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Abstract-Subcellular fractions from germinated barley embryos, chloroplast preparations and whole germinat- 
ing barley grains are able to carry out the conversions ent-kaurenol -+ ent-kaurenal -+ ent-kaurenoic acid -+ 
rnr-hydroxykaurenoic acid, the initial steps of the biosynthetic pathway to gibberellins. Whole grains, and chlor- 
oplasts to a slight extent, incorporate radioactivity from ent-kaurenol-[17- 14C] and ent-kaurenoic acid-[17-“‘Cl 
into materials with similar but distinct properties from the gibberellins GA,, GA,, GA, and GA,. 

INTRODUCTION 

ent-Kaurene (l), ent-kaurenol (2), ent-kaurenal (3), 
ent-kaurenoic acid (4) and ent-hydroxykaurenoic 
acid (5) are gibberellin precursors in Gibber& 
fijikuroi [l-6], and are metabolized by various 
higher plants [1,2,5,7-IO]. However, only with 
Cucurbita pepo has their incorporation into a fully 
characterized gibberellin been demonstrated [S]. 

_!!I % R3 
(1) - Me -Ii =CH2 
(2) - CH20H -H =CH2 

(31 - CHQ -H =CH2 

(4) - C02H -H =CH2 

(5) - COzH -OH =CH2 

(8) - C02H -H -H,-OH 

We have detected GA3 (6) and GA, (7) in barley, 
but could find no incorporation of mevalonic acid- 
[2-14C] into ent-kaurene (1) or GA, (6) [ll]. rnt- 
Kaurene (1) occurs in barley, and it probably acts 
as a stored precursor for gibberellin synthesis [12]. 
Despite this, whole barley did not metabolize exo- 
genous ent-kaurene-[17- 14C] and embryo extracts 
converted it, via enzymatic and non-enzymatic pro- 
cesses, into ent-kauran- 17-01, ent-kauran- 16,17- 
epoxide and ent-kauran- 16,1 ‘I-diol, substances not 
on the biosynthetic pathway to gibberellins [12]. 

GA3 (6) 

CH2 

GA7 (7) 

* Trivial names are used as follows: ent-kaurene = ent-kaur- 
16-ene (1); mt-kaurenol = rnt-kaur-16-en-19-01 (2); ent-kaur- 
enal = ent-kaur-16-en-19-al (3); ent-kaurenoic acid = ent- 
kaur-16-en-19-oic acid (4); ent-hydroxykaurenoic acid = ent- 
7r-hydroxy-kaur-16-en-19-oic acid (5). 

t Present address: Abteilung Prof. F. Lynen, Max-Planck-In- 
stitut fiir Biochemie, D-8033 Martinsried bei Miinchen, West 
Germany. 

$ All communications regarding this paper to D. E. Brlggs at 
the above address. 
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RI-St LTS 

Various washed particulate fractions were pre- 
pal-cd from separated barley embryos. These frac- 
tions were incubated with radioactive rj,lr-kaur- 
enol. clnt-kaurenal and cjttt-kaurenoic acid, all-[ 17- 
15C], and the products were separated (see Expcri- 
mental). The clf7t-kaurenol (2) was converted into 
ctllt-kaurenal (3) which in turn was changed into 
rrlt-kaurcnoic acid (4). Typical figures for an exper- 
imcnt with a microsomal preparation arc shown in 
Table l(a). The reaction sequence occurred in each 
of the particulate fractions although in terms of the 
activity+ng protein the activity was highest in the 
microsomal fraction. 

c,/lt-Kaurenoic acid-[ 17-‘“C] was incubated with 
the particulate fractions and the products were 
separated b) TLC’ (solvents 1 and 2). In each case 
the same reaction products were found. A more 
polar material \vith the same mobility as authentic 
cJ/zr-hydroxykaurenoic acid (5) and cvlt- l6-hyd- 
roxy-I 7-norkaurenoic acid (8) was obtained in 
1.5”,, yield with the microsomal fraction. After 
methylation or methylation and acetylation the 
radioactive material moved with the derivatives of 
c’nr-lh-hydroxy-l7-norkaurenoic acid (8). Material 
purified by TLC (solvent 1) from incubations with 
mitochondria or microsomes was added to auth- 
critic c>nt-hydroxykaurenoic acid (5: 20 mg) and 
recrystallized to constant specific activity (micro- 
sornes 42 dpm/mg. 036”,, incorporation; mito- 
chondria 25 dpmqq. 0~72”~; incorporation), Thus 
rrlt-hqdroxykaurenojc acid (5) was present in each 
sample. 

