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Abstract-Unhke mono- and sesqul-terpenes, squalene and other truerpenes m peppermint readily mcorpor- 
ate mevalonate-2-Y label (greater than 30% mcorporatlon of R-mevalonate m 4 hr) The labelled squalene 
produced turns over rapidly Squalene derived from mevalonate-2-l% m mcorporatlon times of 1, 4 and 
7 hr was degraded chemically and shown to be equivalently labelled, accordmg to theory, m the lsopentenyl 
pyrophosphate-derived and dlmethylallyl pyrophosphate-derived portions of the molecule This contrasts 
with earlier studies on the blosynthesls of mono- and sesqul-terpenes m peppermint from r4C-precursors, m 
which the lsopentenyl pyrophosphate-derived portlons of the terpene molecules were found to be prefer- 
entially labelled, suggesting the presence of endogenous dlmethylallyl pyrophosphate pools The kmetlcs of 
squalene blosynthesls, and the labclhng pattern of squalene, suggest that snes of trnerpene blosynthesls are 
readily accessible to exogenous mevalonate and that endogenous dlmethylallyl pyrophosphate pools do not 
partlclpate m trnerpene biosynthesis to any appreciable extent The trnerpene blosynthehc sites m pepper- 
mmt thus appear to differ supuficantly from the monoterpene and sesqunerpene biosynthetic sites 

INTRODUCTION 
EVIDENCE to date suggests that compartmentahzatlon of metabohsm 1s an Important feature 
of terpenold biosynthesis l-3 Thus, for example, terpenold compounds of chloroplasts 
(except sterols) appear to be synthesized preferentially from endogenous MVAS produced 
from products of photosynthesls, while sterols and certain non-chloroplastldlc terpenolds 
Incorporate exogenous MVA readily 1 In peppermint (Me&a plperrta L ) there IS evidence 
suggestmg that monoterpenes and sesqmterpenes, both components of the essential 011, are 
synthesized m separate and dlstmct compartments 3--5 Monoterpenes mcorporate label from 
14C02 or 14C-sugars much more readily than from MVA-2-14C Sesqulterpenes mcorporate 
label from MVA-2-14C readily, though still m rather low yield In no case did the mcorpora- 
tlon of 14C-precursors mto mono- or sesqul-terpenes m peppermint exceed a few per cent 

*A prelrmmary account of this work was presented at the Pacific Slope Blochemlcal Conference, Davis, 
Cahforma, June 1972 

7 Present address Department of Agricultural Chemistry, Washington State University, Pullman, 
WA 99163, U S A 

$Abbreoratrons used MVA-mevalomc acid, IPP-isopentenyl pyrophosphate, DMAPP-d~methylallyl 
pyrophosphate 

1 ROGERS, L J , SHAH, S P J and GOODWIN, T W (1968) Phorosynrhetrcu 2, 184 
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The sttes of mono- and sesqul-terpene blosynthesls appe‘ir to bc characterized b> largei) 
fermentatlve metabolism, and by energy deficlencb Thus co-‘idmlnlstr‘ltlon of SUCIOX 01 

of CO, In the light. enhances the utlllzatlon of MVA-2-‘JC for b~os>nther~~ of both mono- 
and sesqulterpenes In peppermlnt ’ Perhaps the mo5t unevpectcd findIng h,ls besn the 
preferential incorporation of exogenous “C-labeled precursors unto the lPP-dc~~\e~i ~OI- 

tlons of monoterpcnes’ ’ - ” nnd sesqulterpencs ” This 15 nb~t~ed e\cn \\II\I “CO, ,I$ 
substrate5 ’ suggectlng the existence of endogenous Dhl API’ p 001s ‘it the \ltc‘< ,~f rzrpenc 
sbnthesls As both mono- and sesqul-tcrpenes are found \+lthln pcppermlnt 011 gl‘~nds,“~ I2 11 
IS lIkeI> that the 011 glands function as the prlmnr) sltec of comp,~rtmcnt~lIz,\tlnn nnci th,lt 
ulthln the glands monotcrpene blos! ntheslc dnd scsqul-tcrpenc h~~~s>nthcsls .IK I\c>l,ltcd to 
different degrees 3 The possible occurrence of mono- and sccqut-terpcnec In other ccII\ out- 
side of the 011 glands, ha5 been suggested3 I3 but not e\t,lhlr\hed 

