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ABSTRACT

The flowering plant, Gaillardia pulchella, contains sesquiterpene 
lactones which act as anti-tumor agents. Biosynthetic studies were under
taken to elucidate the metabolic pathway to these compounds and to find • 
other potential anti-tumor agents or compounds for structure-activity
relationship studies. Compounds which showed incorporation of radio-

14 14activity from 2- C-mevalonic and 2- C-acetic acids were isolated and
14identified. It was found that incorporation of both 2- C-mevalonic and 

2-"̂ C-acetic acids into the sesquiterpene lactones was extremely low: less 
than 0.7 percent of the total plant-contained radioactivity with mevalonic 
acid and less than 1.5 percent with acetic acid. Incorporation into 
phytosterols was much higher, approximately 10 percent for both mevalonic 
acid and acetic acid. The results indicate that sesquiterpene lactone 
biosynthesis is compartmentalized into structures impermeable to exogen
ously fed mevalonate and acetate.
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INTRODUCTION

In a continuing search for potential anti-tumor agents from 
plant sources, it was found that gaillardin (I), isolated from 
Gaillardia pulchella, was a powerful anti-tumor agent.1

Many such sesquiterpenes displaying the <*-methylene lactone moiety 
also demonstrate anti-tumor activity. Some examples are elephantin (II), 
euparotin (III), vemolepin (IV) and vemodalin (V).
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It is known that the <x-methylene lactone moiety is required for
2cytotoxic activity in these compounds. Vemolepin and other sesqui

terpene lactones are powerful inhibitqrs of the sulfhydryl - bearing 
enzyme, phospho-fructokinase. The proposed mechanism tlirough which 
this inhibition occurs is shown in Scheme 1. The °<-methylene lactone 
acts as an alkylating agent of biological nucleophiles. The nucleophile
is added across the conjugated double bond of the -methylene lactone

4in Michael fashion. The nucleophile is then covalently bound to the 
lactone. Enzymatic activity, dependent on the free nucleophile (whether 
it be the active sulfhydryl group of the enzyme as in phospo-fructo- 
kinase, or some other nucleophile required for enzymatic activity), is 
then blocked.

The mechanism of biological activity has been studied. However, 
little is known about the biosynthesis of such biologically active 
sesquiterpene lactones. Intermediates in the pathway to these compounds 
may also show activity and possibly provide further compounds for 
structure-activity relationship studies. Therefore, a biosynthetic

0
0 A ^ C H 2 *Nuc
ri /-*

Nuc

V

Scheme 1. Mechanism for biological activity of -methylene lactones.
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study would be valuable.
Through autoradiography, the uptake and metabolism of a radio

active precursor in a plant can be followed over time. Assume a
biosynthetic pathway such as:

1 2 A B -=—* C
exists in the plant in which A is the precursor fed. If it is also
assumed that the rate of step 2 is not too much faster than the rate of 
step 1, the radioprofiles of such a system might be similar to those 
shown in Figure 1. The percent of plant-contained radioactivity due 
to A declines from a theoretical value of 100 percent (when A first 
enters the plant but before it is metabolized) to a very low value as A
is converted to B. If B is not immediately converted to C, an increase
in radioactivity due to B would be observed. As B is metabolized to 
C, radioactivity due to C would rise as label due to B decreases.

Figure 1. Radioprofiles for the sequence A B — > C.
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With this type of study, it was hoped that a potential precursor 
14such as 2- C-mevalonic acid could be traced into famesol and more 

complicated intermediates of the sesquiterpene lactone pathway. From
5previous work it was found that hydroponic growth of C. pulchella

14seedlings in solutions of 2- C-mevalonic acid resuted in linear uptake
of the radioisotope over a period of 48 hours. By autoradiography,
the expected decline in percent radioactivity due to unmetabolized
mevalonic acid over time was observed. Radioactivity in famesol was

14also detected within 2 hours after administration of the 2- C-mevalonic 
acid. At least five other compounds were observed to contain activity

Therefore, the intermediates in this pathway could be detected through
analysis of the incorporation of radioactivity into the compound with
respect to time.

> PPO
VII VIII

VI

IX

V

14Scheme 2. Incorporation of 2- C-mevalonic acid into farnesyl-
pyrophosphate.
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within the 48 hour study period.
14The pathway of incorporation of 2- C-mevalonic acid into farnesol

6 14is given in Scheme 2. 2- C-mevalonic acid (VI) is converted to
isopentenylpyrophosphate (VII). Isomerization of (VII) leads to dimethyl-
allylpyrophosphate (VIII) which can then condense with further molecules
of isopentenylpyrophosphate to give first gerany1-pyrophosphate (IX)
and then famesy 1-pyrophosphate (X) with the label as indicated.

Farnesyl-pyrophosphate could then take two possible routes; further
metabolism into sesquiterpenes, or condensation into squalene and further
metabolism to triterpenes and phytosterols.The first route could lead
to sesquiterpene lactones via the pathway shown in Scheme 3- The chair
form of jtrans-jtrans-farnesy 1-pyrophosphate (X) cyclizes to hedycaryol (XI).
Dehydration leads to trans-trans-germacrene (XII). Alternatively, direct
proton and pyrophosphate loss from traris-1rans-farnesy1-pyrophosphate (X)
could lead to trans-trans-germacrene. Conformational conversion to the
boat conformation (XIII) and formation of the epoxide (XIV) allows closure
of the ring to the trans-gualane skeleton (XV). Proton loss and further
oxidation gives gaillardin (I). Thus, the route, trans-trans-farnesol— »

c
trans-trans-germacrene — > trans-guaiane is proposed in this scheme.
Protonation of (XV), methyl migration and further oxidation leads to
the pseudo-guaiane skeleton of pulchellin (XVII). A more detailed dis-

7cussion of the stereochemistry involved is given in Devon’s thesis.
g

Barton has tentatively postulated that formation of the *-methylene 
lactone moiety takes place before cyclization of trans-trans-germacrene 
(XII) to the trans-guaiane skeleton (XV). However, the mode of construc
tion of the lactone could not be conclusively determined. Scheme 4



HC OH ^  '2

XVII XVIII
Scheme 3. Biosynthetic pathway of famesy1-pyrophosphate into sesqui

terpene lactones.

illustrates a possible mechanism. The isopropenyl side chain (XIX) is 
epoxidized to (XX). Breaking of the epoxide leads to the alcohol (XXI)

Qand oxidation ultimately leads to the carboxylic acid (XXII). Oxidation 
of Cg to the alcohol (XXEII), followed by intramolecular esterification 
leads to the methylene lactone (XXIV).

