation of XCII-a, b, and c is
obscure, the existence of nor-skytanthinet is compelling evidence of at least
fleeting presence of such intermediates. It is possible that XCII-a, b, and c are
enzyme-bound intermediates which are not released and, therefore, not ob-
served. The addition of water across a nor-dehydroskytanthine (XCIV) with the
double bond between carbons 4 and 4a gives rise to hydroxyskytanthine (XCV).38
Tecomanine (XCVI)2!9 could be formed by methylation and oxidation of a nor-
dehydroskytanthine (XCIV) (double bond between carbons 4a and 5) at carbon
6. Hydroxyactinidine or tecostidine (XCVII)!88. 189 can be formed by terminal
methyl oxidation of carbon 9 of actinidine (LXXXV)34¢ or by oxidation of
XClIlI-c, a route going through the partially unsaturated compound (XCVIII).
Actinidine (LXXXYV) may be formed by the aromatization of XCII-b or by
dehydration of XCVIII.

1 Unpublished mass and nuclear magnetic resonance spectral data from our laboratories.
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The formation of XCIX (oxygenated monoterpenoid route) would be expected
to occur by hydrogenation and would be followed by removal of pyrophosphate
to give C. C would be in equilibrium with iridodial (CI)'%¢ and CIIIL. Iridodial
(CI) is in equilibrium with its bicyclic form (CII), which can be readily oxidized
to nepetalactone (LXXXIV) by alcohol dehydrogenase. Dihydronepetalactone
(CVI)*4 and iridomyrmecin (CVII)!% can be formed in an analogous fashion
from C and CIV, respectively. By a slight modification of the reaction sequence
initiating with the key intermediate LXXXIX, most of the other oxygenated
methylcyclopentane monoterpenoids can be formed.145 A careful study indicates
that a pattern of increasing unsaturation and oxygen content (also true for the
nitrogenous series) is evident. This gradation is probably due to biosynthetic
processes that appeared later in the evolutionary development of the plants.
There also exists a series of compounds32. 104, 323_pamely, aucubin, genipinic
acid, and catalposide—that have a methyl group missing at carbon 4 (see Fig. 13,
LXXX for numbering); these compounds are probably formed initially as regular
oxygenated methylcyclopentane monoterpenoids, but later lose a methyl group
by selective degradation. This hypothesis!4® has the advantage of a unified
biogenesis route which provides for the possible formation of all methylcyclo-
pentane monoterpenoid isomers with variation at carbons 4 and 7a.

ii. Six-membered ring monoterpenoids. These bicyclic terpenes and terpenoids
were shown to arise via an isoprenoid pathway by Stanley,387 who administered
labeled MVA to Pinus attenuata stems. Turpentine was isolated from the plant;
and the a-pinene (LVII), which is the major constituent of the turpentine of this
species, was shown to be labeled with carbon-14.

Sandermann and Schweers reported that MVA-2-14C can serve as a precursor
of a-pinene (LVII)3? produced by Pinus nigro A. and thujone (LIX)3%¢ by Thuja
occidentalis. The position of labeling in these molecules was determined and
found to be consistent with the proposed isoprenoid biosynthetic route already

S %

a—Pinene Thujone
Lvi LiX

discussed. B-Pinene (LXII) can be formed from MVA-2-14C by Santolina
chamaecyparissus L.; however, the distribution of label was not determined.408
MVA-2-14C and #CO; were found to label S-pinene (LXII), a-pinene (LVII) and
limonene (L) by young Pinus radiata seedlings.3?® More 14CO; was incorporated
into B-pinene than into a-pinene in one-year-old trees; however, in isolated
needles, the a-isomer attained a higher specific activity than the B-isomer. In a
cell-free extract, 0.05 per cent of label from MVA-2-14C was incorporated into
limonene, but synthesis of the pinenes was not observed.298

Sandermann and Schweers34®. 350 have suggested a biogenetic route which
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could explain the formation of the bicyclic monoterpenoid hydrocarbons (Fig.

17).
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Fic. 17. Biogenesis of bicyclic monoterpenond hydrocarbons, 349 850

4. Tricyclic monoterpenes

No work on the biosynthesis of these compounds has appeared. Tricyclene
(CXII1)3%6 has been isolated from oil of the Siberian pine-needle. The oils have a
relatively high amount of camphene (CXVII) and bornyl acetate (derived from
LVI). A biogenetic relationship (Fig. 18) has been suggested by Weissman4!1
that also includes the formation of bornylene (CXVI),

© d@

Tncyclcnc Bornylene
CXii cxXvi
20 Borneol
vl
CXIi
Comphene
(2441}

FiG. 18. Biogenesis of bi- and tricyclic monoterpenes.11
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D. Sesquiterpenoids

The biosyntheses of the complex series of natural sesquiterpenes (C;s) have
not been studied as extensively as has the monoterpene family, although bio-
genetic proposals are numerous.323, 335, 338, 411 They are believed to be derived
from farnesylpyrophosphate (XX) by a series of appropriate cyclization with the
additional assumption.that the central double bond is trans (by analogy to
squalene) and that the terminal double bond may be either cis or trans. The
cis-trans isomerization [CXVIII and CXIX] could arise from an allylic rearrange-
ment to give the nerolidol (CXX) type skeleton. Cis-farnesol (CXVIII) bears the
same relation to nerolidol (CXX) as geraniol (XXII) does to linalool (XXV).

= 7z =
& e x
OH = OH
OH
cis - Farnesol trons-Forneso! Nerolidol
cXviil cXIX cXX

Only a single report on the biosynthesis of monocyclic sesquiterpenes has
appeared, and that was on humulene®8 (Fig. 19, structure CXXXII) produced
by Nepeta cataria (catnip) from MVA-2-14C, The bicyclic sesquiterpene, caro-
phyllene,®8 was also labeled. It was of interest that incorporation of radio-
activity from MVA-2-14C into the terpene hydrocarbon fraction of N. cataria
reached a maximum 50 hours following administration of the precursor and
remained constant for a ten-day period whereas radioactivity incorporated
into the monoterpenoid, nepetalactone, leveled off at 12 hours, remained
constant for 125 hours, and then began to increase again.

The biosynthesis of four other bicyclic sesquiterpenes, carotol (CXXI),
ipomeamarone (CXXII), helminthosporal (CXXVII), and xanthinin (CXXIII),
have been studied. Carotol (CXXI) from carrot seed can be formed from ace-
tate-1-14C and the labeling pattern obtained suggested a preferred mode of
cyclization of FPP (XX).3¢¢ The distribution of label in ipomeamarone (CXXII)

-
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synthesized by black rot sweet potato root tissues from acetate-2-14C and
MVA-2-14C verifies the isoprenoid origin of this interesting sesquiterpene.$; 284s
Extensive enzymatic oxidation of FPP (XX) probably occurs, since no cycliza-
tion to carbocyclic rings occurs in this compound. Helminthosporal (Fig. 19,
CXXVII), the fungal toxin produced by Helminthosporium sativum, incorporates
radioactivity from MVA-2-14C131 and it was shown that 38 per cent of the label
was in the unsaturated aldehyde carbon atom, which is in good agreement with
the expected value if this carbon were one of three derived from carbon-2 of
MVA (XI).

Xanthinin (CXXIII), a lactone of the guaione type, can be formed from
MVA-2-14C by Xanthium strumarium with the pattern of label consistent with
FPP (XX) as a precursor.404

Longifolene (CXXVI), a tricyclic sesquiterpene, is formed from acetate-1-
14C345 in Pinus longifolia. Chemical degradation showed that the exocyclic methy-
lene group was essentially devoid of activity (the activity found was 1.6 per cent
of that anticipated). The authors stated that biosynthesis of longifolene occurs
via rearrangements of a normal sesquiterpene (Fig. 19).

The antibacterial sesquiterpenoid, marasmic acid (CXXVI-a), isolated from
Marasmius conigenus cultures, is labeled from MVA-2-14C. Chemical degrada-
tion of the marasmic acid-14C showed that about 33 per cent of the label was
located in the geminal dimethyl group, about 26 per cent in the cyclopropane
methylene carbon (or in the adjacent carbon atom), and these results led the
authors!® to suggest the labeling pattern shown. A humulene-type (CXXXII)
precursor (see Fig. 19) was suggested as an intermediate.

0—C=0
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Marasmic Acid
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The pathogenic fungus Trichothecium roseum produces trichothecin [(CXXV)
see also trichothecolone (CXXIV)], a tetracyclic sesquiterpenoid. This compound
is formed from MVA-2-14C, and from the labeling pattern obtained218 an
explanation of its formation from FPP was proposed. The stereochemical
aspects of this transformation and its importance in the formation of bisabolene
(CXXIX) have been discussed by Ruzicka.337

Bu’Lock387 has summarized the biogenetic sequences beginning with farnesenet
(CXXVIII), used to explain the labeling patterns obtained from longifolene
(CXXVI), helminthosporal (CXXVII), and trichothecolone (CXXIV) biosyn-
thesis experiments. It is of interest to note that in a non-enzymatic study of
the hydrolysis of frans-nerolidyl phosphate both isomers of bisabolol (see

t Although it would seem more likely to use FPP as the initial pfegursor of the sesquiter-
penoids.
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FiG. 19. Biogenetic sequences in the formation of selected sesquiterpenoids.8? Arrows
denote formation of terpene hydrocarbon from the carbonium ion.
structure CXXIX for the hydrocarbon structure) are formed.324 These results
are somewhat analogous to those cited earlier regarding the non-enzymatic
preferred ring closure of nerylpyrophosphate2?0 as compared with GPP (XIX).

E. Diterpenoids

Considerably more interest has been shown in the biosynthesis of diterpenoid
compounds than the sesquiterpenoids. Presumably this is because of their
biological activity (i.e., regulation of plant growth and development as shown
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by the gibberellins), but it is due partly to their more complicated structures,?
which present a challenge to the natural product chemist or biochemist who
endeavors to determine their labeling pattern through chemical degradation
methods. In general, the basic structural unit of the diterpenes and their deriva-
tives is geranylgeranylpyrophosphate (XXI) (Cgo-terpenol pyrophosphate),
which can be formed as described earlier (Fig. 6).175, 181, 221, 276, 208
Geranylgeraniol (CXL) and its dehydration product, farnesene, have been
reported to occur in tomato fruits.387 The allylic isomer, geranyl-linalool
(CXLI), has been isolated from jasmine 0il.23¢ Geranyl-linalool (CXLI) was
considered by Ruzicka333: 336 to be the most logical precursor of the diterpenes.
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The terpenoid moiety of chlorophyll, phytol (CXLII), is presumably formed from
geranylgeraniol (CXL) since the latter diluted the incorporation of acetate-14C
and MVA-2-14C into phytol produced by corn leaves.12® Sclareol (CXLIII) is
not labeled from MVA in Salvia officinalis, but 14CO; was readily incorporated.283
The negative data on sclareol (CXLIII) formation from MVA may indicate
that the precursor did not reach the site of biosynthesis.

The most complete biosynthetic studies on diterpenoid compounds have
been those on rosenonolactone (CXLIV in Fig. 20)88 79 and the gibberellins
(CXLV in Flg. 20).65, 66, 124, 125, 159, 175, 325, 328, 329, 401, 416 Both compounds have
modified diterpene carbon skeletons. The English®é and Swiss? groups obtained
the same results, independently, on the biosynthesis of rosenonolactone (CXLIV)
produced by the same organism as produces the sesquiterpenoid trichothecin,
from acetate-1-14C and MVA-2-14C, in which they found the pattern of labeling
that would be expected from the normal isoprenoid biosynthesis pathway. Of par-
ticular importance was the finding by both laboratories that no randomization
of label occurred in the terminal methyl carbon atoms of GGPP (XXI) (the methyl
group of ring A was labeled, but no label in the carbon from the lactone ring was

+ For example, we have found a complex mixture consisting of at least ten diterpenoid alka-

loids in Delphinium ajacis leaves and ten or more different alkaloids in the flowers, most of
which remain unidentified.
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found). In the biosynthesis of gibberellic acid (CXLV)83: 66 by the fungus Gibberella
Sujikurui, a pattern of labeling was found which was similar to that of rosenono-
lactone (CXLIV). Again, when MVA-214C was the precursor, the lactonic-carbon
of ring A was labeled; thereby, the results on the biosynthesis of gibberellic acid
(CXLV) were in full agreement with those obtained on rosenonolactone (CXLIV).

The biogenesis of these two diterpenoids must be considered separately, as
the gibberellin series are enantiomorphic with the “normal’ diterpenes, so the
precursors must be the mirror-images of each other. The biogenesis of each of
these diterpenoids from geranylgeranylpyrophosphate (XXI) is shown in Fig. 20.

