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Part Xlll.! The Biosynthetic Relation-

ship of the Gibberellins in Gibberella fujikuroi

By Roger Evans and James R. Hanson,* School of Molecular Sciences, The University of Sussex, Brighton

BN1 9QJ

A comparison of the results of feeding enz-7-hydroxygibberell-16-en-19-oic acid. ent-7-oxogibberell-16-en-19-oic
acid. and ent-gibberell-16-ene-7.19-dioic acid (gibberellin A;,). in terms of the distribution of mevalonate. to
Gibberella fujikuroi. reveals that there is a divergence between the pathways leading to the 3-hydroxylated and

the non-3-hydroxylated gibberellins at the C-7 aldehyde stage.

The distribution of label between the C;g and

C,, gibberellins after 6 and 24 h incubations suggests that the free C,, gibberellins (Ayy. Agy. Aze. and Apy or Agg.
A,,, and A,;) may not lie on the direct pathway to the Cj, gibberellins. Gibberellins A, and A; are transformed

into gibberellic acid.
and Ag;.

THE gibberellin plant growth hormones possess a unique
carbon skeleton and differ from one another in their
oxygenation patterns. Some aspects of their bio-
synthetic inter-relationships within the fungus Gibberella
Sfujikuro: (ACC 917) form the subject of this paper.
In our previous work 2 on the sequence of oxidation of
ring B of the kauranoid precursors of the gibberellins,
we established that ent-7«-hydroxykaur-16-en-19-oic
acid (1) was converted into the gibbane aldehyde (3)
and that it formed the point of divergence between
the gibberellin and kaurenolide pathways. Both the
gibbane alcohol (2) 3 and the aldehyde (3) ¢ have been
shown to be efficient precursors of gibberellic acid (6).
Based on comparative levels of incorporation Cross
suggested ¢ that 3-hydroxylation of the aldehyde (3)
preceded further oxidation at C-7. MacMillan has
recently shown 3 with a mutant strain of G. fujtkuror,
that 3-hydroxylation of the aldehyde (3) and the form-
ation of gibberellins A,, (7), A, (8), and A, (5) occurs
under conditions in which gibberellin A, (4) is not
metabolised. While our work was in progress, Mac-
Millan also described & results of feeding substrates
which occur beyond ent-kaur-16-en-19-oic acid on the
pathway, to another mutant which was blocked for
gibberellin biosynthesis between ent-kaur-16-en-19-al
and - ent-kaur-16-en-19-oic acid and which therefore
lacked endogenous metabolites. In this mutant gib-
berellin A;, alcohol (2), the aldehyde (3), and gibberellin
A,, aldehyde were efficient precursors of the ring-
A-hydroxylated gibberellins A; (9}, A (6), A4 (8), A; (5),
Aj; (11), and Az (15) whilst gibberellin A, (4) was
incorporated into the non-3-hydroxylated gibberellins
Ay (16), A (12), Ay, (14), and Ay (10).  Our results
are based on comparative feeding of ent-7-hydroxy-
gibberell-16-en-19-oic acid (gibberellin A,, alcohol)
(2), emt-T7-oxogibberell-16-en-19-oic acid (gibberellin A,
aldehyde) (3), and ent-gibberell-16-ene-7,19-dioic acid
(gibberellin A},) (4) to a normal strain of G. fujikuror
in which the added substrates represented a small frac-
tion of the total mass of gibberellin production. Hence
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Incubation of gibberellin A;, with G. fujikuroi may be used to prepare gibberellins Ay,

there was less likelihood of our observing induced
pathways. However the overall results are in sub-
stantial agreement with the mutant studies. They are
in contrast to recent work 7 with a higher plant system
derived from Pisum sativum in which gibberellin A,
was hydroxylated at C-13 prior to oxidation of C-20.

The [17-14C]-substrates were fed to three-day-old
cultures of G. fujikuroi which were then grown for a
further 6 and 24 h. 7-Oxogibberell-16-en-19-oic acid
(3) was shown to be unstable under these conditions.
It underwent autoxidation to give, amongst other
products, gibberellin A,,. This fermentation was there-
fore harvested after 3 h. The normal pattern of gib-
berellin production of this strain was established by
using [2-1%CJmevalonic acid. This formed a basis
from which conclusions could be drawn on the relative
proportions of the metabolites which were formed.
The gibberellins were separated by chromatography
on Sephadex LH 20 in the biphasic system light petrol-
eum—ethyl acetate—acetic acid-methanol-water
(100:80:5:40:7) 8 and then the individual fractions
were further purified and identified by radio-t.l.c.
scanning against authentic samples. To provide suffi-
cient mass for additional identification, the 6 h fer-
mentation with the alcohol (2) was repeated and the
product was diluted with the crude extract (270 mg)
from 2-5 1 of a 3-5-day-old G. fujikuroi fermentation.
The results are tabulated.

