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Abstract-Gibberellic acid (GA,) and 13-deoxy-gibberellic acid (GA,) were identified in extracts of germin- 
ating barley as their W-methyl esters. The maximal level of GA, was estimated by an isotopic dilution 
procedure to be 1,5 ng per grain. Germinating barley incorporated 2-W-mevalonic acid into several 
terpenes, whose specific radioactivities were measured, but mcorporation into GA3 could not be detected. 
Cell-free embryo extracts from germinating barley converted 2-14C-mevalonlc acid into isopentenol,* 
dimethylallyl alcohol, farnesol and squalene, while W-isopentenyl pyrophosphate was mcorporated into 
geramol, famesol, geranylgeraniol and squalene. There was no detectable mcorporatlon mto the gibberellin 
intermediate ent-kaurene. 

INTRODUCTION 

DURING germination barley embryos release a substance which initiates the secretion of 
enzymes from the aleurone layer,14 an effect which can be simulated by gibberellic acid 
(GA3).5-g GA, (I) has been identified in immature grain, and compounds chromatographing 
with GA, (II) and GA7 (III) are present. lo The chromatographic properties of the stimu- 
latory substance have led some workers to believe it to be GA3 (I),’ 1,12 while others believe 
it to be GA, (IV). 13*14 The scutellum is possibly the initial site of gibberellin produc- 
tion , 13*15*16 with subsequent production in the embryonic axis.17*18 In the present work an 

* The following trivial names are used: copalol: (-)-labda-8(16), 13-dien-15-01; dimethylallyl alcohol: 
3-methylbut-2-en-l-01; farnesol: 3,7,11-trimethyldodec-2,6,10-trans-trien-l-01; geraniol: 3,7-dimethylocta- 
2,6-truns-dien-l-01; geranylgeraniol: 3,7,11,15-tetramethylhexadec-2,6,10,14-trunr-tetraen-l-ol; isopentenol: 
3-methylbut-3-en-l-01; ent-kaurene: ent-kaur-16-ene; mevalonic acid: 3,5-dihydroxy-3-methylpentan-l-oic 
acid; squalene: 2,6,10,15,19,23-hexamethy1-2,6,10,14,18,22-tetracosahexane. 

1 YOMO, H. (1958) HakkB Kydkaishi, 16,444. 
z YOMO, H. (1960) Hukkd Kyskaishi, 18,494,500,600,603. 
J BRIGGS, D. E. (1963) J. Inst. Brewing 69, 13. 
4 BRIGGS, D. E. (1964) J. Inst. Brewing 70, 14. 
5 PALEG, L. (1960) Plant Physiol. 35,293. 
6 PALEG, L. (1960) Plant Physiol. 35,902. 
’ BRIGGS, D. E. (1968) Phytochemistry 7, 513. 
8 BRIGGS, D. E. (1968) Phytochemistry 7, 531. 
g BRIGGS, D. E. (1968) Phytochemistry 7,539. 

lo JONES, D. F., MACMILLAN, J. and RADLEY, M. (1963) Phytochemrstry 2, 307. 
I1 COHEN, D. and PALEG, L. (1967) Plant Physiol. 42, 1288. 
I2 GROAT, J. I. and BRIGGS D. E. (1969) Phytochemistry 8,1615. 
I3 RADLEY, M. (1967) Pkmta 75, 164. 
I4 RADLEY, M. (1968) Plant Growth Regulators S.C.Z. Monograph No. 31 p. 53. 
I5 RADLEY, M. (1969) Plunta 86,218. 
I6 BRIGGS D. E. (1972) Planta 108, 351. 
I7 MACLEOD, A. M. and PALMER, G. H. (1966) J. Inst. Brewing 75, 580. 
I8 MACLEOD, A. M. and PALMER, G. H. (1967) Nature 216,1342. 
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under identical conditions. If this is true, then a plot of y against x has a slope of a and an 
intercept on the y axis of ub. From this b can be calculated. This method was validated on a 
series of samples containing 0, 1.6, 4, 8 and 10 pg of GA, (I). Each sample was converted 
to the 14C-methyl ester, was mixed with known amounts of unlabelled GA, methyl ester (V), 
and was purified and recrystallized. A plot of the final specific activity against the amount of 
GA, in the original sample gave a straight line through the origin. 

The method was used to assay the level of GA, (I) in germinating barley. Barley (1 kg) 
was malted for 2.5 days. The acidic materials were extracted and divided into ten equal 
portions. GA, (0,2,4, 6 and 10 pg) was added to pairs of these samples. Each sample was 
purified, and converted to the i4C-methyl esters. Then unlabelled carrier methyl ester 
GA, (V) was added and the samples were crystallized. From the final specific activity of 
each sample the amount of GA, originally present, y, was calculated. A plot of the values 
of y against the amounts of GA, added, x, gave a straight line, with a calculated slope u of 
O-225 and an intercept on the y axis of 0.961 pg giving a value of 0.961/O-225 = 4.27 pg 
GAS/original sample. This is about 1.5 ng of GA3 (I) per corn, in reasonable agreement with 
the amount of gibberellin-like material found by bioassay (1 ng). l2 Since there is a correction 
for losses during purification inherent in the radioactive derivative assay a higher figure than 
that derived by bioassay is expected. Lack of carrier prevented GA, being asayed in a 
similar manner. 