It has been shown that trlterpenc 5)nthcsls In severdi pl,lnt tli\ue> IC rc‘ldlly ,icces\lhle to 
exogenous MVA-“T,’ and previous studies h,l\e suggested th,lt MVA-“C I\ .I more 
efficient prccursol of sterols than of monoterpencs III pcppc~mint ” 4~ farnec\I polo- 
phosphate IS a precurfor of triterpene5, dnd prcsumablq .115o 01 ccsqultcrpcncs. It ~~rncd 
possible that se5qulterpene blo5ynthesls might not hc ‘15 closeI> reLIted to mono,terpenc 
blosynthests as hds been supposed but might rather he ,t\\aci,~tcct L+ Ith trltLr pcne \> nthes~\ 
taking place at more acccsstble sites elseuhere In the plant If se5qurterpene blosyntnesls ‘ind 
trlterpene blosyntheslr are closely associated in plants, then the rmorporntlon of ML’4-1-‘SC 
Into squalene and se5qulterpene5 should 5how slmlldr klnettc\ ,Ind L~helllng p‘ltternc 

Although the biosynthesis of trlterpenes in higher plants hds recel\cd conslderdble atten- 
tlon, relatively little inform‘ltion 15 ,l\all~blc on the 1~ I II o turno\cr of squdlenc, OI on the 
111 LIIO Lbellrng pattern of squalene dcrlved from hZVA-7_-“C YtchoLl5” chn~ed th,\t 11~ 
cut sections of Ocrr~r/~~ ba~~/~cz~~~~ squalene rncorpor,ited much more ML A-2-‘T I,Ihel th;ln 
did untdentlfied steam \oLttlle substance\, dnd the Llhclied cqu‘~lenc turned o\er r,lpldly 
(SO”/:, turnover In 3 hr) The complete /tz NUI lnbelllng p‘lttern of squ‘llene III pl,lnt\ 11~5 not, 
to our hnowledge, been determlned, presum‘lbly bec,luce there v.ns no prcLlou5 redSon to 
believe that It might differ from the pattern produced bj ,\nlm,ll 5q5tems or bq cell-free pl,tnt 
systems For exdmple, Capstack ~‘t al ,” carried out J partldl degrJddtlon of squ&nc 
derived from MVA-2-‘T in peas (the carbon atoms that tiould ha\e become Lbclled \IL 
DMAPP were not examined) and assumed thdt the IdbellIng pattern of cqualene In Rouerlng 
plants was the same as that in animals (I e equr\dlent Libelllng (of IPP- and DMAPP- 
derived moletIes) Rees et a/ ” degraded ,&mynn produced b> pea seedlings from 7-‘T- 
4R-4-3H-MVA SIX tritium atoms were shown to be rncorpordted, as predicted h>, theory, 

’ CROTEAU, R , BURR~TT, A J and LOOMIS, W D (1971) P/IJ~M/XVPU\/, J I I, 2937 
’ BANTHORPE, D V , CHARLWOOD, B V and FRANCIS, hl J 0 (1972) C/wvr Ret, 72, I I5 
R Wuu, T and BAISTLD. D J (1973) Phvrochemlsfrv 12, 1291 
9 HEFENDEHL, F W (1967) ikufurnusenwhufren 54, 142, i 1968) RIech\roffe Aromen Koerperpflegem 18, 

523, Chem Ahstr 71, 53443 
lo STICHER, 0 and FLU-K, H ( 1968) Pharm Acra Helv 43,41 I 
I* AMELUPYXFN, F , WAHLIG, T and ARRFITER, H (1969) 2 Pflanzenpht trol 61, 68 
” MALIYGRF, T M , SMITH, D and BATTERMAN, S (1969) Pharm Weelblad 104, 429, Chem Ahur 71, 

