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Abstract-The plant growth retardant, N,N,N-trimethyl-l-methyl-(2’,6’,6’-trimethylcyclohex-2’-en-l’-yl)prop2- 
enylammonium iodide, is shown to block gibberellin biosynthesis in Gibberella fujikuroi between mevalonate and 
enr-kaur-16-ene, probably by inhibiting ent-kaur-16-ene synthetase A-activity. In the presence of the plant growth 
retardant, cultures of the fungus incorporate (26.5 %) added ent-[14C]-kaur-16-ene into gibberellin A,. Under the 
same conditions kaur-16-ene. 13j-kaur-16-ene, and ent-kaur-15ene are not metabolised to gibberellin analogues. 

INTRODUCTION 

Mutants of Gibberella jiijikuroi, blocked for GA?-biosyn- 
thesis, provide a convenient means of studying both the 
GA-pathways [l-3] in the fungus and the microbiological 
transformation [4-6] of analogues of the intermediates 
which normally occur beyond the block. GA-biosynthesis 
however, can also be blocked chemically. Synthetic 
plant growth retardants, such as AMO-1618, have been 
shown [73 to inhibit GA-biosynthesis in cultures of 
G. jiujikuroi. Surprisingly there are no reports of the 
use of these chemically blocked cultures in the study of 
the microbiological transformation of diterpenes related 
to GA-biosynthesis. 

The report by Haruta et al. [8] that N.N,N-trimethyl- 
1-methyl-3~2’,6’,6’-trimethylcyclohex-~~n-l’-yl)prop-2- 
enylammonium iodide (1) is a potent plant growth retar- 
dant prompted us to investigate this readily accessible 
compound as an inhibitor of GA-biosynthesis. In this 
paper we show that compound 1 is a powerful inhibitor 
of GA-biosynthesis in the fungus G. fujikuroi and illustrate 
the use. of these GA-blocked cultures in the study of the 
metabolism of analogues of ent-kaur-16-ene. 

RESULTS AND DISCUSSION 

The wild-type strain GF-la of G. jiujikuroi was used 
since it has been shown [9] to be a relatively high producer 
of a wide range of GAS. In exploratory experiments. 
this strain was grown for three days on a synthetic 

*Part 19 in the series ‘Fungal Products’. For part 18 see 
Lunnon. M.W. and MacMillan, J. (1979 J. Chem Sot. Perkin I 
184. 

TAbbreviations: GA = gibberellin; AMO-1618 = 2’-isopro- 
pyl-4’-(trimethylammonium chloride)-S’-methylphenylpiperi- 
dine-l-carboxylate; MVL = mevalonolactone; MVA = meva- 
Ionic acid; GGPP = geranylgeranyl pyrophosphate; CPP = 
copalylpyrophosphate. 

medium containing 0, 1.10 and 100 mgjl. of compound 1. 
The pigmented mycelium was then resuspended in a 
nitrogen-free medium containing the same original 
concentration of compound 1. In addition the mycelium 
from untreated cultures were resuspended in the same 
range of concentrations of compound 1. These resus- 
pension cultures were grown in shake flasks for a further 
three days. The acidic metabolites were isolated from the 
medium, derivatised, and analysed by GLC and GC-MS. 
Untreated cultures gave the usual range of GAs (11, 
ho-1 1,12,13 and 14). The growth retardant (1) inhibited 
GA production at the three concentrations, without 
reducing the my&al weight. The inhibition appeared to 
be ca 95% complete at the two higher concentrations 
both when growth retardant was present from the begin- 
ning or added only to the resuspension medium. In sub- 
sequent experiments therefore the growth retardant was 
usually added to the resuspension medium only and, to 
ensure maximal inhibition of GA-production. the highest 
concentration was used. 

To obtain a quantitative measure. of inhibition, the 
percentage incorporation of MVL-[2-‘4C] into GA, 
(ll), a terminal GA in the fungal pathway (Scheme 
1). was determined in the absence and presence of com- 
pound 1. In these experiments the total acidic metabolites 
from 50 ml resuspension cultures were diluted with a 
large excess of GA, and the GA,-[‘*Cl was crystallized 
to constant specific radioactivity. The incorporation from 
(3R)- MVL-[2-‘4C] into GA, was 13.0% in the control 
cultures and 0.29% in the presence of the growth re- 
tardant. Thus the conversion of MVL into GA, (11) was 
inhibited to the extent of 97.8% by compound 1. The 
radio-chemical purity of the GA,-[14C] from these 
experiments was tested by methylation. After four 
recrystallizations, the specific activities ofthe GA,-[‘“Cl 
methyl esters correspond to 97.5% inhibition of GA,- 
production by compound 1. During recrystallization of 
GA,-[‘*Cl methyl ester the measured specific activity 
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varied with the solvent system used and with the condi- 
tions under which the crystals were dried. This variability, 
presumably due to tenaciously held solvent of crystalliza- 
tion, was standardized by crystallizations from C6H,- 
MeOH and drying at 140” for 6 hr. 