So microsomal and other preparations will suc- 
cessively convert rnt-kaurenol (2) to c,rlt-kaurenal 

(3). to cjnf-kaurenoic acid (4) to 1~rlt-hydroxq-kaur- 
enoic acid (5). The first tw-o conversions scrc not 
carried out by alcohol or aldehyde dehydrogenascs 
as these could not be dctcctcd in the microsomal 
fraction using cithcr NAD or NADP ’ as cofac- 
tor. In contrast the supcrnatant fraction \vas rich 
in ethanol dehydrogenase (AE,,,,NAD _ 1.24, mg 
protein. min: AL?,,,, N.A DP . 0.0057 mg protein 

min). Possibly mi.~ed-function oxygcnascs were in- 
volvcd in the ohser\,cd interconvcrsions [ 131. cut- 
Kaurcnol-[ I7-‘“C‘J and L~~~t-l\aurcnal-[l 7-‘“C] 
were incubated M ith microsomal preparations in 
the presence of various cofactors uith air or car- 
bon monoxide as the gas phase. The respective 
conversions were determined on the separated 
products (TLC solvent 1 J. When the formation of 
product without added cofactor = 100, then fc>r 
c>t7t-kaurenal (3) synthesis: +NADP- = 135: 

NADPH = 122: NADPH + CO = I X3: and for 
cnt-kaurenoic acid (4) synthesis: + NADP- = 98: 
NADPH = 13: NADPH + CO = 4.1. The type 
of result was reproducible. 

As chloroplasts from kale convert crrr-kaurenoic 
acid (4) into gibbercllin-like materials [IO]. chlor- 
oplasts from young barlcy leaves were incubated 
with r)nr-kaurcnol-[ 17-l ‘C] and cjrlr-kaurcnoic 
acid-[1 7-‘4C]. Estimation of the products (see 
Experimental) showed that 17”;, of the crlr-kaur- 
cnol (2) was converted into cz/lt-kaurenal (3). t’/ll- 
Kaurenoic acid (4) was con\:erted to more polar 
materials (TLC sol\.ont 3). One of these hehaccd 
like the derivatives of ~rlr-hqdrox~kaurcnoic acid 
(5) following mcthylation or methylation and acc- 
tylation. A portion of this material was added 

to authentic c~/lt-h!,drox~kaur.cnoic acid (5: 24 
mg) and recrystallized to ;I constant specific 
radioactivity (24 dpm ,rng), showing that cgrlr-hyd- 
roxykaurenoic acid (5) had been formed. Other 

Tublc 1. (‘haractcri/atloll of the products of the metabolism of (>/zr-kaurenal and r,lt-kaurcnal 

Recover! as Amount of 
<,/it-kaul-cnol carrier added Ester Recovcrcd Final Recover! 

Substrate Suspccrcd product ldpm) Cmg) (mg) Idpn~~mg) (ma fdpn’mp) 
-. 

(a) t,/lr-Kaurenol r,/lt-Kaurcnal 7x50 5.6 7.2 215 I +2 170 
c,/zt-Kaurenal o/if-Kaurcnolc acid 111x 74 8.35 69 I.72 7x 

(b) c,/lf-Kaurcnol err!-Kaurcnal 110 5.6 .3 6 2 76 I)~riO .30.1 
Curt-Kaurenal <Jpzr-Kaurenoic acid 450 x.7 X.33 27 0.77 IO.5 