The Biosynthesis of Terpenes in Germinating Barley 
Two approaches were made to achieve the incorporation of terpene precursors into 

ent-kaurene or GA, (I) in germinating barley. Firstly proteins were separated from cell-free 
extracts and tested for their ability to synthesize ent-kaurene, a biosynthetic intermediate, 
from terpene precursors. Secondly whole barley was germinated in the presence of 2J4C- 
mevalonic acid (MVA) and incorporation into GA3 (I) and other terpenes was determined. 

Cell-free extracts from some plants actively synthesizing gibberellins are capable of 
converting MVA into ent-kaurene, the activity occurring in the supernatant fraction pre- 
pared from tissue homogenates by high-speed centrifugation.‘g-24 Extracts need to be 
supplemented with ATP and Mgz+ or MI?+. The metabolism of ent-kaurene to ent-7 
a-hydroxykaur-16-en-19-oic acid also occurs via the “microsomal” fraction in such prepar- 
ations.lg Comparable extracts were prepared from embryos from barley malted for l-5 
days, the time of maximal increase in the level of gibberellin-like material.” The incubation 
conditions used were those found to be optimal 25 for the production of the recognized 
terpene precursor, farnesyl pyrophosphate (FPP). No radioactive hydrocarbons were detected 
in these trials. However, about 50 % of the radioactive material from 2-14C-MVA was volatile 
at room temperature. Unlabelled carrier isopentenol, dimethylallyl alcohol, geraniol and 
farnesol were added to the bulk of the radioactive solution. Three radioactive materials 
were separated from the concentrated solution by GLC. The material eluted first was not 
identified but the others had the same retention times as isopentenol and dimethylallyl 
alcohol. Materials from four GLC separations were grouped. Appropriate unlabelled 

I9 GRAEBE, J. E., DENNIS, D. T., UPPER, C. D. and WEST C. A. (1965) J. Biol. Chem. 240,1847. 
2o ANDERSON, J. D. and MOORE T. C. (1967) Planr Physrol. 42,1527. 
21 GRAEBE, J. E. (1968) Phyrochemistry 7,2003. 
22 GRAEBE, J. E. (1969) Planta 85, 171. 
23 COOLBAUGH, R. C. and MOORE, T. C. (1969) Plant. Physiol. 44,1364. 
*4 ROBINSXN, D. R. and WFST C. A. (1969) Biochemistry 9, 80. 
25 MURPHY, G. and BRIGGS, D. E. unpublished. 
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alcohols were added and 3,Sdinitrobenzoyl esters were prepared. Attainment of constant 
specific activity on recrystallization confirmed the identities of the separated materials. Wrth 
the isopentenyl ester a constant specific activity of 2.2 dpm/mg was obtained in 12 mg crys- 
tals after 4 crystallizations from ethanol, beginning with 72 mg material. With the ester of 
dimethylallyl alcohol four crystallizations from ethanol of 86 mg material yielded 14.5 mg 
with a specific activity of 3.5 dpm/mg. Portions of the non-volatile radioactive material were 
separated by TLC (solvent systems 7, 8 and 9), the radioactive material chromatographed 
like farnesol. Carrier farnesol or geraniol was added to samples of the radioactive material 
purified by TLC (solvent 8) and derrvatives were made and recrystallized. Radioactivity was 
lost when the geranyl ester was recrystallized. The major non-volatile radioactive product 
was farnesol as four crystallizations from hexane gave 2.1 mg ester of constant specific 
activity (598 dpm/mg) from an original 12.3 mg of material. 

Presumably the terpenols were produced by the action of a phosphatase on their pyro- 
phosphate esters, and were side-products of the biosynthetic pathway. As the level of 
GA, (I) in intact germinating grain was low, high levels of the enzymes responsible for the 
production of ent-kaurene were unlikely to be present. It was hoped that by inhibiting 
phosphatase activity, incorporation into terpenes, mcluding ent-kaurene, could be increased. 
However, such inhibitors might inhibit the enzymes of terpene synthesis, so their effects 
were tested on the formation of squalene. This hydrocarbon is formed from MVA, Its 
formation could be followed easily, and it is readily formed in comparable extracts from 
pea seedlings.‘O 

TABLE 1. INCOKPORATION OF %Z-ISOPENTENYL PYROPHOSPHATE INTO TERPENFS 

USING CELL-FREE EXTRACTS OF BARLEY 

Fraction 
Recovery 

dpm % IPP 

(a) Without todoacetamide 
Total extract 
Non-volatile extract 

Material chromatographing with: 
Geramol 
Farnesol 
Geranylgeramol 

277 000 61.5 
181000 40 3 

42 300 9.4 
39 300 8.72 
22 000 4.9 

(b) With iodoacetamide and farnesyl pyrophosphate 
Total extract - 
Non-volatile extract 52 000 11.6 

Material chromatographing with. 
Geramol 1020 0 23 
Farnesol 1428 0 32 
Geranylgeramol 35 700 88 

Lipids were extracted from incubations with 2-14C-MVA and separated by TLC (solvent 
7). Extracts supplemented with NADPH formed a radioactive material chromatographing 
with squalene (solvent 10). Levels of NADPH of 0.5 mM or more gave maximal rates of 
synthesis. The identity of this radioactive material was confirmed by adding unlabelled 
squalene, preparing the hexachloride derivative and crystallizing both acetone soluble and 
insoluble materials three times from ethyl acetate to constant specific activity (33 dpm/mg). 
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Acetone soluble material, initially 43 mg, gave 205 mg final crystals. Acetone insoluble 
material, 9.5 mg, eventually gave 4.5 mg crystals. 