In qualitative experiments ent-kaurene (7). ent-kaure- 
no1 (8), and ent-kaurenoic acid (lo), known intermediates 
in the normal GA-pathway (Scheme l), were shown to 
be incorporated into GAs by resuspension cultures of 
GF-la in the presence of the plant growth retardant 
(1). The methylated products from each of these substrates 
were shown by GC-MS to be the same as those from un- 
treated cultures (11, iso-11, 12, 13, 14). To obtain quan- 
titative data ent-kaurene-[14CJ was prepared by incu- 
bation of MVL-[2-14C] with a cell-free preparation 
from G. fujikuroi and its incorporation into GA,-[“Cl 
by resuspension cultures was compared in the presence 
and absence of compound 1. The total products extracted 
from the culture filtrate were mixed with 20 mg unlabelled 
GA, (ll), the GA, was then isolated by TLC of the acidic 
fraction and crystallized to constant specific radio- 
activity. The measured incorporations were 23 f 1 y0 and 
26.5 + 1% for the untreated and treated cultures The 
slightly :ower value for the control culture is presumably 
caused by dilution of the GA,-[14C] derived from 
ent-kaurene-[14C] by the GA, produced from the 
endogenous pools of unlabelled precursors. This value 
can be corrected (28.5 f 1 “/d assuming that the amount 
of unlabelled GA, produced by the control culture in the 
present experiment was the same (ca 5 mg) as that pre- 
viously found by Boarder et al. [2]. Whatever the pre- 
cise percentage incorporations, these results show that 
ent-kaurene is an efficient precursor of GA, both in the 
absence and presence of compound 1. 

The above experiments show that the plant growth re- 
tardant 1 inhibits GA-biosynthesis between MVA and 
ent-kaurene (7). To determine if compound 1 inhibits 
the cyclization of GGPP (5) to ent-kaur-16ene Q, GGPP 
(5) and CPP (a) were separately incubated with soluble 
cell-free preparations from G. fujikuroi [lo] and Mad 
(Echincystis) mucrocarpus [ 111 in the absence or presence 
of compound 1 and AMO-1618 at 10 PM concentrations. 
The results are shown in Table 1. The incorporation of 
the substrates into ent-kaurene (7) was very low, especially 
from GGPP, but the results indicate that compound 1 
inhibits the cyclization of GGPP to CPP (A-activity 
of ent-kaurene synthetase) and that it is at least as effective 
as AMO-1618 [12,13]. The data indicate that compound 
1 also inhibits the cyclization (B-activity of ent-kaurene 
synthetase) of CPP (6) to ent-kaurene (7). but to a much 
smaller extent than for the A-activity. 

Cultures of G. fijikuroi in which GA-biosynthesis is 
blocked provide a simple and convenient method for the 
study of the microbiological conversion of analogues 

of the normal intermediates In the absence of the normal 
intermediates beyond the block, the metabolism of 
these analoguea can be determined without recourse to 
labelled substrates. Using the mutant B1_4la, the posi- 
tion of the block between ent-kaurenal (9) and ent- 
kaurenoic acid (10) has limited our studies to analogues 
of ent-kaurenoic acid (10) and later intermediates. The 
effective inhibition of GA-biosynthesis by the plant 
growth retardant 1 extends this approach to analogues 
of ent-kaurene (7) and later intermediates. The method is 
illustrated with reference to (a) kaur-16-ene [( +)-kaurene] 
(2) which is the enantiomer of the natural intermediate 
ent-kaur-16-ene [( -)-kaurene] (7); (b) 13/I-kaur-16-ene 
(phyllocladene) (3); and (c) ent-kaur-15-ene (isokaurene) 
(4). 

