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ABSTRACT

TERPENE BIOSYNTHESIS IN CELL-FREE SYSTEMS
FROM WEDGWOOD IRIS AND TULIPA
GESNERIANA L. AND ITS RELATION
TO BULB GROWTH AND DEVELOPMENT

By

George Lester Staby

This thesis reports the results of two studies.
First, a cell-free system for the biosynthesis of terpenes
from extracts of Wedgwood Iris was characterized. Second,
the relation of the activity of certain terpene-
synthesizing enzymes using cell-free extracts of Tulipa

Gesneriana L. cvs. Ralph and Elmus and Wedgwood Iris to the

growth and development of these bulbs during normal forcing
treatments was investigated.
Extracts of precooled Wedgwood Iris shoots incorpor-

9 -l4c/

ated approximately 3.0 x 10 ° moles D-mevalonate (MVA)-2
hour/mg protein into neutral terpenes. The system had an
absolute requirement for ATP and Mn't and Mg++ were
stimulatory. Mn** was more stimulatory at low (1.25 x
1073M) concentrations but inhibitory at high (5.0 x 107 3m)

concentrations compared to Mg++. The optimum temperature

for maximal MVA incorporation was approximately 33°C.



George Lester Staby

Anaerobic conditions slightly stimulated MVA incorpora-
tion while the addition of NAD, NADP and/or NADPH slightly
inhibited. Sodium fluoride, niacinamide, streptomycin,

chloramphenicol, CCC, SK&F 7997-A_, and AMO 1618 had little

3
or no effect on the total amount of MVA incorporated.
Phosfon D and iodoacetamide were highly inhibitory.

Acetate was not incorporated into neutral terpenes
even in the presence of reduced pyridine nucleotides.
Using MVA-1—14C as the substrate resulted in an immediate
release of 14C02. Small but detectable levels of 14CO2
were also obtained when MVA-2-14C was used as the substrate,
but only after a lag period of approximately 45 minutes.

At least three radioactive neutral terpenes were

biosynthesized in iris extracts from MVA—2-14C. Unequivocal

identification of these 14C products was not made. Data
suggested that one product was prenol-like, possibly
farnesol or geranylgeraniol. The biosynthesis of this
prenol-like product required soluble enzymes and either
Mg++ and/or Mn't served as cofactors. The biosynthesis
of a more non-polar 14C product required Mn++ and micro-
somes. AMO 1618 inhibited the biosynthesis of this
non-polar product.

Some of the prehol—like product was non-covalently
associated with TCA precipitable protein. Saponification

released some of this radioactivity from the protein and

also chemically altered this prenol-like product. This
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chemically altered product was more polar than the product
prior to saponification.

Campesterol, stigmasterol and B-sitosterol were
identified in the iris extracts, however, little or none
of these sterols were biosynthesized from MVA-2—14C in

Activity of certain terpene-synthesizing enzymes
was related to morphological, physiological and biochemi-
cal developments in tulip and iris. With both species,
enzyme activity was found to correlate with reported
changes in the levels of extractable gibberellin-like
substances during low temperature treatments. Also,
enzyme activity in tulip was correlated with pollen
development and with flower initiation and development
and respiration in iris.

Stamen tissue in tulip accounted for 95% of the
total enzyme activity with the remaining activity in
fleshy scales. With iris, shoot, scale and root tissue
provided 73, 18 and 9%, respectively.

Farnesol was tentatively identified as one of the
neutral terpenes biosynthesized in the tulip cell-free

system.
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GENERAL INTRODUCTION

Spring-flowering bulbs require specific temperature
sequences to ensure proper growth and development. The
temperature sequences and the resulting effects differ
depending on the bulb species and/or cultivar and whether
the bulb is to be used for forcing or bulb produétion.
For example, warm (17-23°C) followed by low (5-9°C)
temperatures were necessary for flower initiation and
development with tulip? (Luyten et al., 1926), while a
high (35°C)-low-warm temperature sequence was optimum for
flowering of iris? (Blaauw, 1941; Hartsema and Luyten,
1955).

In bulbs, flower initiation and development and
floral stalk elongation were shown to be partially influ-
enced by low temperatures (Blaauw, 1941; Hartsema and
Luyten, 1955; Luyten et al., 1926; Rodrigues Pereira, 1962).
Gibberellins have been effective in either replacing or
supplementing low temperature requirements for flowering
and elongation growth with many plant species (McComb,
1967; Lang, 1957, 1965; Suge and Rappaport, 1968; Wittwer

and Bukovac, 1957). Therefore, the isolation of

*

Unless otherwise noted, the names tulip and iris
refer to Tulipa Gesneriana L. cvs. and Wedgwood Iris,
respectively.

xiv



extractable gibberellin-like substances (GAs) in bulbs
(Aung and De Hertogh, 1967, 1968; Aung et al., 1969a,
1969b, 1970; Barendse et al., 1970; Einert et al., 1970a,
1970b; Halevy, 1970; Rodrigues Pereira, 1965) and the
acceleration of iris flowering by exogenously applied
gibberellic acid (Halevy and Shoub, 1964a), suggested that
gibberellins were also involved in bult flowering and/or
floral stalk elongation. GAs levels were reported to
change in tulip (Aung and De Hertogh, 1967; Aung et al.,
1969b) and iris (Rodrigues Pereira, 1964) during forcing
treatments. These chapges in GAs levels have been
related to flowering in iris (Rodrigues Pereira, 1964,
1966) and to floral stalk elongation in tulip (Aung et al.,
1969b).

The present study was undertaken to determine:
(1) Are changes in the quantity of GAs in tulip and iris
during forcing treatments a response to changes in their
biosynthetic rates in situ? (2) What tissues biosynthesize
gibberellins in tulip and iris?

14C into

Cell-free systems which incorporate MVA-2-
terpenes, the class of compounds which include gibberellins,
have been demonstrated with several higher plant tissues
(i.e., Anderson and Moore, 1967; Graebe, 1968; Upper and
West, 1967). The use of a similar system with bulb
tissue could be of assistance in determining: (1) the

relative activities of terpene-synthesizing enzymes during

xv



forcing, and (2) which tissues contain these enzymes. The
results obtained could then be correlated with known levels
of GAs and with other morphological, physiological and
biochemical developments of iris and tulip. A similar
study has been reported (Coolbaugh and Moore, 1969).

At the onset of this study, it was found that the
iris cell-free system was very active in biosynthesizing
terpenes. As a result of this finding, a second study was
initiated to characterize this iris cell-free system with
the purpose of obtaining more information on the bio-
synthesis of terpenes in plants. Part I of this disserta-
tion concerns this second study.

Part II of this dissertation concerns experiments

with cell-free extracts of Tulipa Gesneriana L. cvs.

Ralph and Elmus and Wedgwood Iris which attempted to
determine: (1) the relative activities of terpene-
synthesizing enzymes during normal forcing treatments,

and (2) which tissues contained these enzymes.
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PART I



INTRODUCTION

Widely distributed throughout the plant and animal
kingdom there exists a group of compounds known collectively
as terpenes. Haagen-Smit (1948) defined terpenes as "all
compounds which have a distinct architectural and chemical
relation to the simple CgHg (isoprene) molecule . . ."

Classically, terpenes are grouped as follows:

hemiterpenes C5H8
monoterpenes C10H16
sesquiterpenes ClSH24
diterpenes c20H32
triterpenes C30H48
tetraterpenes C4OH64
polyterpenes (CeHg)

Examples of a few important terpenes found in plants
are: gibberellins, abscisic acid, steroids, phytol,
carotenes and rubber. It is also possible that the side-
chain of zeatin is a terpene.

Much of the fundamental knowledge on the biogenesis
of terpenes was due to the efforts of Ruzicka (1953) and
his co-workers. From his and other investigations (see
references cited by Bloch, 1965; and Heftmann, 1970), it
was determined that all terpenes had common biosynthetic

intermediates.



In Bloch's (1965) review of cholersterol biosynthesis
in animals, he referred to the work of Bucher (1953) for
the preparation of liver homogenates as a "technique which
proved invaluable in all subsequent studies on sterol
biogenesis." It was from Bucher's (1953) efforts that
liver cell-free systems were developed which were capable
of biosynthesizing cholesterol and other terpenes.

Similar cell-free systems for the biosynthesis of
terpenes have been prepared from plant tissues. From
these studies, much information has been obtained on
terpene biogenesis in plants. The present study examined
the characteristics of a cell-free system using Wedgwood
Iris as a source of enzymes for the biosynthesis of
terpenes. It was thought that with the information
gained from this study, future experiments using the iris
cell-free system could be developed to better understand

terpene biogenesis in plants.



LITERATURE REVIEW

The review of literature on cell-free systems* is
divided into two sections: (A) an historical review of
cell-free systems, and (B) a summary of certain character-
istics of cell-free systems.