Various compounds shown to be inhibitory to 4nitrophenylphosphatase (E.C. 3.1.3.2.) 
in cell-free extracts of barley were tested for their effects on the incorporation of MVA into 
squalene. Both fluoride (2-10 mM) and L-3-glycerophosphate (10-40 mM) were inhibitory 
while phosphate had no effect in the range of concentrations tested. Iodoacetamide, which 
did not inhibit 4_nitrophenylphosphatase, stimulated the incorporation at low concentrations 
(l-2 mM), but was a potent inhibitor at high concentrations (S-12 mM), presumably due 
to its effect on isopentenylpyrophosphate isomerase (isopentenyl pyrophosphate A3-AZ 

isomerase EC. 5.3.3.2.). 26 An attempt to separate the phosphatase from the terpene- 
synthesizing proteins by fractionation with (NHJ2S04 was unsuccessful. 

Two other methods were tested in attempts to reduce the effect of phosphatase on terpene 
synthesis. 14C-Isopentenyl pyrophosphate (IPP) was used as substrate in preference to MVA 
to reduce the number of enzymatic steps involved. In other incubations iodoacetamide 
(10 mM) was added to inhibit the isopentenyl pyrophosphate isomerase, with the addition 
of synthetic farnesyl pyrophosphate (FPP) to condense with the 14C-IPP. The iodoaceta- 
mide was expected to partially inhibit prenyl transferase (dimethylallyl pyrophosphate : iso- 
pentenyl pyrophosphate dimethylallyl transferase E.C. 2.5.1.1.) and ent-kaurene synthetase, 
but transferase from other sources is only 40% inhibited by 20 mM iodoacetamide.27 
ent-Kaurene synthetase from Ricinus communis is inhibited 65 % by 10 mM iodoacetamide.24 
Cell-free extracts prepared from germinated barley were incubated, using the new condi- 
tions. Alkaline phosphatase was added to hydrolyse phosphate esters, and the lipids were 
then recovered. The incorporations were qualitatively similar for extracts from grain 
germinated for 0, 1, 1.5, 2, 2.5 and 5 days. Only results for extracts from barley germinated 
for 1.5 days are illustrated. Carrier geraniol, farnesol and geranylgeraniol were added to the 
lipid extracts and the incorporation into volatile and non-volatile lipids was measured 
(Table 1). The lipid was separated by TLC (system 7). No radioactive material co-chro- 
matographed with ent-kaurene although traces of radioactivity ran with squalene. The polar 
radioactive materials remaining at the origin of the original chromatogram were separated 
by reverse-phase TLC (solvent 9). The incorporations into materials chromatographing 
with geraniol, farnesol and geranylgeraniol were determined (Table 1). The identities of 
these compounds were confirmed when portions of the radioactive materials were added 
to unlabelled carriers and 4-(4-nitrophenylazo) benzoyl esters were made, then recrystal- 
lized from hexane to constant specific radioactivity. The geranylgeranyl ester, 7.2 mg, 
recrystallized three times, gave l-65 mg material of constant specific activity 190 dpm/mg. 
The farnesyl ester, 9.7 mg, after three crystallizations gave 1.74 mg product of constant 
specific activity 1320 dpm/mg. For the geranyl ester the values were 14.9 mg, 4.62 mg, 
specific activity 1158 dpm/mg. In incubations with iodoacetamide, geranylgeraniol was the 
major product, with only traces of farnesol and geraniol. In incubations without iodoacet- 
amide, famesol and geraniol were formed in roughly equal amounts, with only a small 
amount of geranylgeraniol. Since geranylgeraniol pyrophosphate cyclizes to give copalyl 
pyrophosphate and then ent-kaurene 2* the failure to find ent-kaurene in these tests, 
although the pyrophosphate appeared to be present, suggests that the enzymes for its 
formation are not present. 

