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Abstract—Flowers of Calendula officinalis were incubated with mevalonic acid doubly labelled with '*C in pos-
ition 2 and *H i positions 2R, 28, 4R or 5R,S and the [*H/**C] ratios determined 1n squalene S-sitosterol, stig-
masterol, A7-sterols and stigmastan-3 f-ol The results indicated that in the biosynthesis of these sterols* forma-
tion of the A7 double bond 1s associated with ebmination of hydrogen from the 78 position, formation of the
A’ double bond with elimination of hydrogens from the 5 and 6x positions, and formation of the A2 double
bond with elimination of the 22-pro-S and 23 hydrogens Demethylation in position 4 1s associated with elimina-
tion of hydrogen from the 3« position whereas demethylation 1n position 14 occurs without hydrogen loss from
position 15 Alkylation in position 24 1s associated with hydrogen elimination from this position

INTRODUCTION

EARLIER studies'? on the flowers of Calendula officinalis demonstrated the presence of -
sitosterol, stigmasterol and unidentified A7-sterols. GLC of the sterols isolated from the
green parts of the plant (Turowska—Adler, unpublished results) showed that in the A’-
sterols fraction stigmast-7-en-3f-ol is present with small quantities of ergost-7-en-3§-ol,
whereas 1n the A°-sterols fraction §-sitosterol 1s accompanied by campesterol (less than
5%). Small amounts of stigmastan-38-ol also occur. In our present work the stereospecifi-
city of biosynthesis of these sterols in C. officinalis flowers was investigated using meva-
lonic acid (MVA) preparations doubly labelled with !#C in position 2 and with *H in posi-
tions 2R, 28, 4R or 5R,S.

RESULTS AND DISCUSSION

Prelimmary experiments® demonstrated that the lactone of [2-'4C] MVA is two to three
times more efficiently incorporated than the sodium salt into triterpenes and sterols in the
flowers of C. officinalis, the most favourable incubation time being 120-130 hr. It was also
found that the optimal dose of [2-1*C] MVA lactone is 50 uCi/g of fresh flowers. After
feeding with the doubly labelled MVA preparations, a nonsaponifiable fraction was 1so-
lated into which 20-35% of the precursor radioactivity was incorporated. From this frac-
tion pure squalene, B-sitosterol, stigmasterol, the A’ sterol fraction and stigmastan-3§-ol
were 1solated and the radioactivity ratios [*H/**C] determined.

The [*H/**#C] ratios of the four different preparations of labelled MVA used in our ex-
periments together with the values obtained for squalene 1solated after feeding with these
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preparations are given in Table | The results demonstrate that the [*H/'*C] ratios in

sarialena higeunthacized fram MVA lahallad with 140 1n noation 2 and 3H 1n positions
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2R, 28, or 5R,S, were about 20% lower than those of the original MVA In contrast, for
squalene biosynthesized from [2-'*C.4R,4->H] MVA the ratio was essentially the same as
in the precursor The lower ratio in squalene biosynthesized from [2-'*C,5R.,S.5-*H,]
MVA was not 18 but 10%, because of the elimination of one *H atom during condensation
of two farnesyl pyrophosphate units to squalene * © Thercforce, 1n all results obtained wi

this precursor a ratio of 11.6 was assumed 1n squalene

TasLe | [PH/MCIRATIOS OF MVA PREPARATIONS AND OF SQUALENL ISOLATED FROM C officinalis FLOWERS AFTER
INCUBATION WITH THE PRFPARATIONS

Radioactivity

of the sample Isotopic
MVA [(dpm) x 10 *] [PH/**C] effects

preparation Compound H B ratios (&
[2-'*C,2R.2-*H]  MVA Precursor 194315 66005 294 -
Squalene 36 16 237 20
[2-14C.28,2-*H] MVA Precursor 275176 96182 286
Squalene 335 151 222 2
[2-'*C.5R,8.5-*H,] MVA Precursor 345798 68800 503 -