(Jilt-Kaurcnol or c,rlt-kaurcnal were incubated with a microsomal preparation from germinating barlq (a) or whole harlcy (h). 
Product? initially chromatographing with c>nr-kaurenal or L)rlr-kaurenoic acid were recovcrcd. converted to rjzr-kaurcnol. added 
to carrier. and the 4.(4’.nitroyhen\laloi-hcnro~l esters made and recrystallircd. 
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polar products from ent-kaurenoic acid (4) 
behaved like the gibberellin pairs GA,/GA, (9, 6) 
and GA,/GA7 (10, 7) on TLC (solvent 4). Treat- 
ment of eluted materials with dilute acid followed 
by TLC (solvent 3) showed no radioactivity in the 
zones occupied by the authentic gibberellin degra- 
dation products [11,14]. Thus these barley chlor- 
oplast preparations did not make GA, (6), GA 1 (9), 
GA, (lo), or GA, (7) from ent-kaurenoic acid (4). 

Metabolism ofent-kaurenol-[ 17-l “C] and ent-kaur- 
enoic acid-[17-‘4C] by germinating burley grains 

The non-saponifiable part of the neutral lipid 
fraction from barley incubated with ent-kaurenol- 
[ 17-14C] contained 90.5% of the original radioac- 
tivity. This fraction contained materials chromato- 
graphing with ent-kaurenal (3) and ent-kaurenoic 
acid (4). The identity of these materials was con- 
firmed (Table lb). 

The lipid from barley germinated with ent-kaur- 
enoic acid-[ 17- 14C] was partitioned between ether 
and NaOH (5%) but only 25% of the radioactivity 
was extracted into the aqueous phase [l&16]. 
When part of the NaOH-insoluble lipid was chro- 
matographed (TLC, solvent 1, double develop- 
ment) most of the radioactivity moved with ent- 
kaurenoic acid (4). 

The material extracted with NaOH was re- 
covered and methylated. On TLC (solvent 1) a 
material moving with ent-hydroxykaurenoic acid 
methyl ester, was obtained in small amounts. Fol- 
lowing acetylation of the methyl esters, radioacti- 
vity moved with the marker ent-hydroxykaurenoic 
acid derivative (TLC, solvent 1). Portions of the 
radioactive material were demethylated and added 
to either ent-7a-hydroxy-kaur-16-en-19-oic acid (5; 
25 mg) or to ent-7fl-hydroxy-kaur- 16-en-19-oic 
acid (40 mg). On recrystallization radioactivity (6 
dpm/mg) was only retained in the crystals of 5, the 
known gibberellin precursor. 

The acidic lipid fraction, from barley germinated 
in the presence of rnt-kaurenol-[17-14C], con- 
tained 2.4% of the applied radioactivity, while that 
from incubation with ent-kaurenoic acid-[17-‘4C] 
contained 6.0%. In each case TLC (solvent 4) of the 
acid fraction showed radioactivity in the GA,/ 
GA3 (9, 6) and GA,/GA7 (10, 7) zones as well as 
other areas. (These pairs of gibberellins and some 
of their derivatives are difficult to separate.) 

Samples (450 dpm) were methylated then chro- 
matographed (TLC, solvent 6) or acetylated and 
chromatographed (TLC, solvent 3) when radioac- 
tivity moved with the authentic derivatives of 
GA, /GA,. GA, (6; 100 mg) was added to a sample 
(2270 dpm) from the GA,/GA, zone, the mixture 
was methylated and the purified esters (TLC, sol- 
vent 6) were recrystallized. Radioactivity was lost 
so the radioactive material was not GA, (6). Treat- 
ment of the material with dilute acid gave a prod- 
uct moving close to the GA, degradation product 
(TLC, solvent 3), and distinct from the GA, degra- 
dation product. The original material (11740 dpm) 
was added to GA, (9; 50 mg), the mixture was 
methylated and separated by TLC (solvent 6). The 
recovered methyl esters were recrystallized, when 
the specific activity declined to a low level (4th 
crystals, 1.0 dpm/mg), so it was improbable that 
GA, -[ 14C] was originally present. 