Gibberellin A; was not observed in this culture.
The ‘ unknown fraction ’ contained at least four minor
components and was eluted in the region associated
with gibberellin Ag.8 One component was tentatively
identified by the mass spectrum of its methyl ester as
gibberellin A,,. However the components could not
be separated sufficiently cleanly for counting purposes.
An interesting feature of the mevalonate experiment
was the recovery of labelled ent-kaurene and ent-Ta-
hydroxykaurenoic acid as well as a group of gibberellins

5 J. R. Bearder, J. MacMillan, and B. O. Phinney, Phyto-
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271.
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which do not appear to be further metabolised readily
by this culture.

A number of conclusions may be drawn from these
results. Gibberellin A}, was metabolised in a different
manner to the alcohol (2) and the aldehyde (3) and was
converted efficiently and rapidly into the non-3-hydroxyl-
ated gibberellins A, (16), A;; (12), A,y (14), and A,y (10).
After 6 h 759, and after 24 h 679, of the radiocactivity
which was recovered was in these four compounds.
MacMillan observed ® some conversion of gibberellin
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A,, into 3-hydroxylated gibberellins in the blocked
mutant. Since these experiments were carried out in
the absence of the normal range of substrates, it is
arguable that some of this might represent a micro-
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biological transformation. Although in a preliminary
experiment we showed that gibberellin Ay (16) was

TasrE 1
[2-14C]Mevalonic acid incubation
Radioactivity

Metabolite Disint. min™*  recovered (%)
ent-Kaurene 2-11 x 108 9-9
ent-Ta-Hydroxykaurenoic acid 5-48 x 10° 2-6
Gibberellin A, 2-27 x 10% 1-1
Gibberellin Ag, 9-10 x 10° 4-3
Gibberellin A,, 2.78 x 105 13
Gibberellins A, and A, Not detected
Gibberellin A, 1-11 x 108 5-2
Gibberellin A, 3-87 x 108 181

TaBLE 2
ent-7-Hydroxy[17-14C]gibberell-16-en-19-oic acid
incubations
6h 24h
- Radio- Radio-
Metabolites activity activity
(in order of Disint. recovered Disint. recovered
elution) min™ (%) min~?! (%)
Gibberellin A, 2-78 x 10°% 1-3 2-64 x 10° 1-2
Gibberellin 1-11 x 10% 0-5 9-73 x 104 0-41
A
Gibberellin 417 x 105 194 485 x 105  2-03
A,
Gibb;rellin A, 191 x 10° 8-9 2-32 x 10°® 0-97
Gibberellin A, 1-45 x 108 6-7 83 x 10¢ 0-356
Gibberellin 2-89 x 108 13-5 1-72 x 108 7-2
A
Gibberellin ~ 6:68 x 105 3:1 483 x 105 2:02
A
Gibberellin 270 x 108 126 221 x 106 93
Ay
‘ Unlknowns ' 1-07 x 10¢ 5-0 1-57 x 108 6-6
Gibberellin 1-44 x 10°¢ 6-7 1-90 x 10¢ 7-8
A
Gibberellin A, 4-64 x 108  21-6 950 x 10° 398
TasLE 3
ent-71-Ox0[17-14C]gibberell-16-en-19-oic acid incubation
(3 h)
Metabolites (in order Radioactivity
of elution) Disint. min™ recovered (%)
Gibberellin A, 7-65 x 108 6-8
Gibberellin A, 507 x 10 45
Gibberellin A,, 1104 x 10° 9.9
Gibberellin A, 6-36 x 10° 57
Gibberellin A, 2:90 x 10° 2-6
Gibberellin A, 1-56 x 10° 14
Gibberellin A,y 4-95 x 10°% 4-4
Gibberellin A, 1-288 x 108 11-5
‘ Unknowns ’ 9-42 x 105 8-4
Gibberellin A, 1-95 x 105 1-73
Gibberellin A, 4-41 x 10° 3-95
TABLE 4
ent-[17-14C]Gibberell-16-ene-7,19-dioic acid incubations
6 h 24 h
) Radio- Radio-
Metabolites activity activity
(in order of Disint. recovered Disint. recovered
elution) min™! (%) min™? (%)
Gibberellin A, 1-855 x 10¢ 23-3 1-976 x 108 20-9
Gibberellin A,; 7-52 x 105 94 957 x 106 101
Gibberellin A,, 2-024 x 108 25-4 2-38 x 108 25-2
Gibberellin A,; 1-413 x 108  17-7 99 x 105 10-5
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slowly further metabolised, under the present con-
ditions 899, was recovered unchanged after 144 h further
incubation (cf. ref. 9). These results suggested a bio-
synthetic method of preparing the gibberellins A,,
and A,;.1® Gibberellin A, was prepared synthetically
from 7p-hydroxykaurenolide by ring contraction of
the 7a-p-bromobenzenesulphonate?® and oxidation of
the resultant aldehyde. Incubation of the gibberellin
A, with G. fujikuroi gave gibberellins A,y and Ay
in 17 and 89, yields.