*6 AGRANOFF, B. W., EGGERER, H., HENNING, U. and LYNEN, F. (1959)J. Am. Chem. Sot. 81,1254. 
27 NANDI, D. L. and PORTER, J. W. (1964) Arch. Biochem. Biuphys. 105, ‘7. 
28 SHECHTER, 1. and WEST C. A. (1969) J. Biol. Chem. 244, 3200. 
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Experiments with Intact Germinating Barley 

Barley, treated with 2-14C-MVA (IO.7 &i), was malted for 63.5 hr. Neutral and acidic 
extracts were prepared. The acidic fraction was separated by TLC (solvent 1) and the 
GA, (IV)/GA, (I) zone (Rf 0.05-0*25) was collected. The radioactive material was separated 
by PC (solvent 11). The positions to which GA, (IV) and GA, (I) would chromatograph 
were located respectively 25 cm and 19 cm from the origin but no increase in radioactivity 
above background was observed in either region, the greatest activity occurring 15 cm from 
the origin. 
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FIG. 1. THE SEPARATION BY ALUMINA COLUMN CHROMATOGRAPHY OF A SAMPLE OF NEUTRAL LIPID 

FROMBARLEYGERMINATEDINTHEPRESENCEOF 2-‘%-MVA. 
Solvent changed to the Indicated % dlethyl ether in hght petrol. (b.p. 40-60”) at arrows. The 

tentative identification of the radloactive materials IS shown above the peaks. 

A small sample of the neutral lipid fraction was chromatographed on a column of alumina 
and the eluate was assayed for radioactivity. The elution profile and tentative identification 
of the separated materials is shown in Fig. 1. The MVA was incorporated into a variety of 
terpenes. A larger sample of the neutral lipid was separated by column chromatography 
(Table 2). Each column fraction was further examined (see Experimental). 

TABLE 2. SEPARATION BY ALUMINA COLUMN CHROMATOGRAPHY OF 

NEUTRAL LIPIDS FROM BARLEY GROWN IN THE PRESENCE OF 2-14C- 
MEVALONIC ACID 

Solvent (% 
dIethy 

ether in light 
petrol.) 

RadIoactive 
material 
(dpm) 

Wt eluted 
(mg) 

Tentative 
ldentlfication 

0.25 217 000 50 3 Hydrocarbons 
1 809 000 39.7 Sterol esters 
3 14000 38 Tocopherol 
5 192 600 13.9 Ublquinone 
20 678 000 23 1 Sterols 

The hydrocarbon fraction was separated by TLC (solvent 10). Most of the radioactivity 
chromatographed with squalene. Identification was confirmed by adding carrier squalene, 
forming the hexachloride and recrystallizing to constant specific activity (1115 dpm/mg). A 
minor unidentified peak of radioactivity chromatographed more slowly than p-carotene. 
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The remaining fractions were purified (methods) and their specific activities at the various 
stages of purification were measured (Table 3). Exogenous 2-14-C-MVA was incorporated 
into terpenes during germination. The specific activities of the sterol esters, sterols and 
ubiquinones were much higher than those of plastoquinone or a-tocopherol. The latter two 
were not completely purified, but the specific activities were decreasing at each stage. Since 
plastoquinone and a-tocopherol are plastid terpenes while the others are extra-plastidic 
these lower values may have important implications if GA, (I) is normally synthesized inside 
plastids.2g*30 

TABLE~.THE SPECIFIC ACTIVITIES OF TERPENFS EXTRACTED FROMBARLEYGROWNINTHE 
PRESENCE OF 2-'4C-MEVALONIC ACID 

1st purification 2nd purification 
Terpene and initial Amount Specific activity Amount Specific activity 

spectfic activity (dpm/mg) (PP) (dpm/mg) (CLg) (dpm/mg) 

CDemethyl sterol ester 
4a-Methyl sterol ester 
4,CDimethyl sterol ester 
Plastoquinone 
(1070 000) 
a-Tocopherol 
Ubiqumone UQ-9 
(2050 000) UQ-10 

2160 57 300 770 59 300 
1060 147 440 710 123 800 

77 2138 000 22 292 000 
18.5 107 800 8.5 14 100 

60 8630 35 550 
25 128 000 13 132000 
54 164000 32 161700 

CDemethyl sterols 7550 47 520 
4a-Methyl sterols 1570 46 606 
4,4-Dimethyl sterols 60 156 200 

5930 
700 

10 

38 700 
45 700 

568 000 

The experiment was repeated twice, and the acidic fraction was purified by TLC (solvent 
1). The region to which GA3 (I) would chromatograph (R, 0.05425) was eluted and the 
recovered extract was added to authentic GA, (I). The mixture was methylated and recrys- 
tallized from benzene-methanol. No incorporation into GA, (I) had occurred as no radio- 
activity remained after four recrystallizations. The failure to obtain incorporation of 2-14C- 
MVA into GA, or ent-kaurene, even though some terpene synthesis is occurring, suggests 
that in the initial stages of germination gibberellin is being formed at the expense of a 
stored precursor such as ent-kaurene, or from a bound form. Alternatively the MVA may 
not be able to penetrate to the synthetic site, as occurs in plastids.2g.30 Work in progress 
favours the first explanation. 

