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Abstract-Mixtures of bighcr isoprenoid alcohols, consisting of alcohols havina 50,55,60 and 65 carbon 
atoms have been detected in the leaves of tho eleven angiosperms examined. In four of these plants, the total 
amount of these isoprenoid alcohols was found to rise as tbo leaves aged. Higher isoprenoid alcohols were 
also found in the alga, CbZoreiZa pyrenoidostq but not detect& 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 

a3 

I 
H-[CH&+CH~~l,-OH 

0 

fouud and characterized. Solanesol, {I, II =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, &tukz perracosu, contains alcohols termed the ~t~ap~nols (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, Aescufw hippcastanum, and called the 
castaprenols.3 Castaprenol-12 is the major component. Alcohols similar to the castaprenols 
have heen found in the spadices of Arum madatum and in the leaves of Ficus elasticus and 
Beta vulgark4 

In solanesol, the protons on the double bonds are all in the trmposition relative to the 
methyl group~,~ but in the betulaprenols and the castaprenols more than half of the isoprene 
residues are in the c&configuration. Whether these cis units are distributed at random in 
each of the molecules or according to a special pattern has not yet heen ascertained. 

It has heen shown earlier that most of the solanesol in tobacco is associated with the 
c~oroplasts.6 Similar work on horse-chestnut leaves has shown that the ~stap~nols too are 
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* R. L.. ROWLAND, P. H. L~rmex and J. A. GILEX, J. Am. Chem. Sot. 78,468O (1956). 
2 B. 0. bNDGREN, Acta chemr. Sd. 19,1317 (1%5). 
3 A. R. WBLLBUILN, J. slWEN8ON, F. W. HEMMpro and R. A. hhWON, h preparation. 

4 P. J. DUNFWY, F. W. Hmeumo and J. I? PENN=, Unpublished mults. 
5 R. B. RATB~, R. H. C~J!YAN, R 0. R~~u’rrs and J. H. !IcHA~~J$ Chem. dt I&. (London) 1020 (1962). 
6 J. !&EvENsoN, F. W. M and R. A. MORTON, Z&chem. J. 8% 52 (1963). 
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partly associated with these organelles.7 In the family of even larger polyisoprcnols (doli- 
chols) found in pig liver.” over half the molecules are esterified.” whereas almost all of the 
solanesol in tobacco lea\es ib unesterified.6 The castaprenols rebemhlc solanesol in that they 
are almost wholly unestcritied”’ whereas most of the betulapren& occur naturalI> as ester\.’ 

This paper describes how the level of the castaprenols varz\ uith incredsmg age of 
horse-chestnut leaf tkue rend also reports the occurrence nf sin&r isopremxd alcohol 
mixtures in the pllot~~~~ntl~e~ic tgs\ue from a wide range clf‘members of the plant ~lngd~~n~, 

KESI!LTS AND DISC’L’SSION 

The results of the seasonal varistion 01’ long-chain isoprenoid compounds in hnr\e- 
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 isoprenold$. The most noticeable 
increase however N;IS in the castaprenols, the level in October (1X weeks) ~a\ almost 100 
times that in April (4 HCC~\). S(daneso1 and squnlene \ho\\ed ahnut ;t t-t- nnd 16-t;U mcrebw 

TABLE 8. ~4Ri4JIO\; 0b c (fV( LNI’R4TION OF JBNGCH4Ih ISOPREV31D CO\SJJ7CEI\T5 r)J tii)RlJ- 

C tit 57,ISUT CEAWS \r;ITJf AGF Of JHI LF4\ES 

Age of leaves in wcci~. .tfccr tcnntn~l bud unfrtldmp 
. . ..__ - _-_-__ ._._._.__ _ _.. ” _. -_.---. --_- 

Constituent 4 x 12 Ih 20 23 2s 
c.\prlll CJulj) tI)ctllbcl) 