Gaillardia pulchella has been reported to contain several sesqui
terpene lactones. Kupchan'*" reported gaillardin ( a guaianolide) to
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XIX

2 xxii

V

>

V

o ^ p \ ^

XXI

XXIII XXIV
Scheme 4. Construction of the ̂ -methylene lactone.

be the major sesquiterpene lactone In the Texas race of G. pulchella.
It has also been found that In the coastal races, pulchellin (XVIII)
(a pseudoguaianolide) is the major sesquiterpene lactone. Two alkaloidal 
sesquiterpenelactones, pulchellidine and neopulchellidine (XXVa,b) 
were also found to be present In the coastal race. In western races
of G. pulchella, eudesmanloide sesquiterpene lactones, pulchellins B,
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XXVI a, Rĵ = Ac; R2 = H 
b, = R2 = H 
c3 R.̂ = H; R2 = Ac 
d, = Angeloyl; R2 = H

C, E and F (XXVI a-d) were found.
It was hoped that the compounds observed to contain activity from 

the feeding of 2-^C-mevalonic acid could be correlated with one or more 
of these sesquiterpene lactones and to some of the intermediates from 
the cyclization of trans-trans fame sol, such as hedycaryol or germacrene, 
It was also hoped the intermediacy of sesquiterpenes which would support 
or refute the lactonization pathway proposed in Scheme 4 could be demon

strated.
If condensation of farnesy1-pyrophosphate into squalene, followed 

by cyclization and further metabolism to triterpenes or phytosterols 
occurs to any extent in these plants, label due to triterpenes or 
phytosterols, or their intermediates, might be observable. Studies with 
stereospecifically labelled mevalonic acid have demonstrated that

6squalene biosynthesis in plants is analogous to that in animal tissues. 
Cyclization of squalene to give tetracyclic sterol precursors in animal 
liver preparations involves the intermediacy of squalene-2, 3-epoxide. 
Incorporation of 4— Ĥ—squalene—2, 3—epoxide into cycloartenol in a cell- 
free homogenate of germinating peas has also demonstrated this inter—
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(2|R)-Ij-%-2-'L ̂C-mevalonic acid (XXVII) Into squalene (XXVIII) and cyclo-
13artenol (XXIX) by leaves of Solanum tubersum as shown In Scheme 5-

Alkylation at of the side chain can lead to some of the other
major phytosterols. Transmethylation by S-adenosy1-methionine across 
the A2  ̂bond gives methyl or methylene side chains (XXX). Further
transmethylation leads to the ethyl or ethylene side chains (XXXI). 
Scheme 5 briefly outlines this mechanism, which has been shown to lead 
to major phytosterols such as 28-isofucosterol (XXXII), stigmata-5 
dien-3-ol (XXXIII), and sitosterol (XXXTV).

In addition to the reported occurrence of the sesquiterpene lactones 
of the several different races of Gaillardia pulchella, it has been

15reported that G. pulchella also contains unsaturated sterols. There
fore, uptake of 2-li+C-mevalonic acid into the plants may result in 
incorporation of label into phytosterols.

Incorporation of 2-l!iC-mevalonic acid into sesquiterpenes is
"1 f\ "17charactaristically very low. Goodwin has shown that compartmentaliz- 

ation plays a large part in the ultimate fate of exogenously fed mevalon- 
ate. Compartmentalization of terpenoid metabolism may be a factor 
in the regulation of higher terpenoid biosynthesis in plants. It is 
known that segregation of enzymes and relative inpermeability of intra
cellular membranes (such as with chloroplasts) to terpenoids and their 
immediate precursors exist in plant cells. Compartmentalization into
plant cells which are permeable only to sugars and amino acids, as in the

l8oil glands of peppermint, where mono- and sesquiterpenes are found ,

mediacy In plants. Direct cyclization to cycloartenol rather than via
lanosterol as In animal tissue has been confirmed by incorporation of
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xxvii
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T
Scheme 5- Biosynthetic pathway of 2-^C-mevalonic acid into phytosterols
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might also lead to regulation of terpenoid biosynthesis. These oil 
glands are separated from the rest of the leaf by a thick cuticle layer. 
However, incorporation of label from D—glucose—U— ~̂ C into mono- and sesqui
terpenes has been shown to be about ten times that of incorporation 
from 2-1V-mevalonic acid. In contrast, sterol and triterpene biosyn
thesis is extrachloroplastic and is followed by transport into the chloro- 
plasts. Sterol and triterpene synthesis is therefore relatively access
ible to exogenously fed 2-^C-mevalonate. Thus, compartmentalization

14may lead to relatively high incorporations of 2- C-mevalonic acid into 
phytosterols, and correspondingly low incorporations into the sesqui

terpenes .
It is also possible that, even if mevalonate is transported effi

ciently to the site of sesquiterpene and phytosterol synthesis, addition 
of such great quantities of mevalonate may perturb the system. This 
could lead to a shunting of the majority of the mevalonate to the more 
physiologically important phytosterols which may be structural components 
of membranes, flowering hormones, or growth factors.

If mevalonic acid is an obligatory intermediate, its intracellular
concentration would be very low. Addition of large quantities of this
precursor during feeding experiments may lead to inhibition feedback
mechanisms of the enzymes involved in terpenoid synthesis. This would
result in degradation of the mevalonate into acetic acid, which could
then go into any number of possible pathways. Thus, radioactivity might

19be found in fatty acids or paraffins. Marekov et. al. found label 
from 2-1V-acetic acid in the essential oil of rose successively in acids, 
alcohols and paraffins. Therefore, coirpounds found to contain label



from the feeding of 2-“ C-mevalonic acid hopefully would include seme 
of the intermediates of the sesquiterpene lactone pathway, but might 
also contain phytosterols or products of acetic acid metabolism such 
as paraffins.

14Feeding of 2- C-acetic acid might not affect the system so ad
versely, and although it would lead to many other products, it might 
be able to reach the site of sesquiterpenoid synthesis and be incorp
orated. If mevalonate was not able to reach the site of sesquiterpen
oid synthesis, any label found in sesquiterpenes from the feeding of 
142- C-mevalonic acid must have come from the breakdown of the mevalon- 

ate to acetate. Transport of the acetate to the site of synthesis or 
conversion of the acetate to sugars or amino acids and transport in 
that fashion could lead to incorporation of the label into sesquiter
penes. Thus, incorporation of label into sesquiterpenes might be in-

14creased by the feeding of 2- C-acetic acid over incorporation due to 
14the uptake of 2- C-mevalonic acid. Products resulting from direct 

incorporation of acetate, such as paraffins, might also show increased 
incorporation from uptake over incorporation from uptake of mevalonate



RESULTS AND DISCUSSION

Components of Gaillardia pulchella

The major sesquiterpene lactones of the race of Gaillardia pulchella 
used during these studies v/ere identified so that where possible, they 
could be isolated and specifically looked at during the autoradiography 
experiments. Authentic samples of gaillardin, pulchellin, pulchellidine, 
pulchellin B and pulchellin C were available and were co-spotted with 
the various plant extracts. Table 1 shows the components which were 
present in quantities sufficient for isolation and the components which 
were found to be present in the mature plants. As the table shows, only 
pulchellin and its epimer (unresolvable) were present in quantities which 
would allow their isolation. From these results, it can be concluded 
that pulchellin is the major sesquiterpene lactone of this commercial 
race of G. pulchella.

Unsaturated phytosterols were also reported to be present in 
15Gaillardia pulchella. As discussed later, at least five phytosterols

were found to be present in this race. Only two fractions were isolat- 
able and one of those was a mixture of two distinct phytosterols. These 
results are also shown in Table 1.

It was found that straight chain saturated hydrocarbons, including 
at least C-21 to C-31, were major components of this race of G. pul
chella. A mixture of nonacosane (C-29) and heptacosane (C-2J) was 
isolated.

21



Table 1. Components of Galllardla pulchella.

Sesquiterpene Lactones

Gaillardin
Pulchellin
Pulchellidine
Pulchellin B
Pulchellin C

Phytosterols
Dihydrostigmasterol (XXXV)
Component XXXVI
Component XXXVIII

Saturated Hydrocarbons
Heptacosane, nonacosane 

(XXXVII)

Present

+
+
+
+

Isolated

+
+
+

+
+

14Incorporation Studies With 2- C-Mevalonic Acid

Through autoradiography of Gaillardia pulchella seedlings, time- 
dependent plots of incorporation of label into the various compounds 
were obtained. The results of one of the labelling experiments with 
2-"̂  C-mevalonic acid are given in Tables 2 and 3, and in Figures 6 
through 13 (Appendix). Table 2 gives the actual counts found in the 
plant extract or spot cut. The corresponding percent incorporation or 
percent plant-contained label in the various components at a given 
time are also given.