The experiments with ent-7-hydroxygibberell-16-en-
19-oic acid (2) on the other hand gave a metabolite
distribution which paralleled that of mevalonate when
fed under the same conditions. It thus affords a
representative picture of the post-ring-contraction
metabolite production. In particular the proportions
of 3-hydroxylated and non-3-hydroxylated gibberellins
are comparable—for example the ratio of Ay to Ag
activity in the 6 h experiment is almost identical with
that in the mevalonate experiment. The results
suggest that 3-hydroxylation is more efficient than
further oxidation at C-7. An interesting feature arises
from a comparison of the distribution of label in the
C,y and C,, fractions. The decrease in the label in
gibberellins A, (8) and A, (5) over the 6—24 h period
nearly accounts for the increase in the radioactivity
in the gibberellic acid (6). Indeed gibberellin A, was
converted into gibberellic acid in 309, yield whilst
gibberellin A, gave gibberellic acid in 43-5%, yield.
On the other hand, relative to the turnover in the C,,
fraction, a significant portion of the label remained in
the C,, fraction. The retention of label in the C,,
gibberellins was also observed in the non-3-hydroxylated
series. It has been shown previously that gibberellin
A,; was not incorporated into gibberellic acid.%1!
In our hands gibberellin A, (7) was substantially un-
changed after 24 h incubation. MacMillan also re-
ported © that gibberellins Agg (15) and Ay, (13) were not
metabolised. Whilst it is possible that the 8-lactone
and lactol represent blocked functions, another explana-
tion must be sought for gibberellin A,,. There is
evidence 12 that an earlier precursor, ent-kaurene,
exists in both free and a bound form linked to a carrier
protein. The same might apply in this case and thus
affect the transport of the substrate. An alternative
possibility is that C-7 remains at the aldehyde oxidation
level whilst modification of C-20 takes place.

The results obtained from the incubation of ent-
7-oxogibberell-16-en-19-oic acid (3) reveal an increase
in the proportion of the non-3-hydroxylated gibberellins
in comparison with the mevalonate feed—a consequence
of the autoxidation of the substrate to gibberellin A,,.
However the aldehyde still gives a substantial pro-
portion of 3-hydroxylated gibberellins, indicating that
it represents the point of divergence between the two
series.

? B. E. Cross, R. H. B. Galt, and J. R. Hanson, J. Chem. Soc.,
1964, 295.

10 R. H. B. Galt, D. M. Harrison, and J. MacMillan, Tetra-
hedron Letters, 1968, 3137.
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EXPERIMENTAL

General experimental details have been described
before.2 Unless otherwise stated, three-day-old cultures
(250 ml) of G. fujikuroi were used. At this stage the fer-
mentation was not pigmented. The strain of G. fujikuro:
ACC 917 used in all these experiments was provided by
Dr. D. Broadbent (I.C.I. Pharmaceuticals Division, Alder-
ley Park). The fermentations were harvested by filtration;
the pH of the broth was then adjusted to pH 2 and the
metabolites were recovered by extraction with ethyl
acetate. For column chromatography Sephadex LH-20
(165 x 2 cm) was used with the biphasic system light
petroleum-ethyl  acetate—acetic = acid—methanol-water
(100:80:5:40:7); 250 x 8 ml fractions were collected
and 100 pl samples of each fraction were counted. The
gibberellins were further purified by t.l.c. on silica (Merck;
0-25 mm thick, 10 x 20 cm) plates. The following solvent
systems were used: benzene-acetic acid (9:1) for gib-
berellins Ay, Ay, A, Ass A, Aj, alcohol, and A, alde-
hyde; di-isopropyl ether-acetic acid (95 : 5) for gibberellins
A, A, A, A5, Ay, Ay, and A,y;  chloroform : ethyl
acetate : acetic acid (5:5:1 and 15:5:1) for gibberellin
A,; ethyl acetate for gibberellins A,, and A,;; ethyl
acetate-light petroleum (2: 3) for gibberellins A,, and A,
as their methyl esters; benzene-ethyl acetate (9:1) for
gibberellins A,, and A,; as their methyl esters; benz-
ene : ethanol : ethyl acetate (8:1:1) for gibberellin Aj,.
G.l.c. was carried out on the methyl esters with a 19
OV 17 column at 230° [nitrogen (50 ml min™) as carrier
gas].