Radioactive material from the GA,/GA, (10, 7) 
zone, or its derivatives, moved with GA, (7; TLC, 
solvent 7), GA, acetate (TLC, solvent 3) and GA, 
methyl ester (TLC. solvent 8). Following acid 
treatment of the material radioactivity remained 
near the baseline (TLC, solvent 3), close to one of 
the breakdown products of GA, and distinct from 
the product of GA,. Samples (6570 dpm) from the 
GA,/GA, (10, 7) zone were added to authentic 
GA, (10; 40 mg) or GA, (7; 40 mg) and were meth- 
ylated. In each case, following purification by TLC 
(solvent 9) recrystallization reduced the specific 
activity to very low levels (4th crystals GA, methyl 
ester ca 1 dpm/mg; GA, methyl ester ca 0.4 dpm/ 
mg). Thus little or no radioactive GA, (10) or GA, 
(7) could have been present. 

The experiment was repeated with two equal 
applications of ent-kaurenoic acid-[ 17-l “C] 
(2 330000 dpm) to barley (200 g) after steeping and 
after 12 hr germination. Carrier GA, (9), GA, (6), 
GA, (10) and GA, (7) (100 mg each) were added 
to the lipid extract and the GA,/GA, and GA,/ 
GA, fractions were separated from the acidic 
materials by preparative TLC (solvent 3). The indi- 
vidual gibberellins were separated bn partition 
columns and crystallized. Recrystallization ( x 3) 
reduced the specific radioactivities to very low 
values (l-3 dpm/mg) which declined more on 
further recrystallizations. Thus significant incor- 
poration of ent-kaurenoic acid (4) into these gib- 
berellins had not occurred. 
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DISCL’SSION 

Germinating barley does not incorporate added 
mcvalonic acid-[2-‘“C] into ent-kaurene or gib- 

berellins [l l]? although endogenous gibberellins 
increase in amount [17]. and GA, and GA, are 
prcscnt [I I]. These observations, the occurrence of 
cndogenous i>rlt-kaurene, and its decline in the 

call> stages of germination led us to suggest that it 
acts as a stored precursor of barley gibberellins 
[12]. However. with embryo homogenates ent- 

kaurent: is converted to products which are not 
recognized gibberellin precursors [ 121. 

The present demonstration of the sequential 
conversion of the more hydrophilic ent-kaurenol 
through o/lr-kaurenal and rnt-kaurenoic acid to 
c~rfr-hqdroxykaurcnoic acid shows that the recog- 
nized initial stages of gibberellin synthesis are 
occurring [1.3.4,7.8]. The further metabolism into 
unidentified products that are chromatographi- 
tally and chemically similar to. but distinct from, 
the gibbercllins GA,. GA,. GA, and GA, may be 
due to the formation of by-products, gibberellin 
precursors or other gibberellins. Clarification must 
await further studies, as must the reason for the fai- 
lure to obtain incorporation of ent-kaurenol and 
enl-kaurenoic acid into the GA, and GA, which are 

present [ 1 I]. Possibly the synthesis of gibberellins 
required for germination occurs before the added 
precursors reach the synthetic site. Alternatively, 
the exogenous precursors may not reach the site of 
gibberellin synthesis, and may be metabolized by 
an altcrnativc catabolic pathway. 

EKPERlhlENTAL 

BLW/V~ prqwurions. Barley grains. ffodcum distichon cv. 
Proctor, were sclcctcd, decorticated, sterilized. and germinated 
under malting conditions [I I. 171. Cell-free particulate prep- 
arations were prepared from isolated embryos, as before [12]. 
from grain germinated 3X hl- at 14.4 , and homogenized in suc- 
rose (025 MI chloroplast medium [IO]. Washed particulate 
preparations scdlmenting at 1000 g,‘ZO min (ccl1 debris). 12000 
g’20 min (mitochondria) and IO0000 g/‘l hr (microsomes) were 
obtained and used suspended in another medium [IX]. Chlor- 
oplasts were prcparcd from young first leaves of barley by Stod- 
dart’s method [IO]. 