1̂Figure 6 shows the percent incorporation of 2- C-mevalonic acid
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into the plant. The maximum incorporation was 2.18 percent at 20 hours,
but as the plot shows, the incorporations were very erratic. The major
problem in these labelling experiments was obtaining seedlings of the
same age and development (planting from seeds in the environmental
chamber resulted in very sporadic germination and development). This
experiment was done with seedlings as close to each other in development
as possible. However, the differences in their sizes and leaf areas
could explain the erratic incorporation results. The percent plant-
contained label in the different components is probably more reliable,
since the differences between the seedlings are probably not great enough

14to result in drastically different metabolism of the 2- C-mevalonic acid.
In a previous labelling experiment, enough seedlings of the same 

size and development were available, and the incorporation results are 
given in Figure 2. The maximum incorporation of 2.̂ 3 percent is nearly 
equal to the maximum (2.18 percent) of the 2-^C-mevalonic acid labelling

time (hours)
Figure 2. Uptake of 2-"̂ C-mevalonic acid by G. pulchella seedlings of

the same size and development.
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experiment reported in the Appendix. The incorporations into the differ
ent components were also very similar in time and percent plant-contained 
label. Unfortunately, a solvent system which would separate the various 
components by thin layer chromatography had not been found and several 
of the components which contained label could not be separated. How
ever, this does show incorporation results with seedlings of the same
size and development.

In an attempt to overcome this problem and to look at the incorp
oration patterns of mature plants, a labelling experiment was done 
with leaves of mature plants. Three leaves of the same size were cut 
(under water) across the width of the leaf in 0.5 cm sections. The leaf 
cuttings were then put into vials of mevalonate solution and allowed to 
metabolize (with periodic shaking to free the bubbles produced). The 
leaves were then worked up in the same fashion as the seedlings. The 
results are plotted in Figures 14 through 21. As Figure 14 shows, the 
percent incorporation of 2-lijC-mevalonic acid was higher (up to 6 percent) 
and the uptake was not as erratic. However, Figures 15 through 21 
show the results of percent plant-contained label in the individual 
components. The results are extremely erratic, but in general, the 
incorporation into the individual components seems slightly higher than 
with the seedlings. Considering the randomness of the points, little 
else can be said.

Returning to the 2-1 Ĉ-mevalonic acid labelling experiment with 
seedlings, Figure 7 shows the plot for the percent plant-contained label 
due to mevalonate with respect to time. A rapid decline is seen in the 
percentage of radioactivity in unmetabolized mevalonate. This would be
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expected if the mevalonate is indeed converted into other components.
The first compound to show incorporation of label is famesol, as deter
mined by overspotting with Aldrich reagent grade farnesol. Figure 8 shows 
that label due to famesol reaches a maximum of 4.09 percent at 12 hours. 
This is followed by a relatively rapid decline, showing that famesol 
is also being further metabolized. Component XXXVI exhibits a rapid 
increase in label to 3-5 percent at 16 hours (Figure 9)- Like famesol, 
the maximum is followed by a rapid decline in label.

Figure 10 shows the percent plant-contained label due to conponent 
XXXX. This spot was not visible in earlier labelling studies due to its 
chromatographic co—migration with conponent XXXV. In this experiment, 
the two were distinguishable and percent plant-contained label due to 
each was calculated. A maximum of 1.2 percent was observed at 16 hours 
for conponent XXXX as Figure 10 shows. Both components XXXVI and XXXX 
show a decline to less than 1.0 percent by 25 hours. Conponent XXXV 
slowly gains activity to a maximum of 7-1 percent at 25 hours and then 
shows only a slight decrease in label with increasing time (Figure 11). 
Conponent XXXV is the first compound that does not exhibit a rapid in
crease and decrease of label. This suggests that mevalonic acid, fam— 
esol, XXXVI and XXXX are intermediates in a metabolic pathway and XXXV Is 
a final product of a pathway, possibly involving one or more of the above 

components.
Two polar conponents (XXXVIII and XXXIX) were also observed to 

incorporate label as shown in Figure 12. The rise in radioactivity 
did not occur until 20 hours, and the increase in label was very gradual. 
After 72 hours, the percent plant-contained label was 2.3 percent for 
XXXVIII and 1.1 percent for XXXIX. This indicates that conponents
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XXXVIII and XXXIX may be end products of a pathway which perhaps includes 
mevalonic acid, famesol, XXXX and XXXVI. Alternatively, components 
XXXVIII and XXXIX may be degradative products or products resulting 
from incorporation of degradative products of the above compounds.

Figure 13 shows the incorporation of radioactivity Into pulchellin. 
Pulchellin was analyzed at each time, even though it. was not visible on 
the X-Ray film until the 30 hour sample. No label was detectable by 
scintillation counting until 25 hours, at which time a maximum of 0.62 
percent of the plant-contained activity was found. The spot correspond
ing to gaillardin (determined by overspotting with an authentic sample) 
was cut and analyzed although it was never visible by autoradiography.
At 72 hours, only 0.055 percent of the total plant-contained label was 
found in gaillardin. Thus, these two sesuiterpene lactones account for 
less than 0.7 percent of the total plant-contained label. This corre
sponds to less than 0.00032 percent incorporation and indicates that 
exogenously fed 2-1V-mevalonic acid is indeed a poor precursor to the 
sesquiterpene lactones.

Label due to a nonpolar component (XXXVII) was found to be much 
higher than in previous studies and extremely erratic. When component 
XXXVII and squalene were separated by thin layer chromatography on 
silver nitrate-impregnated silica gel, the total label due to squalene 
and hydrocarbons (which is equivalenet to component XXXVII of the labelling 
experiment) was very similar to previous results. The label was taken 
up slowly and leveled off between 4.0 and 5*0 percent after 20 to 30 hours. 
This behavior is shown in Figure 25.

Figure 3 shows the up-take curves for the components discussed above.
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These curves were drawn from the averages of all of the labelling 
experiments done with 2-^C-mevalonic acid. The plots are therefore 
somewhat Idealized, since the data from the Individual labelling exper
iments varied slightly, However, the relative maxima of percent plant- 
contained activity and the time dependency of the different components 

were all very similar.

Isolation and Identification

It was hoped that through the isolation and identification of the 
above components, a biosynthetic pathway could be built around them.
As discussed in the Experimental Methods section, the crude methanolic 
extract of mature Gaillardia pulchella plants was divided into a polar 10 
percent aqueous methanol extract and a nonpolar hexane extract. From the 
polar extract, first pulchellin was isolated through column chromatography 
and repeated preparative thin layer chromatography. Thirty—nine milligrams 
of purified pulchellin was isolated from 30 grams of dried plant material. 
This corresponds to 0.13 percent of the dry plant weight. Therefore, 
pulchellin is a major constituent of the plant, even though incorporation 
of 2-^C-mevalonate into pulchellin was very low. Positive identification 
of pulchellin was through chromatographic behavior, melting point and an 
infrared spectrum identical with that of an authentic sample of pulchellin.