Cross et al1?5 first suggested the structural relationship of gibberellic acid
(GA) to diterpenes and later demonstrated the conversion of 14C-labeled
(—)-kaurene (CLIII) to GA.124 Cell-free homogenates of the endosperm nucellus
of the seed of Echinocystis macrocarpa (wild cucumber) convert MVA-2-14C to
(—)-kaurene (CLII), (—)-kaurene-19-0l (CL1V), (—)-kaurene-19-al (CLV),
(—)-kaurenic-19-oic acid (CLVI), and rrans-geranylgeraniol (CXI) in the
presence of ATP.17%. 416 This reaction is localized in the microsomal pellet and
requires the addition of either a reduced pyridine nucleotide or a heated 105,000
X g supernatant fraction; it also requires air. In addition, 7-8-hydroxy-(—)-
kaurenoic-19-oic acid has been tentatively identified ;416 however, it is not clear
if this is an intermediate in the biosynthesis of gibberellins. In contrast, homo-
genates of the wild cucumber embryo did not catalyze the formation of these
diterpenoids from MVA and ATP, but rather squalene (CLXYV) and farnesol
(CXVIII) were formed. This finding is of interest since it indicated that MVA
metabolism in the endosperm nucellus may be directed to diterpenoid bio-
synthesis while that of the embryo from the same seed may be directed to the
synthesis of triterpenoids. Kaurene-14C (CLIII) and kaurenol-14C (CLIV) were
incorporated into gibBerellic acid (CXLV) in washed suspensions of Fusarium
moniliforme, providing confirming evidence for the role of these compounds as
intermediates; however, trans-geranylgeraniol-2-14C (CXL) did not give rise to
gibberellic acid (CXLV) and was therefore considered not to be a likely bio-
synthesis intermediate. Cell-free studies with germinating Ricinus communis
(castor bean) seeds have confirmed the formation of (—)-kaurene (CLIII) from
MVA-2-14C in the presence of ATP; and, in addition, it was shown that squalene
(CLXV) and three diterpene hydrocarbons—tentatively identified as stachene,
(+) sandaracopimaradiene, and trachylobane325—were found.t The cycliza-

¥ The structures of these diterpene hydrocarbons are shown below. Dr. West has stated that
their enzyme studies indicate that at least four different cyclization enzymes are involved in the
formation of these three diterpenes, (—)-kaurene (CLIII) and squalene (CLXYV). The biosyn-
thesis role and function of these diterpene hydrocarbons is not known.

Stachene (+) Sondaracopimaradiene Trachylobane
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tion of GGPP to (—)-kaurene is catalized by the 105,000xg supernatant
fraction of the endosperm of wild cucumber seeds (this enzyme system is named
kaurene synthase by West416). The kaurene synthase has a sharp pH optimum
at 6.6 and requires divalent metal ions. (—)-Kaurenic-19-oic acid (CLVI),15® and
(—)-kaurenol (CLIV)4 serve as precursors of gibberellins in cultures of Gibber-
ella fujikora. Evidence for an intermediate step in the pathway to gibberellic
acid [(CXLYV) (GA-3)] was obtained by the Geissman group?0! by the observa-
tion that a radioactive GA-4 4+ GA-7 fraction from a (—)-kaurenol-fed culture
could give rise to GA-3 when fed to a second culture.

The biosynthesis of steviol (CLVII), a diterpene aglycone obtained from
stevioside, which is produced by Stevia rebaudiana (a South American shrub)
and is responsible for the extraordinarily sweet taste of the leaves, has been
studied.328 No label was detected in steviol (CLVII) when MVA-2-14C was used
as a precursor, but label from acetate-2-14C was incorporated into the diter-
pene. The negative result obtained with MVA is probably due to the lack of
MVA-14C to get to the site of biosynthesis. The Heftman group considered that
steviol (CLVII), which has a similar stereochemical configuration to that of
kaurene (CLIII), might also serve as a precursor for the gibberellins [(CXLYV)
GA-3 specifically].32® Steviol-14C (CLVII) was converted to a gibberellin-like
compound by F. moniliforme, but no gibberellins of known structure were
labeled.

The biosynthesis of marrubin (CLVIII) by Marrubium vuigare (white hore-
hound) from several 1C labeled precursors indicated that the diterpenoid
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undergoes a rapid turnover and that the biological half-life is about 24 hours.”™
MVA-2-14C was the most efficient precursor studied-—results which are in
contrast with the formation of monoterpenes by peppermint.24? Partial chemical
degradation of marrubin (CLVIII) provided the expected labeling pattern.

An elegant example involving the use of tracer experiments is the biosynthesis
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study of pleuromutilin (CLIX) of Pleurotus mutilus, which also aided in the
elucidation of the structure®? 62 of this complex diterpenoid. The labeling pattern
as shown was rationalized on the basis of its derivation from geranyllinalool
(CXLI).18

The diterpenoid alkaloids represent a particularly interesting group of com-
pounds since their stereochemistry at the A/B ring junction is enantiomorphic to
that usually encountered, and, consequently, places them on the same general
biosynthesis pathway from GGPP (XXI) as the gibberellins. Although there
has been much speculation concerning the biosynthesis of the diterpenoid
alkaloids, there are only three reports of biosynthesis experiments. In the first
of these, Herbert and Kirby293 failed to obtain incorporation of mevalonate-2-
14C into delpheline, a diterpenoid alkaloid with the lycoctonine skeleton, in
detached leaves of Delphinium elatum. Benn and May45 using intact plants of
Delphinium brownit obtained low incorporation of acetate-1-14C and -2-14C as
well as mevalonate-2-14C into brownine (CLX) and lycoctonine (CLXI), a
related alkaloid with the lycoctonine skeleton. Recently, the biosynthesis of the
alkaloids ajaconine (CLXII), delcosine (CLXIII), and O-acetyldelcosine

CLX  Ry=0CHy , Rp= H; BROWNINE
GLXI  Ry= OH, Ry CHy, LYCOGTONINE

T
HO " OH

AJAGCONINE
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cLxumt  R=H; DELCOSINE

CLxiv - ReCOCH; ACETYLDELCOSINE
(CLXIV) (all alkaloids with the lycoctonine skeleton) from Delphinium ajacis
(larkspur) were studied using MVA-2-14C and glycine-2-14C as precursors.196
Although the extent of incorporation was low, the results support and extend
the previous positive finding on the incorporation of MVA into the lycoctonine-
type alkaloids. It seems likely that glycine is the precursor of the N-ethyl side
chain. The biogenetic relationship of these compounds to the diterpenes is indi-
cated in Fig. 20.

F. Triterpenoids and steroids

Squalene (CLXV) can be formed by the head-to-tail condensation of two
moles of FPP as shown by Lynen et al.257 and Popjik et al304.305 Beeler
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et al43 have demonstrated its formation enzymically from carrot and tomato
extracts. Squalene (CLXYV) is a key precursor of steroids in both plant and animal
systems and in the formation of the cyclic triterpenoids.

HO

Squolene Lanosterol Cholestero!
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Although squalene (CLXV) is a symmetrical molecule, it was recognized in
1961 by Popjék et al.,308. 305 that its two halves were derived from two farnesyl
residues in different ways. There are 214 = 16,384 possible stereo-isomers that
can be formed from the six molecules of MVA (XI) used in the biosynthesis of
squalene 120, 302 The fact that nature uses only one of these paths is quite
remarkable. Popjak and Cornforth302 have summarized in their Ciba Medal
Lecture in 1966 the results of a classical series of experiments using
specifically labeled (a) NADPH (NADH can also serve as an electron donor)
and MVA that reduces the possible stereospecific biosynthetic pathways from
16,384 to 2, and (b) deuterated or tritiated R and S mevalonic acidst to show
the stereospecificity involved in the elimination of the hydrogen atoms.

It is beyond the scope of this review to describe either these studies or the
recent information on the cyclization of squalene (CLXV) to lanosterol
(CLXVI)3t. 118, 119, 399 (see also the review articles cited in the introduction) that
lead ultimately to the formation of cholesterol (CLXVII).119, 425 Presumably
the reactions in the animal and plant systems are analogous, although the latter
has certainly not been verified since it has been only recently that cholesterol
(CLXVII) has been found in plants.

Ruzicka®? has recently reviewed the biogenesis of all of the major classes
of cyclic terpenes with emphasis placed on testing the hypothetical mechanisms
of their formation by the use of appropriately labeled biological precursors.

1+ R and S refer to the description of absolute configuration around asymmetric carbon
atoms as proposed by Cohn, Ingold and Prelog (Experentia 12, 81 (1956)). According to this
system, the substituents on an asymmetric carbon atom are arranged in a priority order accord-
ing to decreasing atomic numbers, and for the same atomic number. according to decreasing
atomic weights. If, on viewing the molecule from a direction opposite to the substituent of the
lowest priority, the priority order of the other three groups decreases in the clockwise direction,
the absolute configuration is said to be R, otherwise it is S. This system is particularly suited for
the description of an asymmetry created by isotopic labeling.
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The most exhaustive and complete work on triterpenoids through 1963, includ-
ing aspects of biosynthesis and bioconversion, is the book by Boiteau et al.”!

The squalene —> tetracyclic triterpene hypothesis received strong support
from biosynthesis experiments conducted on the fungus metabolite, eburicoic
acid (CLXVIII).127, 128 The labeling pattern obtained with eburicoic acid pro-
duced by Polyporus anthrocophilvi from acetate-1-14C was consistent with the
cyclization of squalene to form this triterpenoid. Formate'2® and the S-methyl
of adenosylmethionine has been shown to be the precursor of the “extra” C-28
methylene carbon atom of triterpenoids and plant steroids (see also refs. 24,
103, 402). Only two protons of the “extra” methyl were incorporated.163, 212
Recently it was shown that 24-methylenedihydrolanosterol could serve as a
precursor of eburicoic acid.3¢

Proof that the methyl carbons in the terminal isopropylidene group of squalene
retain their individual identity in the course of cyclization was obtained by
Arigoni,1?” who studied the biosynthesis of soyasapogenols (from soya-bean)
from MVA-2-14C. Chemical degradation of soyasapogenol D (CLXIX) showed
that practically none of the carbon-14 label was found in the axially oriented
hydroxymethyl group [C-24] at C4 and it was concluded that this carbon

0
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must originate from the methyl carbon of MVA (since the label must be in the
equatorial methyl carbon, C-23). This finding was of considerable importance
because it aided in establishing the stereospecificity of the polymerization of
IpPP (XVI) and DmaPP (XVIII).

It now appears that cholesterol (CLXVII) is probably as widely distributed
among plants as it is among animals.49 53, 138, 214, 215 The estrogenic hor-
mones progesterone (CLXXXII),235 estrone53 197,198 and pregnenolone
(CLXXXVII)50, 101, 148, 805 have recently been found in plants.
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MVA is incorporated into squalene (CLXV),% B-amyrin (CLXX)?5 by Pisum
sativum (pea); into B-sitosterol (CLXXVII), oleanolic acid (CLXXI), and
ursolic acid(s) (CLXXII) by Salvia officianalis;279. 280, 286 into squalene, acidic
triterpenes and steam-volatile terpenes by cuttings of Ocimum basilicum;*! into
A?22_gtigmasten-38-ol by Dictyostelium discoideum (slime mold);218 into sterols
and sapogenins by Dioscorea spiculifiora; into B-sitosterol by Rawolfia serpen-
tina; and into digitoxigenin (CLXXXVIII) by Digitalis purpurea.ls?. 239
Differences in the extent of incorporation of precursor into products was
observed. It is of interest to note that 21 per cent of the MVA-2-14C was incor-
porated into ursolic acid (CLXX1I)286 and generally, in the series of experiments
mentioned above, the efficiency of incorporation into pentacyclic triterpenes
was higher than that into B-sitosterol (which has an ethyl group in the sidechain,
rather than a methyl group which is the normal structure). MVA-2-14C is
incorporated into B-sitosterol (CLXXVII) and B-amyrin (CLXX) by cut flower
stalks of Taraxacum officinale (dandelion) and the results obtained by radio-
gas-chromatography indicated a number of possible sterol intermediates, but
were inconclusive with respect to lanosterol (CLXVI).2 In tissue culture studies
used for the biosyntheses of phytosterols, it was first suggested3® and later
proven experimentally4! that the triterpene cycloartenol (CLXXIII) may take
the place of lanosterol (CLXVI) in the sequence squalene — phytosterols. Such
a biogenetic pathway for B-sitosterol (CLXXVII) has been proposed.2- 141 The
formation of B-sitosterol apparently occurs by alkylation of an as yet unidentified
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FiG. 21. Biogenesis of B-sitosterol from squalene.2s 141

precursorl62, 287, 277,318 by the methyl group of methioninel®. 402 but more
definite experiments to clarify the methyl-acceptor molecule are required.
The origin of the ethyl sidechain in the phytosterol spinasterol (CLXXX)
produced by Menyanthes trifoliatat is the methyl of methionine and presumably
t M. trifoliata also produces loganin (CCXXX).
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is the result of a double alkylation process (CLXXVIII - CLXXIX - CLXXX)
(Fig. 22)?4 using a zymosterol-type sidechain (CLXXVIII) as a precursor and a
24-methylene derivative (CLXXIX) as an intermediate.
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. ‘Spinasterol
cLXXvill CLXXIX CLXXX
Fia. 22, The origin of the ethyl sidechain of spinasterol.24

