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Abstract—Mixtures of higher isoprenoid alcohols, consisting of alcohols having 50, 55, 60 and 65 carbon
atoms have been detected in the leaves of the eleven angiosperms examined. In four of these plants, the total
amount of these isoprenoid alcohols was found to rise as the leaves aged. Higher isoprenoid alkohols were
also found in the alga, Chlorella pyrenoidosa, but not detected in the eleven cryptogams examined.

INTRODUCTION

SINCE the first isolation in 1956 of the long-chain isoprenoid alcohol solanesol, from tobacco
leaves,! a whole series of similar compounds all having the general formula (I) have been
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|
H—[CH,—C==CH—CH,],—OH
o

found and characterized. Solanesol, (I, n=9) is not accompanied in tobacco by its congeners
whereas other natural long-chain alcohols have been shown to occur as mixtures. The wood
from the silver birch, Betula verrucosa, contains alcohols termed the betulaprenols (I, n=6,
7, 8 and 9).2 Higher isoprenoid alcohols, where n=10, 11, 12 and 13, have been found and
characterized in the leaves of the horse-chestnut, Aesculus hippocastanum, and called the
castaprenols.> Castaprenol-12 is the major component. Alcohols similar to the castaprenols
have been found in the spadices of Arum maculatum and in the leaves of Ficus elasticus and
Beta vulgaris.*

In solanesol, the protons on the double bonds are all in the frans-position relative to the
methyl groups,’ but in the betulaprenols and the castaprenols more than half of the isoprene
residues are in the cis-configuration. Whether these cis units are distributed at random in
each of the molecules or according to a special pattern has not yet been ascertained.

It has been shown earlier that most of the solanesol in tobacco is associated with the
chloroplasts.b Similar work on horse-chestnut leaves has shown that the castaprenols too are
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partly associated with these organelles.” In the family of even larger polyisoprenals (doli-
chols) found in pig liver.® over half the molecules are esterified.” whereas almost all of the
solanesol in tobacco leaves is unesterified.® The castaprenols resemble solanesol in that they
are almost wholly unesterified'® whereas most of the betulaprenols occur naturally as esters.>
This paper describes how the level of the castaprenols varies with increasing age of
horse-chestnut leaf tissue and also reports the occurrence of similar isoprenmd uleohol
mixtures in the photosy ntheuc tissue from a wide range of members of the plant hingdom,

RESULTS AND DISCUSSION
Seasonal Distribution
The results of the seusonal variation of long-chain isoprenoid compounds in horse-
chestnut leaves are given in Table 1. It can be seen that throughout the year and with increas-
ing age of leaf there is a corresponding rise in long-chain isoprenoids. The most noticeable
increase however was in the castaprenols, the level in October (28 weeks) was almost 100
times that in April (4 weck+)., Solanesol and squalene showed about a 14- and 16-fold increase

TaBLr |, VARIATION OF ¢ ONCENTRATION OF LONG-CHAIN ISUPRENOID (ONSTITUENTS OF HORSE -
CHESTNUT LEAVES WITH AGF O} ITHI LFAVES

Age of leaves in weehs. Jfter terininal bud unfolding

Constituent 4 R 12 I6 Bl 4 28
tApniD tJuly) {October)
Chlorophyll (pmoles g tissue) 47 46 4-5 45 3 41 14
Castaprenols (pg'g ussue) 12 20 320 400 880 94-0 106 4
Solanesol (mpumoles 'g tissue) o R 14 54 54 PR 24
Squalene (mumoles; g tissuc) 2 6 15 20 24 2 32

respectively. The results Yor Laurus vulgare, Arum macularum, and Ficus elasticus (Table 2)
confirm this general feature of increasing amounts of castaprenol-like materials with mcreas-
ing age of leaf. It has been <hown' ™ '! thatin horse-chestnut castaprenols exists as a minture
comprising less than 0-5 per cent castaprenol-10, approximately 16 per cent castaprenol-11.
82 per cent castaprenol-12 and 2 per cent castaprenol-13. hing the gus hiquid chromatogra-
phic method described '! cach aleohol fraction m Table | was re-examined after preliminary
preparative TLC purification. The results indicated that the pattern of the components of
thi~ mixture was essentially the same throughout the year.

