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The genes for gibberellin (GA) biosynthesis are clus-
tered in the fungus Gibberella fujikuroi. In addition to
genes encoding a GA-specific geranylgeranyl diphos-
phate synthase and a bifunctional ent¢-copalyl diphos-
phate/ent-kaurene synthase, the cluster contains four
cytochrome P450 monooxygenase genes (P450-1, -2, -3,
-4). Recently it was shown that P450-4 and P450-1 encode
multifunctional enzymes catalyzing the three oxidation
steps from ent-kaurene to ent-kaurenoic acid and the
four oxidation steps from ernt-kaurenoic acid to GA,,,
respectively. Here we describe the functional analysis of
the P450-2 gene by gene disruption and by expressing
the gene in a mutant that lacks the entire GA biosynthe-
sis gene cluster. Mutants in which P450-2 is inactivated
by the insertion of a large piece of DNA accumulated
GA,, and lacked biosynthetically more advanced metab-
olites, indicating that the gene encodes a 20-oxidase.
This was confirmed by incubating lines containing
P450-2 in the absence of the other GA biosynthesis genes
with isotopically labeled substrates. The P450-2 gene
product oxidized the 3p-hydroxylated intermediate,
GA,,, and its non-hydroxylated analogue GA,, to GA,
and GA,, respectively. Expression of P450-2 is repressed
by high amounts of nitrogen in the culture medium but
is not affected by the presence of biosynthetically ad-
vanced GAs, i.e. there is no evidence for feedback regu-
lation. The fact that the GA 20-oxidase is a cytochrome
P450 monooxygenase in G. fujikuroi and not a 2-oxo-
glutarate-dependent dioxygenase as in plants, together
with the significant differences in regulation of gene
expression, are further evidence for independent evolu-
tion of the GA biosynthetic pathways in plants and
fungi.

Considerable progress has been made in isolating and char-
acterizing the genes encoding enzymes of gibberellin (GA)!
biosynthesis in plants (1, 2) and in the fungus Gibberella fu-
Jikuroi in which, in contrast to plants, all the GA biosynthesis
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genes are organized in a cluster (3—6). Comparison of the
products of the plant and fungal genes indicates important
biochemical differences in GA biosynthesis between these king-
doms. For example, formation of the early hydrocarbon inter-
mediate ent-kaurene from geranylgeranyl diphosphate re-
quires two enzymes in plants but is catalyzed by a single
bifunctional terpene cyclase in G. fujikuroi (7) and a Pha-
eosphaeria species (8). Although ent-kaurene oxidase, which
converts ent-kaurene to ent¢-kaurenoic acid, is a cytochrome
P450 monooxygenase in plants and G. fujikuroi, the enzymes
encoded by GA3 in Arabidopsis thaliana and P450-4 in G.
fujikuroi are highly diverged and are placed in different P450
families (6). Recently, we showed that in G. fujikuroi the four
steps by which ent-kaurenoic acid is converted to GA,, are
catalyzed by a single multifunctional cytochrome P450, en-
coded by P450-1 (4). This enzyme is also responsible for the
formation of GA;, and for the kaurenolides and fujenoic acids,
which are products of branches from the main pathway (4).

Although the biosynthetic pathway from trans-geranylgera-
nyl diphosphate to GA,,-aldehyde is the same in the fungus
and in all higher plants studied so far, thereafter it differs
between G. fujikuroi and plants. In G. fujikuroi, GA,,-aldehyde
is 3B-hydroxylated to GA,,-aldehyde and then oxidized on C-7
to GA,, (main pathway) or oxidized directly on C-7 to GA,,
(minor pathway) by the same multifunctional enzyme, P450-1
(Fig. 1 and Refs. 4 and 9). The products of P450-1 are then
converted by oxidative removal of C-20 to GA, and GA,, respec-
tively. In most higher plant species, GA,,, formed from ent-
kaurenoic acid by ent-kaurenoic acid oxidase (10), is either
13-hydroxylated to GAgzs, which is converted to GA,, by GA
20-oxidase (13-hydroxylation pathway) or oxidized directly by
20-oxidase to GA4 (non-13-hydroxylation pathway).