Squalene serves as the precursor of B-sitosterol (CLXXVII) in Pharbitis nil
seedlings” and for the pentacyclic triterpenoid, B-amyrin (CLXX), in cell-free
extracts of Pisum sativum %6
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FiG. 23. Plant steroids biosynthesized from cholesterol. The top half of the figure
shows the inter-relationship between the estrogenic hormones and the steroidal
alkaloids of Holarrkena floribunda, all of which are derived from cholesterol.
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Both cholesterol (CLXVII) and progesterone (CLXXXII) serve as precursors
of the alkaloids from Holarrhena floribunda (an African plant).4¢ The steroidal
alkaloids holaphyllamine (CLXXXIII) and holaphylline (CLXXXIV) were
labeled by cholesterol-4-14C, whereas progesterone-4-14C (CLXXXII) labeled
unidentified basic compounds; radioactive pregnenolone (CLXXXI) was not
detected.#8 A reversible condition exists between pregnenolone (CLXXXI) and
holaphyllamine (CLXXXIII) and was demonstrated (Fig. 23) by the finding that
holaphyllamine-4-114C (CLXXXIII) could serve as a precursor of pregnenolone
(CLXXX]) in H. floribunda.®! Cholesterol (CLXVII) can serve as a precursor of
pregnenolone (CLXXXI) in Haplopappus heterophyllus (golden rod).49

Pregnenolone (CLXXXI) is a precursor of cardenolides?® and bufadieno-
lides.392

The Heftman group have recently shown that cholesterol-4-14C can serve as
a precursor of the steroidal alkaloid tomatidine (CLXXXYV), the structurally
analogous sapogenin neotigogenin (CLXXXVI) and A8-5-pregnen-38-o0l-20-one
(CLXXXVII) in Lycoperisicon pimpinellifolium (tomato).55: 19 They conclude
that the biosynthetic pathways of tomatidine and neotigogenin coincide as far
as cholesterol. The biosynthesis of Al8-5-pregnenolone from cholesterol supports
the finding that the latter compound is a precursor of the isomeric-AS-pregnen-
3B-01-20-one in Haplopappus heterophyllus® and Digitalis purpureal®?® as well
as of all pregnone derivatives in animals. Cholesterol can also serve as a pre-
cursor of sapogenins from Dioscorea speculifiora’® and Digitalis lanata3%

From the very interesting role of cholesterol (CLXVII) as a precursor of the
plant sterols (Fig. 23) it may be concluded that the steroids (triterpenoids) in
plants are in a dynamic state. Clarification of the details involved in some of
these biological reactions will be awaited with much interest.

It is of interest that carbons 22 and 23 in digitoxigenin (CLXXXVIII) bio-
synthesized from MVA-2-14C did not originate from the precursor, whereas

Squolene —>>
cLxyv
HO
Cholesterol
CLXVII
! l Acetyl-CoA
HO : f
Pregnenolone
Digitoxigenin
CLXXXVIil CLXXXt

F1G. 24. Biogenesis of digitoxigenin,162
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when acetate-1-14C was the precursor, C-23 was labeled. The Leete group!82, 239
concluded that the initial step in the conversion of cholesterol to butenolides
could be cleavage between C-20 and C-22 to yield pregnenolone (CLXXXI) or
a similar Cz;-20-ketone (Fig. 24). Subsequent addition of a two-carbon com-
pound such as acetate could then give rise to the butenolide sterols. Support
for this was obtained by Caspi ef al.,192 who showed that cholesterol could be
transformed into pregnenolone by Digitalis purpurea.

Gossypol (CLXXXIX),! a triterpene polyphenolic pigment which exists in
three tautomeric forms, has been established as the toxic principle of cotton
seed meal. It is found primarily in the seed pigment gland,2®® which may consti-
tute up to 2 per cent of the weight of the seed. The investigations of Boatner
and co-workers®: 70 revealed that the pigment glands consist of a “firm-walled
sac filled with colloidal amorphous material” which contains approximately
50 per cent gossypol. A group of pigments structurally related to gossypol, but
lower concentration, were also found in the seed pigment gland.254

Gossypol (CLXXXIX) appears to be an exception to the rule!6?. 379 that all
triterpenes or triterpenoid compounds found in nature must originate from
squalene (CLXYV). The formation of gossypol through a thirty-carbon hydro-
carbon would require an intermediate different from squalene in that linkage

Hoe0 H 40

¢ oK Ho ¢
Ho. oH
LOQI00L,
Gossypol
CLXXXIX
at the C-2 position of the fifteen-carbon intermediate would be required. The
alternative to the route involving a thirty-carbon hydrocarbon intermediate
would be cyclization of the fifteen-carbon intermediate, reduction to an aromatic
ring, and oxidation before condensation to a precursor of gossypol.

Smith32 showed that a net synthesis of gossypol (CLXXXIX) occurred in
excised cotton roots from both glanded and nonglanded strains of cotton. This
observation indicated that the enzyme system required for the complete bio-
synthesis of gossypol was in the cotton root. Heinstein et al.200 reported a high
incorporation of acetate-14C into gossypol with excised cotton roots. Cotton
root homogenates were also capable of synthesizing gossypol from either
acetate-14C or MVA-2-14C. About 22 per cent incorporation of the biological
active isomer of DL-MVA-2-14C was reported with the complete cotton root
homogenate system.

Recently Heinstein200s found that the incorporation of geranyl-2-14C pyro-
phosphate (XIX) into gossypol by a cotton root homogenate was equal to the

incorporation of MVA-2-14C, whereas neryl-2-14C pyrophosphate (XXIIIa) was
twice as efficient as MVA-2-14C. From chemical degradation, it was concluded
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that the gossypol labeling pattern from each of these 14C labeled precursors was
as expected and the proposal that gossypol is formed from isoprene units was
strongly supported.

Trans-trans FPP-2-14C (XX), the usual natural sesquiterpenoid isomer and an
intermediate in cholesterol biosynthesis, was not incorporated into gossypol.
Incubation of cotton root homogenates utilizing MVA-2-14C as a substrate with
copper or iron chelating agentst and under anaerobic conditions caused the
accumulation of several 14C-labeled compounds. One of these was isolated,
purified and incubated with a cell-free cotton root homogenate and was found
to serve as a very effective precursor of gossypol (several times more efficient
than MVA-2-14C), Large-scale incubations yielded enough compound for
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Neryipyrophosphate + IpPP —

XXllle Xvi
Cis, Cis
Farnesyl
Pyrophosphate
l GXC
OH OH
OH oH
Qo100 = * @&
2~ Cadaienol
CcXxClla \ cxcil CXCl
Gossypol
‘ CLXXXIX

Gossypol Related Pigments
Fig. 25. Biogenesis of gossypol.1. 200s, 288

identification by spectrometric techniques2?0® and the structure proposed was
the sesquiterpene alcohol 2-[2-methyl-butyl}-3-isopropyl-6-methyl phenol
(CXCI).

t Since gossypol (CLXXXIX) contains two phenolic hydroxyl groups next to the carbon—
carbon bridge connecting the naphthalene moieties it was suggested that the pigment is formed
by an oxidative coupling. Phenol oxidases, laccases and peroxidases which can catalyze oxi-
dative coupling require oxygen and contain iron or copper. By chelating the metal and carrying
the reaction out in an anaerobic atmosphere the oxidase activity would be effectively blocked,
thus causing all precursors formed up to this stage to accumulate in the medium.
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A proposal for the biogenesis of gossypol involving cis—cis FPP (CXC) is
shown in Fig. 25.1, 200a, 288

Chain elongation of IpPP proceeds to form nerylpyrophosphate (XXIIIa),
which is followed by the formation of first an acyclic sesquiterpenoid inter-
mediate which most likely is cis—cis-FPP (CXC) (since frans—trans-FPP is not a
precursor and is also based on the gossypol labeling pattern from XXIIla). The
first aromatic intermediate formed from the acyclic sesquiterpenoid (CXC) is
2-[2-methyl-butyl’-3-isopropyl-6-methyl phenol (CXCI), which can give rise to
the proposed naphthyl precursor (2-cadalenol, CXCII) of gossypol (CLXXXIX).
Dimerization by oxidative coupling at the ortho position of the a-naphthol
derivative CXCII would be expected to yield the 2,2’-binaphthol derivative
CXClla. The proposed precursor role of 2-cadalenol (CXCII) is both an exten-
sion of the recognition of the cadalene dimeric structure of gossypol2®: 336, 337
(CLXXXIX) and a logical compound to be formed from the known precursor
CXCI. The specific precursor on which hydroxylation and formation of the
formyl group occurs (before or after oxidative coupling) to produce gossypol
(CLXXXIX) remains unknown.

G. Tetraterpenes: carotenoids

Several reviews of this very extensively studied subject area have appeared
in recent years;?s, 91, 109, 168, 170, 213, 410 consequently, a section is included in
this chapter only for completeness and for the purpose of bringing the reader
up to date on the most recent findings. The carotenoids, tetraterpenes, and their
derivatives are ubiquitous in the plant kingdom and occur in all tissues, but
are found in highest concentration in the chloroplast. The carotenes are hydro-
carbons, and the xanthophylls are their oxygenated derivatives; they are major
constituents of the yellow pigments obtained from leaves, flowers, and fruits.
There is no evidence that carotenoids can be synthesized by animals.

Studies on B-carotene (CXCIII) biosynthesis in Mucor hiemalis}?8, 179, 180
Pycomyces blakesleeanus and carrot slices, 8. 256 and Euglena gracilis®s® demon-
strated that acetate-4C was incorporated in a manner consistent with the
mevalonate pathway (Fig. 26).

cXcin
FiG. 26. The distribution of acetate-1-14C (@) and acetate-2-14C (Q) in p-carotene.

It is now generally accepted that phytoene (CXCYV) is the first C49 carotenoid
formed. A wide variety of experiments were conducted which showed phytoene
(CXCYV) rather than other carotenoid hydrocarbons was found to accumulate.268
The formation of the Cq4 terpene hydrocarbon probably proceeds by the
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head-to-tail condensation of two units of geranyigeranylpyrophosphate (XXI).12
The latter compound labeled with 14C has been found to be incorporated into
phytoene in a carrot plastid system12%: 414 and recently phytoene formation from
IpPP and FPP by a partially purified tomato enzyme system was shown 219
From results obtained from the dilution of radioactivity from acetate-14C and
MVA-2-14C in metabolic competition experiments, geranyllinaloo) (CXLI) has

'
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been implicated as a precursor of carotenoids in much the same manner as was
geranylgeraniol (CXL), whereas phytol (CXLII) is not active.2® The condensa-
tion reaction between 2 moles of GGPP (XXI) does not appear to be analogous
with that of squalene (CLXYV) formation from two units of farnesylpyrophos-
phate (XX), since the C49 homologue lycopersene (CXCIV) would be produced
if this were the case; but it has been shown not to be the first product involved
in the biosynthesis of carotenoids.12?. 268 An important difference between the
condensation of two GGPP (XXI) units and the condensation of two FPP (XX)
units is that no NADPH is required in the Cgo dimerization process;12 conse-

T
— — CHy 4 CHy — — -
PP oPP
Xxi xx1

Cao— Terpeno! Pyrophosphate + GCyo- Terpenc! Pyrophoshate

New Centrol Bond +2 P -P

Phytoene
CXCv

FiG. 27. Union of two molecules of Cgo-terpenol pyrophosphate to form phytoene.
The latter contains a central double bond.
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quently, no reduction is involved in the reaction. It has been pointed out09, 168
that the central double bond of phytoene (CXCV), which is absent in lycoper-
sene (CXCIV) (Fig. 27), is in conjugation with the two double bonds of the two
central isoprene residues, and would prevent its folding similarly to squalene
(CLXYV); thus, extensive cyclization initiated by OH- or H* should not be pos-
sible. This offers a possible explanation for the absence of fused polycyclic
tetraterpenoids in nature analogous to the cyclic triterpenoids of plants. The
additional unsaturated linkage in phytoene (CXCV) places it at least one step
closer to the next carotenoid, phytofluene (CXCVI), which is formed by
dehydrogenation. The steps involved in the conversion of phytoene to other

RS X X AN N AN AN AN

CXcv Phytoene

e

SN 2 B N X X N
|
cxevl Phytofluene
|
2[u}«1
x S RN S N
CXcvn {~Carotene
2(H]
A NN NIRRT S RS
CXCVIiT  Neurosporene
am«1
A AN A VI S T AN

CXGIX Lycopene
FiG. 28. The pathway of conversion of phytoene into lycopene.

non-cyclic tetraterpenoids are shown in Fig. 28. Phytoene is dehydrogenated
in successive steps to form phytofluene (CXCVI), ¥-carotene (CXCVII),
neurosporene (CXCVIII), and lycopene (CXCIX). The first step, phytoene to
phytofluene, can be carried out by isolated plastids.44 Support for the remainder
of the sequence is based largely on studies using ripening tomatoes injected
with MVA-2-14C in which the specific activities of the isolated intermediates
were consistent with the proposed scheme shown in Fig. 28.811, 312
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The cyclization process involved in forming the carotenoids remains unclear.
Lycopene (CXCIX) is not readily converted into S-carotene (CXCIII);?® phyto-
ene-14C is converted into S-carotene-14C by cell-free extracts of Sporobolomyces
shibatamus.?20 Cyclization is probably hindered by the steric hindrance of the
terminal methyl groups and is thought to occur prior to the formation of lyco-
pene. The support for this concept comes from in vivo experiments where the
specific activity of B-carotene (CXCIII) is often greater than that of lycopene
(CXCIX); so it is not likely that the latter is a precursor of the former.311, 312
A general biogenetic pathway is shown in Fig. 29, but the exact relation between
the series of compounds remains uncertain.