Distribution Throughou! the Plant Kingdom

The results are summarized in Table 2. Of the comprehensive runge of cryptogams and
gymnosperms examined. custaprenol-like alcohols were detected only in the alga. Chlorellu
pyrenvidosa. However such castuprenol-like alcohols were detected 1n each of the diverse
angiosperms which were examined. In this survey only photosynthetic tissue was studied.
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However, isoprenoid alcohols have been isolated from the non-photosynthetic spadix of
Arum maculatum and from yeast4 and fungi.? Lindgren isolated the betulaprenols from the
wood of silver birch, but a similar analysis of horse-chestnut bark and hardwood failed to
reveal any polyisoprenoid alcohols.10

TABLE 2. OCCURRENCE OF CASTAPRENOL-LIKE MATERIALS IN THE PLANT KINGDOM

pg/mg mg/kg

Tissue chlorophyll wet wt.
Cryptogams Algae Anabaena variabilis N.D.t —
Euglena gracilis var, bacillaris N.D. —
Chlorella pyrenoidosa 0-37* —
Fucus serratus N.D. —
Fucus vesiculosus N.D. —
Laminaria digitata N.D. —_
Monostroma grevillei N.D. —
Hepaticae Conocephalum conicum N.D. —_
Equisetales Equisetum arvense N.D. —
Filicales Aspidium felix-mas N.D, —_
Pteridium aquilinum N.D. —
Phanerogams Gymnosperms  Cupressus lonciae N.D. —
Angiosperms Aesculus hippocastanum
(young, 4 weeks) 05 12
(old, 28 weeks) 343 1064
Ilex equifolium 01 01
Laurus vulgare
(young) 06 05
(old) 1-6 1-0
Vicia faba 14 1-5
Umbilicus rupestris 0-6 02
Hedera helix 1-2 1-0
Sambucus nigra 2:0
Nicotiana virginiana 02 01
Polygonum cuspidatum 5-8 30
Ficus elasticus
(very young) 25
(young) 271
(old) 150-0
(very old) 1500-0
Arum maculatum
(young) 31 20
(3 weeks later) 83 4-0
(6 weeks later) 90-6 17-2

* Differed from the castaprenols on reverse-phase partition chromatography (see text).
4 N.D. not detected. In the cryptogams and gymnosperms the limit of detection varied but
was generally of the order of 0-1 ug castaprenol-like alcohol/mg chlorophyil,

The limit of detection of castaprenols, which was found to be 1 pg when applied as a spot
on a chromatogram, was determined by a separate experiment in which decreasing amounts of
standard castaprenol mixture were applied to two-dimensional plates. The limiting factor was
therefore the weight of lipid that could be applied to each plate to supply the detectable 1 ug
of castaprenol-like alcohol. The weight of lipid applied to each plate was exactly 5 mg and
so column chromatography and saponification of the 6-8 %, E/P fraction were employed to

12 J, BurGos, P. H. W. BUTTERWORTH, F. W. HemMiNG and R. A. MorToN, Biochem. J. 19, 22P (1964).
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reduce the general lipid weight in relation to the weight of the castaprenol-like alcohols, 1t
may be possible that the cryptogams and gymnosperms examined contained some castaprenol-
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Fit. 2. TRACING OF A REVERSE-PHASE PARTITION CHROMATOGRAM ON A PARAFFIN-IMPRLGNATLD
RIESELGUHR THIN-LAYER PLATE.

e el

Alcohols from (1) Ficus elusticus, (2) Vicia faba, (3) Hex uquifolium, (3) Chlorella pyrenoidesa, 43)
castaprenol mixture, (6) authentic solancsol, * major component. The Csy-castaprenol (Castaprenol-
10) showed up as a very small spot running close behind the spot labelled Cy<. The **Cjs-material™
has an R, more in keeping with its being svlanesol than a Cys-castaprenol. Note that on this
particular chromatogram the compounds on the right ran further thigher R,) than those on the left.

like alcohols; however. if present at all, they must have been at a concentration of less than
0-02 per cent of unsaponifiable lipid of similar polarity. As application of more than 5 mg
per plate caused overloading. it was difficult to extend the sensitivity of detection further.
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The reversed phase partition chromatography (Fig. 2) shows clearly that the materials
termed castaprenol-like isolated from other angiosperms have similar behaviour to the
castaprenols of horse-chestnut in this system, indicating that they each exist as a mixture. The
pattern of distribution varies considerably. Castaprenol-12 (Cgp) is the major component of
the castaprenols from horse-chestnut while in Ilex aguifolium (holly) an alcohol with an R,
corresponding to the Csq castaprenol-10 predominates. In Ficus elasticus and Vicia faba,
the major component has an R, similar to that of castaprenol-11. The quantitative composi-
tion of the mixtures of alcohols from the horse-chestnut and Ficus elasticus leaves obtained
by this method and by gas-liquid chromatography3-7-1! are in good agreement. Leaves of
Beta vulgaris, another angiosperm, contain a mixture of alcohols closely resembling that
found in Ficus elasticus.”> 11