Squalene 536 131 411 18 (10%)
[2-'*C 4R 4-*H] MVA Precursor 243611 89563 272 .-
Squalene 306 115 2606 2

* Calculated on the basis of a 11 6 atomuc ratio 1n squalene

Isotopic effects produced by *H atoms localized 1n positions 5R.S, 2R or 2S of MVA
may be additionally explained by the lower affinity of MVA molecules labelled with *H
n position 5 for the enzymes responsible for phosphorylation to MVA pyrophosphate and

by 1sopentenyl-dimethylallyl pyrophosphate 1somerase activity®” as well as by the lower
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matic system catalyzing MVA pyrophosphate transformation to isopentenyl pyrophos-
phate ® The lack of a distinct decrease mn the [PH/*4C] ratio m squalene obtamned from
[2-'*C,4R,4-*H] MVA. as noted by Goodwin et al *!° indicates an absolute stereospecifi-
cxty of the reaction of squalene biosynthesis from MVA towards the position 4-pro-R of
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this precursor and also to an uubuaugcu auumy of molecules
enzymes catalyzing the biosynthesis of squalene.

In Table 2 the [*H/'*C] ratios are hsted for the individual sterols isolated from C. offi-
cinalis flowers after feeding with the labelled MVA preparations. The results are best dis-

cussed according to the various types of reaction which can be distinguished 1n the biosyn-
thests of plant sterols.
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Stereospecificity of the formation of the A7 double bond

According to the generally accepted scheme of plant sterol biosynthesis, isomerisa-
tion of the A® double bond formed as the result of the opening of the cyclopropane ring
of cycloeucalenol? leads to the formation of compounds with a double bond in position
A’(A"-sterols) which are then transformed to A% dienes. Reduction of the A7 double bond
leads to A’-sterols (B-sitosterol, campestrol). Position 7 of sterols 1s derived from position
2in MVA.” The values of the [*H/!*C] ratio obtained for A’ sterols isolated after feeding
with [2-'*C,2R,2-*H] MVA (®H/!*C ratio ca 5:5) and with [2-'4C,25,2-*H] MVA (®H/
'*Cratio ca 4:5) indicate that, during the formation of the A7 double bond a stereospecific
elimmation of *H atoms from the 7 position occurs (elmination of the H atom originat-
ing from position 2-pro-S of MVA). In both cases the loss of one *C atom is associated
with demethylation in position 4, because the 4o methyl group 1s also derived from C-2
of MVA.”

6,7,11

TaBLE 2 [PH/'#C] RATIOS IN STEROLS ISOLATED FROM C officinalis FLOWERS AFTER FEEDING WITH [2-'*C,2R 2-3H]
MVA (1), [2-1*C,28,2-*H] MVA (2), [2-'4C,5RS,5-*H,] MVA (3) AND [2-14C,4R,4-3H] MVA (4)

Radioactivity Normalized Theoretical
MVA [(dpm) x 107°] [*H/*C] [*H/**C] [H/*C]
(Sterol acetates) *H 14C ratio atomic ratio* atomic ratio
(1) p-Sitosteryl 2673 1151 232 491 5 11
Stigmasteryl 1594 693 230 487 5 11
A7-Steryl 106 46 230 486 5 1.1
Stigmastan-38-yl 58 25 ° 234 494 5 11
(2) B-Sitosteryl 1825 1106 165 3725 45
Stigmasteryl 345 275 126 285.5 3.5
A’-Steryl 54 30 179 404 5 4:5
(3) p-Sitosteryl 8186 1809 4353 1009 5 2.5
Stigmasteryl 2987 737 4-06 904 5 9:5
A’-Steryl 60 13 466 10-40.5 21
Stigmastan-38-yl 16 3 471 10-51 5 21
(4) B-Sitosteryl 1337 1097 122 228 5 2.5
B-Sitosterolt 328 280 117 2205 25
B-Sitosteronet 28 24 119 2:23°5 25
Stigmasteryl 439 351 1-25 2345 25
Stigmasteryl 104 84 124 2325 25
Stigmasteronet 12 10 122 2285 25
A7-Steryl 14 9 153 288 5 35
Stigmastan-33-yl 6 4 172 3235 3-5