EXPERIMENTAL 

Materials. Alkaline phosphatase (Type II) from calf intestinal mucosa was obtained from Sigma, London. 
Farnesyl pyrophosphate was prepared from farnesol. 31~32 GA, (I) was obtained from Plant Protection Ltd., 
Yalding, Kent W-Isopentenyl pyrophosphate was prepared from 2-‘4C-MVA.28 N-“%Methyl-N- 
nitrosotoluene-4-sulphonamide was obtained from the Radiochemical Centre, Amersham, Bucks. 4-(4’- 
Nitrophenylazo)-benzoyl chloride was prepared by the method of Hecker. 33 Insoluble polyvinyl-pyrrolidone 

29 GOODWIN,T. W.(1958) BiochemJ. 70,612. 
3o THRELFALL,D. R.,GRIFFITRS, w.T.andGoo~w~~,T. W. (1967) BiochemJ. 103,831. 
31 CRAMER,F.~~~BOHM,W.(~~~~) Agnew. Chem.71,775. 
32 POPJAK, G. (1962) J. Biol Chem. 237, 56. 
33 HECKER, E. (1955) Chem. Ber. S&l666 
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(Calbiochem, London) was washed with 0.1 N HCI, H20, then EtOH and air-drted before use. GA, (III), 
geranylgeratuol and ubiquinones-9 and -10 were gtfts. 

Measurement of radioactivlty. Liquid scmtdlation fluid was 2,5-diphenyloxazole (5.0 g) and 1,4-di-2-(5- 
phenyloxazole)-benzene (0.1 g) in toluene (1 1.). Scmtillatton counting employed a Nuclear Chicago Model 
120. Chromatograms were initially evaluated using a Packard Model 7201 radiochromatogram scanner. 
Powder removed from TLC plates or strips cut from PCs were counted directly in the scmtdlation counter. 

Column separation of lipids. The separation of neutral lipids from barley extracts was performed on 
Brockman grade III alumina.34 

TLC separatzon of hpids. These were performed usmg the solvent systems hsted. Unless otherwise stated 
the support was sihca gel G. Reversephase TLC plates were prepared by prehminary development of the 
plate in a 10 % soln. of the stationary phase m CHCI, followed by air-drying. R,s varied in some separations 
and compounds were always located with reference to the mdicated authentic standards. Approximate 
RY are quoted m brackets- after the standard. (1) EtOAc-CHCl,-HOAc (40.60.5), GA,/G& (VI, I; 
0.15), GA4/GA, (II, III; 045). (2) C6H6-HOAc-HZ0 (8.3 : 5; upper), GA1 (VI, 0 67, Kteselguhr G), 
GAB (I; 0 45; Kieselguhr G), 16-oxo-17-nor-GA7 Me ester (XIV; 0.32). (3) EtOAc, GA3 Me ester (V; 
0 SO), GA, Me ester (X; 0.70). (4) C,H,-EtOAc (2. i), allogtbberic acid Me ester (VI; 0.63). (5) C6H6- 
EtOAc (1: l), allogibbertc actd Me ester (VI; 0 44), gtbberlc acid Me ester (VII; 0 71), J6-hydroxy-13- 
deoxy-allogrbberic acid Me ester (XII; 0 55), 16-methoxy-13-deoxy-allogibberic acid Me ester (XIII, 
0.78). (6) Di-tsopropyl ether-HOAc (95:5), 3-0-acetyl GAS Me ester (VIII; 0.40; double development), 
3,13-di-0-acetyl GAB Me ester (IX; 0.78, double development), 3-0-acetyl GA, Me ester (XI; 0.60). 
(7) Hexane, ent-kaurene (0.65), squalene (0.28), geranlol and farnesol (0). (8) C,H,-EtOAc (9: l), geramol 
(0.33), farnesol(0 39). (9) MeOH-H,O (7: 3; saturated with MS-200 silicone 011, reversephase TLC), geramol 
(0.63) farnesol (0.47), geranylgeranlol (0 25). (10) Light petrol (b.p. 40-60%C6Hs (19:1), squalene 
(0 74), p-carotene (0 30). (11) For PC: C6Hs-HOAc-HZ0 (4.2: 1, upper) on Whatman No 1 paper, chro- 
matoaranhed for 36 hr. Gtbberellin standards were detected by soraying with 0.5 ‘Y, KMnOr, subsequently 
washmg’to remove excess (12) Light petrol (b p. 40-60”)C.& 13:2), sterol ‘esters (0 65). (13) CHCls 
(double development), 4,4-di-Me sterols (0*60), 4 a-Me sterols (0 50), 4-deMe sterols (0 42). (14) Acetone- 
Hz0 (19.1; saturated with liquid paraffin, reverse-phase TLC), plastoqumone (O.?O), ubiqumone 9 (UQ-9) 
(0 45), UQ-10 (0 34) (15) Acetone-Hz0 (9.1 saturated with liquid paraffin, reverse-phase TLC), plasto- 
qumone (0.52), UQ-9 (0.85), UQ-10 (0.70). (16) CHC13-C6Hs (1: l), a-tocopherol (0 50), ubtquinones 
(0 32). (17) EtOAc-C6H6 (3.22), a-tocopherol qumone (0.30). 

Formation of reference compounds and derivatives. Me and acetyl derivatives of gibberelhns were made by 
standard procedures which have been used on GA,35 and GA,.36 

Allogrbbenc acid Me ester (VI). GA, (100 mg) was heated m dil. HCI (lo%, 10 ml, 2 25 hr at 50-5’).35 
The mixture was cooled and filtered, and the solid residue washed with H,O. The dried residue was extracted 
with boilmg CsHs and the undissolved GA3 rapidly filtered. The filtrate was concentrated to dryness and the 
residue recrystallized from C,Hs-m p. 203” (reported m.p. 200.5-203’) 35 The ester was prepared by reaction 
with CH2N,. Reaction of suspected GA,-“C-Me ester with acid gave rise to a compound chromatographmg 
with VI (solvent 4). 