In plants, the removal of C-20, through which C,,-GAs are
converted to C,o-GAs, requires the progressive oxidation of the
C-20 methyl through a hydroxymethyl to an aldehyde, from
which C-20 is lost as CO, in the formation of a y-lactone (11).
This series of reactions is catalyzed by multifunctional 2-oxo-
glutarate-dependent dioxygenases, for which the alcohol and
aldehyde intermediates are both products and substrates. For
all known plant GA 20-oxidases, the main final products are
C19-GAs (12), with the exception of an enzyme from immature
pumpkin seeds, which produces mainly tricarboxylic acid prod-
ucts (13, 14). In contrast to plant systems, the oxidation se-
quence at C-20 to give the C,4-GAs has not been clearly estab-
lished in G. fujikuroi (Fig. 1). Although fungal cultures convert
GA,, to GA, (major pathway) and GA;, to GAgy (minor path-
way), it has not been possible to demonstrate the involvement
of intermediates in these conversions. Potential intermediates,
such as GAj,;, GAgg, and GA,;, are present in cultures, but
these are not formed from GA,, when they are applied to the
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FiG. 1. Metabolic relationship of GAs discussed in the text. GA,, and GA,,, which are formed from GA,,-aldehyde by GA,, synthase, are
converted to the C,4-GAs GAgy and GA,, respectively, by GA 20-oxidase. GAs with C-20 at higher oxidation levels are not metabolized to C,4-GAs.

The numbers of relevant C atoms are shown for GA,,-aldehyde.

fungal mutant strain B1-41a, nor are they metabolized to GA,
(15). Similar results are found for GA;5, GA,,, and GA,;, the
non-hydroxylated analogs of these possible intermediates.

Although all GA biosynthetic steps after GA55 are catalyzed
by dioxygenases in plants (1, 2), the G. fujikuroi GA gene
cluster contains no dioxygenase genes. Instead, four cyto-
chrome P450 monooxygenase genes are closely linked in the
cluster, indicating that, in contrast to higher plants, the 20-
oxidation might be catalyzed by a monooxygenase in the fun-
gus. Here we report the functional analysis of one of the four
P450 monooxygenase genes, P450-2, demonstrating that this
gene fulfills the function of the plant 20-oxidases. The enzyme
catalyzes the removal of C-20 from GA,, and GA,, to produce
the C,9-GAs, GA, and GA,, respectively. In addition to the
differences in enzyme character, expression of the plant and
fungal GA 20-oxidase genes is regulated differently.

EXPERIMENTAL PROCEDURES

Fungal Strains and Culture Conditions—G. fujikuroi m567, a wild-
type strain from rice, was provided by the Fungal Culture Collection
(Weimar, Germany). The wild-type strain IMI58289 and the GA-defec-
tive mutant strain SG139 (16) were kindly provided by E. Cerda-
Olmedo and J. Avalos (University of Sevilla, Sevilla, Spain). SG139 is
missing the entire GA gene cluster as demonstrated by Southern blot
and PCR analysis.

Bacterial Strains and Plasmids—Escherichia coli strain Top10 (In-
vitrogen) was used for plasmid propagation. The gene disruption vector,
pP450-2-GD, constructed by cloning a 0.9-kb internal HindIII/Sall frag-
ment of P450-2 from plasmid pP450-S containing a 6.7-kb Sall frag-
ment spanning from P450-4 to the heme binding domain of P450-2 (5),
was cloned into the vector pGPC1 (17) carrying the hygromycin B
resistance cassette. For complementation of strain SG139 with the
wild-type P450-2 gene, a 4.0-kb BamHI fragment carrying the entire
P450-2 gene was cloned into pGPC1 (17).

Media and Culture Conditions—For DNA isolation the fungal strains
were grown in 100 ml of complete liquid medium optimized for Fusar-
ium spp. (18) for 3 days at 28 °C on a rotary shaker set at 200 rpm. The
mycelium was harvested by filtration through a sterile glass filter (G2,
Schott Jena, Germany), washed with sterile distilled water, frozen in
liquid nitrogen, and lyophilized for 24 h. The lyophilized mycelial tissue
was ground to a fine powder with a mortar and pestle. For RNA
isolation, fungal strains were grown in an optimized GA, production
medium (OPM), containing 6% sunflower oil, 0.05% (NH,),SO,, 1.5%
corn-steep solids (Sigma), and 0.1% KH,PO,. Mycelium was harvested
after 15 h (growth phase) and after 3—6 days of cultivation (production
phase). For study of feedback control by GAs the mycelium was culti-
vated in 10% ICI medium (19) for 4 days and then resuspended in 0%
ICI with or without the addition of 1 g/liter of GA,. For analysis of GAs,
fungal strains were grown in the GA production medium for 7-10 days
at 28 °C on a rotary shaker (200 rpm). Cultures for metabolism studies
were established in 100 ml of 100% ICI medium for 4 days at 25 °C on
a rotary shaker, then subcultured into 100 ml of 40% ICI medium, and,
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after 5 days, into 100 ml of 10% ICI medium containing 1 mm AMO-
1618 (Calbiochem).