(;ih/~relli/~.\. GA, (6) was purchased from Plant Protection 
Ltd. GA, (9) was prepared hq reduction of GA, (6) [19] and 
purilieti bq chromatography 1201. GA, (10) and GA, (7) were 
scparatrd b) chromatography [.?O] from a mixture received as 
a gift. Acid degradation (IO’:, HCl. 55.. 2 hr), methylations and 
acct)Iat1ons were carried out as before [I 1,17]. 

cnt- I h-H ~~t/rt, Y 1 -I ~-Mw~~~I~~~~w 1%ok ucid (8). c,r,t-Kaurenoic 

acid (4) was converted to the equivalent norketone (cnf-16-0x0- 
17-norkauren-19-oic acid) as described for cnt-kaurene norke- 
tone [12]. The product was reduced with NaBH, in McOH (2 
hr, room temp.). and was purified by TLC (solvent 3). 

ent-H~ld~o\-~kaurt~~~ic czcid (5). 7-Oxo-kaurenoic acid. pre- 
pared from 7-hydroxy-kaurenolide L21] was reduced to a mix- 
ture of 7x- and 7[{-hydroxykaurcnoic acids [22] which were 
separated b\ TLC (solvent I I). Owsing to the extreme insolu- 
biiity of the-product only 50 mg could he purified on one 0.5 
mm thick alate. Recrvstallization of the purified material from 
EtOAc lig’ht petrol. ib.p. 60-X0 ) gave >I() mg of olr-7x-hq- 
droxykaurenoic acid (overall 4 ield from 7-hydroxq kaurenolidc 
42”,,) m.p. 24X- 352 (reported 355 7% ) [22]: methyl ester m.p. 
177-182’ (reported 182~184 ) [.22]. I’,lr-7P-Hydroxqkaurenolc 
acid was obtained in overall Jlcld of 26”,,, n1.p. 245 74X‘ 
(reported 24X&250’) [22]. 

ent-Kuuyejloic ilcid-[17-“Cl. Untabelled rrrt-kaurenoic acid 
(4) was converted to errt-16-0x0-l7-norkaurenoic acid (em-kau- 
renoic acid norketone) 1171. Mel-[“Cl (24.9 mg, XX 110) was 
treated (room temp.. 3 days) with triphenyl phosphine (60 mg) 
in dry C,H, (X ml). The pl-ccipitated product (59.6 mg) was sus- 
pended in dry tetrahydrofuran (10 ml) under N,. butyl lithium 
(05 ml. I.5 M in hexane) was added. followed by r,ir-kaurenoic 
acid norketone (34 mg) in tetrahydrofuran (2.0 ml). The solu- 
tion. maintained under NL. was stir]-cd overnight, retluxed 5 hr. 
cooled, and poured into HCI (0.1 M. 75 ml). The product was 
extracted into Et,O, washed with HCI (0, t M. 3 ml x 2). then 
H,O (25 ml x 3) and finally purified by TLC (solvent IO). Yield 
I I ,8 mg. 19.5 LcCi. 

Product and substrate mut~qn~lutior~. Recoveries of lipids, 
determinations of I-adioactivit). addition of water to double 
bonds, and the preparation and interconversion of cirt-kaur- 
enol, ent-kaurenal and c,rrc-kaurenoic acid were carried out as 
before [I l,I?]. Melting points. determined on a Koffler hot- 
stage apparatus, were uncorrected. In cxperimcnts investigating 
the conversions ofc,nr-kaurrnol (2) to c,Jlr-kaurenal (3) and this 
to r,rlt-kaurenoic acid (4) the products. separated by TLC. were 
characterized by reducing them to cnt-kaurenol, purifymg this 
by TLC (solvent I), adding authentic carrier. then preparing 
and recrystallizing the purified 4-(4’.nitrophenyla7o) henzoll 
ester to constant specific activitk [ Il.12J. 