Resuspension cultures were grown in the presence 
of each of these substrates (40-80 mg/l.) and the plant 
growth retardant (100 mg/l.). For comparison, control 
cultures were grown in the absence of these substrates 
with and without compound 1. GLC traces from 
the derivatised acidic products from the culture medium 
containing each of the substrates were identical to 
those obtained from the control cultures containing the 
inhibitor while those from control cultures without 
inhibitor showed the usual range of products. GLC and 
GC-MS of the mycelial extract showed the presence 
of unmetabolised kaurene (2), 13gkaurene (3), and 
ent-kaur-15ene (4). These results show that kaurene 
(2). 13/?-kaurene (3), and ent-kaur-15ene (4) are not 
metabolised to GA-analogues by cultures of GF-la, the 
former result confirming the previous finding by Cross 
et al. [14] that kaur-16-ene-[17-14C] (2) was not con- 
verted into the enantiomer of GA,(ll). 

EXPERIMENTAL. 

Culture conditions Strain GF-la of Gibberello j@uroi. 
maintained on potato-dextrose-agar slants and stored at - 5”. 
was sub-cultural in the synthetic medium ICI 40x-N [IS] in 
shake-flasks After 3 days at 25”. 1 ml aliquots were transferred 
to either 500 ml conical flasks containing 50 or 500 ml, or 100 ml 
conical flasks containing 10 or 25 ml, of ICI 40 %-N medium and 
grown as shake cultures until the onset of pigmentation (3-l 
days). The mycelimn was collected by filtration. washed x 3 with 
nitrogen-free medium (ICI 0 X-N), and transferred either to ICI 
0 X-N medium or to ICI 0 X-N medium containing 100 mgll of 
compound 1. The volume of resuspension medium was equal to 
that bf the original cultures from which the mycelium was obtain- 
ed Comnound 1 was usuallv added in MeOH soln to hot ICI 
0 Z-N mkdium prior to the addition of tbc myceiium. 
Extracticm @resuspension cultures. Tbe mycelium was collected 
by filtration and extracted with MeOH (25 ml) which was evapd 
to dryness to give the mycelial extract. The culture tiltrate was 
adjusted to pH8 with satd. NaHCO, soln and extracted with 
EtOAc (3 x 50 ml); recovery from the EtOAc gave the neutral- 
basic fraction. The aq. layer was adjusted to pH 2.5 with 2M HCI 

Table 1. Incorporation of radio-activity into ent-kaur-16-ene from GGPP-[“q and CPP-C3a in the preaenoe of 10 pM concen- 
trations of compound 1 and AMO-1618 

Incorporation (dpm) into em-kaur-16cne 
Substrate Dpm added System Control Compound 1 AMO-1618 

GCPP-CW] 22400 G. jiijikuroi 65 1 0 
CPP-[3H] 36 960 G.jujikuroi 4308 2370 4105 
GCPP-[“C] 22 400 M. macrocarpus 537 33 201 
CPP-[3H] 36 960 M. macrocarpus 6668 4788 6343 
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and extracted (3 x 30 ml); recovery from the EtOAc gave the supematant fraction was used in the experiments described 
acidic fraction.. later. 

GLC conditions. Me derivatives were prepared in MeOH with 
CH,N, in Et,O; MeTMS derivatives were prepared in C,H,N 
rn &aGd t&es with (Me&NH-Me,Si&&H,N (2: 1 _I). 
Silanized nlasa columns (152.5 x 0.64 cm) were sacked with 
2% QF-I ‘iA, or 2% SE-j3 (B) on 80-ICO’mesh dkmineralhd 
and silanized Gas-Chrom A; N,-flow. 75 ml/min. 

Preparation cf ent-knur-16-ene-[‘*C]. 3(RSf-MVA-i[2-14C] 
(S pCi/pmol ; 5 pmot) was incubate-d at 30” with the cell-free 
system from G.fijikuroi (25 uJl .NII ,;nint .iTP (5 mM). MgCI, 
(5 mM), MnCI, (1 mM) anC K ,P tro&r J~ pH 7.5 (83 mM) in a 
total vol. of 3Oml. After 2 hr, Me,CO (25 mQ was added and the 
mixture was extracted with EtOAc (3 x 25ml). The dried 
extract was subjected to TLC on Si gel impregn&.d with 5% 
AgNO, in C,H,-iso-Pr,O-EtOAc (2: I : I). The radioactive 
bands were detected by radio-scanning and the ent-kaur-16 
ene-[14C] at R, ca 0.7 was eluted and further purified by re- 
chro~tography on AgNO,-Si gel in C,H,. The yield of ent- 
kaur-16_ene-[‘%Z] (20 pCi/pmoI) was 1.54 x IO6 dpm or 34.4 
nmol. 