The recent report that B-ionone vapor stimulates the incorporation of
MVA-2-14C into carotenes and, high counting non-saponifiable fractions in
carrot root slices is not readily explainable.?52 Lowry and Chichester also point
out a vexing problem in any metabolism study—namely, the demand for rigorous
purification of the compound isolated from a natural source, i.e., when phyto-
ene-14C was incubated with lyophilized carrot slices, the a- and S-carotene bonds
of non-crystallized a- and S-carotene were highly labeled, but after recrystalliza-
tion the specific activity fell to zero.252¢

Goodwin and Williams'?2 have studied the stereochemistry involved in
lycopene formation using the tritiated 4R-mevalonate and 4S-mevalonate des-
cribed previously.} They found that the T/14C ratio in phytoene formed from the
4R-mevalonate by carrot root slices was identical with that of the starting
material (which showed that each isotope was present at eight positions in the
molecule), whereas no tritium was retained when 4S-mevalonate was used,
indicating that the 4R hydrogen is specifically retained. Similar results were
obtained from squalene formed by carrot roots and they are in agreement with
those for squalene synthesized by rat liver homogenates.302

Lo — QM
H'w—/. * [ RS ] }—T"'
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o
Fic. 30. Possible mechanism for the cyclization of an acyclic precursor to give the
B-ionone ring of the carotenoids.168
The constancy of the T/}4C ratio in phytoene synthesis described above does
not hold true for the a-carotene (T/4C = 7:8) and B-carotene (T/14C = 6:8).171
These results showed that B-carotene could not be a precursor of a-carotene

+ We have encountered the same difficulty in biosynthesis studies of diterpenoid and mono-
terpenoid alkaloids. On occasions when it is difficult to crystallize a compound, we have had to
subject certain compounds to at least twenty TLC runs using various solvents to get material
that possessed a constant specific activity.

t See note, p. 187.
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(Fig. 30) and that the opposite could not occur either. Rather, the loss of one
tritium atom occurs for each ring formed.

Formation of the xanthophylls appears to involve oxygenases and occur by
insertion of molecular oxygen and not water; however, water can serve as the

B-carotene
7 cxom
[Caetiag] [Coatag]
HO HO OH
8- cryptomnthin ccv unlherownthm [H47]]
0
[czz“ze] [sz"zs]
PO, éﬁ .
8- zeaxanthin CCVI violaxanthin  CCVIN

FiG. 31. Oxidized carotenoids derived from B-carotene,

source of the oxygen in the epoxy groups of violaxanthin. This is probably one
of the last steps in the biosynthetic sequence.142. 335, 428 T]lustrative examples of
the xanthophylls which can be derived from B-carotene are shown in Fig. 31.

H. Polyterpenoid alcohols

Increasing interest in this group of polyisoprenoid alcohols (polyprenols)
which are found in both plant and animal tissues has developed in recent years.
The polyprenols can be represented by the general formula (CCIX) and may
vary in chain length from 6 to 20 isoprenoid units (Cso to Cigp). These com-
pounds tend to be a mixture of cis—trans polyprenols. Although little has been
done on the metabolism of these compounds, it is expected that more attention
will be devoted to this subject now that the structures of some of them have been

determined.
o
H-E}Hg— c=cu—cnz]—ou
n

cCIx

The first polyprenol to be isolated from leaves of higher plants was solanesol
(all-trans-nonaprenol; n =9), which was isolated from Nicotiana tabacum
(tobacco).327 MVA serves as a precursor of solanesol,57: 317 but the extent of
incorporation is low. The trivial name, castaneol, was given to a polyprenol
preparation (n = 10, 11, 12, and 13; with n = 12 predominating), isolated from



200 PROGRESS IN THE CHEMISTRY OF FATS AND OTHER LIPIDS

leaves of Aesculus hippocastanum (horse chestnut).371, 412 In fact, the occurrence
of polyprenols is not limited to photosynthetic tissue. The spadix of Arum
maculatum (lords and ladies) yields a number of these long-chain alcohols.201
Weliburn and Hemming4!2? indicated that polyprenols may be widespread in
higher plants.

A series of polyprenols called betulaprenols, where n = 6, 7, 8, and 9, has
been isolated from the wood of Betula verrucosa (silver birch).243 In the
examples cited, other than solanesol and one of the Arum spadix polyprenols,
all of these prenols have more double bonds of the isoprene residues in the cis
configuration than in the trans configuration.

Dolichol, a Cie0 polyprenol (n = 20), is the largest molecular weight com-
pound of this series to be characterized. Dolichol was isolated from pig liver,
is present in many mammalian tissues (yeast),®0 and has been reported to occur
in plant tissue.20! Fifteen or sixteen of its internal isoprene units have the cis
configuration. In dolichol, the “OH terminal” isoprene residue is saturated.
It can be biosynthesized from mevalonate, but the rate is slow.9, 94

Polyprenols closely related to dolichol have been found in Saccharemyces
cerevisiae (baker’s yeast),8? Aspergillus fumigatus®® and Lactobacillus casei
(bactoprenol; n = 11).38 The n = 11 polyprenol produced by L. casei is the
major metabolite of mevalonate, although it occurs in low concentration. A
terpene phosphate synthetase has been isolated from Micrococcus liposeikticus,
‘which catalyzes the condensation of allylpyrophosphates with IpPP to produce
Css and Cy5 terpene pyrophosphates.” An interesting finding was that the terpene
pyrophosphate products are bound to the enzyme, but covalent linkages are not
involved. This interaction between protein and reaction products was not ob-
served on the GGPP (XXI) synthetase.22!

Of considerable interest is the elegant work on characterization of casta-
prenolst from Aesculus hippocastum (horse chestnut)4® and the ficaprenols
from Ficus elastica (the decorative rubber plant).372 The polyprenols mixture
from horse chestnut leaves contains predominantly castraprenol-12 (n = 12)
with castraprenol-11 and castraprenol-13 being present in smaller amounts,
and a trace of castraprenol-10. Each of these compounds contains three frans
internal isoprene residues and a cis “OH terminal” isoprene residue. They differ
from each other only in the number of cis internal isoprene residues. In the study
of polyprenols isolated from F. elastica, this group of workers found that fica-
prenol-11 (n = 11) was the major component with ficaprenols-10 and 12
occurring in lesser amounts and traces of ficaprenol-9 and 13. The castaprenols
are found mainly in the chloroplasts; however, upon aging they are also found
outside the chloroplast.” They are not found in the wood or bark of the horse
chestnut. The Morton group suggest that the ficaprenols-10, 11, 12, and 13 are
probably the same compounds. Their proposed biogenesis of this group of
polyprenols, which have all three internal trans isoprene residues adjacent to

t As mentioned above, the trivial name castaneol was given to polyprenols isolated from
horse chestnut by Stevenson et al.,37 but the same group of workers now prefer the trivial
name castaprenol, which appears to be somewhat more definitive.
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the w-terminal isoprene residue, involves the addition of cis isoprene units to

all-trans-geranylgeranylpyrophosphate (XXI) by the action of a poly-cis-
synthetase system,

Leaves of the rubber tree, Hevea brasiliensis, have been found to contain
polyprenols (n = 11, 12, 13) with three internal isoprene units in the trans
configuration and the remainder cis.13® These polyprenols may be related to
rubber biosynthesis, as will be pointed out in the section on rubber.

1. Polyisoprenoid quinones

A large number of polyisoprenoid quinones are found in plants. Among
these are: (a) the tocopherols (CCXI and CCXII) are the examples shown
(the y and 8 isomers are also known) or vitamins E, a group of partially hydro-
genated isopentanoid compounds found in plants and essential for reproduction
in some animals, (b) the antihemorrhagic vitamins K (see structure XLIII for
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vitamin K3), and (c) the ubiquinones (CCXV) (or coenzymes Q) whose signifi-
cance in metabolism has been only partly evaluated. Related to the ubiquinones
are the ubichromenols (CCXVI) which are produced by the condensation of
the adjacent isoprene unit with the quinone ring. Much remains to be done on
the biosynthesis of the polyisoprenoid quinones. Nicholas®84 has very recently
reviewed their biosynthesis, metabolism, and physiological functions and the
recent book by Morton2™ is quite complete. A Ciba Foundation Symposium424
provides many important aspects of the biochemistry of the ubiquinones.
Based on previous knowledge, it seems obvious that MVA can give rise to
the side-chain of the polyisoprenoid quinones; but, except for studies on the
ubiquinones (CCXV),160, 161, 166, 234, 203, 366 convincing experithental proof is
lacking. The biosynthesis problem is complicated by compartmentalization
within the cell, low level of isotope incorporation, and difficulty in obtaining
suitable in vitro conditions for systematic enzyme analysis. Confusion still exists
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Fic. 32. Biogenetic sequence for the formation of ubiquinones.334
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as to whether lengthening of the side-chain while it is attached to the aromatic
nucleus or the attachment of the preformed isoprenoid chain to the quinone
ring (or its precursor) is most likely, although the evidence!60. 234, 263, 3668 fayors
the latter approach. In coenzyme Q, biosynthesis of the polyisoprenoid side-
chain is believed to occur via the polymerization mechanism described earlier
(Fig. 6, page 160), presumably the pre-formed polyisoprenoid side-chain as the
pyrophosphate is coupled by nucleophilic attack on the partially substituted
aromatic ring.180, 234, 293, 366 Since several ubiquinones varying in the number of
isoprene residues are found together, it is concluded that different polyiso-
prenoid units are coupled to the aromatic nucleus by the same tissue—hence,
the connection between the polyprenols previously discussed and the polyiso-
prenoid quinones would seem to be more than just a fortuitous one. Of interest
is the finding that Aspergillus fumigatus forms the all-trans-form of squalene
and ubiquinone when MVA-2-14C-4R-T is the precursor.1® The methyl and ring
methyl carbons of the ubiquinones are derived from formate or from methio-
nine?™ and the quinone ring nucleus can be formed from p-hydroxybenzaldehyde
or p-hydroxybenzoic acid (CCXIX).292,297,3% The most recent biogenesis
proposal for the ubiquinones is that of Friis!5 and is shown in Fig. 32,

Considerably less is known about the biosynthesis of the vitamins E (CCXI,
CCXII) and K (XLIII) but pathways analogous to that proposed for the
ubiquinones!® provide logical working hypotheses. The side-chain for the toco-
pherols is completely hydrogenated; however, several naturally related com-
pounds called tocotrienols (CCXIII, CCXIV which correspond to y- and B-
tocopherol are shown; the v~ and B-isomers are also known) possess unsaturation
in the side-chain. Note that in both the tocopherols (CCXI and CCXII) and
the tocotrienols (CCXIII and CCXIV) the length of the side-chains is fixed—
this is in contrast to the vitamins K (XLIII) and ubiquinones (CCXV).268, 273, 424
The biological mechanism that controls the length of the side-chain of the poly-
isoprenoid quinones as well as that for the polyprenols and rubber is not known.
Information on the distribution and concentration in tissues of these polyiso-
prenoid quinones provides useful hints on biogenesis and this has been sum-
marized elsewhere.284

J.  Rubber

Bonner reviewed the progress made on the biosynthesis of rubber in 196372
and 196573 and Lynen and Henning in 1960.25° About 2000 species of plant
produce rubber, but only 500 are considered to be rubber-bearing plants. The
production of rubber occurs in the latex of the plant, and the latex is contained
in specialized cells. The rubber tree used in commercial operations, Hevea
brasiliensis, produces the all-cis polyisoprenoid isomer, whereas Polaquium
gutta and Mimusops balata produce the all-trans isomer (Fig. 33). Some micro-
organisms produce a cis-1,4-polyisoprene and other rubber-like substances.238

The cis-rubber produced by H. brasiliensis is 500-5000 isoprene residues
(mol. wt. ranging from 105 to 4 X 109) in length, and is unbranched.14. 183 It is
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not known if functional end groups occur on the molecules, but it is considered
to be a hydrocarbon. The polyisoprenoid is insoluble in water and occurs as
discrete particles up to 3 microns in diameter in the latex.136