* The ratios were normalized by assuming a 1 1 atomic ratto 1n squalene 1n experiments (1), (2), (4) and 11.6
atomic ratio in squalene 1n experiment (3)
t Sterols

A similar stereochemustry of the isomerization reaction of the A® to the A” double bond
has been previously demonstrated n the biosynthesis of poriferasterol in the alga Ochro-
monas malhamensis'? and n the biosynthesis of «-spinasterol in Camellia sinensis.** How-

‘! TurROWSKA, G (1972) Postepy Biochemu 18, 257

2 Heintz, R, BiMpson, T and BENVENISTE, P (1972) Bioch Bwphys Res Commun 49, 820
13 SmitH, A R H, GoaD, L. J and GoopwiIN, T W (1968) Chem Commun 926

14 SHARMA, R K (1970) Chem Commun 543
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ever, 1n the biosynthesis of ergosterol 1n yeast elimimation of the *H atom from the 7x pos-
1tion occurs '*

Stereospecificity of the formation of the A® double bond

The 5 position of sterols is derived from position 4 of MVA, whereas the 6 position ori-
ginates from position 5 of the same precursor.” It was found during the investigations on
cholesterol biosynthesis 1n animals that after mcubation with [2-'*C.4R.4-*H] MVA one
of the *H atoms was incorporated in the 5x position of lanosterol and was then eliminated
in cholesterol biosynthesis '® On the other hand, after mcubation with [2-'*C.5R.5-*H]
MVA, the *H atom was incorporated 1n the 68 position and was not climinated 1 choles-
terol biosynthesis !”

The [*H/'*C] ratios determined for A7-sterols (ca 3*5) and for S-sitosterol (ca 2 5) 1s0-
lated after feeding with [2-'#C 4R, 4-*H] MVA mdicate that in C officinalis a H atom
1s also eliminated from the Sx position. This 1s derived from 4-pro-R MVA 1 the biosyn-
thesis of the A® double bond. On the other hand the *H/!*C ratio of 2.1 obtained for f-
sitosterol with [2-'#C,5RS.5->H, ] MVA, a preparation not stereospectfically labelled with
*H in position S, points to an ehimination of the *H atom from position 6 of the sterol,
without defining the stereochemistry of this reaction. It would seem probable. therefore,
that the synthesis of the A® double bond 1n C officinalis flowers sterols occurs by cis-eli-
mination of two H atoms from the 5x and 6x positions as also occurs 1n the biosynthesis
of cholesterol in animals ” '* Goodwin et al ' also demonstrated that f-sitosterol 1solated
from Larix decidua leaves after feeding with [2-'*C 5R,5-*H] MVA contained six *H
atoms i 1ts molecule, indicating that the *H atom from the 6§ position 1s not chmimated
in the formation of the A® double bond 1n this plant

Stereospecificity of the formation of the A*? double bond

It has already been demonstrated that in the biosynthesis of poriferasterol 1n algae the
A?? double bond 1s formed as the result of cis-ehmmation of H atoms from positions 22-
pro-R and 23-pro-R.'® and that in ergosterol biosynthesis in fungi removal of H atoms
from positions 22-pro-S and 23-pro-S occurs.'® The stereospecificity of the introduction
of A?? double bond has been also mvestigated 1 Camelia sinensts by Sharma'* who
proved 22-pro-R hydrogen elimmation in the biosynthesis of a-spinasterol.