53444 
I3 AMELUNXEN, F (1967) P/anra Med 15, 32 
I4 BATTU, R G and YOUNGK~N, H W (1968) Lloydro 31, 30 
‘5 NICHOLAS, H J (1962) J EM-I/ Chem 237, 1485 
I6 CAPSTACK, JR , E , ROSIN, N , BLONDIN, G A and NES, W R (1965) J BIOI Chem 240, 3258 
” REES, H H , BRITTON, G and GOODWIN, T W (1968) Blochem J 106, 659 
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and five of these were shown to be m the theoretically predlcted posttlons Thus, an endo- 
genous DMAPP pool did not appear to operate m ,f3-amyrm synthesis In peas The mdlca- 
tlon that endogenous DMAPP pools operate m mono- and sesqul-terpene blosynthesls, 
however, prompted us to examme the biosynthesis of triterpenes m an essential oil-producmg 
plant The followmg study was thus undertaken to establish the kmetlcs of trlterpene 
blosynthesls, to determine the labellmg pattern of squalene derived from MVA-2-14C m 
UIUU, and to relate trlterpene biosynthesis to mono- and sesqul-terpene blosynthesls m 
peppermint 

RESULTS 

Determrnatlon of Hexane-Soluble Triterpenes m Peppermrnt Cuttugs 
Peppermint cuttings (250-350 mg fr wt per cutting) were exhaustively extracted with 

hexane,* and an ahquot of the extract was analyzed by GLC to determine the approximate 
monoterpene (3000 nmol per cutting) and sesqulterpene (50 nmol per cutting) content The 
remaining extract was taken to dryness to remove volatile substances and then separated by 
TLC mto several fractions (hydrocarbon, pentacychc trlterpene alcohol, sterol, origin) The 
hydrocarbon fraction was analyzed by GLC and shown to contam roughly 10 nmol of 
squalene per cutting The trlterpene alcohol fraction was further purified by TLC and then 
analyzed by GLC and shown to contam a-amyrm (ursane series) at a level of approximately 
1 nmol per cuttmg Similar analysis of the sterol fraction indicated the presence of sltosterol 
(about 50 nmol per cutting) with mmor amounts of other unidentified sterols The ‘origin 
fraction’ from the first TLC separation was rechromatographed usmg a more polar de- 
veloping solvent, and a triterpene acid fraction was isolated Methylatlon followed by GLC 
analysis indicated the presence of ursohc acid with a mmor amount of oleanohc acid (total 
of 5 nmol per cutting) Other trlterpene derlvatrves (e g sterol esters) were not examined m 
this study 

Mecalonate-2-‘4C as a Precursor of TrIterpenes 
Previous studies had shown that, although MVA-2-14C was not mcorporated very 

efficiently mto mono- or sesqul-terpenes of peppermint cuttmgs,4 it was converted m good 
yield mto other hexane-soluble materials (up to 50% of applied R-MVA-14C activity was 
hexane-soluble after a 2-hr period, and 80% was hexane-soluble after 10 hr3) Prehmmary 
studies showed that m periods up to 10 hr virtually none of this hexane-soluble radlo- 
activity could be attributed to sapomfiable lipids, suggesting that MVA was not extensively 
degraded, with resultant randomization of label, but was mcorporated directly into hexane- 
soluble terpenold compounds. It was presumed that at least part of this radioactive hexane- 
soluble material was trlterpenold m nature To test this posslblhty, peppermint cuttings 
were administered MVA-2-14C through the cut stems m the light, and, after appropriate 
time intervals, the hexane-soluble material was extracted from each cutting Carrier tnter- 
penes (squalene, sltosterol, a-amyrm and oleanohc acid) were added to each extract, and 
each extract was then separated into several fractions (hydrocarbon, pentacychc tnterpenol, 
sterol, ongm) by TLC The hydrocarbon fraction was analyzed by liquid scmtlllatlon count- 
mg and by gas radlochromatography, and the radloactlvlty of squalene determined. Gas 

l Hexane has been used as the extractmg solvent m all of our previous studies3 and was employed agam 
m this mstance to provide comparable data on ‘hexaae-soluble radloactlvlty’ It should be noted, however, 
that many oxygenated tnterpenes are only sparmgly soluble m hexane. so quantltatlve data for the oxy- 
genated tnterpenes should be regarded as mmlmum values 
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radiochromatography also showed that long-chain paraffins (e g C2,, CZ9) m this fraction 
were not labelled from MVA-2-14C The pentacychc trlterpenol and sterol fractions were 
further purified by TLC, and the radioactivIty m these fractions was determmed by hquld 
scmtlllatlon counting The orlgm fraction from the first TLC separation was rechromato- 
graphed (TLC) using a more polar solvent, and a tnterpene-acid fraction was isolated After 
methylatlon, the radioactlvlty m this fraction was determined by hqufd scmtlllatlon countmg 
Time-courses of mcorporatlon of MVA-2-14C label mto squalene, sterols, pentacychc 
trlterpenols and trlterpene acids are shown m Fig 1 