The latex of H. brasiliensis contains all of the enzymes required for synthe-
sizing rubber from acetate.27 382 Carbon-14 labeled acetate is incorporated into
H. brasiliensis latex with a specific activity equal to that of the acetate supplied,
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FiG. 33. The two isomeric polyisoprene chains as they occur in rubber and in gutta
(top: cis-rubber polymer; bottom: frans-gutta polymer).

indicating that the transformation of acetate into rubber occurs without great
dilution.2® Similar results have been obtained with tissues of the nineteen other
plants studied.3® By incubating the various precursors with latex, it has been
shown that mevalonic acid is incorporated into rubber without randomiza-
tion2%8. 222 of the radioactivity, and similar results were obtained for IpPP.15, 259
The conversion of MVA (XI) to IpPP (XVI) occurs in the latex; but the poly-
merization of the latter precursor takes place in vitro almost exclusively on the
surface of existing rubber particles,14 catalyzed by an enzyme which is distributed
between the hydrocarbon surface and the aqueous serum. The biosynthesis
route is visualized then as proceeding via chain elongation, rather than the
initiation of new chains (Fig. 34).
>cuzcnzo-pp
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Fic. 34. Diagrammatic sketch representing the growth of the polyisoprene chain by
addition of IpPP.
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To initiate the formation of new polyisoprenoid chains, all rubber is removed
from the latex and the remaining serum is incubated with IpPP (XVI).1¢ When
IpPP (XVI) is incubated in the presence of the isomeric “starter” DmaPP
(XVIII),?8 then trans-trans FPP (XX) is formed. The addition of the DmaPP
(XVIII) was necessary since the enzymic isomerization of IpPP (XVI) could
not be detected in latex ;3 however, indirect evidence for the presence of the iso-
merase in H. brasiliensis was obtained by showing that the incorporation of
mevalonate into squalene was markedly reduced by iodoacetamide.t Trans-
trans FPP (XX) is an intermediate in the formation of the carotenoids and sterols
known to be present in the latex. Thus, rubber latex is an interesting biological
system as it produces both high molecular weight all-cis rubber and low mole-
cular weight all-zrans terpenoids.

TABLE 2

T[/MC Ratios in Products Biosynthesized from [4R-4-T1, 2-1C]-
and [4S-4-T, 2-14C)-mevalonate by Hevea brasiliensis /atex302

Precursor \ Farnesol Rubber
4R-Mevalonate (T/14C ratio 7:17) 7:0 0:0
4S-Mevalonate (T/14C ratio 4:54) 0:05 4:2

The stereochemistry of the formation of natural all-cis rubber and trans—trans
FPP have been studied using stereospecifically-labeled MVA by Archer et al.16
and also Popjdk and Cornforth.3%2 Latex from H. brasiliensis was used to
synthesize rubber and farnesol from [4R-4-T, -2-14C]- and [454-T, -2-14C}-meva-
lonate.} The results shown in Table 2 show that the T/4C ratio in rubber
biosynthesized from the 4S-MVA was the same as in the starting MVA, whereas
the rubber produced in the 4R-MVA experiment contained practically no
tritium. This is just the opposite of what occurs during the biosynthesis of
squalene. The farnesol produced simultaneously with the rubber showed the
‘““squalene™ pattern of labeling. These workers concluded that two distinct
enzymes were responsible for the production of trans-trans FPP (XX) and cis
rubber. Furthermore, it was predicted302 that the stereochemistry of chain
propagation in rubber biosynthesis proceeds as shown in Fig. 35 with the only
difference from the trans pattern of biosynthesis being the conformation in
which each successive isopentenylpyrophosphate moleculeisbound to theenzyme.

During the course of latex flow, many of the enzymes involved in rubber
synthesis are lost. Also lost are ribosomes and mitochondria that have been
shown to present in latex.265 Immediately after the latex flow has stopped, rubber
synthesis starts again in the vessel so that as much as 35 per cent of the original
rubber concentration of the latex is restored within 48 hours. Since tapping can
continue without reducing the yield of rubber over periods of many years, it is

+ The isomerase is the only enzyme concerned with the formation of squalene from meva-
lonate known to be sensitive to iodoacetamide.

1 See note, p, 187.



206 PROGRESS IN THE CHEMISTRY OF FATS AND OTHER LIPIDS

clear that the latex vessel must possess the power to regenerate its mitochondria,
ribosomes, and the enzymes used in rubber synthesis. Apparently the nuclei
of the multinucleate vessel do not flow out during a tapping but remain appressed
to the vessel wall. According to Bonner,” “the genes which produce mRNA
for synthesizing the rubber-making enzymes as well as the ribosome-making
system must be depressed by the act of tapping since these products appear in
abundance in the regenerating latex. As regeneration of the enzymes concerned
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FIG. 35. Stereochemistry of rubber biosynthesis from IpPP.16: 302

with rubber synthesis proceeds in the latex vessel and as the rubber concentra-
tion approaches the upper limit characteristics of the plant, the genes for making
the rubber synthesizing enzymes must again be repressed and the enzymes for
rubber synthesis must themselves be inhibited since all synthesis in the vessel
ultimately ceases. The behavior of the cell contents of the latex vessel during
the regeneration of the latex which follows a tapping cut would appear to provide
an elegant example of derepression and repression both on the genetic and the
enzyme level.”

With the finding of polyprenols in leaves of the rubber plant,!3? it is interesting
to speculate that since they are poly-cis alcohols with two or three internal
isoprene residues in the frans configuration, perhaps the increment added
to the growing chain in each case is a cis residue. If such did occur, then rubber
may be derived from a family of poly-cis alcohols and perhaps rubber has a
few trans units present. As mentioned, rubber, although called a hydrocarbon,
in its natural state is probably the pyrophosphate of an isoprenoid alcohol (see
Fig. 34).

I11. METABOLIC RELATIONSHIP BETWEEN
TERPENES AND ALKALOIDS

Thomas8¢ and Wenkert#!5 recognized that the methylcyclopentane mono-
terpenes might serve as a precursor of certain indole alkaloids. This postulated
link between alkaloids and terpenes has now been verified experimentally and
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independently by Scott,184, 261 Arigonil®5, 245 and Battersby,36, 37, 38, 39, 40 and
their respective co-workers, and it appears that the rearranged skeleton is
involved in the synthesis of indole alkaloids possessing the structures of the
Corynanthe, Aspidosperma, and Iboga types. Battersby* recently has shown that

0—Glucose

0
S

COOCH;
Logonin
CCXXX

the methylcyclopentane monoterpenoid glucoside loganin (CCXXX) can serve
as a precursor to the indole alkaloids vindoline (CCXXXIV), catharanthine
(CCXXXIII), and ajmalicine (CCXXXII), and he suggested that this compound
(CCXXX) may be the key methylcyclopentane monoterpenoid precursor that
connects these two classes of natural products. The reader interested in a discus-
sion of biogenesis of the rearranged methylcyclopentane monoterpenoid skeletons
is referred to the recent reviews by Taylor380 and the articles by Battersby, Scott,
Arigoni and Thomas already mentioned. Coscia and Guarnaccia?? have recently
shown that gentiopicroside (CCXXXI), a rearranged methylcyclopentane
monoterpenoid which possesses the same carbon skeleton as the Cjp moieties
of Yohimbe, Rauwolfia, Cinchona, and Strychnos indole alkaloids, can be derived
from MVA in Swertia caroliniensis. Degradation of the gentiopicroside
(CCXXX]I) indicated that 20 per cent of the radioactivity was present in carbon
atom 3 and the authors then rationalized its biosynthesis as shown.

0 Glucose

[
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o070
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The experimental evidence relating terpenes and alkaloids is supported by
feeding experiments with acetate (I), MVA (XI), and geraniol (XXII) labeled
at various positions. Vinca rosea plants were used and the indole alkaloids were
isolated and partly degraded to determine the location of the labeled carbon
atoms. The results are in agreement with head-to-tail combination of the two
Cs units and it was logically deduced and subsequently confirmed that geraniol
(XXII) is a precursor of the indole alkaloids of the Corynanthe, Aspidosperma
and Iboga groups. The proposed biogenetic pathway (Fig. 36) involves the
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cyclization of geraniol (XXII) to provide a cyclopentanoid (CCXXXYV) which
undergoes ring cleavage to yield the unrearranged monoterpenoid with carbon
skeleton CCXXXVI. Rearrangement of the monoterpenoid CCXXXVI
occurs to give structures whose carbon skeletons are arranged as structures
CCXXXVII or CCXXXVIII. These three basic monoterpenoids thus may be
incorporated into the indole alkaloids as shown by the thickened bonds in:
(a) ajmalicine (CCXXXII) which is related to terpenoid CCXXXVI (Corynanthe

Xxu ccxxxv °
Me0,C C |
. t Cotharonthine COxXxxvi \
Aimalicine CCXXXIY
COXXXH m
o
( cozu

1
Mo COXXXVII .

N 04Ac
Me OH
COgMe

CoXXxXvil
Vindoline

CoxXxx1y

Fic. 36. Biogenesis of indole alkaloids from the rearranged methylcyclopentane
monoterpenoids.380

family), (b) catharanthine (CCXXXIII) which is related to terpenoid
CCXXXVIII (Iboga family), and (c) vindoline (CCXXXIV) which is related to
terpenoid CCXXXVIII (Aspidosperma family).t Most of these results were
obtained using carbon-14 or tritium labeled precursors but Scott’s group!84
also used MVA-5-Dz-lactone and analyzed the deuterovindoline (CCXXXIVa)
mass spectrometrically. The results are in agreement that a terpenoid such as
CCXXXVII could be formed from the combination of two Cs units to yield
geraniol-1-D-5-D (XXIIa), which upon rearrangement would yield CCXXXVIla.
The resulting vindoline is labeled in the carbons shown. The most convincing
evidence so far that a methylcyclopentane monoterpenoid is involved in indole
alkaloid biosynthesis is provided by Battersby e al40 in experiments using
O-methyl-3H loganin (CCXXX)}§ as a precursor of V. rosea alkaloids. The
labeled methyl ester group was removed and the remaining compounds were
unlabeled. Their results showed that general methyl transfer was eliminated
and were interpreted as supporting the specific incorporation of loganin0 into
the Corynanthe, Aspidosperma, and Iboga families of alkaloids. The next logical
question to be raised was—does loganin occur naturally in V. rosea plants?

+ There is no indication as to the state of oxidation of the monoterpenoid in these hypo-
theses.

1 Loganin is found in Strychnos nux-vomica (K. Sheth, E. Ramstad, and J. Wolinsky,
Tetrahedron Letters, 12, 394 (1961)).

§ Other methylcyclopentane monoterpenoids tested as possible precursors of the indole
alkaloids were monotropeine methyl ester, verbenalin, dihydroverbenalin, and genepin. All
four substances were shown not to be incorporated into the indole alkaloids produced by V.
roseat®
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Battersby et al. tested this using geraniol-1-8H (XXII) as a precursor and by radio-
chemical dilution using unlabeled loganin and concluded that 0.02 per cent incor-
poration of the precursor was recovered in the loganin (CCXXX). Although more
definitive experiments are needed, the present data support the role of the methyl-
cyclopentane monoterpenoids as being the link between terpenes and alkaloids

Me0

Deuterovindoline
CCXXXIVa

COXXXVita

and, more specifically, it now appears that loganin (CCXXX) may be the key
compound involved in their linkage.t The possibility of other methylcyclopen-
tane monoterpenoids (i.e., verbenalin (LXXXIII), gentiopicroside (CCXXXI),
etc.) serving in this kind of an intermediate cannot be ruled out at this time.

N on
—merlte
N COXXXIX
XXt 1
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coxut l

coxLn |

Quinine
cexLm
FiG. 37. Biogenesis of quinine, 20

It should also be pointed out that quinine (CCXLIII), which can be formed
from tryptophan,27 can also incorporate geraniol3”, 240 (XXII). A methylcyclo-
pentane monoterpenoid intermediate (CCXXXIX) was suggested based on the
structural resemblances as shown in Fig. 37.

Thus, in two families that produce indole alkaloids, the Rubiaceae (Cinchona

1 1t is of interest to note that Dr. Carmine J. Coscia has found loganic acid and loganin in

small amounts in Swertia caroliniensis, the plant that produces gentiopicroside.}3!.122 Geranyl-
pyrophosphate-1-24C can serve as a precursor of loganic acid.
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and Corynanthe species) and the Apocynaceae (Aspidosperma, Iboga (Taber-
nanthe iboga) and Vinca), the metabolic relationship between terpenes and
alkaloids appears to proceed through a methylcyclopentane monoterpenoid
intermediate.