3,5-Dmltrobenzoyl esters. Isopentenol, dimethylallyl alcohol and geraniol were esterified with 3,5-dmi- 
trobenzovl chloride The alcohol (cu. 100 m.e) was dissolved m C,Hs (10 ml) and nvridme (0 2 ml) and 3.5- 
dmitrobenzoyl chloride (200 mg) was added-The mixture was refhrxed 1 hr,‘cooled and washed with 16% 
KOH (10 ml), 10% NazCOJ (10 ml), 0 1 M H-SO, (10 ml) then HzO. The ester was recrystalhzed from 
MeOH. 

GlbSerrc acid methyl ester (VII). Allogtbberrc actd was heated under reflux III dil. HCI (20%, 5 ml, 1 hr).35 
The product was extracted into EtOAc and recrystallized from EtOAc-light petrol. M.p. 151” (reported 
m p I5 l-3”) 35 Reaction with CHzNz gave the Me ester. Treatment of suspected GA, ‘%-Me ester produced 
compounds chromatographmg with VII and VI (solvent 5) 

16-Hydroxy-l3-deoxy-allogibberic acid Me ester (XII) GA, (5 mg) was dissolved m MeOH (0.5 ml) 
then HZ0 (1.1 ml) and HCl (0.5 ml) were added, and held at room temp for 5 days, then extracted mto 
EtOAc.36 The EtOAc soluble materials were methylated and the mixture of 16-hydroxy- and 16-methoxy- 
13-deoxy-allogibberic acid Me esters (XII and XIII) were used directly as TLC markers. Suspected GA-, 
‘“C-Me ester treated m thrs way gave products chromatographmg w&XII and XIII (solvent 5). 

16-Keto-l7-nor-GA, Me ester (XIV). GA, (lOma), dissolved m tetrahvdrofuran (5 6 ml) and HZ0 (4.4 ml). 
was stirred while Osd, (0 1 ml, 2 ‘A solutionj was-added, followed by NaIO, (30 mg) and then stirred over- 
night 36 The mixture was diluted with HZ0 (7 ml) and NC1 (0.1 ml) then extracted into EtOAc. The EtOAc 
soluble material was methylated wtth CHzNl and was not further purified. Suspected GA, Y-Me ester 
gave a product chromatographing wtth XIV (solvent 2). 

34 THKELFALL, D. R. and GOODWIN, T. W. (1967) Blochem. J. 103, 573. 
35 CROSS, B. E. (1954) J Chem. Sot. 4670. 
36 CROSS, B. E., GALT, R. H. B. and HANSON, J. R (1962) Tetrahedron 18, 451. 
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“C-Methylation. N-‘4C-Methyl-N-nitrosotoluene-4-sulphonamide(l~7 mg, 28.8 x lo6 dpm) dissolved 
in diethyl ether (25 ml) at 0” was treated with NAOH (20 mg) in methyl digol(2 ml) for 15 min. The 14CH2Nz 
was distilled with the ether at 55”. The GAS or GA, containing fraction purified by TLC was dissolved m 
MeOH (0.2 ml) and treated with 14CH2N2 (1 ml ethereal solution, 512 000 dpm). The mixture was left 
overnight at 4”, the solvent removed by evaporation and the residue dissolved m fresh Et,0 (2.0 ml) before 
re-evaporating. After the addition of carrier GA-methyl ester and purification by TLC (solvent 3) the ester 
was recrystallised from C6H6-MeOH. 

4-(4-Nitrophenyluzo) benzoyl esters. Farnesol, geraniol and geranylgeraniol were esterified with 4-(4- 
nitrophenylazo) benzoyl chloride. The alcohol (10 mg) in CsH6 (4 ml) and anhyd. pyrldme (@l ml) was 
treated with the reagent (20 mg) and left 2 days at room temp. After washing with 0 5 M H,SO, (2 x 2 ml) 
and HZ0 the dried product was applied in C6H6 to a column of Brockman grade II alumina (IO x 2 cm) 
and eluted with C6Ho, (100 ml).33 The eluate was concentrated and the residue separated by TLC (solvent 12) 
the mam orange-red band being retained. The esters were recrystalhzed from hexane, and the amount present 
determined by measuring the extinction at 465 nm in C6H6. The following concentrations of derlvatlves 
gave an extinction of 1 at 465 nm (1 cm light path); geramol 0.672 mg/ml, farnesol 0.778 mg/ml, geranyl- 
geramolO.889 mg/ml. 