I--_ --.- _._.. -._. _.. .--.-- _ ._ . _ _-_. _ 

Chlorophyll (/Lrnoles g twuc) 4.7 4 6 4.5 -I 5 4.3 J-1 3-l 
Cabtaprenols (pg’g t~wc:) II xl 32.0 40 0 XX*0 01.0 106 -I 
Solanesol (m/Lmote\ ‘g tissue) b x 4-t 5-l f;Q 73 8-l 
Squalene (m~moles:g ttswc) 2 6 15 20 2-t 3’ 31 

respectively. The results for L~WR.Y W/~GW, Arm rila~.~iJatil~i~, and Fk~s ~~~.s~~l.~i~ ITtthle 2) 
confirm this general feature of increasing amounts of ca~t~lprenoi-lihe mstcrinl\ n nh mcreax- 
ing age of leaf. It h,ts been 4nan 3 ^ f 1 that in horse-chestnut crtstaprenok exutst\ YI .i mixture 
comprising less than 0-S per cent c;lstaprcnol-10, approximatci~ Ih per cent ca\taprenol-I 1. 
82 per cent CiIStaprCnol- I 2 .md 2 prr cent castaprenol-13. i !Gng the g;14 hquid chromr~togra- 
phic method described ’ ’ cdl alcohol l”raction JJI Table I M;I\ re-ex;muned ,lftcr preliminar> 
preparative TLC purification. The results indicated that the pattern rrf the component\ \\l 
thi\ mivturc H’:LS e\sentiolly the wnu throughout the year. 