IV. REGULATION OF TERPENOID METABOLISM

The regulation of terpenoid biosynthesis has been studied mainly at three
levels of cellular organization. The first of these involves the common biosyn-
thetic pathway used to form geranylpyrophosphate (XIX) already described;
the second is based on studies with chloroplasts, microsomes, and mitochondria;
and the third is based on morphological findings. Goodwinl®? has recently

Extrachloroplastidic Common Chloroplastidic
pathways pathways pathways
Acetate : CO,
Mevalonate
Isopentenyl
pyrophosphate

Geranyl pyrophosphate

Squalene «——————————— Farnesyl
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FiG. 38. Proposed scheme segregation of enzymes concerned with terpenoid biosynthesis in
developing seedings.16?
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reviewed the first and second points of this subject as it applies to higher plants
and suggested the following scheme (Fig. 38). He considers that the main
aspects of the regulatory mechanism in higher plants is: (a) the segregation of
enzymes (the enzymes essential for the basic reactions being present both inside
and outside the chloroplasts, whereas those specific to the production of
“chloroplast terpenoids” are present only in that organelle and those essential
to triterpenes are mostly outside), and (b) the relative impermeability (either
way) of the chloroplast membrane to mevalonate. Light plays an important
role in terpenoid biosynthesis, as indicated by the fact that when etiolated seed-
lings or Euglena are illuminated the primary terpene precursors are diverted from
sterol (and other triterpenoid) synthesis and utilized for the synthesis of the
terpenoids which accumulate in the developing chloroplasts. Goodwin rationalizes
this compartmentalization in the following statements:16¢ “During germination
extraplastidic synthesis of sterols required for membrane and lamellae forma-
tion occurs from endogenous food supplies and the mevalonate involved cannot
penetrate the immature plastid to form unnecessary pigments. As soon as the
seedling comes out of the ground and is illuminated, the sterols are transferred
to the plastids which rapidly become functional by fixing CO3 into mevalonate
which is used for the synthesis of chloroplast terpenes; these are quickly in-
corporated together with the sterols, transferred from the ‘microsomes’ into
lamellae and grana; because of the impermeability of the limiting membrane
of the chloroplast, the mevalonic acid cannot get out to synthesize sterols and
other triterpenes which are not immediately required. Later, the sucrose, formed
in the chloroplast, can move out and provide the extrachloroplastidic mevalonic
acid required to produce the sterols necessary for further growth of the plant.”

It appears evident to this author that considerable confusion exists concerning
the metabolic control and disposition of terpenoids in plants. Goodwin2é and
Nicholas2?8. 284 find most of the squalene (CLXV) in the extraplastidic fraction
of a wide variety of plants studied. There is also a relatively large amount of
sterol as a sterol ester in chloroplasts.287 Goodwin suggested that the sterol
esters might serve as “transfer sterol”” which could be moved from the micro-
somes to the chloroplasts. Beeler et al.43 found that squalene could be formed
from MVA in chloroplasts, thus indicating that the enzymes required must be
present in these organelles. Further evidence for the complexity of the problem
is provided by the finding that isolated chloroplasts synthesize fatty acids from
acetate-2-14C, but not non-saponifiable material (i.e., sterols).37® The imperme-
ability of the chloroplast cannot be invoked in this case.

Other areas that may be worth exploring in more detail are environmental
effects,88, 190 and the specialized cells, i.e., oil glands,246. 316 and the relationship
to plant growth and development.22: 248 For example, Burbott and Loomis®®
analyzed the monoterpenes of Mentha piperita (peppermint) and found that they
were strongly influenced by environmental conditions; but concluded that
photoperiod had no direct influence on monoterpene metabolism. They suggested
that the oxidation-reduction level of the monoterpenes reflects the oxidation—
reduction state of the respiratory coenzymes of the terpene-producing cells and
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that this, in turn, was dependent upon the concentrations of respiratory sub-
strate in the cells. This suggestion was based on the likelihood that warm nights
cause depletion of respiratory substrates, resulting in oxidizing conditions, while
cool nights preserve high levels of substrates, thus maintaining reducing condi-
tions. The specialized cells, i.e. oil glands, may play a very important role in
control of terpene synthesis; however, until it is known if the terpenes are syn-
thesized in situ or are translocated from some other part of the plant, we are
forced to rely largely upon circumstantial evidence. Loomis8® points out that
there is considerable evidence which indicates that the site of monoterpene
formation and degradation in plants is isolated, both from the air as well as
from the rest of the plant. Morphological studies on peppermint oil glands with
the light microscope?1® and with the electron microscopel® show that access to
the gland is through a heavy cuticle or through a single-celled stem, presumably
through the protoplast of the stem cell. Recently, Amelunxen!! has found bundles
of fibrous material which appear to be precursors of the essential oil of pepper-
mint. Furthermore, he noted that these fibrous bundles were found throughout
the leaf, not only in the oil glands. Microscopic examination of leaf cross-
sections of the catnip plant prepared from leaves at three different stages of
development show (Fig. 39) several types of glandular structures.31® The glands
occur on both sides of the leaf. These glands are multicellular, resting between
hairs arising from the cuticle or epidermis. They appear to originate from a
single cell and change in shape with development. In the early stage (Fig. 39A)
no stalk is visible; in the intermediate stage (Fig. 39B) formation of a stalk with
a globular head is seen. In the late stage (Fig. 39C) the globular structure is
expanded and the stalk is enlarged. These stages of development are similar to
those found in the glandular trichomes of Hemizonia minthornii reported by
Carlquist.?” These glands have a fragile membrane, since the lightest brushing
with the finger-tip produces a pronounced odor of catnip oil. This fragility serves
to explain why cats roll over and over in catnip plants and increase their body
activity as the vapor around them becomes more saturated with catnip oil.

Differentiation in the manner that cells incorporate MVA-2-14Cinto terpenoids
has been observed.1?® For example, in the wild cucumber, MVA metabolism in
the endosperm nucellus appears to be directed to diterpenoid biosynthesis,
while that of fhe embryo of the same seed may be directed to the synthesis of
triterpenoids.

Another point to be considered is that primary terpene products, once formed,
leak into compartments where they are secondarily transformed; for example,
the terpenes of pines are made in glandular cells and secreted into resin ducts
where secondary transformations can occur.?

Tracer studies with a variety of plant species have shown that the time and
method of administration have to be carefully selected before one can hope to
demonstrate the biosynthesis of any monoterpene, Whereas the levels of in-
corporation into peppermint monoterpenes are quite low (0.0~0.1 per cent),
those of the methyl-cyclopentane monoterpenoids, skytanthine (LXXX) and
verbenalin (LXXXIII), are relatively high (0.5-1.5 per cent of the MVA-2-14C
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administered). 14CO; has usually been the best substrate, and sometimes acetate
serves as a better precursor than MVA, which is usually rather poor (see com-
ments on page 169). The recent report of Battu and Youngken4?indicate MVA and
acetate were degraded to COsz and then reincorporated into monoterpenes of
peppermint via COs fixation; however, no degradation studies were conducted.
In contrast to these results is the conclusion obtained with the diterpene marru-
bin (CLVIII), where the evidence suggested TCA cycle acids acetate and pyru-
vate were degraded to acetate prior to incorporation, whereas MVA was not.?8

The variation in enzymatic mechanism due to age must be considered, al-
though significant differences in the amount of incorporation of radioactivity
from melvonate into skytanthine?2 and verbenalin20® when plants of different
ages were used was not observed. Several possible types of enzymatic control as
well as control by substrate pool size that were mentioned (see page 171) can be
envisioned.22

Lastly, the genetic control over terpenoid metabolism must be considered.
There have been several chemotaxonomic or biochemical systematic studies,
particularly of the monoterpenes, conducted. As more detailed information on
biosynthesis and catabolism of the various classes of terpenoids becomes avail-
able, then a clearer understanding of the genetic control and its evolutionary
significance will be forthcoming. Plant breeding experiments with the species
Mentha have yielded some useful information on the genetic control of mono-
terpenoid metabolism in this species.8. 274, 275 According to Murray,?? 275 a
single pair of genes controls, either directly or indirectly, the major distribution
of monoterpenoids in mint oils. The groupings for terpenoid production are:
(a) acyclic monoterpenes as in Mentha citrata (bergamot mint), (b) 2-oxygenated
cyclic monoterpenes as in M. spicata (spearmint), and (c) 3-oxygenated cyclic
monoterpenes as in M. piperita (peppermint). The action of the dominate gene
apparently is upon a cyclic intermediate to convert it to a spearmint [2-oxygenated
series as represented by carvone (LXXIX)] type oil, while in the presence of only
the recessive gene the cyclic intermediate is converted to a peppermint [3-
oxygenated series as represented by piperitenone (LXVII)].271 320 T oomis?46
suggests that these data indicate that the gene which differentiates between the
carvone series and the pulegone series may be the one that determines the posi-
tion of the double bond. He proposes that a-terpineol (XLIX) or the corre-
sponding carbonium ion (Fig. 40), or an equivalent enzyme-bound form, is an
intermediate. The formation of the double bond by dehydration produces
either limonene (L) or terpinolene (CCXLYV), depending on which hydrogen
atom is lost. Further oxidation to yield the ketones and subsequent dehydro-
genation would be expected to occur by action of rather non-specific enzymes.
The oxygenase is specific in the sense that oxygen is added in the a-position to the
double bonds. Murray2?4 also showed that the reduction of menthone (LXX) to
menthol (LXXIII) is predominantly controlled by a single gene, with the allele
for menthol production being dominant. Thus, it seems likely that a dehydro-

t The two-hour boiling of mevalonic lactone-2-14C in alkali and the long exposure of the
substrates to the plant roots may have facilitated the degradation.
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genase is under the control of this gene—in fact, it could be a non-specific
alcohol dehydrogenase. By analogy, crystalline horse liver alcohol dehydrogenase
can oxidize geraniol’8? and farnesol%? to their corresponding aldehydes, and
carrot slices catalyze the same reaction.4%0 It may be that the recent finding that
nepetalactone (LXXXIV) is predominantly produced by Nepeta cataria (cat-
nip), whereas its stereoisomer, epinepetalactone (CCXLVII), is the primary
product of N. mussini (catnip), while N. citriodora produces primarily acyclic
monoterpenoids, provides another example of the genetic control of terpenoid
synthesis.®14. 315 In this example there is a pronounced difference from the
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F1G. 40. Postulated pathways of monoterpenoid metabolism in mint pla.nts based on
genetic evidence, 246, 274, 275

mint monoterpenoids since these molecules (LXXIV and CCXLVII) are the
same except for the stereochemistry around one of the asymmetric centers
(carbon-7a). It might be that one gene controls the enzyme that catalyzes the
closing of the six membered ring (see biogenesis scheme, Fig. 16, and also page

Nepetalactone Epinepetalactone
LXXXIV cexLvi

177); if so, this is a very subtle control and the raison d’étre is not apparent.
For more information on biochemical systematics the reader is referred to the
books by Alston and Turner8 and Swain.376
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V. CATABOLISM

The degradation of terpenoids must be considered by both the higher plant
or micro-organism in which they are produced and by animals, including man,
in which they are used for medicinal or culinary purposes. During the last few
years, studies on the microbial degradation of terpenoids have appeared.

A. Catabolism by animals

1. Open-chain tergenoids

Lipid-soluble greign compounds, such as many of the terpenoids, which find
their way into the body would be doomed to remain there for days, weeks, and,
in some cases, even for months, were the organism not capable of converting
them into more polar, less lipid-soluble substances.80.321 Such a conversion
prevents them from re-entering the blood path by way of diffusion through
the tubular cell membranes of the kidney once they have been filtered through
the glomerulus into the tubular lumen,321, 352 The speed with which the com-
pound (in this case, the terpenoid) penetrates the barrier is dependent upon the
diffusion gradient and the relationship of its solubility in lipids to that in water,
Small amounts of terpenes or terpenoids are continually being ingested, ab-
sorbed and metabolized by man and other animals, although most herbivorous
animals consume large quantities of plant material and, consequently, must
metabolize considerable quantities of terpenoids. The terpenoids to be discussed
are found in essential oils, in extracts of citrus fruits, and in a variety of plants
used for medicinal or culinary purposes. Our state of knowledge concerning the
metabolism of these compounds in animals is primitive, and it logically follows
that much research must be done before this area gains the respectability that
biosynthesis research now holds. Many of the factors considered in drug meta-
bolism80. 321, 852 guch as protein binding, dissolving of the terpenoid in fat,
localization in tissues, absorption from the gastro-intestinal tract, and route of
administration should be considered. Williams#2° has reviewed the metabolism
of terpenoids through 1958.

1-Borneol (LVI) has been found in the contents of the perfume gland of the
beaver; it is assumed that it came from plant material eaten.23® Citronellal
(XXXII) is one of the main constituents of yacarol, the gland secretions of the
alligator.360 It is assumed that these compounds accumulate as the result of
translocation, and perhaps some type of an ‘““active up-take” of l-borneol or
citronellal occurs.