History of Plant Cell-Free Systems
Which Biosynthesize Terpenes

In 1959, seven years after Rabinovitz and Greenberg
(1952) developed the first cell-free system using fetal
rat liver homogenates for the biosynthesis of cholesterol,
a cell-free system for the biosynthesis of terpenes was
obtained from plant extracts. In this study, Shneour and

Zabin (1959) used Lycopersicon esculentum (tomato) plastids

as a source of enzymes for the biosynthesis of lycopene
from MVA. Various unidentifiable terpenes were also
produced from this cell-free system, including digitonin
precipitable terpenes (possibly sterols).

Subsequently, a paper by Braithwaite and Goodwin
(1960) described the incorporation of acetate and MVA

into B-carotene by cell-free extracts of Daucus Carota L.

(carrot) roots.

*

Unless otherwise noted, 'cell-free systems' are in
reference to systems capable of biosynthesizing terpenes
using enzymes extracted from higher plants.
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In the following year, Decker and Uehleke (1961)
reported the formation of B-carotene from lycopene using
chloroplastic fractions of tomato fruits. Also, Henning
et al. (1961) reported the incorporation of I-PP into

rubber using latex from Hevea brasiliensis (rubber) while

Anderson and Porter (1961) used cell-free extracts from
carrot for the biosynthesis of phytoene from MVA.

In 1962, Anderson and Porter showed that terpenyl-
pyrophosphate intermediates from a rat liver cell-free
system were incorporated into phytoene and other carotenes
by carrot and tomato cell-free systems. These results
indicated that animal and plant terpene biosynthetic
pathways have certain common intermediates. Varma and
Chichester (1962) used tomato plastid homogenates for the
incorporation of I-PP into lycopene. Also, Beeler and
Porter (1962) showed the enzymatic conversion of phytoene
to phytofluene with tomato plastids.

In the following year, Beeler et al. (1963) reported
that carrot and tomato cell-free systems biosynthesized
squalene from F-PP—4,8,12—14C and MVA-2—14C. Thus, this
important precursor of sterols was biosynthesized using a

plant cell-free system, an accomplishment later to be

substontiated by Graebe (1968) using Pisum sativum (pea)

fruits as the source of enzymes.
Archer et al. (1963) used a cell-free preparation

from rubber and obtained results supporting some of the



earlier suggestions of Bonner (1949) and others as to the
pathway of rubber biosynthesis. They showed that MVA and
I-PP were incorporated into this polyterpene. '

Interest in isolating and characterizing specific
enzymes involved in the biosynthesis of terpenes increased
in 1963-64. Using carrot root tissue, Nandi and Porter
(1964) isolated and partially characterized GG-PP
synthetase. Loomis and Battaile (1963) isolated MVA
kinase enzymes from many plant species.

A significant series of investigations began appear-
ing in 1965 on the biosynthesis of gibberellins and related
diterpenes. West and his co-workers used cell-free extracts

of Echinocystis macrocarpa Greene (wild cucumber) (Graebe

et al., 1965; Upper and West, 1967; Dennis and West, 1967;
West and Upper, 1969; Oster and West, 1968; Murphy and

West, 1969) and Ricinus communis (castor bean) (Robinson

and West, 1969a, 1969b) to provide much information con-
cerning the biogenesis of these diterpenes as well as
characterizing various properties of cell-free systems
per se.

The initial cell-free data published concerning
terpene biogenesis consisted mainly of identifying final
prcéucts from radioactive precursors. However, during
1966, specific intermediates were reported. Using Pinus
radiata (Monterey pine) Valenzuela et al. (1966a) showed

that MVA-PP and I-PP were intermediates in the biosynthesis



of a-pinene. Pollard et al. (1966) reported that these
same intermediates plus MVA-P and diMeallyl-PP were pre-
sent and radioactive in a cell-free system using Alaska
pea fruits with MVA-2-14C as the substrate. Thus, some
important knowledge was obtained on the step-wise
metabolism of MVA in higher plants.

From 1966 to the present, many papers were published
on plant cell-free systems capable of biosynthesizing
terpenes. These and other cell-free systems are summarized
in Table 1.

Characteristics of Plant Cell-Free

Systems Which Biosynthesize
Terpenes

Substrates

MVA was the most common substrate used for the
biosynthesis of terpenes in cell-free systems. Most
studies assumed that any products arising from MVA were
terpenes (Pollard et al., 1966). MVA has been used in the
form of the free acid (Archer et al., 1963; Braithwaite and
Goodwin, 1960; Charlton et al., 1967; Graebe, 1967, 1969;
Pollard et al., 1966; Potty and Bruemmer, 1970a; Valenzuela
et al., 1966a, 1966b), lactone (Beeler et al., 1963;
Graebe, 1968), and as a sodium (Anderson and Moore, 1967),
potassium (Henning et al., 1961; Loonmis and Battaile,

1963) or DBED salt (Beeler et al., 1963; Beytia et al.,

1969; George-Nascimento et al., 1969; Graebe et al., 1965;
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Murphy and West, 1969; Oster and West, 1968; Robinson and
West, 1969a, 1969b; Shneour and Zabin, 1959; Staby and

De Hertogh, 1969; West and Upper, 1969). Although Popjak
(1959) indicated that the lactone form of MVA was
inactive in liver cell-free systems for the biosynthesis
of cholesterol, data obtained with peas (Graebe, 1968),
tomato and carrot (Beeler et al., 1963) cell-free systems
showed this form to be an effective substrate for the
biosynthesis of kaurene, squalene and phytoene. Also,
Anderson and Porter (1962) showed that the lactone form
served as a substrate of terpenyl-pyrophosphates in rat
liver cell-free systems.

Though acetate was incorporated into terpenes using
liver cell-free systems (Bucher, 1953; Rabinovitz and
Greenberg, 1952; and others), it was incorporated into
terpenes in only two plant systems. Acetate was converted
into B-carotene (Braithwaite and Goodwin, 1960) and
lycopene (Schneour and Zabin, 1959) using carrot root
and tomato fruit, respectively, as sources of enzymes.
Besides acetate and MVA, various terpenic‘intermediates,
e.g. I-PP (Table 1) were incorporated into terpenes using

plant extracts.

Buffers and pH

Tris and phosphate buffers were used almost exclu-
sively as the extraction and incubation media. However,

some buffers inhibited enzyme activity. For example, Tris
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buffer inhibited the conversion of I-PP and F-PP to
phytoene (Jungalwala and Porter, 1967) while phosphate
buffer inhibited the production of lycopene (Shneour and
Zabin, 1959), using extracts of tomato fruit.

In most cell-free systems, the pH which resulted
in maximal product formation was approximately 7.0.
However, optimal pH's have been reported to be as low as

5.0 using Citrus sinensis (orange)fruit (Potty and

Bruemmer, 1970a) and as high as 8.2 with peas (Pollard
et al., 1966), and bulb species (Staby and De Hertogh,
1969).

The optimum pH values for some individual enzymes
involved in the biosynthesis of terpenes were: 6.5 and 5.8
for MVA kinases from orange (Potty and Bruemmer, 1970) and

Cucurbita pepo (pumpkin) (Loomis and Battaile, 1963),

respectively and 6.8 for GG-PP synthetase isolated from
carrot root (Nandi and Porter, 1964). In extracts of pea
fruits, Graebe (1968) reported an optimum pH value of

7.0 for squalene and phytoene production while the optimum
pH for kaurene biosynthesis was 6.0. pH's higher than 7.5
greatly reduced the production of squalene and kaurene
while little effect was noted on phytoene formation.
Shneour and Zabin (1959) reported a pH value of approxi-
mately 8.0 resulted in high rates of lycopene production

using extracts of tomato fruits.
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Incubation Time

Incubation periods varied from a few minutes to 24
hours. Increases in products formed from MVA were approxi-
mately linear over the ﬁarious times tested for kaurene
(Anderson and Moore, 1967; Robinson and West, 1969b),
phytoene (Anderson and Porter, 1962; Charlton et al., 1967)
and for various diterpenes (Robinson and West, 1969b) as
well as for the conversion of F-PP and I-PP into phytoene
(Jungalwala and Porter, 1967) and GG-PP (Nandi and Porter,
1964) by extracts of various plant species.

Chesterton and Kekwick (1968), using rubber extracts,
confirmed the earlier work of Pollard et al. (1966) as to
the sequential production of MVA-P to MVA-PP to I-PP by
time course studies. Terpenyl-PP were shown to precede
phytoene production with tomato fruits (Jungalwala and
Porter, 1967). Upper and West (1967), Dennis and West
(1967), West and Upper (1969), Oster and West (1968), and
Murphy and West (1969) showed the formation of kaurene-
7801-19-0ic acid from kaurene using cucumber extracts.