Rc~~~~.~tci/liz~ti~rl of radwactlw products. Recrystallizations 
were performed until three successive specific radioactivities 
agreed within reasonable experimental error. The following sol- 
vents were used: (a) EtAclight petrol. (b.p. 60-X0 ): methyl 
esters of GA,. GA,, GA,, the g;bberellins’GA,. GA,. GA,. 
GA, and ml-hvdroxvkaurcnoic acid; (b) C’,H,. MeOH G.A, _ . 
methyl ester:(c) C,H,: 4-(4-nitrophenylazo) benzoql esters. 

Alcollol und a/drh,~& drlr~~tlro~yc/ra.s~‘,~. Were assayed accord- 
ing to Bonnichscn and Brink 1231 and Black 1241. 

Partitiorr chrofnutogrccpil!, 01 thr q~hhwellims. The TLC (sol- 
vent 3) gibbercllin fractions from the second cjrzt-kaurenoic acid- 
r17-‘“Cl experiment were separated on partition columns of 
Sephaddx 625 [ZO]. The 6,4, + GA, ‘fraction (216.9 my: 
17260 dpm) was separated using C,,H,,~~EtOAc~HOAc~HzO 
(l1:5:6:10) as solvent. while the GA, + GA, fraction (251.X 
mg. 9065 dpm) was purified using C,H,- light petrol. (b.p. h& 
X0 ‘t-EtOAc-H,O (6:!: 5:3). Fractions (15 ml) were collected 
and assayed for gibbercllin content by taking 0.1 ml. drying, dis- 
solving in H,O (5 ml). adding KMnO, (0.5”,,. 0.1 ml) and rcad- 
ing the EjHO against a KMn04 blank after 20 min. The indi- 
cated fractions ucrc grouped and recrystallized (m.p.: GA /. 
250 255 ; GA,. 120 ‘24 ; GA,, 21%‘20 : GA,. 170 175’). 

Thin [rr!cr cllro,,latoy,clph~. TLC‘ plates of silica gel G were 
used. of 0.5 mm thickness. Average K,.s are given for the follow 
ing solvents: (I) C’+,Hh EtOAc (9:l): err-kaurenoic actd. 0.15: 
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ent-kaurenol, 0.48; ent-kaurenal, 0.85; mt-kaurenoic acid 
methyl ester. 0.85; em-16-hydroxy-17-norkaurenoic acid methyl 
ester, 0.48; acetate of mt-16-hydroxy-17-norkaurenoic acid, 
0.80. (2) C,H,-EtOAc (7:3): ent-16-hydroxy-17-norkaurenoic 
acid methyl ester, @5: hydroxylated rnt-kaurenoic acid after 
acid treatment and methylation, @15. (3) Di-isopropyl ether- 
HOAc (19:l): ent-kaurenoic acid, 0.80; ent-hydroxykaurenoic 
acid, 0.54; ent-16-hydroxy-17-norkaurenoic acid, 0.54; GA, and 
GA,, 0.4; GA, anh GA;, 0.68: acid degradation producis, of 
GA,. 0.08: GA,, 0.33: GA,. 0.22: GA,. 0.34: 3-0-acetvl GA, 
or bA,, 0.43; j,l3-di:O-ac&yl GA, or’ GA,, 0.65; 3-d-acetyi 
GA, or GA,, 0.55. (4) CHCl,-EtOAc-HOAc (12:8:1): GA, or 
GA,, 0.15; GA, or GA,, 0.35; rnt-kaurenol or ent-kaurenoic 
acid, 0.90. (5) iso-PrOH-H,O (4:l): GA, or GA,, 0.60. (6) 
EtOAc-: GA, or GA, methyl ester, 0.5. (7) EtOAc-CHCl,- 
HOAc (15:5:1): GA, or GA,, 0.55. (8) C,H,-HOAc-H,O 
(8: 3: 5; upper phase): GA4 or GA, methyl ester, 0.45. (9) Hex- 
ane-EtOAc (1 :l): GA4 and GA, methyl ester, 0.45. (10) Hex- 
ane-EtOAc (4:l): ent-kaurenoic acid, 0.2. (1 I) EtOAc-light 
petrol. (b.p. 6(f80”) (1 :l): em-hydroxykaurenoic acid, 0.42; mt- 
7/3-hydroxykaurenoic acid, 0.32. 
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