The [*H/'*C] ratio determined for $-sitosterol and stigmasterol 1solated from C offi-
cinalis flowers after feeding with [2-'*C,2R-*H] MVA (ca 5 5 and 5:5. respectively) and
with [2-"*C,2S.2-*H] MVA (ca 4 5 and 3.5 respectively) indicates that during the trans-
formation of -sitosterol to stigmasterol the 3H atom from position 22-pro-S derived from
[2-1%C,2S,2->H] MVA 1s stercospecifically elimmated The [*H/!*C] ratios determined for
B-sitosterol and stigmasterol 1solated after feeding with [2-'*C,5R.S,5-*H] MVA. 10 5 and
9 S respectively, prove that in the biosynthesis of stigmasterol the *H atom 1s climmated
from posttion 23 (elimination of one *H atom) These results suggest that the stereoche-
mistry of the mtroduction of the A?? double bond of stigmasterol in C. officinalis 1s analo-

'S AKHTAR, M, RaniMTiLA A D and WATKINSON, T A (1970) Biochem J 117, 539

' Fieccnn A, GaLLL M, KiENLE, M G, ScaLa A, GaLi, G Patert, B G CarraBant F oand PaovitT,
R (1972) Proc R Soc Lond B 180, 147

Y7 Goap, L T. Gmeoxs, G F, BoLger, L M, Rits, H H and Goopwin, T W (1969) Biochem J 114, 885

"8 SmitH, A R H. Goap, L. T and Gooowin, T W (1968) Chemn Commun 926, 1259

19 Bimeson T. Goan, L J and Goovwin T W (1969) Chem Comnun 297
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gous to that found in the biosynthesis of ergosterol in Aspergillus fumigatus namely, H eli-
mination from position 22-pro-S and 23-pro-S

Elmination of methyl group from the 4o and 48 positions

In triterpenes, lanoesterol, cycloartenol and other compounds,’-*11-2° biosynthesized
from [2-'#C,4R,4-*H] MVA the *H atom is present in the 3a position. The mechanism
of demethylation n position 4, postulated for animal organisms?'~23 mnvolves an oxi-
dation of the 3 OH group of a methyl sterol to the corresponding ketone with the sub-
sequent reduction of this group. Such a mechanism of demethylation leads to the elimina-
tion from the 3« position of the H atom derived from position 4-pro-R MVA.

The [*H/'*C] ratios obtained for B-sitosterol and stigmasterol after incubation of
flowers with [2-'*C-4R 4-3H] MVA and for their corresponding ketone derivatives are
essentially the same (Table 2). This indicates that B-sitosterol and stigmasterol biosynthe-
sized from [2-'*C,4R,4->H] MVA do not contamn a >H atom 1n the 3o position. Thus, the
most probable mechanism of methyl group elimination from position 4 of C. officinalis
sterols is associated with the formation of 3-keto intermediates, a similar mechanism to
that of cholesterol biosynthesis 1n mammals, as well as in some other higher plants
(banana, pea) 024

Elimination of the methyl group from the 14 position

The mechanism of elimination of the methyl group from positions 14 of methylsterols
has so far been investigated exclusively in animal material. Two types of demethylation
mechanisms have been suggested.” One type involves an oxidation of the C-14 methyl
group to a carboxyl group, decarboxylation of which leads to formation of a A®!# diene
intermediate followed by subsequent reduction of the A'* double bond. The other type
postulates the formation of an intermediate with a single A3'4 double bond.

Caspi1 et al.,® Canonica et al,>® Goodwin, Gibbons et al.?” found, when incubating
mammalian liver homogenates with [2-!4C2R,2-3H] MVA, that during demethylation
from position 14, the *H atom 1s elimimated from the 15« position which 1s derived from
position 2-pro-S of MVA. On the other hand, the 156 atom (derived from 2-pro-R MVA)
remained in the cholesterol molecule This suggests the formation of compound with A8-14
double bonds.

In order to verify which mechanisms of C-14 demethylation are operating in the biosyn-
thesis of C. officinalis sterols, sterols were isolated from flowers fed with [2-1*C,2R,2-*H]
MVA and [2-14C,25,2-*H] MVA (Table 2). With [2-'#C2R,2-*H] MVA the [*H/'*C]
ratios in sterols were 1n all cases approximately 5:5. The loss of one atom of '*C and one
of *H resulted from demethylation in position 4 (elimmation of the 4 methyl group).
Sterols derived from [2-'4C,2S,2-*H] MVA exhibited the following values of the norma-
lized atomuc ratio [*H/**C:A”-sterol] and B-sitosterol, approx. 4:5, stigmasterol, 3:5. The
20 Sriwowsky, J and KAsPRzZYK, Z (1974) Phytochenustry, in Press
2t RARIMTULA, A D and GAYLOR, J L (1972) J Biol Chem 247,9
22 ScaLLEN, T J, DHAR, A K and LouGHRAN, E D (1971) J Biol Chem 246, 3168
23 SCHROEPFER, G J JR, LuTsKy, B N, MARTIN, J A, HUNTOON, S, FOURCANS, B, LEE, W H and VERMILTON,