Squalene hexachloride. The method of Langdon and Bloch was used. 37 The product insoluble in acetone 
was recrystallized from warm EtOAc. 

a-Tocopherolquinone. This was prepared from a-tocopherol by the modified method of Ddley and Crane.38 
Estimations. The following estimations were also used: 4-Nltrophenyl phosphatase.39 Protein-biuret 

reactlon,40 Ublquinone,41 Plastoquinone,42 a-Tocopherol quinone,38 a-Tocopherol,43*44 sterols- ‘fast- 
reacting’ and ‘slow-reacting’ sterols,45 4,4-dimethyl sterols.46 

Germination of barley. The selection, preparation and decortication of barley has been described.‘* 
Germination of sterile grain (usually 200 g) was under aseptlc malting conditions. 2-14C-MVA solutions 
were sterilized by a M&pore filtration, added to the barley after the second draining and spread evenly 
throughout the grain by agitation. 

Lipid extructionfiom intact grain. Grain (200 g dry wt) was homogenized with isoPrOH (400 ml, 2 mm) at 
top speed in a Warmg blender, left for 30 min with occasional agitation, then filtered. Debris was re-extracted 
with rsoPrOH (400 ml), then isoPrOH-CHCI, (1: 1, 400 ml), then CHCI, (400 ml).47 The final CHC13 
extract was colourless. The extracts were pooled, concentrated under reduced pres. to ca. 500 ml, then diethyl 
ether (200 ml) was added. The organic layer was extracted with NaHC03 (5 %, 50 ml x 4), then with dist. 
HZ0 (50 ml x 3) before concentrating to dryness. The residue constituted the neutral lipid fraction. The 
NaHC03 extracts were acidified (pH 2) and extracted with EtOAc (50 ml x 5). The extracts were pooled, 
washed with 0.01 o/o HCI (50 ml x 2) and Hz0 (50 ml x 1) then evaporated to dryness. The residue was 
the acidic fraction. 

Preparation of proteins from cell-free extracts. Germinated grain (30 g) was homogenized with a sucrose 
solution (70 ml, 710 g sucrose/l.) for 30 set, half maximum speed, MSE top-drive homogenizer. The sus- 
pension was centrifuged (1000 g, 5 min) when separated embryos, which floated, were collected. Yield was 
2-5 g of embryos from 200 g of dry grain. The embryos were added to buffer (40 ml 0 1 M Tris-HCI, pH 
7.1 containing MgCl,, 5 mM and 2-mercaptoethanol, 10 mM), and polyvmylpyrrolidone (0.5 g/g embryos). 
The mixture was lightly ground with pestle and mortar, then at 800 rpm in a Potter homogenizer with 
0.15 mm radial clearance. The homogenate was filtered through two layers of nylon mesh (15 denier) then 
centrifuged (10 Ooo g, 15 mm). The supernatant was decanted, recentrifuged (100 000 g, 1 hr). The material 
precipitating between 20 and 80 % saturation with (NH4)$04 from the supernatant was collected, dissolved 
in buffer (15 ml) and dlalysed against buffer. Typical preparations had a protein content of about 6 mg/ml. 

Lipid Extraction from cell-free preparations. Acetone (equal ~01s) was added to incubation mixtures to 
stop the reactions. Dlethyl ether (1.5 x original incubation vol.) was added and the lipids thoroughly mixed, 
then centrifuged to form 2 layers. The organic phase was collected. The Et20 extraction was repeated 2 x . 

The pooled Et20 extracts were washed with H,O x 3, then dried with Na2S04 (I g/4 ml E&O). 
Incubations with protems from cell-free extracts. The incubation conditions used were those found to be 

optimal for the formation of FPP. These were: buffer 0.1 M Tris-HCI pH 7.1, containing ATP (5 mM), 