GC.-MS. As in ret [I] except for GLC columns which were 
silanized glass packed with 2% SE-33 (172 x 0.32 cm) (c). and 
2% QF-I (I52 x 0.32 cm) (D) on demineralized and silanized 
Gas Chrom k 

Efiacz o~cornp~~ I on GA-production. ‘I%e mycelium from 
4 x 10 ml cultures of G. ~jik#To~ strain GF-la grown on ICI 
40x-N medium, was resuspended in 10 ml ICI 0:4-N medium 
containing 0. 0.01, 0.1 and 1.0 mg compound 1. After 3 days’ 
incubation. the cultures were extracted as described above. The 
acidic fractions were analysed for GAs as the Me and MeTMS 
derivatives by GLC on columns A and B and by GC-MS on 
column C. In a second experiment the mycelium from IOml 
cultures of GF-la grown in 0, 0.01.0.1 and I.0 mg compound 1 
was resuspended in 10 ml ICI 0%-N medium containing the 
same concn of compound 1. After 3 days culture similar results 
were obtained. 

Feeding of u&be&i substrates. Substrates (I or 2 mg) were 
added in MeOH or EtOAc (100-200 pl) to 100 ml conical flasks 
containing 5 ml H,O immediately after autoclaving. After 
cooling 20 znI of resuspension culture was added to each flask 
which was then incubated at 25” for 5 days on a reciprocal 
shaker. The mycelium and culture filtrates were extracted as 
described above. Aliquots (1:500) of the my&al extract were 
analyzed by GLC on column B. Aliquots (I : 100 or I :2(M) of the 
neut;aL ba&c and acidic fractions were analysed as the Me and 
MeTMS derivatives by GLC on columns A and B and where 
appropriate, by GC-MS on column C or D. In all experiments 
the GLC and, where appropriate, the GC-MS results were 
compared with two control resuspension cultures, one without 
sub&ate and the other without substrate and compound 1. 

MVL-r2-14ci incubarion. 3IRS)-MVL-T2-%1 (4.55 X IO6 
dpm; 10,s mCi;mmol) in C,H,‘(4d@) wasidded*to’ICI 0x-N 
medium (50ml) immediately after autoclaving. This medium 
was divided between two lC@ml conical flasks each con- 
taining the pigmented mycelium resuspended in 25 ml of 
ICI 0x-N medium- In addition one of the flasks contained 
compound I (5 mg). After 3 days incubation at 2P on a reci- 
procal shaker. the filtrate from each flask was acidified to pH 3.0 
with M HCl and extracted with EtOAc (3 x 50ml). The 
gummy residues, recovered from the EtOAc extracts of the 
control and treated cultures. were diluted with 125 and 130 mg 
respectively of unlabelled GA,. Each extract was dissolved in 
satd NaHCO, soln (5 ml) which was extracted with EtOAc 
(3 x IOml) aid acidified to pH 2.5 with 2M HCI. Extraction 
with EtOAc (4 x 10 ml) gave GA, which was crystallized from 
Me&O-petrol. After 4 crystallizations the sp. act. (dpm/mg) 
wasconstant at 2280 [13’jb incorporation fro-m (3R)-MVC] ih 
the control culture and 52 (0.288 “4 in the culture treated with 
compound 1. Methylation (CH,NJ gave GA,-[“C] Me ester 
which was recrystallized{ x 2) from EtOAc-petrol and dried at 
120” for 36 hr: control. 1839 dpmjmg; treated, 49 dpm/mg. 
Further recrystalli~tion ( x 2) from C,H,-MeOH and drying 
at 14v for 6 hr gave constant sp. act.: controL 2017 dpm/mg 
(I I .5 % incorporation); treated, 52 dpm/mg (0.28 %). 