J (1972) 180, 125
24 Knapp, F F and NicHoLas, H J (1970) Chem Commun 399
25 Caser, E, RAMM, P ] and GaIn, R E (1969} J Am Chem Soc 91, 4012
26 CANONICA, L, FieccHr A, KIENLE, M G, Scara, A, GaLLl, G, PaLeott, E G and PaoLerTi, R (1968) J

Am Chem Soc 90, 3597
27 GiBBONS, G F, GoaDp, L J and GoopwiN, T W (1968) Chem Commun 1212, 1458
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loss of one atom of !*C and one of *H was also found 1n all sterols where demethylation

acenrad in noction 4 The | of a eecond 3H atam an all 1
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the elimination of a *H atom from the 78 position (formation of A7 double bond). Ad-
ditional elimination of a *H atom n stigmasterol was associated with the synthesis of the
A?? double bond n the side-chain This may suggest that the mechanism of C-14 demethy-
ldthn 1n the plant does not mvolve H elimination from position 15 It is probable there-
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Introduction of the alkyl group at position 24
B-Sitosterol and stigmasterol obtained after feeding with [2-'*C 4R.4-*H] MVA have

normalized [*H/'*C] ratio of approx. 2-5 (2 1-2 3), indicating the ¢himination of four *H
atoms in the biosynthesis of these sterols *H atoms derived from position 4-pro-R of MVA
located 1n positions 3,5,8,17,20 and 24 of cycloartenol 7 During sterol biosynthesis in C
officinalis flowers one *H atom 1s removed from position 3 i the process of demethylation
at C-4. The [*H/'*C] ratio for A”-sterols amounted approximately to 3*5 as compared
with 2°5 for -sitosterol, indicating that the second *H atom was eliminated in the course
of A® double bond formation. The third *H atom has been probably removed from pos-
ition 8 as a consequence of the opening of the cyclopropane ring and the formation of
the A® double bond which 1s further isomerized to the A7 double bond.

In order to explam the [3H/'*C] ratios (ca 2.5) obtained for f-sitosterol and stigmas-
terol, 1t had to be assumed that, in the process of biosynthesis of these sterols in C. offi-

cinalis there was also additional eimination of the fourth *H derived from 4-pro-R of

MVA. The explanation that when the alkylation process takes place, an elimmnation of the

3H atom from position 24 occurs, as postulated by Randall et al 2% seemed more plausible.
Also Sharma?® demonstrated that o-spinasterol after incubation with [2-'*C4R.4-*H]
MVA had a ratio [*H/'*C] 2-4:5 and not 3:5 Elimmation of the H atom from C-24 dur-
ing alkylation of A?*-precursors has also been demonstrated by Tomita et al *® in studies
on the biosynthesis of stigmasterol wn Nicotiana tabacum and Dioscorea tokoro These
authors suggested that, during alkylation, an mtermediate 1s formed, and 24-ethylene-
sterols are synthesized without the formation of imtermediate 24-ecthyhidenesterols It
appears that a smilar alkylation mechanism 1s operating in the biosynthesis of f-sitosterol
i C. officinalis flowers.

The [*H/'*C] ratios deiermined for stigmasten-3f-ol 1solated afier incubation with the
labelled MVA preparations (Table 2) indicate that this compound 18 probably formed di-
rectly from the reduction of the A7 double bond 1n stigmast-7-en-3f-ol.