DNA and RNA Isolation—Genomic DNA was isolated from lyophi-
lized mycelium according to Doyle and Doyle (20). Lambda DNA from
positive lambda clones was prepared according to Ref. 21. Plasmid DNA
was extracted using Genomed columns following the manufacturer’s
protocol (Genomed, Bad Oeynhausen, Germany). RNA for Northern
blot analysis was isolated by using the RNAgents total RNA isolation
kit (Promega, Mannheim, Germany).

Southern and Northern Blot Analysis—After incubation with restric-
tion endonucleases and electrophoresis, genomic or lambda DNA was
transferred to Hybond N* filters (Amersham Biosciences) (22). 2P-
labeled probes were prepared using the random oligomer primer
method. Filters were hybridized at 65 °C in 5X Denhardt’s solution
containing 5% dextran sulfate (21). Filters were washed at the hybrid-
ization temperature in 2X SSPE, 0.1% SDS and then 1X SSPE, 0.1%
SDS. Northern blot hybridization was accomplished by the method of
Church and Gilbert (23). Probing with G. fujikuroi rRNA was used as a
control for RNA transfer.

Transformation of G. fujikuroi—Preparation of protoplasts and the
transformation procedure were carried out as previously described (24).
For gene disruption, 107 protoplasts (100 ul) of strain IMI58289 were
transformed with 10 ug of the gene disruption vector pP450-2-GD. For
complementation of the mutant strain, SG139, with the intact P450-2
gene, protoplasts were transformed with 10 ug of the circular comple-
mentation vector pP450-2-GC.

Transformed protoplasts were regenerated at 28 °C in a complete
regeneration agar (0.7 M sucrose, 0.05% yeast extract, 0.1% (NH,),SO,
containing 120 pg/ml of hygromycin B (Calbiochem)) for 6-7 days.
Single conidial cultures were established from hygromycin B-resistant
transformants and used for DNA isolation and Southern blot analysis.

Gibberellin Analysis—For analysis of GA formation, the wild-type
strain and P450-2-disrupted mutants were cultivated in 100 ml Erlen-
meyer flasks containing 20 ml of OPM medium. Cultures were incu-
bated for 7 days on a rotary shaker (200 rpm) at 28 °C. GA; was
analyzed by high performance liquid chromatography (HPLC) accord-
ing to Barendse et al. (25) using a Merck HPLC system with a UV
detector and a Lichrospher 100 RP18 column (5 um; 250 X 4; Merck).
GA, GA, and GA; also were analyzed by thin layer chromatography
eluted with ethyl acetate/chloroform/acetic acid (60:40:5). Extracts of
culture filtrates and mycelia were analyzed by gas chromatography-
mass spectroscopy (GC-MS) as described previously (3).

PCR—Genomic DNA of strains SG139 and complemented transfor-
mants were used as templates for amplification of the entire P450-2
gene. The specific primers, which were synthesized by MWG-Biotech
AG, had the following sequences: P450-2-F, 5'-ATGATCACCAGCTAT-
GCGGGTGCC-3' and P450-2-R, 5'-ATCCAACTCAACTGACTCCCGA-
CGC-3'. DNA amplification was performed in 50 pl mixtures using 2
units of TagDNA polymerase (Red-Taq, Sigma), 50 ng/ul genomic DNA,
50 uM each dNTP, 200 nM each primer and 1X Taq buffer (Sigma). PCR
was carried out for 36 cycles, each comprising 1 min of denaturation at
94 °C, 0.5 min of annealing at 62 °C, and 1.5 min of extension at 72 °C.
The PCR product was purified using the gel extraction kit (Genomed),
precipitated with 0.3 M sodium acetate and 2 volumes of ethanol and
cloned using the pCR2.1 vector system (Invitrogen).

