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Abstract-Chloroplastslsolatedm organlcsolvents(“non-aqueouschloroplasts”)lncorporate [2-‘4C]-mevalonate 
mto geranylgeramol and phytoene No mcorporatlon mto phytol or mto other carotenmds was achieved, even 
m mixtures of non-aqueous chloroplasts with chloroplasts prepared m aqueous media The mcorporation of 
geranylgeranyl pyrophosphate mto phytoene by the non-aqueous chloroplast preparation has been demonstrated, 
and the stereochemistry of hydrogen loss m phytoene synthesis by non-aqueous Lhloroplasts has been determined 

INTRODUCTION 

CONSIDERABLE evdence IS available to suggest that the carotenold pigments normally 
present m the chloroplasts of higher plants are synthesized, VI MU, m the plastlds 1 Early 
attempts to demonstrate carotenold synthesis from mevalomc acid m chloroplasts isolated 
by a variety of aqueous techniques met with little success, the failures being attributed to 
losses of water-soluble components from the plastlds during lsolatlon ’ Chloroplasts 
isolated m organic solvents (“non-aqueous chloroplasts”) however, were found to be capable 
of incorporating [2-‘4C]-mevalonate mto the carotenold precursor phytoene 3 Prehmmary 
work3 suggested that labelled phytol was also formed from [2-‘4C]-mevalonate by this 
system, and ra&oactlvlty was also detected m a chromatographlc fraction contammg 
xanthophylls (oxygenated carotenolds) 

The possible synthesis of phytol by this system has now been re-exammed, with the use 
of more rigorous purification techniques Also, m order to evaluate the non-aqueous chloro- 
plast preparation as a cell-free system suitable for studying the blosynthesls of chloroplast 
carotenolds, the ability of the system to mcorporate mevalonate mto carotenolds other 
than phytoene has been investigated, and the potential usefulness of the system for detailed 
studies of phytoene blosynthesls has been explored 

RESULTS AND DISCUSSION 

Incubation of [2-‘4C]-mevalonate (12 &I) with non-aqueous chloroplasts gave good 
mcorporahon (1068 900 dpm, 8% of the active isomer) mto hpld material, m agreement 
with the work of Charlton ef al 3 Of the total radloactlvlty mcorporated, 37% was located 
m the chromatographlc fraction contammg carotene hydrocarbons, lSo/, m the fraction 
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contdmmg xdnthophylls, nnd48”,, m the frdction expected to contain sterols, trlterpenes and 
terpenold alcohols 

Exdmmdtlon of TLCs of the first (hydrocnrbon) frnction by dutoradlography and by 
ccdnmng for rddlodctivity showed the pl esence of one main radiodctlve zone correspondmg 
to phytoene Carrier nmounts of phytoene, phytofluene, %- /i- and c-carotenes and lycopenc 
were ‘tdded to this fraction (279 300 dpm), dnd each of these carotenolds wds purified dnd 
dssayed for radloactlvlty The phytoene wds highly lnbelled (I 76 540 dprn ~ecovcred) but 
the other compounds were ali mactlve 

Ex,tmm‘jtlon of SI~K,I gel TLC\ of the third (xdnthophyll) fraction by nutor‘idlogruphq 
re\e&d the presence of d strong rddlodctlve zone correspondmg to lutem They lutem 
bnnd ads isoldted and shown to contain almost ,111 the rddlodc,tivitj present m thir third 
fraction After rechromdtogrdphy of the lutem fraction on MgO however ‘lutordd1ogr+ 
phy revealed thdt the rddlodctl\ity did not correspond to iutcln but to dpproximntely four 
colourless zonec near the solbent front Theye have not been ldentlfied After addltlon of 
carriers, purlficdtion dnd rddlodssny of lutein, vloldxanthm dnd ncoxdnthm showed that 
no rddlodctivlty was dsrocldted with these xdnthophylls but mo\t (23 100 dpm) of the in- 
ltldl rddiodctivity (33 IOOdpm) wdc recovered from the solvent front zone of the MgO 
chromdtogrdm, 