)

-

EXPERIMENTAL

Material Calendula officinalis cv Radio plants were cultivated in a lumistat under stabilized hight (3000 Ix),
16 hr daily at 24° during daytime and 16° at might

Radwactive precursors [2- l“C] MVA (sp act 103mC1) mmol, [3R,2SZ ‘H + 35,28,2-3H} MVA (sp act
175 mCyymmolj [3R,25,2-*H + 35.2R,2-*H] MVA (sp act 250 mCi/mmol), [3R.4R.4-*H + 35,45 4-’H] MVA
{sp act 250 mCymmol) all 1n lactone form were supplied by the Radiochemical Centre, Amersham, and the
[5R,8,5-*H] MVA, DBED salt (sp act 6740 mCi/mmol by NEN Chemicals, Boston Doubly labelled MVA was
prepared by mixing [2- ’4(‘1 MVA lactone with the appropriate F3H1 MVA lactone, except the DRED [SR.S5-

1€ app 1pr

28 RANDALL P J,Rees, H H and GoopwiN, T. W (1972) Chem Commun 1295

DHAKMA R K (17/9) rn)wcneml.srry 7, 565

*® TomitA, Y and Uomorl, A (1970) Chem Commun 1416



Sterol biosynthesis in Calendula officinalis 1457

3H,] MVA salt which was mixed with the [2-1*C] MVA Na salt The ['*C] MVA and [*H-MVA] preparations
were combined n such proportions as to obtain [*H/*#C] ratios of approx 3 5

Admnistration of doubly labelled MV A Preparations corresponding to about 50 uC1 in H,O (05 ml) were
placed in glass vessels and 1solated higular flowers (about 1 g fr wt) were placed vertically 1n the vessels so that
the flowers were partly immersed 1n the solution. During incubation the flowers were illuminated at 2500 Ix for
16 hr a day The solution taken up by the flowers was made up with H,O and incubation was continued for
120-196 hr

Fractionation of the material The flowers were ground with dry Na,SO, and the powder was extracted with
hot EtOH, from the EtOH extract the nonsaponifiable fraction was obtained *' Hydrocarbon and sterol frac-
tions were obtained by TLC on silica gel impregnated with Rhodamine 6G*? using hexane-CHCl;~MeOH
(20 10.1) About 5 mg of nonlabelled squalene was added to the hydrocarbon fraction and the fraction 1solated
by TLC using petrol (40-60°) and repurified by chromatography under the same conditions Further purification
was carried out after the addition of a further 100 mg of nonlabelled squalene by conversion into the crystalline
thiourea adduct *3

Sterols acetylated in the usual way were purified by TLC in hexane-CHCl;-MeOH (40 20 1). The steryl ace-
tates were separated nto individual compounds by AgNO;-silica gel TLC 1n EtOH-free CHCl; Under these
conditions the steryl acetates gave 4 fractions (1) stigmastan-3-g-ol, (1) stigmast-7-en-3f-ol and 24-methyl-cho-
lest-7-en-3f-ol, (111) B-sitosterol and campesterol, (1v) stigmasterol 2 to 3 mg of nonlabelled carrier was added
to the 1solated steryl acetates and TLC was run once more under the same conditions Purity was checked by
autoradiography, 3-fold crystallization after addition of 10 to 30 mg of carrier was the final purity control A7-
sterols and stigmastan-3f-ol were not crystallized because an nsufficient amount of the carrier was available
The ketone derivatives of sterols were obtained by oxidation with Na,CrO, ® The ketones were purified by TLC
on silica gel 1n hexane-CHCl,~MeOH (40.20 1)

Radioactinit§ measurement The mdividual compounds 1solated and their chemical derivatives were measured
1n toluene contaming PPO (5g/l) and POPOP (05g/1) in a Mark 1 spectrometer (Nuclear Chicago Corp)
equipped with an external standard Quenching was determined by the method of “channel ratio” using results
obtained for !“C and *H standards with known dpm quenched to various degrees >* The time of measurement
was chosen so that the error in radioactivity measurement would not exceed 0 5%
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