Attempts to isolate and identify components XXXVIII and XXXIX were 
unsuccessful. Two regions (corresponding to XXXVIII and XXXIX) frcm 
preparative thin later chromatography were each found to contain at least 
five separate compounds(from two dimensional, analytical thin layer chrom
atography). An infrared spectrum of the gum showed hydroxyl and carbonyl 
absorbtion. The mass spectrum showed m/e values of greater than 400,
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Figure 3. Uptake curves from the average of all of the mevalonic acid labelling experiments.
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indicating that triterpenes or phytosterols may be present rather than 
sesquiterpenes. The gum was silylated with bis-trimethyl-silyl-acetamide 
(BSA). However, isolation and identification of the trimethyl-silyl 
derivatives of components XXXVIII and XXXIX through mass spectroscopy 
coupled with a gas chromatograph (GC/MS) was unsuccessful.

The nonpolar extract was saponified and the nonsaponifiable fraction 
subjected to column chromatography on silica and alumina. Initial elution 
with hexane yielded component XXXVII. GC/MS showed the crystals to 
be a mixture of primarily five straight chain saturated hydrocarbons;
C23, C25, C27, C29 and C31. The two major constituents of the recrystal
lized crystals had molecular ions of 380 and 408. Each showed consecutive 
loss of 1̂  mass units (CH2) as would be expected for the paraffins 
heptacosane (XXXVIIa) and nonacosane (XXXVIIb). It is therefore concluded 
that component XXXVII contains a mixture of straight chain saturated 
hydrocarbons.

Elution with chloroform produced a fraction containing farnesol,
XXXV, XXXVI and XXXX. Attempts at isolating farnesol were unsuccessful. 
Analytical gas chromatography of this fraction showed only an extremely 
small peak corresponding to farnesol, and isolation through preparative 
gas chromatography was not possible due to these minute quantities.
This illustrates the low level of this important intermediate in the 

mature plant.
By further column chromatography and preparative thin layer chrom

atography, components XXXV and XXXVI were separated (component XXXX was 
not found in quantities allowing its isolation). Purification of 
coiponent XXXV yielded white flaky crystals, up 133-5 - 135-0°. GC/MS



30

and its trimethyl—silyl derivative were taken. From this data, the
structure and fragmentation pattern shown in Figure 4 is proposed. The
major fragmentations involve loss of H20, -CĤ , and part of the side
chain, all of the side chain, and the side chain plus the D ring. The
mass spectral data are consistant with the structure given below (dihydro-

20stigmasterol) and correlate directly to the reported data. The 
melting point is slightly lower than the reported value of 137-5 - 138°. 
This lowering and broadening of the melting point is probably due to 
a small impurity observable by gas chromatography. The melting point of 
the acetate was also low and broad, but its mass spectrum and infrared 
spectrum were consistent with that reported. The NMR, other than a small 
multiplet a 4.85 - 5.0T , most probably due to the impurity, was also 
consistent with the literature.

showed one major peak with a molecular ion of 4l4. Chemical ionization
and electon impact mass spectra of component XXXV crystal^ its acetate

M - CnnH,

M - Cf

HO
M - H20

Figure 4. Mass spectral fragmentation pattern of dihydrostigmasterol 

(XXXV).
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White powdery crystals corresponding to conponent XXXVI were con
sidered to be pure by thin layer chromatography and by its very sharp 
melting point (80.0 - 80.5°). However, GC/MS showed it to be a mixture 
of two compounds of molecular weight 410 and 438. Assignments of pos
itions of unsaturation could not be conclusively determined as only mass 
spectral data from chemical ionization were available. Figure 5 gives 
the mass spectra of the two components of XXXVI and their acetate deriv
atives. The structure assigned to conponent XXXVI^g is suggested due 
to its molecular weight (438), which gives an empirical formula of 
C'31̂ 50̂ ' Assuming the sterol ring system, this empirical formula requires 
two Ĉ -methyls, the C^-ethylidene and three additional positions of un
saturation. The m/e 260 (M-C^H^*) peak could correspond to the loss 
of the side chain plus the three carbons of the D ring. Thus, two unsat
urations are required in the side chain and D ring. The third double 
bond was put in the B ring because of analogy to the structure assigned 
to conponent XXXV. However, its position cannot be confirmed from this 
spectrum. The acetate derivative gives characteristic loss of acetic 
acid (m/e 420) and acetic acid plus -^2̂ 5 391).

The structure of conponent XXXVÎ pQ was based on an empirical form
ula of C^E^O, which again requires three positions of unsaturation.
The m/e 253 (M-C-̂ q^^O'1’) peak shows loss of -OH and a charactar-

21Istic loss for a sterol with a side chain containing a C2 -̂ethylidene 
Peak m/e 211 (M-C^^yO*) shows loss of -OH, the side chain and the three 
carbons of the D ring. Again the position of the third unsaturation is 
unassignable. The acetate derivative also gives charactaristic loss of 
acetic acid (m/e 392) and acetic acid plus (m/e 363).
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The spectra of the two compounds are almost identical for m/e values 
of less than 211, and the spectra of the acetates are identical for m/e 
values of less than 200. It is therefore assumed that both XXXVI^q and 
XXXVIhave similar ring systems. Although the double bond in ring B 
could not be confirmed by the mass spectra, it is put there from analogy 
to the structure assigned to component XXXV.

The NMR spectrum of this mixture was very confusing, showing no 
positions of unsaturation and very sharp peaks at 7 - 9f • Because 
its solubility in chloroform had changed, it was assumed that decompo
sition of the crystals had occurred. The NMR spectrum is therefore not 
included.

From these results, the major components into which label from
142- C-mevalonic acid was incorporated were not sesquiterpene lactones 

or their intermediates. The major components were instead phytosterols 
(the two components of XXXVI, dihydrostigmasterol and possibly components 
XXXVIII and XXXIX) and saturated hydrocarbons (component XXXVII).

Incorporation into the phytosterols was up to 10 percent of the 
total plant-contained radioactivity. Therefore, incorporation of label 
into squalene should have occurred. In the thin layer chromatography 
solvent system used for this study, squalene could not be separated 
from the saturated hydrocarbons. Separation of squalene from the hydro
carbons was facilitated by thin layer chromatography of the radioactive 
extracts on silver nitrate-impregnated silica gel. The spots corre
sponding to squalene and to the hydrocarbon region were cut and evaluated 
as in previous autoradiography procedures. The results (Table 3 and 
Figure 25) show that squalene does incorporate radioactivity from



2-^C-mevalonic acid, reaching a maximum at 20 hours (2.5 percent) and 
then declining rapidly. The saturated hydrocarbons incorporate label 
more slowly than indicated from the autoradiograph of conponent XXXVII. 
By 48 hours they reach three percent of the plant-contained label 
and by 72 hours would probably account for approximately five percent 
of the activity.

12l2- C-Acetate Labelling Study

In the introduction, the fate of administered mevalonate was
discussed and three hypotheses for low incorporation of mevalonate
into the sequiterpenes were suggested. The first was compartmentaliz-
ation of terpene biosynthesis into structures impermeable to mevalonate.

l4This could lead to low incorporation of the 2- C-mevalonic acid into 
terpenes. The second possibility was that administration of such 
great quantities of mevalonate resulted in perturbation of the system 
and subsequent shunting of the mevalonate to physiologically important 
sterols. A third possible fate of exogenously fed mevalonate was that 
such large quantities of mevalonate could result in inhibition feed
back in terpenoid synthesis and a breakdown of the mevalonate.

To attempt to sort out these possibilities, a labelling study 
with 2-lijC-acetate was undertaken. The incorporation procedure was 
the same as that for mevalonic acid except that only three times were 
taken: 20 hours (a time between maxima of components XXXV and XXXVI 
in the mevalonate study), 42 hours ( maxima for components XXXVIII 
and XXXIX from mevalonate incorporation), and 70 hours (to observe
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long term effects on the labelling pattern). Table 4 shows the results
14for the Incorporation of 2- C-acetate into the plants and individual

components. Here the maximum incorporation is 30.86 percent at 42 hours.
14This is 10 times the incorporation of 2- C-mevalonic acid and shows 

the ease with which acetate is incorporated into the plant as compared 
to mevalonate.