The sequence of formation was determined to be as follows:
A protein bound C20 prenol was biosynthesized first '
followed by free kaurene. Kaurene was then quickly oxi-
dized to kaurenol and then less rapidly to kaurenal. The
reactions from kaurenal to kauren-780l1l-19-oic acid via
kauren-19-oic acid were shown to proceed at much slower

rates.
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Incubation Temperature

The most frequently used incubation temperature for
the biosynthesis of terpenes from MVA was 25°C with a range
from 23° (Pollard et al., 1966) to 40°C (Henning et al.,
1961). Using tomato plastids as a source of enzymes,

Shah et al. (1967) showed 25°C to be optimum for the con-
version of GG-PP to phytoene. Temperatures of 30°C and

above greatly or completely inhibited this conversion.

Aerobic vs Anaerobic Incubation

The biosynthesis of phytoene was either enhanced
(Anderson and Porter, 1962; Charlton et al., 1967) or not
affected (Jungalwala and Porter, 1967) by anaerobic
nitrogen conditions. Squalene production under nitrogen
was stimulated in tomato and carrot cell-free extracts
(Beeler et al., 1963). However, no lycopene formation
took place under similar conditions using the same enzyme
source (Varma and Chichester, 1962). Graebe (1968) stated
(nro data presented) that anaerobic conditions increased
yields of kaurene, squalene and phytoene with peas. The
enzymatic conversion of phytoene to phytofluene in tomato
plastids did not require oxygen (Beeler and Porter, 1962)
and MVA kinases are not sensitive to oxygen with pumpkin
extracts (Loomis and Battaile, 1963).

The participation of mixed function oxidases in

kaurene metabolism necessitated that molecular oxygen be
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involved (West et al., 1968, Murphy and West, 1969).
Molecular oxygen was specifically required for the con-
version of kaurene to kaurenol and kaurenol to kauren-
19-o0ic acid using extracts of cucumber. The addition of
18O2 to these cell-free extracts resulted in the label

being incorporated into the oxidized derivatives of

kaurene.

Energy Source

Most cell-free studies used ATP as the energy source
for conversion of MVA into terpenes. The nucleotide tri-
phosphates CTP, ITP, UTP and GTP were less effective than
ATP, mole per mole (Loomis and Battaile, 1963; Potty and
Bruemmer, 1970) while Pollard et al. (1966) showed that
CTP could completely substitute for ATP. An ATP generating
system using phosphoenol pyruvate and phosphokinase com-
pletely substituted for ATP with pumpkin cell-free systems
(Loomis and Battaile, 1963).

The concentration of ATP used per assay varied
depending on the particular investigation. Loomis and
Battaile (1963) reported that excess ATP resulted in com-
plexes between the added ATP and divalent cations, thus,
some of the added ATP was inactivated. Beytia et al.
(1969) showed that a ATP/divalent cation ratio of 1.67
resulted in maximal incorporation of MVA into various

terpenes with Monterey pine extracts.
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Divalent Cations

The effects of divalent cations, especially Mg++ and
Mn++, on the quality and quantity of terpenes biosynthesized
in cell-free systems have been well documented (Anderson
and Moore, 1967; Beytia et al., 1969; Graebe, 1968;
Jungalwala and Porter, 1967; Loomis and Battaile, 1963;
Nandi and Porter, 1964; Upper and West, 1967). As measured
by the total amount of terpenes produced from MVA, mntt
stimulated more than Mg++ at low concentrations while Mn++
was more inhibitory than Mg++ at high levels (Anderson and
Moore, 1967; Beytia et al., 1969; Graebe, 1968; Jungalwala
and Porter, 1967; Loomis and Battaile, 1963; Nandi and
Porter, 1964; Shneour and Zabin, 1959). However, with
cell-free extracts of cucumber the reverse was true
(Upper and West, 1967).

Mn*t ana Mg++ also influenced the qualitative
nature of the terpenes biosynthesized. The addition of
mn*t selectively stimulated phytoene (Graebe, 1968;
Shah et al., 1968) and GG-PP (Nandi and Porter, 1964)
production in pea. and tomato and carrot extracts, respec-
tively. The presence of Mg++ stimulated the biosynthesis
of squalene in pea (Graebe, 1968) and carrot (Nandi and
Porter, 1964) cell-free systems. However, Jungalwala and
Porter (1967) showed that both Mn++ and Mg++ were needed

for the conversion of I-PP to phytoene while only Mg++ was

required when GG-PP was the precursor using tomato
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extracts. Using Phycomyces blakesleenus Rl mutant, Lee

and Chichester (1969) supported these findings of

Jungalwala and Porter (1967).

Pyridine Nucleotides

While many investigators routinely added pyridine
nucleotides to the incubation media, few reports described
the effects of these compounds on product formation.
Beeler et al. (1963) working with carrot and tomato
extracts and Graebe (1968) using pea fruit both showed
that reduced pyridine nucleotides, especially NADPH, were
necessary for squalene biosynthesis. These findings
were in agreement with data using mammalian liver homo-
genates for the biosynthesis of squalene (i.e., Krischna
et al., 1966). Dennis and West (1967), Murphy and West
(1969) , and West and Upper (1969) reported that NADPH was
required for the oxidation of kaurene to kauren-7gol-19oic
acid with wild cucumber extracts.

With carrot (Anderson and Porter, 1962) and tomato
plastid preparations (Anderson and Porter, 1962; Shah et
al., 1968), NAD and NADP served as cofactors for the bio-

synthesis of phytoene. However, with Phaesolus vulgaris

(bean) var. Lightning, phytoene production was not
influenced by either of these two cofactors (Charlton
et al., 1967). Pollard et al. (1966) reported (no data
presented) that NAD and NADH were not required for the

biosynthesis of various low molecular weight terpenes from
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MVA using extracts of pea seedlings. The biosynthesis of
lycopene from MVA (Shneour and Zabin, 1959) and the con-
version of phytoene to phytofluene (Beeler and Porter,
1962) using tomato plastid cell-free extracts required

NADP for maximal activity.

Inhibitors

Potassium fluoride and sodium fluoride were used to
inhibit phosphatase activity normally present in many
cell-free extracts. Anderson and Porter (1962) reported
no increase in'phytoene production in the presence of
potassium fluoride using carrot plastids and Chesterton
and Kekwick (1968) noted no change in the production of
MVA-P, MVA-PP and I-PP with rubber extracts with the
addition of this same inhibitor. However, potassium
fluoride increased the presence of phosphate and pyro-
phosphate intermediates and decreased the amount of
hexane-extractable terpenes using a tomato cell-free
system (Jungalwéla and Porter, 1967). Similar results
were reported with the addition of sodium fluoride to
Monterey pine extracts by Beytia et al. (1969) and
Valenzuela et al. (1966).

Iodoacetamide specifically inhibited pyrophosphome-
valonate decarboxylase and I-PP isomerase in the bio-
synthesis of terpenes using yeast extracts (Agranoff et
al., 1960). The addition of iodoacetamide reduced GG-PP,

phytoene (Jungalwala and Porter, 1967) and lycopene (Varma
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and Chichester, 1962) production by 100% in tomato
extracts; neutral terpene production in pea cell-free
systems by 66% (Pollard et al., 1966); and MVA kinase
activity by 40% in pumpxkin (Loomis and Battaile, 1963).
Chesterton and Kekwick (1968) and Oster and West (1968)
used rubber and wild cucumber extracts, respectively, and
showed an increase in MVA-P production while Potty and
Bruemmer (1970a) and Jungalwala and Porter (1967) reported
a decrease in MVA-PP in the presence of iodoacetamide
using orange and tomato cell-free systems.

AMO 1618 (Dennis et _al., 1965; Graebe, 1968;
Robinson and West, 1969b) Phosfon S (Dennis et al., 1965)
and Phosfon D (Dennis gg_gi., 1965; Robinson and West,
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(1) differential enzyme sensitivity to CCC by the various
plant species, (2) differences in CCC concentrations used
in these studies, or (3) the possibility that CCC acted at
more than one site (Anderson and Moore, 1967). In regard
to point three, evidence suggests that CCC also inhibits
indole metabolism (Kuraishi and Muir, 1963; Moore, 1967;
Norris, 1966). Taylor (1966) reviewed indole biogenesis
and pointed out that some indole compounds were monoterpene
derivatives. Thus, the mode of CCC action seems to be
more complex than the cell-free studies indicated.
Sub-cellular Localization of

Terpene Biosynthesizing
Enzymes

A thorough study of the localization of enzymes
capable of terpene biosynthesis on the sub-cellular level
has not yet been reported. However, evidence as to these
possible sites of biosynthesis are indicated in the
literature.