The alga, Chlorella pyrenoidosa contains a mixture of alcohols which have a different
behaviour on reversed phase chromatography. These alcohols, consisting of a mixture of
higher chain length, can be distinguished from the other castaprenol-like alcohols found in
the angiosperms. The Ry's of these compounds fall in the same range as those of the dolichols
found in Saccharomyces cerevisiae (baker’s yeast).13

The presence of Csq—Cgs isoprenoid alcohols in the angiosperms in amounts sufficient for
estimation is interesting as it may indicate a general occurrence of these alcohols in higher
flowering plants. The wide range of concentrations found may be, in part, attributable to
many factors such as the age of the tissue at time of extraction. Although most angiosperms
studied were dicotyledonous, it is interesting to note that Arum maculatum, a monocotyle-
donous plant also contained castaprenol-like alcohols. Analysis of the isoprenoid alcohols
by reversed phase and gas-liquid chromatography shows that the pattern of distribution of
Cso, Css, Cgo and Cgs components varies widely between genera and it is possible that a
specific pattern may exist for each genus.

Lower isoprenoid alcohols such as all frans-geranylgeraniol as its pyrophosphate will
probably be present in horse-chestnut leaves as a precursor of the side chain of the plasto-
quinone-4 found by Eck and Trebst.14 It will aimost certainly also be involved in the biosyn-
thesis of the side chain of vitamin K, and the tocopherols. All trans-solanesol in the form of
the pyrophosphate, probably has as its main function a role as the precursor of the side chain
of plastoquinone-9. However, it is difficult to envisage a precursor role for the poly cis-
compounds. The rise in the level of castaprenols with increasing age would indicate that the
lipid composition of the leaf changes as the leaves get older. The function of the castaprenols
is not yet known; possibly they have a structural role in cell membranes and it is conceivable
that increases in levels of castaprenols could bring about changes in the structure of the leaf
which may be an important factor in senescence. Alternatively it is possible that as the leaves
age there is a derangement or loss of control of general isoprenoid biosynthesis resulting in
high levels of castaprenols.

EXPERIMENTAL
A. Seasonal Variation of Castaprenols in Horse-chestnut Leaves

Leaves were collected from the same tree at four-weekly intervals, after terminal bud
unfolding. As the levels of other isoprenoid compounds such as tocopherols are known to
change with environmental conditions,!3 the method and time of sampling was kept as
13 F. W. HemMiNG and J. F. PENNoCK, Unpublished work.

14 H. Eck and A. Tresst, Z. Naturforsch. 18, 446 (1963).
15V. H. BootH, Phytochem. 3, 273 (1964).
62
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constant as possible. The sample was collected from all round the tree ut 4 p.m. and only the
first and second pairs of leaves above each annual ring were taken.

The leaves were washed with water prior to removal of the mun vascular tissue. Leat
tissue (250 g) was then finely chopped and sepenitied in 607, (w vy KOH (750 ml) and 53¢,
(w v) methanolic pyrogallol (1500 ml) for 1 hr on & water bath. The hot suponilication
mixture was then filtered. diluted to three times tts original volume with water and estracted
three times with freshly distlied diethyl ether. The ethercal extract was washed with water,
dried (Na-SOy). evaporated and the residuc was blowi to dryness under ntirogen.

The unsapoenifiabie lipid was taken up in light petroleum (b.p. 40 60 1, and chromato-
graphed on a 150 g column of acid-washed alumina (weakened 1o Brockmann Grade [HH
using increasing proportions of etherinsuceessive 1L porttons o eluent. The petrol fraction
containing squalenc and the 6 X°, (w v)cther in petrol (E P) fracttons containing ~olanesel
and the castaprenols were blown to dryness under pitrogen and dissolved in @ suvitzhle
volume of cyvelohexane prior to chromatography on thin-lmyer plates of sihea gel (275 o
thick). Estimation of cach constituent depended on comparing snot size ugamst o range of
spots of standard amounts of auihentic materizls. 't Petrol was used os o developing selvent
for squulene (Ry=0-50) and 1-5", (v v) methanol in benzene tor solupesol (R, ~ 0-37) and the
castaprenvls (R, =0-56). The latter appear as only one spot m tis system, On spraying the
chromatogram with 20", (w 'v) phosphomolybdic acid 1 cthanol and then heating, cach
alcohol showed up as a dark blue spot.