37 LANGDON, R. G. and BLOCH, K. (1953) J. Biol. Chem. 200, 129. 
38 DILLEY, R. A. and CRANE, F. L. (1963) Anal. Biochem. 5,531. 
39 BESSEY, 0. A., LOWRY, 0. H. and BROCK, M. J. (1946) J. Biol. Chem. 164,321. 
4o WEICHSELBAUM, T. E. (1947) Am. J. Clm. Pathol. 16,40. 
41 LAWSON, D. E. M., THRELFALL, D. R., GLOVER, J. and MORTON, R. A. (1961) Biochem. J. 79,201. 
42 CRANE, F. L. (1959) Plant Physiol. 34, 546. 
43 EMMERIE, A. and ENGEL, C. (1938) Rec. Tram. Chim. Pays-Bas 57,135l. 
44 PENNOCK, J. F , NEISS, G. MAHLER, H. R. (1962) Biochem. J. 85, 530. 
45 MOORE, P. R. and BAUMANN, C. A. (1962) J. Biol. Chem. 195,615. 
46 KEMP, R. J. and MERCER, E. I. (1968) Biochem. J. 110,111. 
47 HALL, G. S. and LAIDMAN, D. L. (1968) Biochem J. 108,465. 
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MgClz (5 mM) and mercaptoethanol(10 mM) In mitral trials with cell-free extracts 2-“%-MVA (2 &i) was 
mcubated with protem (10 mg) m buffer of the above composltion (5 ml) at 25” for 5 hr. A portlon of the 
extracted lipld was assayed for radloactivlty, dried under Nz at room temp. and re-assayed. Half of the 
radIoactIve material was volatile under these condltlons. Carrier lsopentenol, dlmethylallyl alcohol, geramol 
and farnesol(2 mg of each) were added to the remamder of the extract which was concentrated to cu. 0.2 ml. 
Portions (10 ~1) were separated by GLC (column 5 % polyethylene glycol -1500 on cehte, 1 52 m, 80”, Nz 
flow rate 80 ml/mm). Isopentenol was eluted at 19 mm dimethylallyl alcohol at 27 mm, and the umdentlfied 
material at 3 mm Samples of the eluate from the column, collected m traps cooled m a sohd COz-acetone 
mixture, were assayed for radloactlvlty. In experiments in which the formatlon of squalene was studled, 
mcubatlons (70 mm at 30”) contained 2-14C-MVA (0 2 &I), protem (30 mg) m buffer (5 ml) and NADPH m 
the range 0-4mM. Under optlmal condltlons mcorporatlon of R-MVA mto squalene was around 2% 
Where the elCfect of potassium fluoride, lodoacetamide, potassmm phosphate and L-3-glycerophosphate on 
4-mtrophenyl phosphatase was investigated, 4-mtrophenyl phosphate (6 mM) and protein (0.4 mg) were 
incubated m buffer (1 0 ml), with the appropriate InhIbitor. In an attempt to fractlonally preclpltate the 
phosphatase with (NH&SO, in the ranges O-20, 2&40, 40-60 and 60-80x saturation the specific actlvlty 
of the enzyme was found to be similar in each fraction In the tests of these inhlbltors on squalene formatlon 
incubations (30 min at 30”) contamed MVA (0 1 &I), NADPH (1 mM) and protem (1.2 mg) in buffer 
(1 0 ml). In Incubations with ‘%lsopentenyl pyrophosphate the mixture was: ‘Y-IPP (450 000 dpm), 
MgCI, (5 mM), mercaptoethanol (5 mM) and protem (21 2 mg) m 0 1 M Trls-HCI pH 7.1 (5 0 ml). One 
set of mcubatlons contained in addltlon lodoacetamlde (10 mM) and FPP (1 mM). lncubatlon was for 150 
mm at 25’ then alkahne phosphatase (15 mg) was added and the mcubatlon contmued for 120 min at 37’. 
After hpid extraction carrier geraniol, farnesol and geranylgeramol (2 mg of each) were added before TLC. 

Eupermzents wirh zmuct germinatmg gram. In the imtlal experiment on the converslon of 2-‘%-MVA mto 
terpenes, the incorporatlons were: neutral hpld 4 04 g, 7 47 x 10” dpm, 62 7 % of the R-MVA added; 
acldlc fraction 63 000 dpm, 0 53 % of the R-MVA added. A sample of the neutral lrpld (220 000 dpm, 118 mg) 
was chromatographed on a column of Brochman grade III alumina (15 x 1 2 cm) Fractions (10 ml) were 
assayed for radloactlvlty. A larger hpid sample (1 13 g, 2 1 x lo6 dpm) was separated on a sunilar column 
(32 ‘< 1 6 cm). A step-wise gradient of diethyl ether in hght petrol. (b p. 40-60’) wds employed in 1 1. steps. 
The sterol ester fraction was purified on rhodamme 6 G Impregnated TLC plates (solvent 12), with a 
marker of cholesterol acetate. The esters were sapomfied and reseparated (solvent 13) usmg markers of 
lanosterol and sitosterol After measurement of their specific activities the 4 a-Me and 4,4-dl-Me sterols were 
subjected agam to TLC (solvent 13) The 4-deMe sterols were purified as their dlgltomdes. The plastoqumone 
fraction was recovered from the TLC plate used m the mltlal separation of the sterol esters, the zone between 
the esters and the solvent front bemg recovered. After assay the qumone was purified by reverse-phase TLC 
(solvent 14 and 15), bemg detected by spraymg leucomethylene blue4* onto a marker sample. The presence 
of plastoqumone m the purified extract was confirmed by measurmg the difference spectrum between oxidized 
and reduced samples, when a peak of 256 nm was observed 49 The a-tocopherol fraction, located with the 
aid of an authentic marker, was purified by TLC (solvent 16), then was converted to the qumone.38 This was 
separated by TLC (solvent 17) and Its specific activity measured. It was then reduced. senarated bv TLC 
(solvent 16) and assayed colonmetrically: 43*44 No forther purlficatlon was attempted. The Lbiqumone frac- 
tion underwent prehmmary purlficatlon by TLC (solvent 16) usmg UQ-9 as a marker. A portlon of the 
qumone fraction was assayed, and separated by reverse-phase TLC (solvent 14) with markers of UQ-9 and 
UQ-10. Each samples was rechromatographed by reverse-phase TLC (solvent 15) and reassayed. The sterol 
fraction was purified as described for the sterol esters after sapomficatlon. In the two experiments m which 
the acldlc lipld fraction was recrystalhzed with GA3 as the Me ester, barley (200 g) was germmated for 
64.5 hr with 2-‘%Z-MVA (10 &I) In one experiment the GA3 fraction purified by TLC (7380 dpm) was 
added to GA3 (60 mg) before methylatlon. In another experiment these values were 630 dpm and 31 mg. ln 
this experiment 11.7 mg of the crystals from the fourth recrystalhzatton contamed no detectable radio- 
activity. 
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