Incubations—(i) [2-19C)Mevalonic acid. The mevalonate
(25 uCi; 3R-isomer; 18 pCi pmoll) in ethanol (1 ml)
was added to one three-day-old culture of G. fujikuroi.
The fermentation was harvested after 5 days further
incubation. The recovery of radioactivity was 21-37 X
108 disint. min™! (38-59,) and the product was chromato-
graphed as above.

(ii) ent-7-Hydroxy[17-14C]gibberell-16-en-19-otc acid. The
[17-14CJ-alcohol (27-8 X 108 disint. min™!; 179 ug) in
ethanol (0-2 ml) was added to each of two flasks of G.
fujikuroi. After 6 h incubation the recovery of radio-
activity was 21-49 x 108 (77-3%,) and after 24 h incubation
23-88 x 10% disint. min! (85-99%,). The metabolites were
separated and the results are tabulated.

(iii) ent-7-Ox0[17-14C]gibberell-16-en-19-oic acid. The
[17-14C]-aldehyde (14-13 x 10% disint. minl; 92 pug)
in ethanol (1-5 ml) was added to one three-day-old culture.
After 3 h the fermentation was harvested. The recovery
of radioactivity was 11-21 x 10% disint. min™? (79-39%).
The metabolites were separated and the results are tabu-
lated.

(iv) ent-[17-14C])Gibberell-16-ene-17,19-dioic acid (gibberellin
Ap). The [17-14CJ-acid (10-92 x 108 disint. min™!; 326
ug) in ethanol (0-5 ml) was added to each of two flasks of
G. fujikuroi. After 6 h incubation the recovery of radio-
activity was 7-964 x 108 (72-939,) and after 24 h 9-46 X
108 disint. min! (86-62%,).

(v) [17-MC]Gibberellin A,. The [17-14Cl-acid (3-86 X
108 disint. min; 84-5 mg) in ethanol (2 ml) was dis-
tributed between two two-day-old flasks of G. fujikurosd.
The fermentation was harvested after a further six days

11 J. R. Hanson and J. Hawker, Tetrahedron Letters, 1972, 4299.
12 T, C. Moore, S. A. Barlow, and R. C. Coolbaugh, Phyto-
chemistry, 1972, 11, 3225.
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incubation. The recovery of gibberellin A, was 3-40 X
10% disint. min™ (88-7%) (82 mg). Examination of the
crude fermentation extract by radio-t.l.c. failed to reveal
any major transformation products.

(vi) Gibberellin A),. The acid (60 mg) in ethanol (5 ml)
was distributed amongst ten flasks of G. fujikuroi. The
incubation was continued for 18 h. The pH of the broth
was adjusted to pH 2; extraction with ethyl acetate then
afforded crude material (240 mg) which was chromato-
graphed on silica gel preparative plates. Further purifica-
tion (of the methyl esters) by preparative layer chromato-
graphy afforded gibberellin A,; methyl ester (5 mg) and
gibberellin A,, methyl ester (11 mg), which were identified
by their mass spectra.

(vii) [17-14C]Gibberellin A,,. The acid (2-297 x 108
disint. min™!; 491 mg) in ethanol (8 ml) was distributed
amongst eight flasks of G. fujihuroi. After 24 h further
incubation, the fermentation was harvested. The re-
covery of radioactivity was 2-207 x 10% disint. min™.
A sample was methylated with diazomethane and analysed
byg.lc. Themajor product has a retention time of 6-1 min,
identical with that of gibberellin A,, methyl ester. Ex-

J.C.S. Perkin 1

amination of the fermentation extract by radio-t.l.c. failed
to reveal any major transformation products.

(viii) [17-4C]Gibberellin A,. The acid (1-526 x 108
disint, min~1) in ethanol (1 ml) was aded to one three-day-
old flask of G. fujikuroi. The incubation was continued
for a further 24 h and then the metabolites were harvested
(total recovery 1-102 x 10% disint. min™1). The gibberellic
acid (463 X 10° disint. min™; 30-3%, incorporation) was
separated by chromatography on Sephadex LH 20 (36 X
4 cm) in the biphasic system already described and its
purity was confirmed by radio-t.l.c.

(ix) [17-4]Gibberellin A, The acid (3-76 x 10° disint.
min’l) in ethanol (1 ml) was added to one three-day-old
flask of G. fujikuroi. The incubation was continued for
a further 24 h and then the metabolites (total recovery
3-289 x 10° disint, min™) were isolated. The gibberellic
acid (1-63 x 10° disint. min™; 43-5% incorporation)
was separated and purified as above.

We thank Dr. J. Hawker for some preliminary experi-
ments and Dr. J. MacMillan (University of Bristol) for

discussions.
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