The present b\oorb, m which mole rigorous techmques h‘lve been used fol pullficdtlon of 
the c_irotcnotds confirms the cnrlter findIng th‘lt the non-dqueou\ ch101 opl‘tst \J stem 14 
cap,\ble of s>ntheszmg ph\ tocne from mevdlonntc (((I 1 “o conwt \IOII of the .tcti\c Isome ) 
and shows that no synthesis of phytofluenc, ;- cdl otcnc, IyLopenc or dJlq of the normdl bean 
leaf cdrotenoldr occurs 

Exdmindtlon of slhca gel TLCs of the second chromdtogrnphiL frdction by auto- 
lddiogrdphy dnd scanning for rddloactivity showed thdt the activity corresponded to the 
terpenold ,Ilcohols (phytol), and not to the trlterpene or stcrol po\rtlons By reversed phase 
TLC, however, it wd’, shown thdt the r~~dto~lctl\lty wds m f‘ict dssoclated with gcranql- 
geranlol ‘md not with phytol After addition of cdl rler amountc of gelnnylgerdmol phytol 
farnesol geranylhnalool dnd sterol, gcrdnylgernmol \nmplc\ purified b\ TLC reversed 
ph‘ise TLC and GLC were found to be he‘tvrly ldbelled (total dctlvlty recovered 206000 
dpm. from rnltlnl355 800 dpm) \thel eds slrnll&y purified snmples of the other compounds 
contdtned no I ,idlo,ictlvltc When ;I sdmplc of gel ,mtIge~,~n~ol (20 000 dpm) \+,li 
hydrogenated. the rddiodctlvity remained dssocl;lted with the perhydtogcranylgerdmol 
after pur&icatlon by TLC reversed phdse TLC ,md GLC (total ;IctlvltJ Iccovered, 1 I 200 
dv) 

This work therefore shows thdt the non-nqueous chloroplast system ~111 mcorporate 
mcvnlonntc into geranylgerdnlol, dnd not mto phytol a\ suggested bq the en1 her prehmmary 
work ’ The gerdnylgeramol is presumably formed from gerdnylgeran>l pyrophosphdte by 
the dctlon of phosphatases the presence 01 uhlch has been demonstrated by gel 
eltctrophoresls * 

Thenon-aqueouschloropldst system IS therefore capable of performmg the early redctlons 
of cdrotenold blosynthesls, 1 e the reactions leading to gernnylgerdnyl pyrophosphate and 
phytocne It IS hkcly that these reactions tdke place in dn dqucous enin-onment, tequirmg 
soluble enzymes, and prepdratlon ofchloropL:stsm orgdmc solvents should mmlmlze losses 
of ~~dter+oluble enTyme$ and cofactors w111ch may bc Ic‘lchcd from chlol opl,l,ts prepnled 
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in aqueous media The enzymes acting later m the pathway of calotenold biosynthesis, 1 e 

the desaturatmg, cychzmg and hydroxylatmg enzymes, utilize water-msoluble hydrocarbon 
substrates, and it seems likely that organic solvents would adversely affect the non-polar 
environment m which these reactions take place, so that no reactions after phytoene 
production can occur Isolation of chloroplasts m aqueous media, however, should not 
adversely affect these enzymes m this way 

In the previous work,3 attempts were made to use nuxtures of non-aqueous chloroplasts 
with chloroplasts prepared by aqueous techniques, since it was considered that such 
rmxtures nught supply all the components necessary for synthesis of the normal chloroplast 
carotenolds In no case was any mcorporatlon of radloachvlty from [2-‘4C]-mevalonate 
mto any carotenold except phytoene detected In the present work, m smular mcubatlons 
of nuxtures ofnon-aqueouschloroplasts prepared by some more recently developed aqueous 
procedures,“6 mevalonate was mcorporated only mto geranylgeramol and phytoene, and 
not mto any other carotenold It thus appears that the non-aqueous chloroplast preparation 
is not of potential use, even in mixtures with chloropldsts lsoldted m aqueous media, in 
studies of the blosynthesls of carotenolds occurrmg later than phytoene m the biosynthetic 
sequence 

The system should, however, be useful for studymg details of the blosyntheas of 
phytoene Some prelnnmary mvestlgatlons of some aspects of phytoene blosynthesls were 
therefore undertaken to evaluate the potential usefulness of the system 