Table 4 shows all of the values for percent plant-contained label 
in the different components. Since there were only three times taken, 
graphs were not drawn for incorporation into the individual components. 
However, the data shows that the uptake pattern for acetate is very 
similar to the uptake pattern shown with mevalonate. In the acetate 
study, the two isomers of farnesol were separated and the trans-trans- 
isomsr (determined by overspotting with an authentic trans-trans- 
farnesol sample) shows increased incorporation over the cis-trans- 
famesol isomer. The 20 hour sample shows the greatest percent plant- 
contained label for famesol. It is possible that a maximum occurred 
prior to this time, perhaps at 12 hours, as in the mevalonate labelling 
study. The same is true for component XXXVI. Both show a large decrease 
in label at 42 hours and 70 hours, showing that these are further 
metabolized. Dihydrostigjnasterol (XXXV) shows a maximum of 5-5 percent 
of the plant-contained label at 20 hours followed by a slight decrease 
in radioactivity over the course of the experiment, behavior very 
similar to that with mevalonate. Component XXXVII shows a slow 
rise in label to a maximum between 8.3 and 9-3 percent, a large increase
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Component XXXVIII shows a decline in label from 20 hours to 70 
hours. Component XXXIX shows a slow rise to a maximum of 2.11 percent 
of the plant-contained label at 70 hours. The sum of the incorpora
tions of label due to acetate feeding into components XXXVIII and 
XXXIX is approximately 3-0 percent of the total plant-contained radio
activity at the three times taken in this experiment. This total is 
similar to that from the mevalonate incorporation into components 
XXXVIII and XXXIX.

An interesting aspect of this study is the increased incorp
oration of radioactivity into pulchellin and gaillardin. In this 
study the two isomers of pulchellin were resolvable and together they 
constitute a maximum of 1.34 percent of the plant-contained label at 
42 hours. This value is twice that of label due to mevalonate incorp
oration into pulchellin. Gaillardin label declines from a maximum of 
0.32 percent of the plant-contained label and is visible with 0.21 
percent of the label at 42 hours. Although this incorporation is still 
very low, it is a significant increase over the almost undetectable 
incorporation into these sequiterpene lactones in the mevalonate labelling 

study.
The total label due to sesquiterpenes (pulchellin and gaillardin) and 

phytosterols (components XXXV, XXXVI, XXXVIII and XXXIX) are tabulated 
as done in Table 5, and the resulting plots of the data are given in 
Figure 22 to 24. Figure 22 shows that the percent of plant-contained

over the approximately 5*0 percent maximum In the mevalonate labelling
experiment.
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label due to the phytosterols Is very nearly equal in time and in 
percent plant-contained label in both labelling studies. However,
Figure 23 shows that the total sesquiterpene label due to acetate 
incorporation has increased two to three times over that from mevalonate 
incorporation.

14Figure 25 show that incorporation of labeLdue to 2- C-acetate 
into saturated hydrocarbons is almost double over incorporation of

14label due to 2- C-mevalonic acid. These figures include label due 
to squalene in addition to label due to the hydrocarbons. However, 
in both studies the total phytosterol incorporation was approximately 
equal so that labeLdue to squalene in each should also be about 
equal. Figure 25 show that label due to squalene declines to less 
than 1.0 percent of the total plant-contained label by 50 hours. There
fore, incorporation of label due to acetate into the saturated hydro
carbons is probably slightly more than two times greater than incor
poration of radioactivity due to mevalonic acid into the hydrocarbons.



CONCLUSION

Incorporation of label from 2-1 Ĉ-acetate into pulchellin (0.0042 
percent) shows a ten fold increase over the incorporation of label due 
to 2-l2jC-mevalonic acid into pulchellin. Thus, if sesquiterpene bio- . 
synthesis is conpartmentalized, transport of label due to acetate to 
the site of synthesis is more readily facilitated than for mevalonic 
acid. Perhaps the compartmentalization is more permeable to acetate, 
or perhaps acetate is converted to sugars and amino acids and trans
ported in that fashion more readily than is mevalonate.

The percent of total plant-contained label due to the phyto
sterols is approximately equal between the two studies. Thus, about 
10 percent of the administered carbon source is going into the synthesis 
of phytosterols, whether 2-"̂ C-mevalonic acid is fed or 2-^C-acetic acid 
is fed. Although slightly more acetate than mevalonate was fed, it 
seems unlikely that the perturbation of the system from the feeding of 
these two precursors would be equal (acetate being a very common meta
bolite in the cell, and mevalonate being a rapidly overturning inter
mediate within the cell). It seems more likely that this value of 10 
percent of the incorporated label going into the phytosterols is indica
tive of the percent of the carbon source available to the plant that is

14used in phytosterol biosynthesis. A labelling study with CĈ  might 
verify or refute this conclusion since uptake of CC>2 from the air would 
not perturb the system.

Perhaps incorporation of such large quantities of mevalonate does 
inhibit terpene synthesis. However, if compartmentalization of sesqui-

39
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terpene synthesis did not exist then it would seem likely that both 
sesquiterpene and phytosterol synthesis would be inhibited equally.
This is not the case considering the difference in the sesquiterpene 
to phytosterol incorporation ratio between acetate and mevalonate in
corporation.

Thus, it seems that compartmentalization of sesquiterpene biosynthesis
14is the major problem leading to low incorporations of 2- C-mevalonic 

acid rather than perturbation of the system or inhibition of terpenoid 
synthesis (unless inhibition is at a point after the separation of the path

ways ).
14 14From the labelling studies with 2- C-mevalonic acid and 2- C-

acetate, it has been shown that biosynthetic pathways leading to phyto
sterol and saturated hydrocarbons in Gaillardia pulchella are major 
pathways for both of these precursors. Although sesquiterpene lactone 
biosynthesis must also contribute significantly to the total synthesis 
in the plant (due to the abundance of pulchellin) compartmentalization 
of sesquiterpene biosynthesis to these precursors leads to very low 
incorporations into the sesquiterpene lactones.

From the time sequence of uptake of label into individual comp
onents, the following biosynthetic pathway is proposed (Scheme 6).
It was not possible to isolate or therefore show label due to cyclo-

13artenol, but it is known to be the first cyclization product of squalene.
It is conceivable that conponent XXXX, which exhibited a maximum at 
16 hours could possibly be due to cycloartenol. The fact that it was 
in such small quantities in the plant so that it could not be isolated,
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and had very low incorporation with a maximum very close to that of 
squalene, indicates that it could be such an intermediate.

Since the two compounds of conponent XXXVII next received label 
and showed a decline in percent plant-contained label, it is assumed 
that they are intermediates, although it is possible that one is an end 
product while the other may be an intermediate in the pathway to perhaps 
dihydrostigmasterol (XXXV). There are probably other intermediates 
between cycloartenol and components XXXV and XXXVI, but if their con
version is rapid they would not be detectable by this method of auto
radiography.
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Pulchellin

Conponents XXXVIII 
XXXIX Cycloartenol (XXXX ?)