Incubations with Isotopically Labeled Substrates—|[1,7,12,18-
1C,JGA,, (4.40 TBq mol™ ) and [1,7,12,18-**C,]GA,,-aldehyde (6.81
TBq mol ') were prepared from R-[2-'*C]mevalonic acid (Amersham
Biosciences) using a cell-free system from pumpkin endosperm, as
previously described (26). [**C]IGA,, (6.81 TBq mol ') was prepared
from [**C]GA,,-aldehyde by incubation with cultures of the P450-1
transformant SG139-T7 of G. fujikuroi (4). [18->°H,1GA,, was a gift from
Dr. M. H. Beale (IACR-Long Ashton Research Station) and was used to
prepare [?H,]GA,, by incubation with cultures of the P450-1 transfor-
mant SG139-T7 (4). [17-**C]GA,, (1.64 TBq mol 1), [17-**CIGA, 5 (1.64
TBq mol 1), [17-*H]GA,,, and [17-?H]GA,, were obtained from Profes-
sor L. Mander (Australian National University, Canberra, Australia).
The open lactones of [**C]GA,; and [PH]GA,, were prepared by heating
the respective lactones at 100 °C in 0.1 N KOH for 2 h. For incubations
with radiolabelled substrates, fungal cultures of SG139 transformants
were grown in 40% ICI medium for 2 days at 28 °C then harvested and
the mycelia washed with 0% medium (19). Mycelia were resuspended in
0% ICI, and 1-ml aliquots were transferred to 25 ml sterile flasks
containing 5 ml of the same medium. The radiolabelled substrates (500
Bag/flask) were added to the cultures in methanol (10-40 ul). After
incubation on an orbital shaker at 28 °C for 2 days, cultures were
filtered and GAs extracted and purified as described in Ref. 4. HPLC
analysis was made on a C,g column (Symmetry, Waters) in a Waters
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Fic. 2. The P450-2 gene of G. fujikuroi. A, physical map of P450-2
in the GA biosynthesis gene cluster showing the position of the BamHI
sites used to excise the P450-2 gene for the complementation experi-
ment. The DNA fragment for the construction of the disruption vector
pP450-2-GD (shown in B) was excised from a lambda clone by digestion
with HindIIl and Sall. The Sall site marked with an asterisk is not
present in the genomic DNA. The position of the primers used in PCR
to determine the presence of P450-2 in the SG139 transformants are
also marked.

600 instrument using a linear gradient from 60 to 100% methanol/H,0,
pH 3.0, over 30 min. The flow rate was 1 ml/min. Fractions (1 ml) were
collected, and the radioactivity was measured by liquid scintillation
counting. Products were identified by combined GC-MS as described
previously (3).

RESULTS

Disruption of the P450-2 Gene—P450-2 is part of the G.
fujikuroi GA biosynthesis gene cluster and was mapped to the
right of P450-1 and to the left of ggs2 (5) (Fig. 2A4). The gene
(GenBank™ accession no. Y15278) contains 6 introns and en-
codes a cytochrome P450-like protein of 1,568 bp.

To characterize the biosynthetic steps in which the gene
might be involved we performed gene disruption experiments.
An internal 0.9-kb HindIII/Sall fragment ending in the middle
of the heme binding domain of the enzyme, was cloned into the
vector pGPC1 carrying the hygromycin resistance gene. The
resulting disruption vector pP450-2-GD (Fig. 2B) was trans-
formed into the wild-type strain IMI58289. Among the 24
transformants generated, two showed no GA production. The
gene disruption event was confirmed by Southern blot analysis
(Fig. 3). Both transformants, AP450-2-T35 and AP450-2-T39,
had lost the 4.0-kb BamHI wild-type band and instead pro-
duced hybridizing bands consistent with the integration of the
vector into the P450-2 locus by a single crossover. Additional
hybridizing bands in the transformants are due to ectopic vec-
tor integrations.