Distributiom TJuwtgJrlw! tlw Phlt Kitrgtlont 

The results are summarized in Table 2. Of the comprehensi\c range of cryptognms and 
r’ymnosperms examined. cast;tprcnol-like alcohols \tere detected only in the alg:t. CJd~~rth 
~~~~~~~j~J*~a. However such castnprenol-like &oh& were detected m each of the dtverke 
~~n~iosperms which Here examined. In this survey only phot(~s~nthetic tissue wan studied. 

7 A. R. WELLBC:RN and F. W. Ht~vsw. .K4To Syn~p. CMmplus~c, Aberyst\iyth (1965). 
’ J. BURGOY, F. W. HE~~IIXG. J. F. PENNO( K and R. A. MOKTON, BwcAe~. J. 88.470 f 1963). 
9 P. H. W. B~TI-ERVZORTH, Ph.D. Thesis, University of L~serpool(lY64). 

Iv A. k WELLBURN and F. w’. I-~LxJ~IJ~~~. Unpubhshed rLxulth. 
I1 A. R. WFUBI:RN and F. W. HE~IV,. J. Chmutog. In press. 
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However, isoprenoid alcohols have been isolated from the non-photosynthetic spadix of 
Anun maculutum and from yeast4 and fungi. I2 Lindgren isolated the betulaprenols from the 
wood of silver birch,2 but a similar analysis of horse-chestnut bark and hardwood failed to 
reveal any polyisoprenoid alcoholslo 

T-2. OCCURRENCEOFCASTAPRBNOGLI~MATERIALSINTHEPLANTKINGWM 

Tissue 
i@lmg m/kg 

chlorophyll wet wt. 

cryptogams 

Phanerogams 

Algae Anabaena variabilis 
EUglena gracilis var. bacillaris 
Chlorella pyrenoidosa 
Fucus serratus 
Fucus vesiculosus 
Luminaria &itata 
Mmostroma greviilei 

Hepaticae conocephahu?l wnicum 
Equisetal~ EQuisetum arvense 
Filicales Aspkiium felix-mas 

Pteridiwn aquilinum 
Gymnospcrms Cypressus lonciae 
Allgi0SpeXTll.S Aesculus hippocastanum 

&E% 4-z$) 
Ilex e&olibm 
Luurus vu&are 

:T) 
VicL faba 
Umbilicus rupestris 
Hedera helix 
Sambucus nigra 
Niwtiana virginiana 
Polygonam cuspidatum 
Ficus elasticus 

:Y=zY) 
(OW 
(very old) 

Arum maculatum 
(Young) 
(3 we&s later) 
(6 we&s later) 

N.D.t 
N.D. 
0.37* 
N.D. 
N.D. 
N.D. 
N.D. 

E-E 
N:D: 
N.D. 
N.D. 

0.5 
34.3 
0.1 

0.6 
l-6 
l-4 

;:; 

0.2 
5.8 

3-l 
8.3 

90.6 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1.2 
106.4 

0.1 

o-5 
1.0 
l-5 
o-2 
1.0 
2-o 
0.1 
3.0 

2.5 
27-l 

150-o 
1500~0 

2.0 

1:.9 

* Differed from the castaprenols on reverwphase partition chromatography (see text). 
t N.D. not detected. In the cryptogams and gymnosperms the limit of detection varied but 

was generally of the order of 0.1 * castaprenol-like alcohol/mg chlorophyll. 

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 pg 
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-g % E/P fraction were employed to 

12 J. BURGOS, P. H. W. BUTTERWORTH, F. W. Hmmm and R. A. MORTON, B&hem. J. 19,22P (1964). 
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reduce the general lipid weight in relation to the weight of the castaprenol-like alcohols. It 
may be possible that the cryptogams and gymnosperms examined contained some castaprenol- 

I “--+@ 22%isoprcQyt etlwr !“ptrolj 
c A 

FIG. 1. TR4ClhG OF A T\VO-DIMEhSlON THIN-LA’rER CHROM4’KKiRAhl OF AbTHtYTIC RECEREWE 

HATERLALS ON SILICA GIL G. 

I - 
SOhJenr front 

:.__.___._.__ .__.. 

95% acetone aater,saturated with paralfrn 

III I! 

FIG. 2. TRA(‘I~(, OF 4 K~\ERCF-PHASE PARTITION (‘HROVATOGRA~.I ov x P~R.~FFIU-I~IPRLG~-\~I I) 

hlE\ELGL:HR THl\-LA\EK PI AlI-. 

Alcohols from ( I) FXrr\ ch/rcnv. (2) C’iciu fubu. (3) I/CC uqrtifohr. (4) C/I/O~L~//U pwm&hw~r. (5) 
castaprenol mixture. (A)a~thentic solancbol. * major component. The C:,,-castaprenol (Cabtaprenol- 
IO) showed up as a very small spot runnmg close behmd the spot labelled C+ The “C4s-materinl” 
has an R, more m keepmg with Its hemg solanesol than a C AZ-castaprcnol. Note tltlt on thl\ 
particular chromatogram rhecompounds on the right ran further (higher Rr) than thn\,r on the Icli. 

like alcohols; however. if present at all, they must have been at a concentration of less than 
O-02 per cent of unsaponifinble lipid of similar polarity. As application of more than 5 mg 
per plate caused overloadin,. (7 it NTIS dtfficult to extend the sensiti\,ity 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 (C,,) is the major component of 
the castaprenols from horse-chestnut while in ZZex aquijklium (holly) an alcohol with an R/ 
corresponding to the Cs,-, castaprenol-10 predominates. In Ficus elasticw and Vi& fuba, 
the major component has an RJ similar to that of castaprenol-1 1. 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 chromatography 3* 7* l1 are in good agreement. Leaves of 