2 4 6 8 IO 12’ 
TIME IN HOURS 

FIG 1 TIME-COURSEOF LABELLING OF TRITERPENES AND STEROLSIN PEPPERMINT FROM MVA-2-“C 
Data presented for squalene and sterols are from the same experiment, data for trlterpene acids and 
alcohols are from a second, Identical, experiment Both experiments used matched cuttmgs fed 
0 4 pmol RS-MVA-2-14C per cuttmg Squalene was determmed by gas radlochromatography, and 
pentacychc trlterpene alcohols, sterols and trlterpene acids by hquld scmtdlatIon counting of TLC 
Isolates Time IS from start of MVA feedmg, and percent mcorporatron IS calculated by assuming 

that only R-MVA IS physlologlcally active 

Chemzcal Degradation of Squalene Dewed flom M VA-2-14C 
To determine If endogenous DMAPP pools partlclpate m the blosynthesls of tnterpenes, 

squalene blosyntheslzed from MVA-2-14C was degraded, and the labellmg pattern of IPP- 
and DMAPP-derived umts was exammed Peppermint cuttmgs were fed MVA-2-14C 
through the cut stems, and after I,4 and 7 hr from the start of feedmg several cuttmgs were 
removed and extracted with hexane Carrier squalene was added to each extract, and the 
hydrocarbon fraction was Isolated by TLC RadioactIve squalene was Isolated from the 
hydrocarbon fraction by semi-preparative GLC, and, after the further addltlon of carrier 
squalene, the specific actlvlty was determined by gas radlochromatography of an ahquot 
The remaining squalene was then ozomzed and oxldatlvely cleaved to yield acetone, levu- 
hmc acid and succunc acIdI* (Scheme 1) Acetone was analyzed as the oxlme by gas radio- 
chromatography, while levuhmc and succmlc acids were converted to the propyl esters 
before gas radlochromatographtc analysis The results of this study are shown m Table 1 

I8 RILLING, H C and BLOCH, K (1959) J Biol Chem 2?4, 1424 
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and Indicate that m all time periods studled, squalene IS equivalently labelled (wlthm ex- 
perrmental hmlts), according to theory, m the IPP-derived and DMAPP-derived umts 
Although the ozonolysls products, acetone, levulmlc acid and succmlc acid, were not de- 
graded further, the dlstrlbutlon of label among these products IS consistent with equivalent 
labellmg, and there IS no evidence to suggest either preferential labellmg of IPP-derived 
moleties or extensive randomlzatlon of label The small amount of radloactlvlty m succmlc 
acid probably results from a minor degree of oxldatlon of levulmlc acid to succmlc acid 
during the degradatlve procedures ‘* 

5qualene ” 

2*A + 

Acetone 

2 
HO 

0 

Levulmlc ocld 

t i HOdo 

0 

Sucmc ocld 

SCHEME I CHEMICAL DEGRADATION OFSQUALENETHEORETICALLY DERIVED FROM MVA-2-14C 
Labelled carbon atoms theoretlcally derwed from MVA-2-W by direct utlhzatlon are ldentlfied by 
asterisks Open circles represent carbon atoms dewed from IPP Closed circles represent carbon 

atoms dewed from DMAPP Dotted hnes mdlcate ozonolysls cleavage pomts 

DISCUSSION 

The mcorporatlon of MVA-14C Into trlterpenes of peppermmt IS much greater than mto 
mono- and sesqul-terpenes (30% of the R-isomer for triterpenes vs < 1% for mono- and 
sesqul-terpenes), although there 1s much less trlterpene per peppermmt cutting than mono- 
and sesqui-terpene Squalene mcorporated label very rapldly for about 1 hr, maintained a 
nearly constant proportion of label (15O/, mcorporatlon of R-MVA) for 3 hr, and then lost 
label rapidly (80% turnover m 8 hr) A slmllar rapid turnover of squalene was observed by 
Nicholas m cut sections of Ocrmum basdtcum fed MVA-14C l5 In Oclmum cuttmgs, un- 
identified “C-labelled volatile substances (presumably mono- and sesqul-terpenes) also 
turned over very rapidly In peppermint, the oxygenated triterpenes became labelled more 
slowly than squalene, each oxygenated fraction acqulrmg about 5% of admmlstered R- 
MVA-2-14C label at 4 hr and contmumg to acquire label at a slower rate thereafter The 
kinetics of labellmg of squalene and of the other trlterpenes are consistent with the pre- 
cursor-product relatlonshlp expected for these compounds However, wlthm the oxygenated 
triterpene group, the labellmg kinetics of the alcohols and the acids show no apparent 
precursor-product relatlonshlps (e g as might be expected for a-amyrm and ursohc acid) 