Chlorophyll was determined by a separate extraction of @ known weight of leat” with
methanol and estimated using the method of Vishniae,"”

B. Hentification of Castaprenol-like Materials in Other Plant Tissues

The tissues were extracted three times by maceration in acetone (approx. 2 ml g Lissue) in
the liquidizer of a Kenwood Chel and filtered through cloth of coarse mesh or a sintered glass
funnel under reduced pressure. The acetone extract, diluted with water (1:1). was extracted
with ether three times. The combined ethereal extract was then treated as above and the
whole lipid fraction chromatographed on an alumina column as indicated previousls using
10 g alumina for each 100 mglipid. The 6 -8, E. P fractions fromeach tissue were then saponi-
fied to reduce the weight of lipid. Prior experiments had shown thut isoprenoid alcohols are
unaffected by this treatment.

Using the two-dimensional TLC system devised for tocopherols by Pennock er ol.8 the
identification of castaprenol-like materials was possible. In turn, 5-mg portions of saponi-
fied 6-8 ¢, E.P fraction from each tissue were applied to three scpurate plates A, B and C.
To this spot were added 5 ug each of «. B and é-tocopherol and the plate developed 1n the
first dimension by chloroform followed by 22 (v,v) isopropy] ether in petrol in the second
dimension. A. B and C were stained as follows: A. 20, (w v) phosphomoly bdic acid in
ethanol; B, iodine vapour: C, 5°,(w,v)anisaldehyde ina 1 19 (v.v) mivture of cone, H.S0,
and 909, (v.v) ethanol. The tocopherols were located easily by their immediate reduction
(at room temperature) of phosphomolybdic acid (plate A) to a deep blue colour and by their
sellow colour on heating plate C. With reference to the standard plate of known spot locations
(Fig. 1) and using the three udded tocopherols as an internal guide, the location of the spots
of castaprenol-like materials could be predicted. If the spot had the same staining character-

Lo B, V. TRUTER, Thir Filin Chromatogiaphv. p. 112. Cleaver-Hume, London (1963).
17 W. VISHNIAC, Methods of Enzymology, Vol. 4, p. 342. Academic Press, New York (1957).
1s J, F. PENNOCK, F. W, HeanviNG and J. D. KeRrR, Biochem. Biophys. Res. Comnun 17, 542 (1964),
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istics as the castaprenols, that is intense yellow with iodine vapour, blue-black on heating
with phosphomolybdic acid and blue-green on heating with anisaldehyde, it was then termed
castaprenol-like. The amount of castaprenol-like materials in the fractions which satisfied
these conditions was estimated by chromatography, against standards, on thin layers of
silica gel using 1-5 9, methanol in benzene as the developing solvent.

Chlorophyll was determined in 80 %, acetone using the method of Arnon.1?

C. Reversed-phase Partition Chromatography of Castaprenol-like Materials

The saponified fractions from Ficus elasticus, Ilex aguifolium, Vicia faba and Chlorella
pyrenoidosa were chromatographed in bulk, preparatively on layers of silica gel G (600
thick). About 50 mglipid in cyclohexane was applied to each 20 x 20 cm plate and using 22 %,
(v/v) isopropyl ether in petrol as the developing solvent. The position of the alcohol band,
moving with a marker spot of authentic castaprenol, was indicated by spraying with 0-01 %
(w/v) fluorescein in ethanol?? and was then eluted with ether and blown to dryness under
nitrogen. Thisalcohol-containing fraction wasthen takenupinacetone and, using the method
of Pennock et al.,?! was chromatographed on a paraffin-impregnated thin layer of kieselguhr
with 95% (v/v) acetone-water, saturated with paraffin, as the mobile phase. Applying
amounts of 1:5 ug alcohol as a spot and using the anisaldehyde stain, the castaprenol-like
alcohols separated into their component spots instead of running together as in the adsorption
chromatography (Fig. 2) (see also Wellburn et al.3).
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