Theformatlonofphytoenelsgenerallyconslderedl tomvolve a “tall-to-tall”condensatlon 
of two molecules of geranylgeranyl pyrophosphate m a reaction somewhat slrmlar to the 
formation of squalene from farnesyl pyrophosphate, and IS now beheved to Involve an 
intermediate, prephytoene pyrophosphate’ (prelycopersene pyrophosphate*), a compound 
analogous to presqualene pyrophosphate The case of lycopel sene, the C,, analogue of 
squalene, as a possible intermediate m phytoene blosynthesls has recently been revived 8 
Two aspects of the synthesis of phytoene have been exammed with the non-aqueous 
chloroplast preparation 

A small amount of geranylgeranyl pyrophosphate-[‘“Cl (10 000 dpm) was available, and 
this was used as substrate m the non-aqueous chloroplast system The mam labelled product 
isolated was free geranylgeramol (total activity recovered 5220 dpm), again demonstrating 
the presence m the chloroplast preparation of active phosphatase enzymes, but ca 8% 
mcorporatlon mto phytoene (770 dpm recovered) was achieved No radloactivlty was 
detected m lycopersene This therefore confirms the formation of phytoene from geranyl- 
geranyl pyrophosphate m the non-aqueous chloroplast preparation, but msufficlent labelled 
geranylgeranyl pyrophosphate was available to permit further study of this conversion 

The demonstration of the direct mcorporabon of geranylgeranyl pyrophosphate into 
phytoene, and the fact that phytoene and geranylgeramol are the main terpenolds produced 
from mevalonate m this system, prompted an mvestlgatlon of the stereochemistry of 
hydrogen loss m the formation of phytoene Details of the experiment have been published 
elsewhere 9 One hydrogen atom, orlgmally from C-5 of mevalonate, is lost from C-l of edch 
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of the two molecules of geranylgeranyl pyrophosphate flom which phytoene IS formed 
Incubation of the non-aqueous chloroplast system with [2- “C, (5R)-5-3H, J-mevalonate 
and [2-14C, 5-3H,]-mevalonate dllOWed a direct comparison to be made between the 
14C 3Hatomlcratlosofphytoeneandthoseofgerdnylgeranlol fihlch,asthepyrophosphate 
has been estabhshed as a direct precursor The results of these experiments showed that in 
each case It was the 1 -pro-S hydrogen atom ot geranylgerdnyl pyrophosphate (ongmally the 
5-!7ro-S hydrogen atom of mevdlonatc) thnt waq lost and the 1-pr-cr-K hydrogen ntom 
(ongmally the 5-pro-R hydrogen atom of mevalondte) that wns retamed 

This use of the non-aqueous chloroplast system therefore established the stereochemlstry 
of hydrogen loss m the blosynthesls of phytoene, and this must be taken Into account in 
any postulated mechanism of phytoene biosynthesis, via prephytoene pyrophosphdte, and 
via lycopersene if this is confirmed ns an intermediate No mcorpordtion of mevalonate mto 
lycopersenehasbeendetected,hoVvever in dnq experiment with thenon-nqueouachloroplast 
system Even m the presence of NADH and NADPH, when small dtnounts of squalene are 
producedeither by chloroplastenzymes or by enzymes from small amounts of contammatmg 
cytoplasm, phytoene remams the only Cd0 hydrocarbon produced ’ 

These findings therefore indicate the potential usefulness of the non-aqueous chloroplast 
system m detailed studies of the blosyntheslr of phytoene Smce the early work on the 
development of the non-aqueous chloroplast system was reported several other cell-free 
systems hdve been developed for studying carotenold biosynthesis in green tissues of higher 
plants A cell-free system from ped fruits hat been descrlbedlo7’ ’ which will mcorporate 
mevalondte into phytoene and also mto squdlene ‘lnd kdurene This pea system probably 
contams extra- and mtra-chloroplastldlc maten4, and IS obvlouslq potentially useful for 
mvestlgatmg the controlling factors responsible for chdnnelllng blosynthetlc Intermediates 
mto terpenolds of different clnsses The convurslon of lycopcne m to cqchc carotenes by bean 
leaf” and spmach ’ 3 chloropldst systems has been detnonstrated, dnd the mcorpordtlon of 
iropentenyl pyrophosphate and phqtoene mto lycopene dnd cqchc carotenes by spmdch 
chloroplast prepat atlons hds been described ’ 4 