Component XXXVIij^o

Corrponent XXXVI^g

Dihydrostigmasterol (XXXV)
Biosynthetic pathway for the incorporation of mevalonate and
acetate into -the various components of Gaillardia pulchella

CH5(CH2) n CH3 ^  CHjCOCH 3HCp < 0 H

Saturated Hydrocarbons Acetic Acid HO COOH
^^■'■380 n = 25 HeptacosaneXXXVIÎ Qg n = 27 Nonacosane Mevalonic Acid



EXPERIMENTAL METHODS

Plants Gaillardia pulchella seeds, type 7X (purchased from J. H. 
Hudson Seedsman, Redwood, California, catalog number GAIL-7X), were 
grown in a Biotronette Mark III environmental chamber in continuous 

light at 32°C.

Spectra Infrared spectra were taken on a Perkin Elmer grating 
instrument, Model 621. All spectra of'samples were taken in KBr 
pellets, and absorbtions are reported in reciprocal centimeters (cm ). 
Nuclear magnetic resonance spectra were determined on a Bruker Spectro- 
spin 90MHz Proton Spectrum at the University of California, Irvine, and 
chemical shifts are reported in tau (T). Mass spectra were taken on 
a Finnigan Model 3100D system with samples introduced by a solid probe 
in glass cups (70eV) or on a Hewlett Packard GC/MS Model 5930 with an 
HP 5933A data system. Chemical ionization (methane) or electron 
inpact (70eV) were used for both direct inlet of the solid or gas chromato
graphy on 2% OV-101 + 0.2% Carbowax (Chrom. W. AW/DMSC, 100/120; 2,x2mm, 

glass).

Vapor Phase Chromatography Analytical vapor phase chromatography 
was performed on a Varian Model 1200 Gas Chromatograph using a 2 OV—1 
column (Chrom. W. AW/DMSC, 60/80; 5’xl/8", aluminum) with nitrogen as 
the carrier gas. Preparative work was done on a Varian Model 2700 using 
a 1.5% OV-101 column (Chrom. G. H/P, 100/120; aluminum) with
helium as the carrier gas.

Thin Layer Chromatography Analytical and autoradiography work
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was done on precoated TLC plates. Silica gel 60 (layer thickness -
0.25 ran) from Brinkman Instruments, Inc. Preparative work was done on
Silica gel 60, PF-254 (layer thickness - 2.0 mm) from Merck. The plates

22were visualized with 1% vanillin/sulfuric acid spray reagent.

Column Chromatography Preparative column chromatography was 
performed using Alumina Oxide (Neutral, Activity Grade 1) from J. T.
Baker Chemical Company, and Silica gel (60/120 mesh - Grade 62) from 
Davidson Chemical.

Solvents Toluene, pyridine and chloroform were distilled. All 
other solvents were used without further purification.

Scintillation Counting Scintillation counts were taken on a 
Perkin Elmer LS-100 scintillation counter in 10 ml scintillation fluid 
(2,100 ml toluene; 900 ml Triton X; 5-0 g PPO; 0.3 g POPOP). Results 
are given in disintegrations per minute (dpm) with corrections for 
quenching.

Melting Points Melting points (uncorrected) were taken on a 
Thomas Hoover Capillary Melting Point Apparatus which was calibrated 
with standards of known melting points.

Extractions Thirty grams of dried, powdered, above-the-ground plant 
material were extracted with 10% aqueous methanol with a soxhlet extractor 
for 24 hours. The extract was partitioned between petroleum ether 
and 10% aqueous methanol. The petroleum ehter layer was dried (anhydrous 
Na2S04) and concentrated to a brown gum.



Sesquiterpene Lactones of Gaillardia pulchella - 7X The above

extracts were evaluated by analytical TLC for sesquiterpene lactones by 
co-spotting and over-spotting with authentic samples of the following: 
pulchellin, epipulchellin and pulchellidine, (provided by Sehchi Ina- 
yama; Pharmaceutical Laboratory, Medical School, Keio Univ., Shinjukuku, 
Tokyo, Japan); gaillardin (provided by S. M. Kupchan, Univ. Wisconsin) 
and pulchellin B and pulchellin C (provided by S. M. Kupchan and J. W. 
Mallet, Dept. Chem., Univ. Virginia). Pulchellin and its isomer, 
epipulchellin, were found in large quantities and their isolation is 
described below. From the reaction with vanillin spray reagent, gail
lardin, pulchellidine and pulchellin C were visible but in very small 
quantities. Pulchellin B was not visible.

Isolation and Purification of Pulchellin The concentrated chloro
form extract (9-3 g) was placed on an alumina column (2 x 30 cm; packed 
in chloroform) and was eluted with chloroform with increasing concentra
tions of methanol (up to 10% methanol, v/v). Fourteen 50 ml fractions 
were collected, evaporated down and evaluated by TLC. Fractions 9-12 
were found to contain pulchellin as determined by its co-migration with 
an authentic sample. These fractions were applied to two preparative 
TLC plates, developed with chloroform : methanol (9:1 v/v) and the band 
corresponding to pulchellin scraped and eluted with chloroform and meth
anol. The elutant was concentrated down to a light green oil and sub
jected to a second preparative TLC. Trituration of this elutant with 
ethyl acetate gave yellow crystals, which after recrystallization in 
ethyl acetate-carbon tetrachloride yielded white powdery crystals of
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pulchellin: 39 mg (0.13$ of dry weight), mp l6l.5 - 163° (lit.̂  up 162 - 
164°); ir (KBr)3300 (O-H), 2850 (C-H), 1740, 1700, 1665 (unsaturated 
lactone), (identical with an ir of reference pulchellin crystals); mass 
spectrum (70eV); m/e 266 (M+ peak), 248 (M-HgO"*"), 240 (M-2H20+) and 
225 (M-2H20-CH3+).

Isolation of Conponents XXXVIII and XXXIX Fractions 13 and 14 of 
the above column were evaporated down and applied to a preparative TLC 
plate and developed in chloroform : methanol (9:1 v/v). Two bands 
corresponding to XXXVIII and XXXIX (determined by Rf and color comparison 
with autoradiography results) were scraped and eluted with methanol.
By two dimensional TLC on analytical plates, both fractions were found 
to be a mixture of at least five different compounds.

Isolation, Purification and Identification of Heptacosane and 
Nonacosane (Component XXXVII) The petroleum ether layer of the original 
extraction was saponified with 100 ml ethanol/KOH under reflux for 
one hour. After cooling, 50 ml water was added to the reaction flask 
and the nonsaponifiable conponents extracted into diethyl ether. The 
etheral extract was dried (anhydrous Na^SO^), concentrated to a yellow 
oil and placed on a silica column (1 x 20 cm; packed in hexane). The column 
was eluted with hexane with increasing concentrations of chloroform 
and finally with chloroform. Twelve 50 ml fractions were collected, 
concentrated and evaluated by TLC. Fractions 1 and 2 were found to con
tain methanol insoluble crystals, (rip 50 - 60°), equivalent to conponent 
XXXVII of the autoradiography studies. Double recrystallization from ethanol
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gave white powdery crystals: np 58 - 60°; ir (KBr) 2840, 2890, 1455,
1370. GC/MS shows two major components with molecular weights of 380

23
and 408 and fragmentations corresponding to heptacosane (lit. np 59°) 
and nonacosane (lit. mp 64°) respectively. Mass spectra; heptacosane 
(XXXVII38o) m/e, 380, 366, 352, 338 ...; nonacosane (XXXVII^q) m/e 408,

394, 380, 366 --

Isolation, Purification and Identification of Dihydrostigmasterol 
(XXXV) and Conponent XXXVI factions 5 - 9 of the above column con
tained methanol insoluble crystals which by TLC were found to be a mix
ture of XXXV and XXXVI. These fractions were combined and placed on a 
silica column (1/2 x 20 cm; packed in hexane) and eluted with hexane : 
chloroform (1:1 v/v) with increasing concentrations of chloroform. Ten 
25 ml fractions were collected and evaluated by TLC. Fractions 7 - 9  con
tained a mixture of XXXV and XXXVI. Preparative TLC of the combined frac
tions separated the two components. The band corresponding to XXXVI was 
scraped, eluted with chloroform and the elutant added to fractions 4 and
5. The concentrated combined fractions contained methanol insoluble 
crystals. Double recrystallization in acetone gave white powdery crys
tals of XXXVI; np 80 - 80.5°, in (KBr) 3400 (0-H), 1060 (C-O-H).
GC/MS showed two major conponents with molecular weights of 410 and 438. 
Mass spectrum (chemical ionization with methane); XXXVI m/e (rel
ative intensity) 410(22), 409(63), 393(94), 309(21), 281(15), 253(13), 
239(10), 225(19), 211(30), 125(100); XXXVI^g m/e 437(28), 421(59), 
260(12), 253(22), 206(40), 197(17), 125(100).