Preparation of cell-free extracts. (a) G. fujikuroi. A cell-free 
extract was prepared from the strain M419 [13]. The mycelium 
was collect4 by filtration and homogenised in a Sagers press 
[lo] and the homogenate was resuspended in 0.1 M tricine 
buffer at pH 8 containing 0.3 M sucrose and IO mM mercapto- 
ethanol (80 ml buffer for 30g wet mycelium). The resuspension 
was centrifuged at I5 Ooo g for 20 min at 0” and the supematant 
was re-centrifuged at I2OOOOg for 2 hr. The resulting supematant 
was usal for the experiments described later. (b) Marah mucro- 
carpus. Cell-free extracts were prepared from the endosperm 
of immature seed as previously described [I I J. The 120000g 

Preparaliwi ofgeranytgeranyt-E’*Cl py~ophosph~ and copa- 
lyl-[1-3H,] pyrophosphate. Gernaylgeranyl-[“Cl pyrophos- 
phate (20 pCi/pmolf was prepared biochemically from 3(RS)- 
MVA-[2-‘4q (5 pCi/pmol) using the M. macrocurpus cell-free 
system as described by Oster and West [161. Copalol-rl-%,J 
obtained from Professor C. A. West, w& pjrophosphorylata 
according to the method of Cramer and Bohm [ 171. 

ent-Kaur-16-ene-[‘qq incubation. Mycelium from a culture 
grown in 50 ml ICI 40x-N medium was resuspended in 50 ml 
ICI 0 Z-N medium in a 50 ml conical flask. Mycelium from a 
similar culture but grown in the presence ofcompound l(5.0 mgl 
was similarly resuspend& in medium containing compound 1 
(5.0mg). The control and treated resuspension cultures were 
each treated with ent-kaur-16ene-[“C] (5.31 x IO’ dpm) in 
Me&O (20 pl) and incubate-d at 25” for 5 days on a reciprocal 
shaker. The culture filtratea were extracted as described for the 
MVL-[2-‘%J incubation. To the total crude extract from each 
culture. unlabelled GA, (20 mp) was added, followed by EtOAc 
(IO ml) and the soln was extracted with 0.5 M K,HPO., (3 x 
IO ml). The latter extract was acidified to pH 2.5 with M HCI 
then extracted with EtOAc (3 x 30ml). Recovery from the 
EtOAc gave 53.2mg from the control and 32.5mg from the 
treated cultures. These residues were fractionated by PLC on 
SiO, gel G, developed with CHCls-EtOAc-HOAc (5: 15: 1). 
The major radioactive zone at R, ~10.4 was eluted with H,O- 
satd EtOAc to give 38.0 mg (control) and 24.4 mg (treated) 
from which GA, was recrystallized ( x 4) using Me,CO-petrol. 
After the first crystallization the sp. act. was constant within 
experimental error. The mean dpm/mg ( f 3 “A from the last 3 
crystallizations was 5825 (control) and 6769 (treated) correa- 
pending to 22.7 and 26.4% in~~oration of ent-kaur-lft-ene- 
[“CJ into GA,-[I%]. 

fncubarion . of geranylgeranyi pyrophosphnte and copaiyl 
pyrophosphote with cell-free systems from G. fujikuroi and M. 
macrocarpus in the absence and presence ofgrowth retardant 1. 
(a) G. fujikuroi system, Gerany1geranyl-[‘4~ pyrophosphate 
(0.5 nmol; 10 nCi) or copalyl-[l-‘H,] pyrophosphate (0.5 nmol; 
16.5 nCi) were incubated at 30” with the fungal cell-free. system 
(0.75 ml) containing MgCI, (5 mM) and K-Pi buffer at pH 7.6 
(50 mM) in a total vol. of I ml. Three incubations for each 
substrate were made; one control with no added growth retar- 
dant. one containing AM0 I618 (IOpM) and the third con- 
taining compound 1 (IOpM). The incubations were stopped 
after 2 hr by the addition of Me&O (I ml) containing un- 
labelled em-kaur-16ene (10 pg). After extraction with EtOAc 
(3 x 1 ml), the extracts were applied as spots to an Si gel plate 
and developed in petrol. The ent-kaur-16ene was visualized 
with I, vapour and the Si gel in this region was removed and 
counted by liquid scintillation (b) M. macrocorpus. The above 
procedure was repeated using the M. mocrocorpas cell-free 
system (0.75 ml) containing MgCI, (5 mM) and K-Pi buffer at 
pH 7 (IOmM). 

Mycelial dry weight. Using IO ml resuspension cultures the 
following mycelium dry weights were obtained after 3 days 
incubation: control culture (148 mg); cultures treated with 
1.0 mg compound 1 from the beginning (152 mg); and cultures 
treated with I.0 mg compound 1 after resuspension (133 mg). 
Using IOOml resuspension cultures grown for 7 days after 
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resuspension the following results were obtained: control, 
wet wt 3.8 g (dry wt 1.0 g); treated. (10 mg inhibitor). wet wt 
3.5 g (dry wt 0.9 g). 
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