Activities of kaurene synthetase in wild cucumber
(Upper and West, 1967) and in pumpkin (Loomis‘and Battaile,
1963) cell-free extracts were in the 105,000 x g super-
natant solution. Other reports also showed the presence
of many terpenic enzymes in this soluble fraction using
many plant species (i.e., Anderson and Porter, 1962;
Charlton et al., 1967; Graebe, 1967). However, Graebe
(1968) indicated that some of the enzymes reported to be

in this soluble fraction as mentioned above may have
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partly or entirely originated from organelles of the intact
cell. Graebe (1968) pointed out that extraction procedures
used in such studies were too harsh to maintain membrane
integrity of the organelles. Therefore, enzymes normally
associated with organelles may have contaminated the
cytoplasm.

Enzymes necessary for the conversion of kaurene-
7B801-19-0ic acid to gibberellin (Stoddart, 1969), and for
the incorporation of MVA into squalene (Graebe, 1968;
Beeler et al., 1963), prenols (Beytia et al., 1969;

Graebe, 1967), phytoene (Anderson and Porter, 1962;
Graebe, 1968), lycopene (Shneour and Zabin, 1959; Varma
and Chichester, 1962), kaurene (Graebe, 1968) and various
carotenes (Anderson and Porter, 1962; Braithwaite and
Goodwin, 1960) were all reported to be in chloroplasts
from a variety of plant sources.

To date, the only active enzymes reported to be
associated with microsomes and capable of terpene
biosynthesis were those biosynthesizing oxidative deriva-
tives of kaurene using wild cucumber extracts (West and
Upper, 1969). In contrast, mammalian liver cell-free
systems required thelmicrosome fraction for the biosynthesis
of squalene (Krischna et al., 1966; Richards and Hendrick-

son, 1964).
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Enzyme Concentration

Most investigations with plant cell-free systems
reported that increasing enzyme concentrations resulted
in linear increases in terpenes biosynthesized (i.e.,
Anderson and Moore, 1967; Potty and Bruemmer, 1970a).

Nature of Terpenes
Biosynthesized

Table 1 lists all of the major terpenes biosynthe-
sized using plant cell-free systems. Terpene inter-
mediates have been found to be "bound" to protein (Allen
et al., 1967; Barnes et al., 1969; Beytia et al., 1969;
Costes, 1966; Jungalwala and Porter,‘1967; Oster and West,
1968). These protein-bound terpenes were either sug-
gested or shown to be C15 prenols (Beytia et al., 1969),
C20 prenols (Jungalwala and Porter, 1967), C35 - C40
prenyl-pyrophosphates (Costes, 1966) or GG-PP (Oster and
West, 1968). Partial or complete removal of these
terpenes from protein by butanol (Beytia et al., 1969) or
acetone (Oster and West, 1968) indicated non-covalent
bonding. Similar results were reported by Barnes et al.

(1969) using cell-free extracts of Fusarium moniliforme.

However, a "non-extractable" terpene fraction remained
after acetone extraction with wild cucumber extracts (Oster
and West, 1968). This non-extractable terpene was

removed by either acid hydrolysis or alkaline phosphatase.

The acid hydrolysis technique used in removing the
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non-extractable terpene sometimes resulted in a qualita-
tive alteration of this terpene, i.e., protein-bound
GG-PP was released as geranyllinalool after acid
hydorlysis (Goodman and Popjak, 1960; Nandi and Porter,
1964; Oster and West, 1968).

Terpenyl-pyrophosphate intermediates arising from
MVA were often extracted as the free alcohol, and are
referred to as prenols. For example, GG-PP can be
extracted as geranylgeraniol. Prenols were thought to
arise as a result of phosphatases frequently found in
plant cell-free extracts (i.e., Beytia et al., 1969;
Chesterton and Kekwick, 1968). Alternatively, Graebe
(1968) suggested that prenols were a result of being
prematurely released from enzymes because of unfavorable
condition(s), a situation known to have occurred using
pig liver cell-free systems (Krishna et al., 1966).

Regardless of the origin of prenols, they were
normally not thought of as precursors of higher terpenes
(Graebe, 1965; Lang, 1970; Upper and West, 1967). However,
Costes (1966) used etiolated Zea Mays (corn) leaves and
showed that geranylgeraniol, and not GG-PP, was the pre-
cursor of phytol. van Aller and Nes (1968) showed that
geraniol was incorporated into squalene using pea seeds
as a source of enzymes. Geraniol was also phosphorylated

by enzymes of Mentha piperita (peppermint) (Madyastha

and Loomis, 1969) and oxidized to geranial with orange

enzymes (Potty and Bruemmer, 1970b).
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" Effects of Various Compounds
on Terpene Biosynthesis

While various compounds were often added to cell-
free systems, only a few studies reported on the effect
these compounds had on the biosynthesis of terpenes.
2-mercaptoethanol stimulated terpene biosynthesis regard-
less of the plant species (Beytia et al., 1969; Potty and
Bruemmer, 1970a; Robinson and West, 1969b; Upper and West,
1967). EDTA completely inhibited kaurene synthetase
activity with wild cucumber cell-free extracts (Upper and
West, 1967; West and Upper, 1969). West et al. (1967)
showed that dithiothreitol was necessary for the conversion
of GG-PP to phytoene using enzymes from tomato plastids,
presumably by maintaining the enzyme in the reduced state.

Glutathione stimulated MVA kinase activity in orange
(Potty and Bruemmer, 1970) while it inhibited the incor-
poration of MVA into neutral terpenes using pea seedlings
as a source of enzymes (Pollard et al., 1966). With
pumpkin, glutathione sometimes inhibited and sometimes
stimulated MVA kinase activity (Loomis and Battaile, 1963).

Polyvinylpyrrolidone and ascorbate protected phos-
phorylating enzymes of orange resulting in an increase
production of MVA-P and MVA-PP (Potty and Bruemmer, 1970).
Phosphatidylethanolamine increased the rate of MVA
incorporation into Cg and Ci0 prenols using a soluble
enzyme system from Monterey pine needles (George-Nascimento

et al., 1969).



EXPERIMENTAL

Materials

Current season retarded (vegetative) Wedgwood Iris,
size 10 cm, were provided by United Bulb Company, Mount
Clemens, Michigan.

Except where specifically noted, reagent grade
chemicals were obtained from either Mallinckrodt, St. Louis,
Mo., or from J. T. Baker Chemical Co., Phillipsburg, N.J.
These chemicals were not purified further.

ATP, NAD, NADH, NADP, NADPH, digitonin, alkaline
phosphatase, niacinamide and chloramphenicol were supplied
by Sigma Chemical Co., St. Louis, Mo. BSA and Triton X-100
were obtained from Nutritional Biochemicals Corp.,
Cleveland, Ohio and LaPine Scientific Co., Irvington, N.Y.,
respectively.

Applied Science Laboratories Inc., State College,. Pa.
was the source of TMSi reagents and TMSi preparation kits.
This company also supplied the GLC stationary and liquid
supports mentioned in the text.

Cholesterol, stigmasterol and B-sitosterol were
obtained from Analabs Inc., North Haven, Cohn., and geraniol,
farnesol and nerolidol standards from K and K Laboratories
Inc., Hollywood, Calif. Dr. C. A. West, Department of
Chemistry, University of California, Los angeles, kindly

24
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provided us with a sample of (-)-kaurene while Dr. D. L.
Davis, Department of Agronomy, University of Kentucky,
Lexington, provided us with a sample of campesterol.

The sources of terpene inhibitors were: Phosfon D--
Mobile Chemical Co., Richmond, Va.; CCC--American Cyanimide
Co., Princeton, N.J.: SK&F 7997-A3--Sm;th, Kline and French
Laboratories, Philadelphia, Pa.; while AMO 1618 and
iodoacetamide were gifts of Drs. H. Kende and W. W. Wells
of the MSU/AEC Plant Research Laboratory and Department
of Biochemistry, Michigan State University, East Lansing,
respectively.

Brinkman Instruments Inc., Westbury, N.Y., was the
source of silica gel G and aluminum oxide standardized,
activity II-III. Prepared TLC plates coated with 0.1 mm
silica gel G with fluorescent indicator was purchased
from Eastman Kodak Co., Rochester, N.Y.

14 14

MVA-1-""C (lactone), MVA-2-""C (DBED salt) and

acetate-l-l4c were obtained from New England Nuclear

Corp., Boston, Mass. The specific activities were 1.54

14C and acetate—l—14c,

14

and 8.6 mc/m mole for MVA-1l-
respectively. The specific activity for MVA-2-""C varied
between 4.7 and 6.5 mc/m mole depending on the sample lot.