As the various C5 units of squalene are equivalently labelled, or nearly so, it appears that 
DMAPP pools do not parttclpate to any great extent m the blosynthesls of trlterpenes m 
peppermint If DMAPP pools do partlclpate m trlterpene syntheas, these pools must be 
small relative to the amounts of trlterpene synthesized, and must turn over rapldly The 
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shght devlatlon of observed label dlstrlbutlon m squalene from the theorettcal dlstrtbutlon 
(Table l), If real, 1s consistent with the latter mterpretdtlon The observed devlatlon from 
theory IS less than the hmlts of resolution of our methods (less than Z:lO’LO), but the con- 
slstency of the devlatlon suggests that It may be real In any case, the results descrtbed hele 
suggest that trlterpene blosynthesls m peppermlnt IS not closely reldted to either mono- 
terpene or sesqulterpene blosynthesls Certainly the bulk of trlterpene 5>nthesls does not 
appear to be as tightly compartmentahzed as the btosqnthcsls of the lower terpenes That the 
sites of trlterpene and sesqulterpene synthesis (and the fdrnesyi pyrophosphdte precursor 
pools of these compounds) cannot be the same IS apparent from the fact that equrvalrntl~ 
labelled squalene has largely turned over at the time that scsqulterpcne prefercntl~lly 
labelled In the IPP-derived portion, reaches maxrmum rncorpordtlon of MVA-2-‘“C1 (I e 
after a 6 hr lncorporatlon pencd) A slmllar argument could be made regarding trlterpene 
vs monoterpene blosqnthetlc sites 

TARI E 1 DISTRIBbTIO\ OF LABFI lb SQUALE‘\F BIOS~XTHFSIIID FR0b.1 kl\ &-?-“c ArrFR LAHIOII\ 
IUCORPORATIOY P, RIOI)F 

Component 
isolated 

(time m hr) 
Specific activity 

(dpmipmol, 10e4) 

Total radloacti\ it! (“,)* 
TheoretIcal 

Direct 
Observed mcorporatmnt Randomlred$ 

Squalene 100 100 
1 hr 29 4 100 
4 hr 33 I 100 
7 hr 23 5 100 

Acetone 
(as oxlme) 

1 hr 
4 hr 
7 hl 

4 64 31 6 
5 35 32 4 
4 16 35 4 

Levulrmc acid 
(as propyl ester) 

I hr 
4 hr 
7 hr 

5 09 69 2 
5 66 68 4 
4 02 68 4 

Succunc acid 
(a5 drpropyl ester) 

I hr 
4 hr 
7 hr 

0 53 18 
0 70 21 
0 26 1 1 

33 3 

66 7 66 7 

0 

20 

13 3 

* (Specific actlvrty of product Isolated x mol of product per mol of squaleneispecrfic 
actlvlty of squalene) x 100 Each mol of squalene yields 2 mol acetone, 4 mol le\ulu-uc acid 
and 1 mol succmlc acid 

t Assummg direct mcorporatlon of MVA-2-14C, wrth eqtmalent labellmg of IPP- and 
DMAPP-derived unrts 

$ Assummg label from MVA-2-% IS completely randomlred throughout the squalene 
molecule 

Earher,” IncIdentally to studies of monoterpene blosynthesls, we observed rncorporat1on 
of labei from MVA-2-14C into material that travelled with the solvent front on TLC plates 

I9 BA~AILE, J and LOOMIS, W D (1961) Brochm Blophys Acra 51, 545 
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Smce this area was conspicuously yellow-plgmented, we concluded that carotenes had be- 
come labelled The present results suggest that most of the label observed In this hydrocarbon 
fraction was m fact m squalene This mterpretatlon IS consistent with the observed com- 
partmentahzatlon of carotenold biosynthesis wlthln chloroplasts ’ 