Beta vulgar& another angiosperm, contain a mixture of alcohols closely resembling that 
found in Ficus elasticw7* l1 

The alga, ChZoreZZa pyrenoidosu 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 Ris of these compounds fall in the same range as those of the dolichols 
found in Saccharomyces cerevisiae (baker’s yeast).13 

The presence of C&-Css isoprenoid alcohols in the angiosperms in amounts &Gent 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 
Css, Css, C6s and Css components varies widely between genera and it is possible that a 
specific pattern may exist for each genus. 

Lower isoprenoid alcohols such as all trmr,egeranylgeraniol 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 almost certainly also be involved in the biosyn- 
thesis of the side chain of vitamin Ki and the tocopherols. All trmsolanesol 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, i5 the method and time of sampling was kept as 

13 F. W. I-Immm and J. F. mNOCK, Unpublished work 
14 H. ECK and A. Twmr, Z. Nutwforsch. 18,446 (1963). 
15 V. H. Boom, Phyiochem. 3,273 (1964). 
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Chlorophyll \w\ detcrmincd by 3 separate eutr:lction of ;I known wei$t (II‘ kat u lth 
methanol and estimated wing the method of ViJinl:!c.’ - 

The tissues were extrnctcd three time\ by ni;tcerutmn in acetone (appro\. 2 ml g llssue) in 
the liquidizer of a Kenwood Chef and filtered through cloth of coarw mesh or a hintercd glass 

funnel under reduced prewre. The acetone extract, diluted \iith w,iter ! I : 1). ~:;1s extracted 
\iith ether three times. The combmed ethereal extract \\as then lrcatcd ah sbwe .md the 
u hole lipld fraction chromatographed on an alumina co1 umn as indwated prc\ iousl> using 
10galuminaforeach 100 mglipid. The6 -S”,, E. Pfractions fromcach tlwie \\cre then wpani- 
fied to reduce the weight of lipid. Prmr erperimcnts had \ho\rn that i\lqwenoid ;llcohol\ are 
unnffectcd by this trcatmcnt. 

Using the two-dimen&nal TLC rlstem deLLed for towpherc+ F!, Pcnnock ef tr/.lY the 
identification of castaprenol-lihe materials was possible. In turn. 5-mg portions of sapon+ 
fied 6-8 “b E:P fraction from each tissue were applied to three bcp:tratr plates A. B and C. 
To this spot were added 5 /lp each of x. /3 and d-wcophcrol and the pISIte debeloped m the 
first dimension by chloroform fAo\+cd by 22 ‘I0 (v, I ) rwpropjl rthcr In petrol in the second 
duncnsion. A. B and C \\cre stained a~ follow: .A. N”,, (U v) rho\phl~lnol~bdic Ad in 
ethanol; 9. iodine inpour: C. ?‘I,, (w,\ 1 ani\aldehydcin ;I 1 19 CL ,\ 1 mI\ture oi‘conc. H,SO, 
and 90:” (v:v) ethanol. The tocopherols H’cre located e:i4ly b! their immediate reduction 
(at room temperature) of phosphomolybdic acid (plate A) to ;I deep blue cnlour and b! thei! 
>ellowcolour on heatingplate C. With rcftrencc to the standard plate of‘hnwn spot locatIon\ 
(Fig. 1) and using the three added tocopherols a> an internal gwdc. the locatwn of the split> 
of castaprenol-like matcrinls could be predicted. If the spot had the \ame staining charactc’r- 

II’ E. V. TRUTER, T/ziiz Film C~~~or?rat~g/ap/?~‘. p. 112. Cleaver-Hume. London (1963). 
1 i W. VISHNIAC, M~tlzod~ of Drz.~ molog.v. Vol. 4, p. 342. Academic Press, New York ( 1957). 
1’ J. F. PENNOCK, F. W. HELIMINCI and J. D. KLRH, Eiochenr. &oy$y.t. Ras. ~‘~v~mzt~~ 17. 5-C (1964). 
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istics as the castaprenols, that is intense yellow with iodine vapour, blu*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 l-5 % methanol in benzene as the developing solvent. 

Chlorophyll was determined in 80 % acetone using the method of Amon.lg 

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

The saponified fractions from Ficus elasticus, Ilex aquifolium, Vicia faba and Chlorella 
pyrenoidosa were chromatographed in bulk, preparatively on layers of silica gel G (600 ~1 
thick). About 50 mg lipid 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 O-01 % 
(w/v) fluorescein in ethanolZo and was then eluted with ether and blown to dryness under 
nitrogen. This alcohol-containing fraction was then taken up in acetone and, using the method 
of Pennock et al.,21 was chromatographed on a pa&En-impregnated thin layer of kieselguhr 
with 95% (v/v) acetone-water, saturated with para&, as the mobile phase. Applying 
amounts of l-5 pg 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 aL3). 
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