PPO and POPOP were also obtained from this company.
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Methods

Cultural Treatment of Iris

Retarded iris. were received at two week intervals.
Upon arrival, the iris were placed at 9°C for six weeks
prior to use. The low temperature treated iris were
used as a source of enzymes for two weeks and then a new

lot of similarly treated iris was employed.

Protein Determination

TCA precipitable protein in the cell-free extracts
was determined by the Lowry (1951) technique. Briefly,
7.5 ml of 10% TCA was added to 2.5 ml of the cell-free
extract and heated for 15 minutes at 80°C. After cooling
to 5°C and centrifuging at 30,000 x g for 30 minutes, the
supernatant was discarded and the pellet resuspended in
10.0 ml 0.1N NaOH. Depending on the source of the
extract, aliquots ranging from 0.05 to 0.2 ml of the NaOH
solution were used in the Lowry assay. BSA was used as
the protein standard.

Digitonin Precipitation of
Sterols

Dried neutral lipid fractions were resuspended in
2.0 ml acetone-ethanol, (v/v). To this was added 0.05
ml 10% acetate and 1.0 ml 0.5% digitonin in 50% absolute
ethanol. After allowing this mixture to stand for 12

hours, it was centrifuged for 30 minutes at 30,000 x g.
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The pellet was washed 3 times with 5.0 ml ethylether-
acetone (2:1). The precipitate containing the sterol-
digitonide complex was then resuspended in methanol.
Aliquots of this fraction were either counted directly
using liquid scintillation techniques or this complex was
broken to release the free sterols. To free the sterols,
excess pyridine was added at 70°C and allowed to stand at
room temperature. Excess ethylether was then added which
resulted in theprecipitation of the free digitonin leaving
the free sterols in solution. The mixture was then centri-
fuged for 30 minutes at 30,000 x g and the sterols recovered

in the supernatant solution.

14CO2 Trapping

14CO2 was trapped using a radiorespirometer (Wang,

1962) . Briefly, incubation flasks with sidearms to store
the labelled substrates were connected via a three-way
stopcock to two CO2 traps. These traps contained fritted

14

glass inserts through which the CO,, was passed to the

2
trapping solution. This solution consisted of 10.0 ml
absolute ethanol-ethanolamine (v/v). Air or nitrogen was
passed at 40 ml/min through the incubation flasks and then
channeled to the trapping solution. At designated times,
the trapping solution was removed and brought up to 15.0
ml with absolute ethanol. Five ml aliquots were removed

and added to 10.0 ml scintilation fluor and counted using

liquid scintillation techniques.
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Preparation of TMSi Derivatives

Samples to be made trimethylsilyl derivatives were
dried in vacuo at 40°C prior to the addition of TMSi
reagent. The reagent consisted of hexamethyldisilazane,
trimethylchlorosilane and pyridine in a ratio of 3:1:9,
respectively. The amount of reagent depended on the
sample source, but normally 50 ul was used. The reaction
was allowed to run for one hour prior to carrying out
analyzes. Storage of TMSi derivatives was at 5°C under

nitrogen in glass stoppered test tubes.

Liquid Scintillation Counting

Samples soluble in organic solvents were evaporated
to dryness in vacuo at 60°C and resuspended in 15.0 ml
scintillation fluor. The fluor was made by adding 4.0 g
POPOP and 100 mg PPO to one liter of toluene.

Aqueous samples were counted using a fluor containing
4.0 g POPOP, 100 mg PPO and 400 ml Triton X-100 per liter
of toluene.

All samples were counted for ten minutes on a
Parkard Tri-Carb Scintillation Spectrometer Model 3310.
Both channels ratio and external standard methods of

efficiency determination were used.

Thin-Layer Chromatography

Silica gel G and silver nitrate-impregnated silica

gel G chromatograms were made on 5 x 20 cm glass plates to
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a thickness of 0.25 mm using a Desaga Brinkmann applicator.
The stationary phase was prepared by shaking 30 g silica
gel G with 60 ml distilled water for one minute and apply-
ing immediately. With the silver nitrate plates, 0.9 g
silver nitrate was added to this mixture. Also used were
precoated plates of 0.1 mm silica gel G with fluorescent
indicator.

All plates were dried for one hour at 100°C prior
to use. The distance of the solvent run was 15 cm. The

various solvents used are noted in the text.

TLC Radioactive Monitoring

All TLC were monitored for radioactivity on either
a Packard Model 7201 Radiochromatogram Scanner System or
a Nuclear Chicago Model 1036 Actigraph II. The scanning
speed, attenuation and range selection depended on the
amount of radioactivity on each plate. The radioactivity
on TLC was also monitored by scraping off the RF zones
and placing them in liquid scintillation vials. To these
vials, 15.0 ml of scintillation fluor was added for

counting.

Column Chromatography

A 11.0 mm I.D. glass column was used in all experi-
ments. The column was packed with 5.0 g aluminum oxide
grade II to III. The dried neutral lipid residues from

the cell-free studies were resuspended in a minimum volume
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of the first eluting solvent. The order of eluting
solvents in one series of experiments was 25.0 ml each of
2% ethylether in petroleum ether (A), 12% ethylether in
petroleum ether (B), 100% ethylether (C) and 100% methanol
(D). According to Stone and Hemming (1967), fractions

A to D contain squalene, prenol, sterol and terpene-
pyrophosphate intermediates like compounds, respectively.
In a second series of experiments, a éradient solvent
system ranging from 100% petroleum ether to 100% ethyl
ether was used. 100 ml of petroleum and ethyl ether was
used. After these two solvents passed through the column,
but before the column went dry, a final rinse of 25.0 ml
methanol was employed. The eluates were dried in vacuo
at 40°C and resuspended in the proper scintillation fluor

for counting.

Gas Chromatography

A Packard Gas Chromatograph Series 7300 equipped
with dual hydrogen flame ionizing detectors was used. All
liquid phases were coated on acid-washed and silanized
solid supports. The injection and detector temperatures
were maintained 10°C above the column temperature. Specific
information regarding the various liquid and solid phases,

temperatures, flow rates, etc., are noted in the text.
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GLC Radioactive Monitoring

A Barber Coleman Radioactivity Monitor Series 5000
connected to an F & M Biomedical Model 400 Gas Chromato-
graph was used to monitor 14C as it emerged from the gas
chromatograph. The combustion-reduction chamber was held
at 750°C. Propane was used as the quenching gas. A 6 ft.
Xx 4 mm I.D. glass column packed with 3% OV-1l on 100/120
Chromosorb Q was used. The column temperature for the

sample being injected are noted in the text.

Mass Spectrometry

A LKB 900 (LKB Produktor, Stockholm, Sweden) was
used. This instrument consists of a gas chromatograph
and a single focusing 60° magnetic sector mass spectro-
meter coupled directly with molecule separators of the
Becker-Ryhage type. The gas chromatograph was equipped
with a 4 ft. coiled glass column packed with 3% SE-30.
The ion source temperature was 270°C while the column
and flash heater were maintained at 240 and 250°C,
respectively. The mass spectra were recorded at 60 pamp
and an accelerating voltage of 3500 volts.

Studies Characterizing the Iris
Cell-Free System

Standard Extraction and
Assay Procedure

(1) Wedgwood Iris shoot tissue was homogenized at 0°C

for two minutes at top speed in a 'Lourdes' mixer using a
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0.1M Tris buffer (1:3, wt.:vol.) at pH 8.2 containing
50 ug/ml chloramphenicol; (2) The extract was filtered
through cheesecloth and centrifuges for 30 minutes at
15,000 x g; (3) 2.5 ml of the supernatant was added to

5

1.0 ml Tris buffer, 1 x 10 ~ moles each of MnCl,, MgCl,

and ATP, and 1.7 x 10”8 moles Mva-2-14c (DBED salt) for

a total volume of 4.0 ml; (4) The mixture was incubated
for one hour at 25°C in a water bath shaker at 150 r.p.m.;
(5) The reaction was stopped by adding 4.0 ml absolute
ethanol and 0.5 ml 50% KOH and then slowly brought to a
boil; (6) After cooling, neutral lipids were extracted
twice with 10.0 ml hexane; and (7) The hexane was
evaporated to dryness in vacuo at 60°C with the residue
resuspended in scintillation fluor for counting.

The above described extraction and cell-free assay
procedure is hereafter referred to as the ‘'standard’
assay. Using this standard assay as a basis of com-
parison, various characteristics of this cell-free system
were investigated. The following describes experiments
which partially characterized this cell-free system.

Each experiment was replciated at least two times over
time and three times within experiments.