The results of this and other studles3-5 suggest raprd synthesis and turnover of terpenolds 
at the squalene/tnterpene sites, with no apparent DMAPP pools, contrasted with slower 
synthesis and turnover, and DMAPP pools, at the more compartmentahzed (but separate) 
monoterpene and sesqulterpene sites Thus, the picture that emerges from tracer mvestlga- 
tions of terpenold blosynthesls In peppermint IS one of multiple compartmentdhzed sites, 
each site producing characterlstlc terpenold compounds and having Its own unique 
physiology 

EXPERIMENTAL 
Plant maferml Peppermint plants were the Black Mltcham cultlvar of Menrha ppentu L , propagated 

vegetatively from the clone used prevlously,‘g m a growth chamber mamtamed at 24” day temp and 10’ 
mghttemp durmgaregular24-hrcyclewlth l6-hr/dayunder 10500-l I OOOIxl~ght mtensity,as determmed with 
Se photocell 20~Z1 Illummatlon was from Sylvama VHO Gro-Lux and Wide-Spectrum Gro-Lux lights m equal 
numbers Cuttmgs, conslstmg of the tuft of youngest leaves at the growing tip plus the next 2 leaf pairs, were 
taken m the morning 2 5 hr after the begmnmg of the ltght period Stems were cut under HZ0 and the 
cuttings were carefully tested before feeding began to Insure that they were ahle to take up HZ0 actively 
Fresh weights of cuttmgs were between 250 and 350 mg, and cuttmgs were matched visually as closely as 
possible In spite of these precautions, some varlablhty 1s unavoidable, especially when comparmg separate 
experiments that may have been done several months apart 

lsolatron and fructIonutlon of unlubelled hexune-soluble muterrul Ten cuttings were exhaustively extracted 
with hexane m the presence of anhyd Na2S0, An ahquot of this extract was decolorlzed with Norit A 
activated charcoal and analyzed by GLC4 to determine the monoterpene (3000 nmol per cutting) and 
sesquiterpene (50 nmol per cutting) content The remammg extract was taken to dryness under N2 to remove 
volatile substances The yellow, waxy residue was taken up m Et20 and separated by TLC (with standards) 
on silica gel G (20 cm x 30 cm x 0 3 mm) usmg C,H,-Et,0 (7 3) 22 The developed plate was dried, sprayed 
with rmmmum rhodamme 6G (0 05 % m EtOH) and the separated bands vlsuahzed under UV hght The 
‘hydrocarbon band’ (R, 0 9) was scraped from the plate and extracted with dry Et20 GLC analysis showed 
this fraction to contam squalene (10 nmol per cutting) and small quantities of long chain paraffins (e g 
C2,, C&, presumably from the cuticle The ‘pentacychc trlterpenol band’ (R, 0 25), ‘sterol band’ (R, 0 15) 
and ‘orlgm band’ were removed from the plate and extracted with dry Et,0 Each fraction was then streaked 
on another silica gel G plate (20 cm x 30 cm x 0 3 mm) which was developed with CHCI,-EtOAc (1 1) 22 
The pentacychc trlterpenol band was agam located with rhodamme 6G (RI 0 60), scraped from the plate and 
eluted with Et20 GLC analysis indicated the presence of a-amyrm (cu 1 nmol per cuttmg) The sterol band 
(RI 0 55) was slmdarly Isolated and analyzed by GLC, and shown to contam primarily sltosterol (50 nmol 
per cutting) with mmor amounts of other umdentdied sterols The orlgm band from the first plate yielded a 
triterpene acid fraction (R, 0 2) on rechromatography with CHCl,-EtOAc Methylatlon with ethereal 
CH,N, followed by GLC analysis Indicated the presence of ursohc acid with a mmor amount of oleanohc 
aclci (t&al of 5 nmkl per cutting) 