The notable early contributions in the metabolism of terpenoids by animals
were by Hildebrandt204, 205,206 and by Kiihn and co-workers22®, 280, 281 who
studied the fate of a number of monoterpenoids in domestic animals. The pro-
duction of Hildebrandt’s acid (XXXYV) from methylgeraniolene (XXXIV), which
does not occur naturally, was described® earlier (Fig. 7, page 163). Dihydromyr-
cene (see structure XXVIII for myrcene), geraniol (XXII), citral (XXIV), and
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geranoic acid undergo w-oxidation to give Hildebrandt’s acid, which is isolated
from the urine of dogs and rabbits fed these monoterpenoids,204 229 whereas
cyclocitral and cyclogeraniol are excreted as the glucuronides.208. 229 Citral
has been reported to have tumor-inhibiting properties,”> but it can cause
vascular endothelia if ingested in large amounts.152 In vascular endothelia, it is
thought to act as a retinene competitor. Citral also yielded 2,3-dihydro-Hilde-
brandt’s acid. Citronellal (XXXII), the chief constituent of citronella oil, is
oxidized by the rabbit to give a cyclic compound [p-menthane-3,8-diol (CCXLIV)]
which is excreted in the urine as the glucuronide (CCXLYV); however, it was
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XXXil CeXLIV

CCXLY

shown that cyclization was probably not a true biological process, but a chemical
one which took place under the influence of gastric hydrochloric acid. It is
interesting that cyclization occurred, since to form 2,3-dihydro-Hildebrandt’s
acid from citronellal would require only terminal methyl group oxidation.
Citronellol (XXVII) does not undergo cyclization in the rabbit and the main
excretory products are optically active forms of 7-hydroxymethyl-3-methyl-
octa-6-enoic acid and 7-carboxy-3-methylocta-6-enoic acid.152

A hereditary recessive disease affecting primarily nervous system function,
known as Refsum’s disease,3!3 is associated with an accumulation of phytanic
acid [3,7,11,15-tetramethyl hexadecan-1-oic acid (CCXLVI)] in serum and
tissues?24 of the individual; consequently, the metabolism of phytol (CXLII),
the side-chain of chlorophyll, and its saturated derivative, phytanic acid, is
receiving increased attention. Presumably, the metabolic error is a relative
inability to break down the branched chain structure of phytic acid, although
this has not been rigorously established. The feeding of phytol in large doses
(2-5 per cent by weight in the diet) leads to the accumulation of phytanic acid
in the human, mouse, rat, rabbit, and chinchilla, 192, 225, 228, 369, 870 The accumu-
lated phytanic acid may reach levels of as high as 60 per cent of the total fatty
acids in the liver and 40 per cent of the total in the serum. After the phytol is
removed from the diet, the phytanic acid level returns to normal, which indi-
cates the ability of the normal animal to readily metabolize this compound.
Studies on phytol-U-14C272 showed that 30 per cent of the dose was converted to
COq in 18 hours after oral administration, compared with 20 per cent conversion
to COq in 4 hours after intravenous administration. This is comparable to the
rate at which palmitic acid is metabolized to CO2. The phytanic acid-14C was
distributed widely throughout the body with the highest concentration being
found in the liver and adipose tissue. Apparently no endogenous biosynthesis of
phytol or phytanic acid occurs as indicated by the lack of incorporation of
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radioactivity into these compounds when the subject was fed MVA-2-14C or
acetate-1-14C; hence, the source is dietary. Phytol can be metabolized to phy-
tanic acid through the intermediates 2-phytenic acid or 2,3-dihydrophytol.

COOH

Phytanic Acid
CeXLvI

The pathway for the conversion of phytanic acid to CO; remains to be eluci-
dated. Ruminants have readily measurable quantities of phytanic acid in their
blood (>1 per cent of the total fatty acids), but monogastric animals normally
have only trace amounts.251 Small amounts of phytanic acid are present in butter
fat.181 It has been suggested!4? that the pathway for the degradation of phytanic

Phytol
N
2-Phytenic Acid 2,3-dihydrophytol
AN
AN

Phytanic Acid

CO:

acid proceeds in another manner, rather than either the classical f-oxidation or
w-oxidation. Possible alternative metabolic pathways would be the oxidation
of the terminal carbons as in the formation of Hildebrandt’s acid or in the
bacterial oxidation of acyclic monoterpenoids to be described in the following
section.

DmaPP (XVIII), GPP (XIX), and FPP (XX), well-known metabolites in
squalene biosynthesis from MVA, are metabolized by the liver by an alternative
pathway to their corresponding acids.11® This transformation proceeds by:
(a) irreversible dephosphorylation into the free terpenoid by a microsomal
phosphatase, followed by (b) irreversibly dehydrogenation to the acids by horse
liver -alcohol dehydrogenase (LADH) and aldehyde dehydrogenase present in
a soluble protein fraction of liver homogenate.110 It was of interest to find that
the terpenols are more specific substrates for LADH than is ethanol, but they
cannot act as substrates for yeast alcohol dehydrogenase. It is interesting to
speculate on the effect of LADH on farnesol considered as a normal physiological
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substrate for this enzyme407 in humans. It is known that the human liver can
dehydrogenate a maximum of 250 g of ethanol each day ;384 correspondingly, it
may be calculated that about 15 g of farnesol could be oxidized to farnesal per
day. Farnesol in the liver arises primarily as a by-product of cholesterol bio-
synthesis, by hydrolysis of farnesylpyrophosphate, but it is not known what
quantities of this intermediate are diverted to this alternative pathway. It is
likely that most of the farnesol in mammals is produced by that animal; however,
some is ingested. The daily production of cholesterol in the human liver is about
4 millimoles, requiring the previous conversion of 8 millimoles of farnesyl-
pyrophosphate into squalene. If it is assumed that one-half of the farnesyl-
pyrophosphate synthesized acts as sterol precursor, and the other half is meta-
bolized via free farnesol, about 0.9 g of farnesol could be available for
dehydrogenation, well within the calculated capacity of the liver. Obviously,
these calculations are somewhat speculative, since the horse liver enzyme may
be different from the human; nevertheless, the order of magnitude of the calcu-
lated values appears to be correct.

2. Cyclic terpenoids
Human urine contains uroterpenol (CCXLVII), a monoterpene structurally
derived from limonene (L), which is especially plentiful in citrus fruits 422

oK
CHy— C — CH,OH

CHy

Uroterpenol
cexLvi

Uraterpenol is excreted as a conjugate with glucuronic acid and it was observed
that the concentration increased following the ingestion of orange juice or an
aqueous homogenate of whole lemon known to contain limonene. When
orange juice containing no limonene was ingested, no increase in uroterpenol
was observed. The possibility exists that a sesquiterpene urinary metabolite,
called Xs,%07 which has been shown to be an a-S-unsaturated ketone, is also of
terpenoid origin.

In rabbits, p-methenel®® forms a conjugated glucuronide of unknown con-
stitution; however, there was an indication that oxidation occurred at carbons
2 and 4. Sheep convert a-phellandrene (CCXLVIII) to phellandric acid (CCL),
carvotanacetone (CCLIII), p-cymene (CCLIV), and possibly phellandral
(CCXLIX).1%8 Phellandric acid (CCL) is excreted partly as the glycine conjugate,
phellanduric acid.42?

Carbone (LXXIX) is excreted as a glucuronide by the rabbit205 in which one
ethylenic bond becomes saturated and the keto group reduced.1® d-Pulegone
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(LXIX) is converted to d-menthol (LXXIII) and 1-pulegol in the rabbit, both
being excreted as the glucuronides.205 Piperitone (LXVIII), used for the minty
flavor in dentifrices, is converted by sheep to carvotanacetone (CCLIII), thymol,
and possibly diosphenol (both contain the 1:2 double bond), all steam distillable
products recovered from urine.1% 1-Menthone (LXX) is reduced by the rabbit
to give d-neo menthol (LXXII), but no 1-menthol (LXXIII) was detected; d-
iso-menthone (LXXYV) is reduced and the reduction products are excreted as
their glucuronides.418

i CHO COOH CONHCH,CO0H
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c XL‘IX‘ Acid Acid
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HO. OH 40
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Generally the monocyclic terpene alcohols conjugate with glucuronic acid in
the animal body, with the uronic acid residue becoming attached to the existing
—OH group,420 j.e. 1-menthol (LXXIII) or mint camphor, which is widely
used as an anaesthetic and antiseptic, is excreted by the rabbit as 1-menthyl-g-
D-glucuronide, originally important as a source compound for isolating glucu-
ronic acid. Only about one-half of the administered menthol is recovered as the
glucuronide, the fate of the other one-half being unknown.41®

Still less is known about the catabolism of terpenoids with more than one
ring. Thujyl alcohol (CCLYV), which occurs in the oil of worm-wood, is converted
to a mixture of its glucuronide (CCLVI) and p-menthane-2,4-diol (CCLVII),420
and thujone [(LIX); the corresponding ketone] gives similar products. On the
other hand, if an unsaturated linkage is present in thujyl alcohol (CCLYV) at the
1,2-position (i.e., sabinol), then the bicyclic ring structure is not broken.

Little information is available on the metabolism of a- and B-pinene, although
an early report1®8 indicates they are excreted as glucuronides. a-Pinene causes
sheep to develop albuminuria, and has a toxic action on the liver and kidneys.192

d-Borneol (LVI) is excreted by man as bornyl-glucuronide, and the rate is
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about 80 per cent of a 2 g dose in 2 hours.510: 420 Camphane (see CXIV), the
hydrocarbon related to borneol, is apparently oxidized to a mixture of d- and
1-borneols, and subsequently excreted as their glucuronides.

Considerable interest that dates back almost a century has been shown in
the metabolism of camphor (CCLVIII), probably due to its use as a temporary
cardiac stimulant. In 1879, Schmiederberg and Meyer334 isolated three camphor

HO GIAD HO
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Thujy! Alcohot ceLvi coLvil
coLv

metabolites from dog urine. About fifty years later, Asahira and Ishidate2!
identified these main dog metabolites as 3- and 5-hydroxy camphor (CCLIV,
CCLV) with smaller amounts of cis- and frans-w-hydroxy camphor (CCLVI)
and trans-r-apo-camphor-7-carboxylic acid (CCLVII). Compounds possessing
the fenchane skeleton (CCLVIII) and the santene skeleton (CCLIX) appear to
be stable in vivo also, much as does the camphor series, i.e. they are oxidized
without breaking the ring structures and excreted as the glucuronides.420
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The metabolism of the feline attractant, nepetalactone (LXXXIV), has been
studied by administering large doses (50 mg) to a cat by force-feeding the com-
pound contained in a capsule.20® The cat showed no physiological response nor
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any signs of toxicity. Nepetalactone-4C was administered to a cat in a meta-
bolism chamber, and the results showed that over 85 per cent of the radio-
activity was recovered in the urine. Analysis of the urinary metabolites have
indicated that the lactone ring was opened and that the main product excreted
was nepetalinic acid (CCLXI) (Fig. 41). Nepetalic acid (CCLX) is probably an
intermediate in the reaction. Other radioactive compounds were recovered, but
were not identified.

0
| COOH T COOH
—_— —_
_ CHO COOH

Nepetalactone Nepetalic Acid a- Nepetalinic Acid
LXXXIV cCLX ceoLxi

FIG. 41. Metabolism of nepetalactone by the cat.

The a- and B-ionones (CCLXII and CCLXIV) are ketones that have the odor
of violets and are used in perfumery. The S-ionone ring system is similar to that
found in B-carotene and Vitamin A. Ionone derivatives have been reported to
be present in the “keto-steroid” fraction of horse and cattle urine. a-Ionone
(CCLXII) is hydroxylated in the ring at the a-carbon atom to the double bond
to yield 5-hydroxy-e-ionone (CCLXIII)308 by the dog. S-Ionone (CCLXIYV) is
converted to B-keto-B-ionone (CCLXYV), 4-hydroxy-S-ionol (CCLXVI), and
4-keto-f-ionol (CCLXVII) by the rabbit.30? In addition, the recovery of ad-
ministered B-ionone has been reported.®® It may be concluded that oxidation
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of the ionones is restricted to the carbon atom a to the ring double bond. The
isolation of 5-hydroxy-cis-tetrahydro-ionone and S-keto-cis-tetrahydro-ional
from the urine of cattle and pregnant mares has been reported, and it is thought
that these compounds are derived from the forages consumed by the ruminants;
this argument was strengthened by the lack of such products being detected in
the dog urine 208
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It is beyond the scope of this review to describe the extensive studies on the
animal metabolism of the carotenes (pro-vitamins A), Vitamins E and K,
Coenzymes Q, and steroids, of which each would require a separate article for
adequate treatment. Nicholas?8¢ covers some of the more recent information
on the isoprenoid vitamins and isoprenoid quinones. In ‘addition, the reader is
referred to the reviews cited in the introduction as well as standard books on the
subjects. It is clear that research on the metabolism of lower molecular weight
terpenoids by animals has received only cursory treatment, and that was con-
ducted mostly at a time prior to the widespread use of radioisotopes; thus, the
future in this aspect of terpenoid metabolism looks especially rewarding.