Experiment 1l: Effect
of Buffer and pH

Experiments designed to determine the optimal pH

14

and buffer for maximal incorporation of MVA-2-""C into
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neutral terpenes (hereafter referred to as 'activity')
were of two types. First, equal samples of tissue were
homogenized in either 0.1M Tris or phosphate buffer at a
pH range from 6.0 to 9.0. To reduce possible variations
between samples, a second type of experiment was run. 1In
this case, one large lot of tissue was homogenized in
distilled water. After centrifugation, the supernatant
was divided into equal portions and each portion adjusted
to the prescribed pH with 0.1M Tris or phosphate buffer.
Results were measured as the amount of radioactivity in
the neutral lipid fraction.

Experiment 2: Effect of
Incubation Time

Incubation periods ranging from 5 minutes to 4

hours were used to determine what effect time had on the

production of 14C-neutral terpenes from MVA-2-14C. Time

course studies were also carried out to measure the 14CO2

14 14 14

released from MVA-2-""C and MVA-l-""C. The CO2 was

trapped using a radiorespirometer.

Experiment 3: Effect of
Incubation Temperature

Normal extraction and assay procedures were followed.
Incubation temperatures of 0, 10, 20, 30, 40, 50 and 60°C

were used. Results were obtained by determining the amount

14

of C-neutral terpenes biosynthesized.
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Experiment 4: Aerobic vs
Araeronic Iacudation

Compressed air or nitrogen was passed through
radiorespirometer flasks at 40 ml/min. The effects of
these conditions were minitored by determining the total
anount of l4C—neutral terpenes biosynthesized and by

. ; 14

measuring the amount of 14CO2 released from MVA-2-""C,.

Experiment 5: Effect of
: ++

+
¥Mn' ' and Mg

Ccncentrations ranging from 1.25 to 5.0 x lO-3M of
Mn++, Mg+* or a mixcure of both were tested to determine
the possible quantitative and qualitative effects on the
l4C—neutral terpenes biosynthesized. Quantitative results
were determined by counting the radioactivity in the
neutral lipid fraction. Both TLC and column chromotography
were used to observe qualitative changes in the l4C—products
biosyntnesized. The developing and eluting solvents used

are noted in the text.

ATP

th

Exnerimcent 6: Effect o

Ccncentrations of ATP from 1.25 to 5.0 x 10—3M were

testecd. Results were measured as the radioactivity

1 ..
incorpcrated from MVA—2—‘4C into the neutral lipid

th

racuiicno.
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Experiment 7: Effect of
Pyridine Nucleotildes

Concentrations and combinations of NAD, NADH, NADP
and NADPH used are noted in the text. The results were

14

measured as the amount of C-neutral terpenes bio-

synthesized.

Experiment 8: Enzyme Concentration

Enzyme concentrations, as measured by TCA precipitable
protein, from 1.8 to 10.5 mg protein per assay were used.
Sufficient Tris buffer was added to the incubation flasks
to maintain constant volume of 6.0 ml. Results were
obtained by determining the amount of 14C-neutral terpenes

biosynthesized.

Experiment 9: Substrates
14

14C (lactone) and

MVA-2-"""C (DEBD salt), MVA-1l-
acetate-l-l4c were tested to determine which was most
effectively utilized by the cell-free extracts. A con-

14

centration curve for MVA-2-"""C was also determined. The

concentration range used was from 0.6 to 9.4 x 10'8u.

When acetate-l-l4c was used as the substrate, NADH
and/or NADPH were added as sources of reductant power
necessary for the conversion of acetate to MVA. The con-
centrations of the nucleotides differed in each experiment
and are noted in the text. In all experiments when com-

parisons between substrates were studied, equal concentra-

tions were utilized. Results were corrected according



36

to their specific radiocactivities so direct comparisons

could be made.

14

Kinetics of the (ef0) 4

2 released from MVA—l-l C and

MVA-Z-L4C were also studied. In these experiments, the
14CO2 was trapped using a radiorespirometer. After
termination, the incubation media was extracted for
neutral lipids in the normal manner and the radioactivity
in these fractions determined using liquid scintillation
techniques.

Zxperiment 10: =Zffect of
Innibitors

Various inhibitors were tested to determine their
effect on the quantity of 14C—neutral terpenes biosynthe-
sized. The inhibitors and concentrations used are notec
-n the text. In all experiments, a concentration range of
the inhibitor was used, however, only one concentration is
reported for each study.

The effects of CCC, Phosfon D, AMO 1618 and iodo-
acetamide on the quality of 14C-neutral terpenes bio-
synthesized were also determined. Precoated TLC plates

with silica gel G and fluorescent indicator developed in



37

Experiment 11l: Localization
of Enzymatic Activity

Relative centrifugal forces of 75, 300, 30,000 and
104,000 x g for 5, 15, 30 and 60 minutes, respectively,
were used to prepare the various sub-cellular fractions.
The centrifuges used were a Sorvall RC 2-B and an Inter-
national Preparative Ultracentrifuge Model B-35. After
separation, standard assays were run. Quantitative
measurements were made by determining the total amount

of 14C-neutral terpenes biosynthesized and the amounts

of 14CO2 released from MVA-1-14C and MVA—2-14C. The

products were separated qualitatively using aluminum oxide
columns eluted with petroleum ether-ethyl ether-methanol
in a gradient manner as previously described.

Results from the above experiments suggested that
additional experiments should be run. The requirement of
air on the release of 14CO2 from MVA-2—14C using 15,000
and 104,000 x g fractions spun for 30 and 60 minutes,
respectively, was examined. A nitrogen atmosphere was
used as the control. Four hour incubations were run and

14

the amount of CO., released measured after 1, 2 and 4

2
hours using the radiorespirometer.

Experiment 12: Nature of Products

TLC, GLC, column chromatography, gas chromatography-
mass spectrometer, and gas chromatograph-14c analyzer

techniques were used in an attempt to identify the
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14C—neutral terpenes biosynthesized. The specific

information regarding these experiments are described in
the text.

Saponification>and/or acid hydrolysis and protein
precipitation experiments also provided information as to
the nature of the products. With regard to the saponifi-
cation experiments, standard assays were run except the
KOH was only added to one-half of the extracts after

incubation. The 14

C-products were then extracted in
either hexane or ethylether. Radioactivity determined in
these fractions gave the quantitative results. Qualita-
tive results were obtained by using an aluminum oxide
column eluted in a gradient manner as previously described.

Concurrent experiments were also run to determine the
effect of acid hydrolysis on the amount of 14C-neutral
terpenes biosynthesized. After incubation, (+)-saponified
extracts were treated with 0.8N HCl1l at 37°C for one hour.
The extracts were then extracted with hexane after adjust-
ing them to the same pH. The amount of radioactivity in
the hexane fraction was determined using liquid scintilla-
tion techniques.

The volatility of certain 14C—neutral terpenes
biosynthesized also provided information concerning their
nature. 14C—neutral terpenes were equally distributed on

TLC plates coated with silica gel G and developed in

benzene-ethyl acetate (9:1). The radioactivity for each
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RF zone was determined using liquid scintillation
techniques at 0, 24 and 120 hours. In a second series
of experiments, equal aliquots of a 14C--neutral terpene
extract were added to scintillation vials. To these
vials, scintillation fluor was added directly or after
the samples were dried using a stream of nitrogen or in

vacuo at 60°C.



RESULTS

Experiment 1l: Effect of Buffer and pH

Data presented in Table 2 show the effect of 0.1M
Tris and phosphate buffers on the incorporation of MVA-2-14C
into neutral terpenes. The use of phosphate buffer
resulted in an 85% inhibition compared to Tris buffer at

pH 8.0. A value of 8.2 was found to be the approximate

pH for maximal activity using 0.1M Tris buffer (Figure 1).

Experiment 2: Effect of

Incubation Time
Results in Figure 2 show the amount of 14CO2
14 14

released from MVA-1-""C and the amount of MVA-2-""C
incorporated into neutral terpenes over a two hour period.
The release of 14CO2 was immediate while there was a lag
period of approximately seven minutes before 14C-neutral
terpenes were detected. The total amount of radioactivity
detected in Co, was higher than the radioactivity found in
the neutral lipid fraction. The production of 14CO2 and

4C-neutral terpenes was linear for one hour under the
conditions of the experiment.

Experiment 3: Effect of
Incubation Temperature

Results presented in Figure 3 indicated that 33°C
was the approximate temperature for maximal incorporation

40
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TABLE 2.--Effect of Tris and phosphate buffers, pH 8.0, on
the incorporation of MVA-2-14C into neutral terpenes.

Buffer Incorporation
(0.1M) (cpm)
Tris 7037
phosphate 1128

Standard extraction and incubation used as
described in experimental except buffers as noted and
homogenizing ratio of 1:8.
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C into neutral terpenes using 0.1M Tris buffer.

Standard extraction and incubation used as
described in Experimental except for pH indicated.
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Figure 2.--Effect of time on the incorporation of
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C into neutral terpenes and on the release of 14
from MVA-l-14

Standard extraction and incubation used as described

in Experimental except for incubation time and substrate
indicated.
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Figure 3.--Effect of temperature on the incorporation
of MVA—2-14C into neutral terpenes.