Admmrstrutlon ofmeuulonute-2-‘4C For all experiments RS-MVA-2-‘% (N,N’-dlbenzylethylene-chamme 
salt) obtained from New England Nuclear Corp , Boston, Massachusetts, was employed Tlus substance was 
reported by the manufacturer to possess a specific activity of 6 33 &i/prnol and a radiochemIcal purity 
greater than 99% as determined by PC For time-course studies, cuttings were placed in vlals m a small 
growth chamber under day condltlons as described above and given an aq solution of RS-MVA-2-14C 
(2 5 ~0, 0 4 pmol, m 0 05 ml) through the cut stems After the uptake of labelled material (30-50 mm) the 
vials were kept filled with chst H,O At appropriate time intervals cuttmgs (m triplicate) were removed, and 
the hexane-soluble material was lmmechately extracted For squalene degradation studies at various time 
periods,, mcorporatlon of MVA-2-‘“C was carried out exactly as described above and cuttings were pooled 
according to the followmg schedule 1 hr. 2 cuttings, 4 hr. 2 cuttings, 7 hr, 3 cuttings 

Isolatron and fraclronatlon of “C-labelled hexune-soluble muterrul Hexane-soluble substances from 
MVA-2-“C-fed cuttings were analyzed as described above for unlabelled material, except that carrier 

2o BURLS, A J and Loohns, W D (1967) Pfunt Physrof 42,20 
21 BA~AIL~, J , Buxeorr, A J and LOOMIS, W D (1968) Phytochemrstry 7, 1159 
If HOLLOWAY, P J and CHALLEN. S B (1966) J Chromatog 25,336 
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squalene (40 pg per cutting), sttosterol, a-amyrm and oleanohc actd (50 pg of each per cutting) were added 
to each hexane extract before fracttonatton The “YZ-labelled hydrocarbon fractton uas analyzed by pa\ 
radtochromatography, while the ‘*C-labelled pentacycltc trtterpenol, sterol, and trtterpene actd fracttom 
were analyzed by hqutd scmttllatron countmg 

GLC analyas of hexane-soluble components and squalene degradatron products Unlabelled hexane-soluble 
components were analyzed using a Perkm-Elmer 990 GLC equipped with F I D Mono- and sesqul-terpenes 
were separated on a 6 1 m x 3 I75 mm column packed with 1 ” ,. phenyldtethanolamme succmate-I 5 “0 
sucrose acetate tsobutyrate (PDEAS-SAIB) on 100-120 mesh Chromosorb G, programmed from 125 to 
165” at I’/mm with N2 flow rate of 30 ml/mm The mono- and sesqur-terpene content of peppermmt 011 and 
further details of analysts are described elsewhere 4 s The hydrocarbon fractton was analyzed on a 36 cm 
3 175 mm column packed wrth 3 od SE30 (methyl sthcone orl) on 70-80 mesh Chromosorb G and operated 
at 215” with NZ flow rate of 35 ml’mm The pentacyclic trtterpenol, sterol and trrterpene acrd (methyl ester) 
fractions were also analyzed on thts SE30 column, at 250 A 61 cm 3 175 mm column containing 3”” 
SF96 on 100-120 mesh C hromosorb G was also used m analyzmg the four trrterpene fractions All columns 
were stainless steel Squalene, a-amyrm, snosterol, ursohc acid and oleanolrc acid (as methyl esters) Here 
identified by co-chromatography wtth authentic standards on both the SF30 and SF96 column5 A standard 
paraffin mixtureZ3 was also used In exammmg the hydrocarbon fraction Peak areas acre measured with d 
DISC Integrator, and quantttattve analyst\ was made by compartron with standard curves obtamed v.rth 
pure compounds Several radtoacttve components were analyzed by GLC u\rng a Beckman Thermotrac 
temperature programmer fitted with a Carle Macro-Detector (thermal conducuvtty) Radtoactne \qualene 
from the hydrocarbon fractron was analyzed on the SE30 column e\sentrally as descrtbed above Acetoxmle 
from the degradation of squalene uas analyzed on the PDEAS-SAI B column operated at 100 wrth He tlov. 
rate of 30 ml/mm Propyl levuhnate and drpropyl succmate from the degradntron of squalene were analyzed 
on the PDEAS-SAIB column at 175” wrth He flow rate of 30 ml/mm Identitle\ of \qudlene degradation 
products were confirmed by co-chromatography with authentic standards Peak area\ were measured ulth 
a DISC integrator and quantttattve analysts was made by comparrson utth standard curve\ obtained u1il1 
pure compounds 