XXXVI Acetate - 5 rag XXXVI was dissolved in anhydrous pyridine 
(1.25 ml) and treated with acetic anhydride (0.125 ml) and the mixture 
stirred overnight at room temperature. The mixture was then decomposed 
with water and the solvent removed in vacuo. IR of the residue showed 
loss of the -OH absorbtion and appearance of the C=0 band. GC/MS 
(70eV); Acetate XXXVI^q m/e (relative intensity) 392(17), 363(12), 
57(100); Acetate XXXVI^g m/e (relative intensity) 420(8.5), 391(14), 
57(100).

The band corresponding to XXXV of the above preparative TLC was
scraped, eluted with chloroform and upon evaporation of the solvent
yielded light yellow crystals. Recrystallization three times in ethanol

20gave white flakes of dihydrostigmasterol (XXXV); mp 133*5 - 135° (lit. 
np 137*5 - 138°); ir (KBr) 3400 (0-H), 1060 (C-O-H); nmr (CDC13): 8.99 - 
9.30T(m, 18H, 6x  - CH3), 8.44t (s , 1H, -OH), 6.40 - 6.60r (broad m, W, 
-CO-H), 4.63 - 4.68T (d, IH, -CO-CHg); mass spectrum ( 70 eV) m/e 
(relative intensity) 414(23), 399(25), 396(35), 381(28), 329(30), 273(12), 
255(12), 231(17), 215(18), 43(100).

Dihydrostigmasterol Acetate was synthesized using the prodedure 
outlined above for XXXVI Acetate. The resulting residue was chromato
graphed on 500 mg neutral alumina. Elution with petroleum ether gave

ondihydrostigmasterol acetate; np 118 - 121° (lit. mp 127 - 129°); 
ir (CCl̂ ) 2960, 1725 (ester C=0), 1270, 1041 (ester C-O-C); mass 
spectrum (70 eV) m/e (relative intensity) 396(62), 381(15), 255(15), 
213(13), 43(100).



Dihydrostigmasterol - TMS. Silylation of dihydrostigmasterol cry
stals with 100 ul bis-trimethyl-silyl-acetamide in a screw cap vial over
night gave one major conponent by TLC and gc; mass spectrum (70eV) m/e 
(relative intensity) 396(72), 381(47), 357(98), 75(100).

Autoradiography

2-1̂ C-Mevalonic Acid Labelling of Seedlings. DL - (2-1̂ C)-Meva
lonic Acid Lactone from Amersham / Searle was removed from the benzene by 
evaporation of the solvent and dilution to 5 ml in water. Samples 
(30 ul) were taken for counting. Amounts were measured into 1 x 3 cm 
vials so that at minimum, each plant would take up at least 2 x 10̂  dpm 
(assuming uptake from 0.1$ for the 2 hr plant to 1.0$ for the 72 hr 
plant). Seedlings from 6 to 8 weeks old were uprooted carefully, the 
roots washed free of dirt and suspended in the vials. Water was added 
to each vial so that the roots were completely under the solution level 
(about 1 ml) and the water was maintained at that level throughout the 
experiment. At the appropriate times (2, 5, 12, 16, 20, 25, 34, 40, 48 
and 70 hr) the seedlings were removed from the MVA solutions, washed 
thoroughly with distilled water and immediately homogenized with a 
ground glass hand homogenizer in methanol and chloroform. The homogen- 
ates were filtered through a scintered glass filter and the filtrate 
concentrated to 1 ml in methanol and chloroform. A 30 ul aliquot of 
each was taken for scintillation counting. From the total activity of 
each extract, amounts were calculated so that aliquots of at least 
1 x 104 dpm (30 - 60 ul) could be applied to each TLC plate. Aliquots
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of each were applied to two analytical 20 x 20 cm plates and were over
spotted with squalene, farnesol, dihydrostigrrasterol (XXXV), XXXVI, 
pulchellin, gaillardin and the XXXVIII-XXXIX mixture. An authentic 
sample of trans-trans-famesol (provided by Karl H. Dahm of Texas A & M 
Univ.) was also available for overspotting. The plates were developed 
in two dimensions with chloroform : ethyl acetate (85:15) and petrol
eum ether : ethyl acetate (60:40), and with chloroform : methanol 
(85:15) and benzene : pyridine (2:1). X-Ray film was placed over each 
plate and after at least 10 days the film was developed in a high con
trast developing solution (Kodalith from Kodak). Spots on the plates 
corresponding to dark spots on the film or the overspotted compounds 
(as visualized with vanillin spray) were cut and placed in scintillation 
vials and solution for counting. The percent of total plant-contained 
label in each conponent was calculated by dividing the cpm in each spot 
by the total counts applied to the plate. Radioprofile curves were ob
tained by plotting the percent label in each conponent vs. time.

Squalene vs. Hydrocarbons. A 20 x 20 cm analytical TLC plate 
was sprayed with 15# aqueous silver nitrate solution until saturated 
and the plate allowed to dry at 50° for 1 hr. Aliquots of 5, 12, 16,
20, 25, 32 and 48 hr extracts were spotted on the plate and squalene 
and a solution of heptacosane and nonacosane were overspotted. The 
plate was developed in hexane : ethyl acetate (9:1) and visualized with 
vanillin spray. Squalene was found to be a single spot with Rf = 0.60. 
Ibis spot was cut for each sample along with the region above and below 
it and placed in scintillation vials and solution for counting. The



total activity of each extract spotted was calculated from the sum of 
the activities of the three regions cut. From this the percent plant- 
contained label due to the hydrocarbons and to squalene were determined 
and plotted vs. time.

2-1 Ĉ-Mevalonic Acid Labelling of Leaves. Leaves from mature 
plants were cut across the width of the leaf into about 1/2 cm sections, 
under water, and then immediately placed into 2 x 4 cm vials containing 
measured amounts of mevalonic acid in water. After given times the 
mevalonic acid solution was drained and the leaf sections homogenized 
and worked up in the manner given above.

2-^C-Acetic Acid Labelling of Seedlings. The sodium salt of 
2-^C-acetic acid from International Chemical and Nuclear Corp. was 
dissolved in 5 ml water and a sample taken for counting. The labelling 
and work-up of the seedlings was done as described above except that the 
seedlings were in the acetic acid solutions for 20, 42 or 72 hr only and 
the desired spots were cut without comparison of the TLC plates with the 
X-Ray film.
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Extract 2hr 5hr 12hr 16hr 20hr 25hr 34hr 40hr 48hr 70hr

Table 2 . Incorporation Results from 2-^C-Mevalonic /\cid Labelling of Seedlings.