Standard extraction and incubation used as described
in Experimental except for temperatures indicated.
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of MVA—2—14C into neutral terpenes. Temperatures above 50°
or below 10°C either completely or severely inhibited the
amount of radioactivity incorporated.

Experiment 4: Aerobic vs
Anaerobic Incubation

The data in Table 3 show that anaerobic (nitrogen)

incubation conditions increased the incorporation of

MVA-2-14C into neutral terpenes by 5%. These same anaerobic
conditions also increased the amount of 14CO2 released from
14

MVA-2-""C (Figure 4).

Experiment 5: Effect of Mn++ and Mg++

Results presented in Table 4 and Figure 5 show the

quantitative effects of these cations. Mntt stimulated

14

more incorporation of MVA-2-""C into neutral terpenes at

lower concentrations but inhibited when concentrations

above 2.5 x 1073

M were used (Figure 5). On the other
hand, Mg++ stimulated an approximate linear increase in
incorporation up to the highest concentration tested of
5.0 x 10°°M. A Mn'* concentration of 5.0 x 10™°M resulted
in more activity than 2.5 x 10-3M each of mntt and Mg++
(Table 4).

Qualitative effects of Mn++ and Mg++ on the types
of l4C—neutrai terpenes biosynthesized are presented in
Table 5 and Figures 6 to 8. Experiments in which aluminum

oxide columns were used showed that Mn++ stimulated the

biosynthesis of less polar neutral terpenes with a
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TABLE 3.--Effect of aerobic and anaerobic (nitrogen)14
incubation conditions on the incorporation of MVA-2-""C
into neutral terpenes.

Incorporation
Treatment (cpm)
aerobic 42,756
anaerobic 44,971

Standard extraction and incubation used as
cescribed in experimental except where nitrogen replacec
air.
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Figure 4.--Effect of anaerobic (nitrogen) and

aerobic conditions on the release of 14CO from MVA—2-14C

over time. 2

Standard extraction and incubation used as described
in Experimental except for nitrogen and incubation time
indicated.
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TABLE 4.--Effect of MnCl2 and MgCl2 on the incorporation

of MVA-2-14C into neutral terpenes.

Cation Concentration Incorporation
(x 10-3M)

\ (increase over
MgCl2 MnCl2 (cpm) control)

0 0 (control) 6,227 0

0 5 43,819 7.0

5 0 34,176 5.5

2.5 2.5 37,267 6.0

Standard extraction and incubation used as
described in Experimental except: no KOH; terpenes
extracted with ethyl ether; and cations indicated.
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Figure 5.--Effect of MnCl2 and MgCl2 on the

incorporation of MVA-2-14C into neutral terpenes.

Standard extraction and incubation used as described
in Experimental except for cation concentrations indicated.
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TABLE 5.--Effect of MnCl2 and MgCl2 on the quality of

neutral terpenes biosynthesized from MVA—2—14C.

Incorporation/fraction(g)*

Treatment
A B C
MnCl, (20 umoles) 10 76 14
M’gc12 (20 umoles) 2 63 35
MnCl2 + Mgcl2 (10 umoles each) 5 81 14

Standard extraction and incubation used as
described in Experimental except for cations as indicated.

*

Aluminum oxide column eluted with 2% ether in pet
ether (A); 12% ethyl ether in petroleum ether (B) and
100% ethyl ether (C) as described in Experimental.
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Figure 6.--Qualitative effect of MnCl2 (x—x) and
MgCl2 (0—o0) on the incorporation of Mva-2-14c into
neutral terpenes.

Standard extraction and incubation used as described
in Experimental except: no KOH, terpenes extracted with
ethyl ether. Column eluted in gradient manner.



52

100 =
4 MnCl2
(20 umoles)
0 : ' + $ 4 * é
100 =
£
Q,
O
o 1
.3 <= Mgcz
S (20 umoles)
.
0 * * * f— - " ——%
100 -
MnCl, + MgCl,
T (10 umoles each)
0 + S e -  o—
0 0.2 0.4 0.6 0.8 1.0

Figure 7.--Qualitative effect of MnC12 and/or Mgcl2

on the incorporation of MVA—2-14C into neutral terpenes.

Standard extraction and incubation used as described
in Experimental except for cation indicated. TLC
developed in hexane-ethyl ether-acetic acid (90:10:1).
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Figure 8.--Qualitative effect of MnCl2 and/or MgCl,

on the incorporation of MVA-2—14C into neutral terpenes.

Standard extraction and incubation used as
described in Experimental except for cation indicated.
TLC developed in benzene-ethyl acetate (9:1).
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concurrent reduction in the more polar products (Table
5 and Figure 6). These results were confirmed using TLC

with two solvent systems (Figures 7 and 8).

Experiment 6: Effect of ATP

Results presented in Table 6 indicated that the cell-
free system had an absolute requirement for ATP. Data in
Figure 9 show that the ATP concentration was lower for
maximal incorporation for non-cold treated iris than for
iris which had received low temperature treatment prior
to enzyme extraction.

Experiment 7: Effect of Pyridine
Nucleotides

NAD, NADP and NADPH had little effect on the incor-
poration of MVA—2-14C into neutral terpenes (Table 7). The
data (Table 8) show that NADH and NADPH did not substan-
tially increase the incorporation of acetate—l—l4c into
neutral terpenes compared to the radioactivity incorporated

using MVA—2-14C as the substrate.

Experiment 8: Enzyme Concentration

Results presented in Figure 10 indicated that enzyme
concentrations, as determined by TCA precipitable protein,
of up to 10.5 mg protein per assay resulted in linear

14

increases in the incorporation of MVA-2-""C into neutral

terpenes.
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TABLE 6.--Effect of ATP on the incorporation of MVA-2—14C

into neutral terpenes.

Incorporation
Treatment (cpm)
plus ATP 10,897
minus ATP 221
plus ATP (boiled enzyme) 236

Standard extraction and incubation used as
described in Experimental except no MnCl2 added.
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Figure 9.--Effect of ATP concentration on the

incorporation of MVA-2-14C into neutral terpenes using
cell-free extracts of non-cold and cold treated Wedgwood
Iris.

Standard extraction and incubation used as described
in Experimental except for ATP concentrations and enzyme
sources indicated.
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TABLE 7.--Effect of NAD, NADP and NADPH on the incorpora-

tion of MVA-Z—14

C into neutral terpenes.

. Incorporation

Treatment Experiment (cpm)
No pyridine nucleotides A 20,114
plus NAD (2 pmoles) 19,433
plus NADP (2 umoles) 19,022
No pyridine nucleotides B 35,331
plus NADPH (0.36 umoles) 34,408
No pyridine nucleotides C 39,203
plus NADPH and NAD

(1.5 umoles each)

36,692

Standard extraction
described in Experimental
tides indicated.

and incubation used as
except for pyridine nucleo-
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Figure 10.--Effect of protein concentration on the

incorporation of MVA-2—14C into neutral terpenes.

Standard extraction and incubation used as described
in Exrerimental except for protein concentration indicated.
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Experiment 9: Substrates

Acetate-l—l4c in the presence of NADPH and/or NADH

was not substantially incorporated into neutral terpenes

14 14

(Table 8). However, both MVA-1l-—""C and MVA-2-" C were

actively used as substrates by enzymes in the cell-free
system (Table 9). Also, data presented in Table 9 show
that no radioactivity was present in the neutral terpene
fraction when MVA-1-14C was used as the substrate.

Results presented in Table 9 and Figure 11l revealed

that a small but measurable amount of 14c02 was released

when MVA-2-14C was used as the substrate. This release

of 14CO from MVA—2—14C had a lag period of approximately

2
45 minutes before detectable amounts of 14002 was found.
The total amount released was approxirately 6% of that

14

released when MVA-1l-""C was the substrate.

Linear increases in the concentrations of MVA—2-14C
resulted in linear increases in 14C—neutral terpenes bio-
synthesized (Figure 12). The highest concentration tested
of 9.4 x 10—6M resulted in an incorporation rate of 3.0 x
10—9 moles d—MVA-2—14C/mg protein/hour. This incorporation
rate represented 60% of the added d—MVA—2-l4C being con-

verted to 14C—neutral terpenes.

Experiment 10: Effect of Inhibitors

The effects of various inhibitors on the incorpora-

tion of MVA—2-14C into neutral terpenes is presented in

Table 10. SK&F 7997-A3, CCC and Amo 1618 had little or
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TABLE 8.--Effect of ATP, NADH and NADPH on the incorpora-
tion of acetate-l-l4c into neutral terpenes.