B. Catabolism by micro-organisms

Gunsalus and co-workers!07, 113, 114, 115, 194, 300, 301 have studied extensively
the oxidation of the bicyclic monoterpenoid D-(+4)-camphor (CCLVIII). Two
types of ring cleavage mechanisms were found to occur. This group has made
outstanding progress in characterizing miany of the reactions at the enzyme level.
The known intermediates in the degradation of camphor by a soil diptheroid,
strain T1, are shown in Fig. 42, where both alicyclic rings are cleaved by lac-
tonization reactions.107, 113,115 The pathway was deduced from the identifica-
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FiG. 42. Oxidation of (+)-camphor by a soil diptheroid, strain T1.118

tion of the intermediates and their use in enzyme studies. The steps involved in
the cleavage of the first ring are: (2) direct 6-endo-hydroxylation of camphor to
(CCLXXVI), (b) the NAD+ mediated dehydrogenation of (CCLXXVI) by an
inducible dehydrogenase to form 2,6-diketocamphane (CCLXXVII), (c) hydro-
lysis to (—)-campholinic acid (CCLXXVIII) by a stereospecific S-diketone
hydrolase. Cleavage of the other ring occurs by a keto-lactonase system similar
to the pathway utilized by Pseudomonas putidall3 to give the dicarboxylic acid
(CCLXXX) which can be reduced to the hydroxy acid (CCLXXII) by a specific
inducible NADH-coupled alcohol dehydrogenase.19? The lactonization reac-
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tion has been studied in great detail by the same group;390: 31 the ketolactonizing
enzyme system has been purified ten-fold from P. putida and contains flavin
mononucleotide and flavin adenine dinucleotide. Its electron transport system
shows a unitary stoichiometry of reactants and products.39!

"Another camphor (CCLVIII) oxidation by a Pseudomanod strain C, isolated
from soil by the enrichment culture technique, is capable of metabolizing cam-
phor, leading to the formation of a new series of intermediates with the reaction
sequence proceeding as shown in Fig. 43.114,1%4 The reaction sequence for
P. putida, strain C; is: CCLVIII - CCLXVIII - CCLXIX - CCLXXIII -
CCLXXIV - CCLXXYV with CCLXX as a side product, and the reaction
sequence for strain Cs is: CCLVIII - CCLXXI - CCLXXII -» CCLXXIII -
CCLXX1V.
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FI1G. 43. The lactonization reaction in the metabolism of camphor by Pseudomonads 1%

The Battacharyya group?®8. 185 has been quite active in studying the micro-
biological transformation of terpenes. The degradation of limonene (L) by a
soil Pseudomonad occurs by oxidation at different positions on the monoterpene
molecule (carbons 6, 7, 4, and on the ring and exocyclic double bonds) shown in
Fig. 44. A series of degradation products are produced,’® most retaining the
ring skeleton, but cleavage of the ring double bond to produce a dicarboxylic

F1G. 44. Mode of oxygen attack on limonene by a soil Pseudomonad. 135

acid was also shown to occur. Aspergillus niger accumulated 2-nonene, 2,3-
dicarboxylic acid anhydride (CCLXXXIX) when grown in the presence of the
sesquiterpenoid hydrocarbons: caryophellene, longifolene, &-cadienene, g-
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santolene, and camphene. Apparently the anhydride (CCLXXXIX) originates
from glucose and not from the terpenoids as was originally thought.
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2-Nonene , 2, 3- Dicarboxylic Acid Anhydride
CCLXXXIX

The complete degradation of geraniol (XXII) and farnesol (CXVIII) to CO2
by Pseudomonas citronellolis, a bacterium isolated from the soil under pine trees,
has been reported.?¢ Citronellol (XXVII) is the carbon source used for culti-
vating the organism. The enzyme geranylcarboxylases? (purified 200-fold)
initiates the degradation of the terpenols (XXII, CXVIII) (Fig. 45); the enzyme
requires Mg++, ATP, and biotin. Dimethylacrylyl-CoA (CCLXXXVIII),
geranyl-CoA (CCLXXXIYV), and farnesyl-CoA (CCLXXXIYV) are carboxylated
at the branched methyl group in the S-position to the carboxyl group and the
enzyme is specific for the cis isomer (CCLXXXY). The fixed COg is then elimin-
ated, after the addition of water to form CCLXXXVI, with the methyl group as
free acetic acid (I), then carbon atoms 1 and 2 are converted to acetyl-CoA (II)
via B-oxidation. The cyclic process shown in Fig. 45 leads finally to dimethyl-
acrylic acid, which subsequently is degraded through the reaction sequence
employed for leucine degradation.

C. Catabolism by the organisms that produce them

There is an increasing body of evidence that indicates that “secondary meta-
bolites” such as terpenoids and alkaloids are not merely accumulated in the
organism, but that they are metabolically active. In the case of the terpenoids,
particularly the monoterpenoids, and less so the sesquiterpenoids, some loss
due to vaporization through the cell wall occurs—a situation not encountered
with the alkaloids and higher terpenoids except for the relatively few volatile
alkaloids such as skytanthine.22 13 This loss is clearly evident if one is standing
a few yards away in a “down-wind” position from a field of catnip plants.
Sukhov375 fed 14CO; to a whole pine tree and reported that label in the mono-
terpenes reached a maximum in 13 days and then declined. Cuttings of Ocimum
basilicum?8! incorporated MVA-2-M4C into the steam-volatile fraction with
maximum radioactivity being incorporated after one hour which was followed
by a rapid decline. Loomis?4¢ found a maximum incorporation of 14CO; into
peppermint monoterpenes after 6 hours, followed by a 15-fold decline in the
next three hours. Baisted2é has suggested that geraniol (XXII) is metabolized
by the pea plant in a pathway other than the one involved in the biosynthesis of
the higher terpenoids. In a time-course labeling study on the biosynthesis of the
monoterpenoids produced by Santolina chaemocyparissus [which produces
primarily artemisia ketone (XLV)] from MVA-2-14C, the per cent of radioactivity



METABOLISM OF PLANT TERPENOIDS 225

incorporated reached a maximum value of 2.25 per cent after two days and at
the end of fourteen days 1.25 per cent remained in the volatile oil fraction;
however, certain of the monoterpenes, 8-pinene (LXII) and myrcene (XXVIII),
showed maximum incorporation at different times 408, 408

In the diterpenoid alkaloid biosynthesis study,15® it was found that young
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FIG. 45. Microbial degradation of geraniol and farnesol.35?
R = H; Cjyo terpenol (geraniol). R = CsH11; Cis terpenol (farnesol).
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Delphinium ajacis plants contained predominantly alkaloids possessing low
retention times on GLC as compared with older plants which contained com-
ponents which had longer retention times, and the number of compounds with
longer retention times increased as the plants approached maturity, with the
largest component corresponding in retention time with delcosine (CLXIII).
Such metabolic activity among alkaloids is beginning to be more widely recog-
nized as studies on Papaver somniferum (poppy),15® Conium malcualtum (hem-
lock),181 Nicotiana rustica (tobacco),176:177. 3% and Ricinus communis (castor
bean)49 indicate.

Some metabolism of plant sterols has been indicated. A moderate rate of
turnover in the production of B-amyrin (CLXX) was reported.2 Tomatidine
(CLXXXY) can be degraded by tomato fruits as they ripen,3 and it was sug-
gested that Al8-5-q-pregnenolone (CLXXXVII) may be one of the products
formed. The toxic triterpenoid pigment, gossypol (CLXXXIX), appears to be
bound in the plant through: (a) the epsilon amino group of lysine,258 and (b) a
hydrogen-bonded pigment.289 Translocation of gossypol within the cotton plant
apparently occurs,368 but no clear indication of its metabolic activity has yet
been demonstrated.

An ever-increasing number of terpenoids are being found to have an effect
on “growth” as their primary biological activity tests indicate. The sesquiterpene,
helminthosporal (CXXVII),181. 359, 377 jsolated from the culture broth of the
pathogenic fungus, Helminthosporium sativum, but not from higher plants, has
been found to stimulate elongation in both dwarf and tall varieties of rice seed-
lings; however, it is not as effective as gibberellic acid. A terpenoid of unknown
structure, Abscissin 1,244 and the sesquiterpenoid Abscissin II (CCXC),290, 261
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are compounds that accelerate fruit and leaf abscission in a variety of plants.
Growth inhibition and abscission occurs from both distal and proximal applica-
tion of these compounds to plants.?8

Nine gibberellins (see Fig. 20, structure CXLIV, for example) have been well
characterized and described in terms of their structure and biological activity;
this subject has been reviewed recently by Paleg.2?5 These diterpenoid plant hor-
mones stimulate cell division and cell elongation or perhaps both. Interconver-
sion of gibberellins have been reported.401

Pharbitis nil seedlings rapidly metabolize (—)-kaurene-17-14C, a gibberellin
precursor (see Fig. 20, structure CLIII) administered to the cotyledons to
compounds which do not correspond to gibberellins.54 It was suggested that the
kaurene metabolites were involved in photo-periodic floral induction. Of interest
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is the finding that the enzymic catalysis of the cyclization of GGPP (XXI) to
ultimately form (—)-kaurene is inhibited by synthetic growth retardants.132
Recently we have found delcosine (CLXIII) and an unknown diterpenoid alka-
loid possessing a lycoctonine skeleton to be growth inhibitors;?2 however,
ajaconine (CLXII) was not inhibitory. It is interesting to speculate that certain
of the diterpenoid alkaloids may serve as growth inhibitors by either inhibiting
gibberellin biosynthesis (such as occurs with the synthetic growth inhibitors) in
a “feed-back” type of control system or one in which growth is inhibited directly
by the alkaloids. A proposed mechanism of action is shown in Fig. 46. Under
certain conditions alkaloid synthesis by the plant may be favored over gibberellin
synthesis. Preliminary results also indicate that terpenols have slight growth-
inhibitory activity with the order of inhibition found being nerol > geraniol >
linalool > farnesol > nerolidol.%2
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bs

|
//,Del/cosine {~Growth)
o~

el /' Feed-back control
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~
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FiG. 46. Proposed relationship between diterpenoid alkaloids and gibberellins.

Goodwinl? has summarized the evidence for the role of plant sterols (triter-
penoids) being attached to particles in plants and suggests that they probably
play the same part in the structure of membranes as they do in animals. Caroten-
oids function as accessory pigments and may also have a role in photosynthesis
as an oxygen carrier. Phytol (CXLII), the side-chain of chlorophyll, is of the
utmost significance because chlorophyll without its lipophilic moiety would be
ineffective in photosynthesis.

As yet, it is not known if the polyprenols represent “end products of meta-
bolism”, or if they have a definite biological role in plant and/or animal develop-
ment. Most of the silver birch wood polyprenols, and 50 per cent or more of the
pig liver dolichols, are esterified in nature. The castaprenolis isolated from horse
chestnut leaves are unesterified. Esterification of an alcohol offers a biological
method of inactivation or of converting that compound into a storage form.
Factors controlling the extent of the chain length are not known. The Morton
group?™. 413 consider that the biosynthesis of the isoprenoid vitamins and
chlorophyll, and cyclic di- and tetra-terpenoids, is linked to that of the cis—trans-
polyprenols through the common intermediate all zrans-geranylgeranylpyro-
phosphate. Bloch’s group? has recently isolated a long chain terpenylpyrophos-
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phate synthetase from Micrococcus lysodeikticus which catalyzed the formation
of polyprenols of n = 7 or n = 8 (Cgs and Cy alcohols) and have suggested that
these alcohols may provide the polyisoprenoid moiety of the bacterial quinone
coenzyme. It will be interesting to see what develops concerning the biochemical
control mechanism that determines whether these compounds will condense
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with some aromatic non-isoprenoid compound, become partially saturated,
undergo chain lengthening, etc. It would appear that since the polyprenols are
so widespread in occurrence, they may play some important metabolic or physio-
logic role in the organism which produces them.

Finally, two recently isolated sesquiterpenoids that have widely differing
kinds of biological activity have been reported. The first of these, euparotin
acetate (CCXCI) from Eupatorium rotundifolium (a Florida plant), the most
highly oxygenated guainolide known (it contains six oxygens), is an anti-tumor
agent.?%2 The second example is the discovery that the “paper factor’” known to
show strong juvenile hormone activity in Pyrrhocoris apterus (the hemipteran
bug) is a sesquiterpenoid ester with structure CCXCII, called juvabione.?

VI. CONCLUSIONS

It would require an extensive monograph to cover in detail all of the topics
considered in this chapter. One of the most important features emerging from
the various fields covered, such as chemistry, biochemistry, and plant physiology,
is the interaction between disciplines. It is expected that as our knowledge
advances, interdisciplinary approaches to solve basic biological problems,
such as the ones encountered in the metabolism of terpenoids, will become an
even more widely practised custom. It is hoped that this review will help stimu-

late research in some of the more neglected areas.
Received Dec. 6, 1967
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