Incorporation 7 0.041 0.317 0.354
(cpm x 10 /ml MVA)

^Incorporation 0.061 % 0.476% 0.532%

dpm(xl05) Applied to 0.073 0.571 0.425
Plate

dpm Mevalonic Acid 3363 6673 2590
%Plant-Contained Label 46.01% 11.84% 6.09%

dpm Farnesol 106 1896 1737
%P1ant-Containd Label 1.45% 3.32% 4.09%

dpm Component XXXVI 80 945 819
%Plant-Contained Label 1.09% 1.66% 1.93%

dpm Component XXXVIII 14 90 604
^Plant-Contained Label 0.19% 0.15% 1.42%

dpm Component XXXIX - - -
%Plant-Contained Label - - -

dpm Dihydrostigmasterol {XXXV) 30 729 1172
%P1ant-Contained Label 0.41 % 1.28% 2.76%

dpm Pulchellin - - -
%Plant-Contained Label - - -

dpm Gai1lardin . - -

%Plant-Contained Label - - -

dpm Component XXXX - - 227
%P1ant-Contained Label - - 0.54%

1.238 1.451 1.047 1.317 . 1.433 0.761 0.685

1.869% 2.179% 1.572% 1.987% 2.153% 1.145% 2.179%

1.486 1.741 1.256 1.580 1.720 0.914 0.822

3337 3773 5257 1809 4040 1055 . 33
2.25% 2.47% 3.03% 1.44% 2.35% 1.16% 0.04%

5527 5424 2144 3089 , 1667 1166 729
3.72% 3.12% 1.36% 2.46% 0.97% 1.27% 0.88%

5185 4450 2813 2008 636 849 713
3.49% 2.53% 2.24% 1.27% 0.37% 0.93% 0.87%

1445 1294 1597 1582 2351 2109 1927
0.97% 0.73% 1.11% 1.26% 1.37% 2.31% 2.34%

254 1048 501 .783 743 863
- 0.15% 0.66% 0.39% 0.46% 0.81% '1.05%

5915 6423 11180 6960 6205 4961 5496
3.98% 3.69% 7.08% ' 5.54% 3.61% 5.43% 6.68%

89 768 945 1072 271 223
- 0.06% 0.61% 0.60% 0.63% 0.30% 0.27%

50 _ 73 25 45
- 0.04% - - 0.04% 0.03% 0.05%

1720 1239 1229 833 688
1.16% 0.71% 0.78% 0.66% 0.40% - -
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Table 3- Incorporation into Hydrocarbons vs. Squalene.

Extract Squalene Hydrocarbons Squalene
Hydrocarbons (XXXVII)

5 hr - dpm 154 139 293
5?Plant-Contained Label 0.89$ 0.80̂ 1.69*

l6hr - dpm 963 690 1653
P̂lant-Contained Label 2.535? 1.815? 4.345?

20hr - dpm 2552 2158 4710
/bPlant-Contianed Label 2.-65*7 2: 245?“ 4.89$

25hr - dpm 812 685 1497
P̂lant-Contained Label 2.5352 2.14$ 4.675?

32hr - dpm 1023 1162 2185
pPlant-Contained Label 2.235? 2.53% 4.76%

48hr - dpm 391 892 1283
P̂lant-Contained Label 1.29% 2.94$ 4.235?



Extract 20hr 42hr 72hr

14Table 4. Incorporation Results from 2- C-Acetlc Acid Labelling of
Seedlings.

Incorporation - dpm 3.750xl06 9.510xl06' 6.640x10*
Încorporation 12.16% 30.86S 21.55S

dpm Applied to Plate h2.249x10 2.853x10** 1.992x10*
dpm Famesol (c,t) 242 328 107

P̂lant-Contained Label" 1.085? 1.1556"- 0.54S
dpm Famesol(t,t) 441 435 185

P̂lant-Contained Label 1.965? 1.52S 0.93S
dpm Conponent XXXVI 524 251 363

P̂lant-Contained Label 2.33% 0.88S 1.83S
dpm Conponent XXXVII 1378 2657 1670

P̂lant-Contained Label 6.135? 9.31S 8.22S
dpm Conponent XXXVIII 346 235 136

P̂lant-Contained Label 1.5456 O.83S 0.68S
dpm Conponent XXXIX 241 333 420

P̂lant-Contained Label 1.07S 1.17S 2.11S
dpm Dihydrostigmasterol 1237 1049 1042

P̂lant-Contained Label 5.50S 3-68% 5.28S
dpm Pulchellin(i) 132 200 100

P̂lant-Contained Label O.58S 0.71S 0.50S
dpm Pulchellin (ii) 115 183 81

SPlant-Contained Label 0.51S 0.64S 0.41S
dpm Pulchellin(total) 247 383 181

P̂lant-Contained Label 1.09S 1.35S 0.91S
dpm Gai Hardin 72 59 10

P̂lant-Contained Label 0.32S 0.21S 0.05S
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Table 5. 2-l4C-Mevalonic Acid (MVA) vs. 2-l4C-Acetic Acid (AA) 
Incorporat ion.

X ‘ XX XX*Plant Extract $Phytosterols Ŝesquiterpenes Ĥydrocarbons

MVA AA MVA AA MVA AA

2hr 1.69 0 0

5hr 3.09 0 1.69
12hr 6.65 0

l6hr 9.60 0 4.34
20hr 7.54 10.44 0.10 1.42 4.89 6.13
25hr 10.80 0.60 4.67
34hr 10.39 0.61 - 4.76
42hr 6.19 6.55 0.67 1.55 - 9-31
48hr 9-48. 0.33 4.23
72br 10.94 9.90 0.33 0.96 —  8.32

* P̂hytosterols = Conponent s XXXVI + XXXVIII + XXXIX + XXXX +
Dihydrostigmasterol

** Ŝesquiterpenes = Pulchellin + Gaillardin

*** Ĥydrocarbons = Conponent XXXVII (= Squalene + Hydrocarbons)



14
£r_—J o n i c  Acid Labelling of Seedlings
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14
 C - Mevalonic Ac id a_b e 11 i nĵ  of Seedlings.
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Figure 9. Percent plant-contained label due to Component XXXVI.
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Figure 11. Percent plant-contained label due to Dihydrostigmasterol (XXXV).
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2- C-mevalonic Acid Labelling of Seed lings.
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Figure 12. Percent plant-contained label due to Components XXXVIII and XXXIX.
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Figure 13. Percent plant-contained label due to Pulchellin.
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Figure 20. Percent plant-contained label 
due to Components XXXVI11 and XXXIX.

Figure 21. Percent plant-contained label 
due to Pulchellin and Ga il lard in.

2 ^ 4,C-Meva1onjc_Acid Labellino of I Cuttings.
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Figure 14. Uptake of 2 - ^C-mevalonic acid.
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Figure 19. Percent plant-contained label 
due to Component XXXVII.
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Figure 15. Percent plant-contained label 
due to mevalonic acid.
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Figure 18. Percent plant-contained label 
due to Component XXXV.
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Figure 17. Percent plant-contained label 
due to Component XXXVI.
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Figure 16. Percent plant-contained label 
due to farneso l.
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? J^C-Mevalonic  Acid vs. 2 - 14-C-Acetic Acid Labelling of Seedlings.

Figure 22. Percent piant-contained label due to total phytosterols.

Figure 23. Percent plant-contained label due to total sequiterpenes.

Figure 24. Percent plant-contained label due to total saturated hydrocarbons.
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Figure 25. Percent plant-contained label due to Squalene vs. 

Hydrocarbons.
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