Cofactor

Incorporation
(cpm)
ATP NADPH NADH
- - - 49
+ - + 110
+ + + 167
- + + 172
+ - - 175
+ + - 226
+ - - 34,055%

Standard extraction and incubation used as
described in Experimental except: ATP (iimM); NADPH
(0.165mM) ; NADH (0.165mM) and acetate-1--2C instead of
MVA-2-14cC.

* 14
Used MVA-2-""C as substrate.
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Figure 1ll.--Time course release of 14CO2 from

MVA—1—14C and MVA-2-14C.

Standard extraction and incubation used as described
in Experimental except for incubation time and substrates

indicated.



63

[\*)
(8]
2
L2
(N
LI

70

N

o
4
|
4
¥

60

(o—o0)

Oam

(x

4

X

l—l
o
$
14
D-MVA-2-""C incorporated (%)

D—MVA-2—14C incorporated (x 109 moles)
X)
}.J
wm

L
-
|

14

D-MVA-2-"""C Concentration (x 108M)

Figure 12.--Effect of D-MVA-2-14C concentration on
the incorporation of D-MVA-2-14C into neutral terpenes.
Standard extraction and incubation used as described

in Experimental except for D—MVA-2—14C concentration
indicated.
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TABLE 10.--Effect of various inhibitors on the incorporation

of MVA—2-14C into neutral terpenes.

Concentration Incorporation

Inhibitor (¢ of control)

(mg/assay) (uM)

None (control) - - 100

SK&F 7997-A, 2,00 1,025 100

ccc 3.14 5,000 98

AMO 1618 3.60 2,500 98

Sodium fluoride 5.04 30,000 93

Streptomycin 2.90 500 92

Chloramphenicol 0.20 155 85

‘lilacinamide 8.54 2,000 83

Phosfon D 8.00 5,000 16

Iodoacetamide 3.70 5,000 9

Standard extraction and incubation used as described
in Experimental except for inhibitors indicated.
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no effect. The addition of sodium fluoride, streptomycin
and chloramphenicol resulted in inhibitions of 17, 8 and
15%, respectively. The two most potent inhibitors at the
concentrations tested were Phosfon D and iodoacetamide.
Phosfon D inhibited by 84% and iodoacetamide by 91%.

The effects of Phosfon D, CCC, AMO 1618 and iodoace-

14C-neutral terpenes biosynthe-

tamide on the quality of
sized are presented in Figure 13. It was found that CCC
and iodoacetamide did not effect the nature of the products.
However, the addition of AMO 1618 and Phosfon D did alter
the ratio of these products. With AMO 1618 treated

assays, there was a complete inhibition of the products
associated with RF zones 0.7 and 1.0. The only RF

cone exhibiting radioactivity was at RF 0.8. Phosfon D,

on the other hand, caused a large decrease in 14C-neutral
terpenes associated with RF zones 0.7 and 0.8. As a

result of this decrease, a large percentage increase in
activity in RF 1.0 was shown: although there was no sub-
stantial increase in absolute radioactivity in Rp 1.0

(data not presented).

Experiment 1l: Localization of
Enzymatic Activity

Results presented in Table 11 indicated that the
active enzymes were present in the soluble fraction of
each centrifugation. Further quantitative results pre-

sented in Figure 14 show the influence that a crude and
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Figure 13.--Qualitative effects of inhibitors on
the incorporation of MVA—2—14C into neutral terpenes.

Standard extraction and incubation used as described
in Experimental except for inhibitors indicated. TLC
developed in benzene-ethyl acetate (9:1).
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TABLE 1l.--Distribution of enzymatic activity in super-
natant solutions after various centrifugation treatments.

Centrifugation Treatment

Incorporation

(cpm)

Rel. cent force Time of spin

(x g) (min)

none (crude) 0 39,680
75 5 38,407
300 15 40,531
30,000 30 43,590
104,000 60 41,335

Standard extraction and incubation used as
described in Experimental except for centrifugation
indicated.
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Figure 14.--Time course release of 14CO2 from
14 14

MVA-1-""C (x—x) and MVA-2-""C (0o—o) using crude and

104,000 x g cell fractions.

Standard extraction and incubation used as
described in Experimental except: incubation time,
centrifugation and substrate as indicated.
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104,000 x g supernatant solution had on the release of

14 14C and MVA-2-14C. With MVA—1-14C as

14

CO2 from MVA-1-

the substrate, more CO2 was released from the high spin

fraction. On the other hand, when MVA-2-14C was used, the
results were reversed. The release of l4CO2 from MVA—2-14C
was greater with the crude fraction and also, the lag

period before 14CO2 was detected was shorter.

Effects of crude and 104,000 x g fractions on the
types of 14C-neutral terpenes biosynthesized are presented
in Figure 15. With the 104,000 x g fraction there was a
large decrease in the more non-polar neutral terpene
represented under fraction I. Also, fractions II and V
remained approximately the same while fraction III
increased. A new radioactive product (peak IV) was noted

with the 104,000 x g fraction.

Experiment 12: Nature of Products

Figure 16 presents a TLC radioactive scan of a 14C—

neutral terpene fraction developed in benzene-ethyl
acetate (9:1). Three main radioactive peaks were detected.
Similar results in regard to the number of peaks were
obtained using four other solvent systems (data not
reported).

The main radioactive peak with each solvent system
used (i.e., RF zones 0.4 and 0.5 in Figure 16) was shown
to contain cholesterol, campesterol, stigmasterol and

B-sitosterol using GLC co-chromatography (Table 12).
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TABLE l12.--Retention times of certain TMSi-neutral
terpenes extracted from Wedgwood Iris and TMSi-sterol
standards using GLC.

Retention Time (min)

Standard Experiment* Standard Unknown
Cholesterol A 15.7 16.2
B 17.2 17.5
Campesterol A 20.5 20.7
B 22.2 22.5
Stigmasterol A 22.3 22.5
B 24 .4 24.4
beta-Sitosterol A 27.7 27.8
B 28.3 28.4

*
Experiment A = 6 ft. column packed with 2% Ov-1

on 100/120 Chromosorb W held at 240°C. Flow rate =
45 ml/min.

Experiment B = & ft. column packed with 3% SE-30 on
100/120 Chromosorb W held at 250°C. Flow rate - 40
ml/min.

All samples T.Si as described in Experimental.
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Mass spectra data (Figures 17 to 19) confirmed the
presence of campesterol, stigmasterol and B-sitosterol
but showed that cholesterol was not present.

Collection of the effluent off of the gas chromato-
graph to determine the specific activities of the sterols
associated with the radiocactive peak using TLC met with
failure (data not reported). Digitonin precipitation of
these sterols resulted in an average of less than 1% of
the sterols being radiocactive (Table 13),

Data presented in Table 14 reconfirmed the presence
of three 14C—neutral terpenes being biosynthesized. By
comparison of the retention times at 182 and 230°C for
+TMSied samples, the retention values were influenced
within temperatures for peaks I and II. However, the
influence of TMSi on peak III was negligible. Subsequent
studies showed that peaks I and II were associated with
the radioactivity in RF zones 0.4 and 0.5 in Figure 16
and peak III associated with R; 1.0 (data not presented).

Results from TLC experiments presented in Tables 15
and 16 indicated that farnesol may be one of the 14C—
neutral terpenes found under RF zones 0.4 and 0.5 in
Figure 16. These results also showed that geraniol,
nerclidoel and (-)-kaurene did not co-chromatograph with
radiocactive products of the cell-free system. The small
radicactive peak at RF 0.1 noted in Figure 16 was found to

14

co-chromatograph with MVA-2-""C (data not reported).
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TABLE 13.--Amount of radioactivity (cpm) in neutral lipid
extracts associated with digitonin precipitable sterols
following incubation with MvA-2-1l4c.

Fraction Experiment cpm $ 14C-sterols
Neutral lipid A 39,203

Sterol 154 0.39
Neutral lipid B 40,115

Sterol 655 1.63
Neutral lipid C 36,692

Sterol 138 0.37
Neutral lipid D 42,234

Sterol 127 0.30
Sterol (minus digitonin) 113 -

Standard extraction and incubation used as
described in Experimental except for experiment C where
6 x 10~3M NAD and NADPH were added.



TABLE 14.--GLC retention times of radioactive neutral
terpenes biosynthesized from MVA-2-14

78

Retention times of 1

4C-products

Column Temperature (min)
(°C)*

I II IIT
170 (+TMS1i) 4.5 27.0 54.0
182 (+TMS1i) 2.6 11.0 17.0
182 (-TMSi) 2.1 12.4 16.5
230 (+TMSi) 1.8 3.5 14.5
230 (-TM™MSi) (solvent front) 2.8 14.5

on Chromosorb Q.

*
6 ft. x 2 mm I.D. glass column packed with 3% OV-1

Flow rate - 40 ml/min.