Isotope analyst7 The pentacyclrc trlterpenol, sterol, and trtterpene acid (methyl e\ter) frncttons rsolatcd by 
TLC were counted directly m a Packard Trt-Carb hqutd scmttllatton spectrometer using a scmtrllatton solvent 
composed of 0 4% 2,5-dtphenyloxazole (PPO) and 0 003”’ ,D p-bts-2-(5-phenyloxazolyl)-benzene (POPOP) 
m toluene The system had an efficiency of 86 ‘?L with a background of 23 dpm and a countmg error of _ 3 “0 
Labelled compounds exhtbtted no quenching at the concentrattons employed. and well over 50 000 counts 
were accumulated for each sample Components separated by GLC (squalene, acetoxtme, propyl levulmate 
and dtpropyl succmate) were assayed for radtoactntty with a Nuclear-Chicago Brospan 1998 contmuous pa\ 
flow counter attached directly to the outlet of the GLC thermal conductrvtty detector The mztrument ala\ 
calibrated with toluene-“+C, and peak areas were determmed with a Disc tntegtator Spectfic acttvrttec ucrc 
determined on ahquots contammg 5000-30 000 dpm and 0 l-0 5 pmol of sample U\mg this s\btem \pcc~tic 
activities could be determined routinely to within _i 10% of true value 

Pur?ficafron oflabelled \qualene Hydrocatbon fractions were prepared from “‘C-labelled hexane extract\ 
as described above About 0 2 mg of carrrer squalene uas added to each extract, and radtoacttve squalene 
was isolated by semtpreparattve GLC on the SE30 column under condmom descrrbed above [squalenc Ha\ 
trapped off the exit port of the thermal conducttvtty detector In captllary tubes filled with glass wool netted 
with hexane (70:: yield, 100% radtopurlty)] Another 0 7 mg of carrier wac added dnd the specific dctnlty 
of an aliquot (representing about 25 “A of the sample) was determined by gas radtochromatography 

Oronolvrrs ofsqualene The procedures followed were essentially those of Rtllmg and Rloch,” which 
mmimtze secondary oxtdatton of levuhmc acid to succmlc actd Squalene (c: I mg) tn hexane was ozonlred 
for 3-5 mm at 0” with an ozone-oxygen stream Acetic acid (0 1 ml) was added and ozonlratlon continued 
for another 3 mm A solution of 10% HzOz (0 1 ml) was added to the reaction mixture which was shaken 
for 30 mm at room temp Another portion of IO% H202 was then added with further shaking FInall,, 
0 5 ml HZOZ and 0 5 ml Hz0 were added, and the reactlon mixture was warmed to 70 for 30 mm under 
a water-cooled reflux condenser The solution was then cooled, 0 5 ml Hz0 was added, and the pH was 
adJusted to 5 with NaOH Acetone was dlsttlled m an Nz stream into h>droxylamme solution m a screw-top 
vial (5 ml HZO, 5 ml EtOH, 1 5 g NH,OH HCI and 3 g KOH) The vral was sealed. warmed, shahen, and 
held overnight This mixture was then diluted with 20 ml H,O, and the acetoxlme was extracted with Et,0 
The extract was then dried over Na,SO, and concentrated under N2 for gas radlochromatography After the 
dlstlllatlon of acetone, the original reaction mixture was made strongly acldlc wjlth 1 ml of 2 5 N H,SO,, 
and the excess Hz02 destroyed by adding FeSO, m the cold Succmlc and levulmlc acids were removed b\ 
exhaustive extraction with Et,0 The extract was dried over Na*SO,, filtered mto a small flask, and brought 
to dryness under a stream of N, To the mixture of buccmic and le\ulmic acids has added I ml BF, In 
n-propyl alcohol (14”/& w/v) which was then refluxed for I5 mm 24 The boiled mixture was cooled, 5 ml Sat 

23 GASKIN, P , MACMILLAN, J , FIRN, R D and PRYCF, R J (1971) Phvfochemlrrry 10, I I55 
24 SALWIN, H and BOND, J F (1969) J Ass Offir Anal Chem 52,41 
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(NH&SO4 solution added, and the propyl esters extracted with Et20 The Et,0 solution was then drred 
and concentrated for gas radlochromatographlc analysis The propyl esters, rather than the methyl esters, 
were employed m this mstance because methyl levulmate (b p 196”) and dlmethyl succmate (b p 195 9”) 
could not be adequately resolved by GLC 
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