The non-aqueous chloroplast prepdratlon provides the opportunity to study the details of 
the biosynthesis of phytoene m d simple and efficient system, not comphcated by the 
db:hty to form other carotenolds and other terpenolds 

FXPLRIMENTAL 

Ptepcr~anon ofchloroplacts Seedlings of dwarf bent] (Phrr~roicr~ ~u/+IJ~~ \a~ LIghtrung) \\ere grown lor 12 14 
days at 20-24 m the dark, followed by 24 hr dlumlnatlon The leaf tissues were then freeze-drled dnd d 
preparntlon of developmg chloropksts wds obtamed by the non-aqueous techmque descrtbed by Chdrlton rf ul 3 

lntuha~rons The chloroplast pellet suspended m 0 1 M t>otdsYtum ohosphdte buffer pII 7 4. WdS subjected 
to ultrdsomc dlsmtegrdtloi for.1 mln ds ‘p~cv~ously dexrl&d bcfort’ddd;tlon of co-factors ATP (IO ,imol), 
MgCI, (20 ymol) and GSH (20 Bmol) dnd apploprlatc %lbstrdtc The mlrture, hnal \ol I 5 ml, wds Incubated 
at 25 ’ for 6 hr Substrdtes used were [2-‘4C]-me\dlon~c ‘ILI~ (d\ K ’ dt, 2 jrCl per 1 5 ml incubdtlon) dnd 
[4 8 12 16-‘4C]-gerdnylgeranyl pyrophasphatc (10000 dpm) 

P~rpcuatm of thhopkuui 111 aqueous nwd~u Secdlmgs of dwdrf bean wcrt grown d\ described dbove. and 
chloropldst prepdrdttons were obtamed by the methods of Wdlktr 4 Jensen and Bdssh,lm’ ,md Cockbura r! a/ ’ 
These aqucoub Lhloropldsts Rcre mlxed with non-aqueous chloroplartb helore dl\rupuon dnd Incubdtlon with 
[2-‘aC‘l-mevdlonate ds dcccrlbed above 
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Extraction and ptmficatmn ofreactlon products After mcubatlon, the reactlon mixtures were sapomfied and the 
unsapomfiable hpld material was extracted by standard procedures” and chromdtographed m light petrol 
(b p 40-60”) on a column of neutral alumma (activity grade III) Three fractions, eluted respectively with 0 5% 
Et,0 m light petrol, 30% Et,0 in hght petrol and 2% EtOH m Et,O, were collected From the first and second 
fracbons respectively phytoene and geranylgeramol were Isolated and purified m several successive TLC systems 
as described elsewhere ’ In expenments to examme other carotenolds for radloactlvlty, appropriate carriers 
were added to the column chromatographlc fractions, and these carotenolds were separated and each was purified 
by TLC according to standard procedures I5 Chromatograms at different stages m the TLC purification 
procedure were exammed for radloacttvlty by scanmng and by autoradlographv Geranylgeramol (diluted with 
carrier, 2 mg) was hydrogenated, m cyclohexane, with PtOz as catalyst, dnd the product, perhydrogeranylgeramol 
was purified on the same TLC and reversed-phase TLC systems as were used fol geranylgeramol 

GLC Samples of geranylgeramol and perhydrogeranylgeramol were purified by preparative GLC at a column 
temp of 190” and gas flow-rdte (N2) of 5 ml/mm, on d 1 8 m column of lo’:, cvclohexdnedlmethdnol succmdte 
on Chromosorb W m an Aerograph A-700 Autoprep Instrument eqmpped with a Vdrldblc efiluent sphtter 

DrtrLtmn und UAW) of rudloactluty Autorddiogrdphy wds performed ds previously descrlbed,3 dnd samples 
were assayed for radloactlvlty by hquld scmtlllatlon countmg as previously described 9 TLCs were examined for 
radloactlvlty with a Panax RTLS-I A scanner 

[4,8,12,16-‘4C]-Grruilylyeranyl pyrophosphate Ldbelled geranylgeranyl pyrophosphate wds prepared (by Dr 
J R Vose) blochenucally by incubating [2-“‘Cj-mevdlonate with Echlnocystrs macrotarpa endosperm,” the land 
gift of Dr C A West, Umveraty of Cahforma, Los Angeles 
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