Analysis of the Intermediates Produced in the Mutants—
Neither transformant produced GA,, GA,, or GA, as shown by
TLC and HPLC. To characterize the step in the pathway that
was blocked by disruption of P450-2, the wild-type strain
IMI58289 and the transformant T35 were cultivated in 20%
ICI production medium for 5 days. Extracts of the culture fluids
and the mycelia were analyzed by GC-MS. The total ion current
traces for the culture fluid extracts are shown in Fig. 4. The
wild-type produced mainly GAj, GA;;, GA; and 73,18-dihy-
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Fic. 3. Southern blot analysis of the P450-2 disruption mu-
tants. The analysis was performed on genomic DNA from the wild type
(IMI58289) and disruption mutant strains AP450-2-T35 and -T39. The
DNA was digested with BamHI and probed with full-length P450-2
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Fic. 4. GC-MS analysis of culture filtrates of the wild-type
(IMI58289) and disruption mutant (AP450-2-T35) strains. Total
ion current traces are shown for ethyl acetate extracts after derivatiza-
tion to methyl esters trimethylsilyl ethers. Components identified by
comparison of their mass spectra and GC retention times with pub-
lished data (39) are as follows: peak 1, GA,; peak 2, GA,5; peak 3, GA,,;
peak 4, GA,,; peak 5, 7p-hydroxykaurenolide; peak 6, isoGA,; peak 7,
GA;; peak 8, GA5; peak 9, GA4; peak 10, isoGAg; peak 11, 7B,18-
dihydroxykaurenolide; peak 12, GAj; peak 13, GA,g; peak 14, fujenoic
acid; peak 15, GA,,. isoGA, and isoGA, (the 19,2a-lactone, 1,10-enes)
are formed from the respective GAs either during extraction or GC-MS
analysis.

droxykaurenolide, whereas the mutant AP450-2-T35 accumu-
lated GA,, but later intermediates of the pathway were not
detected. This result indicated that P450-2 activity was re-
quired for oxidation of GA,, at C-20, a reaction that in plants is
catalyzed by dioxygenases.

Expression of P450-2 in the Deletion Mutant SG139—To
confirm that P450-2 was a 20-oxidase and to define precisely
the reactions catalyzed by this enzyme we transformed the
GA-deficient mutant strain SG139 with the gene complemen-
tation vector pP450-2-GC containing an intact copy of P450-2
and the hygromycin resistance cassette as selection marker.
Strain SG139 has lost the entire GA gene cluster and was used
previously to demonstrate the functions of P450-4 (6) and
P450-1 (4). Ten of the resulting hygromycin-resistant transfor-
mants were analyzed by PCR for correct integration of the
complete P450-2 gene using primers P450-2-F and P450-2-R
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Fic. 5. Northern blot analysis of P450-2 gene expression. A,
expression of P450-2 in the transformed SG139 mutant was confirmed
by determining transcript levels in selected transformants P540-2-T1,
-T8, -T6, and -T17 that were shown by PCR to contain P450-2. For
comparison expression was also examined in the wild-type (IM158289),
SG139 deletion mutant, and transformant P450-2-T4, which was shown
by PCR to contain the gene but gave no expression. B, the effect of
growing the wild-type strain IMI58289 for different times in media with
high N, (100% ICI) or low N content (10% ICI) on expression of P450-2
and, for comparison, P450-4, was determined. C, the effect of GA,
content on P450-2 expression was determined in the wild-type strain
IMI58289 with or without supplementing the culture medium with
GA,. In each experiment total RNA was probed with the P450-2 cDNA.
As controls for RNA loading, the blots were hybridized with ribosomal
RNA from G. fujikuroi.

(see Fig. 2). Six of the transformants amplified the expected
2,500-bp PCR fragment corresponding to the size of the wild-
type gene (data not shown). To confirm that the gene is ex-
pressed in the complemented transformants, Northern blot
analysis was performed on some of the transformants as well
as on the wild-type and mutant strain SG139 (Fig. 5A). P450-2
was expressed in the wild type as well as in transformants T1,
T3, T6, and T17 but was not expressed in the recipient strain
SG139 or in T4, even though this transformant produced a PCR
product of the correct size. Transformants T1, T6, and T17 were
used for further expression and metabolism studies.
Regulation of Gene Expression—We showed previously that
the genes encoding CPS/KS (ent-kaurene synthase), P450-1
(GA,, synthase), and P450-4 (en¢-kaurene oxidase) are ex-
pressed only in GA production conditions (low nitrogen) (4—6).
To determine whether P450-2 is co-regulated with these genes,
the wild type was grown for 15, 24, 38, 48, and 60 h in 10 and
100% ICI medium containing 0.5 and 5.0 g/liter NH,NOg, re-
spectively. Northern blot analysis of total RNA revealed a
single band of ~1.8 kb only in 10% ICI medium clearly dem-
onstrating strong nitrogen repression of gene expression. The
P450-2 transcript was just detectable at 24 h and increased in
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Fic. 6. Metabolism of GA,, and GA,, in fungal cultures. *C-labeled substrates were incubated with cultures of the wild-type strain
IMI58289, deletion mutant SG139, and the P450-2 transformant T6. Total extracts were separated by HPLC and the radioactivity profiles
produced by liquid scintillation counting of aliquots from each fraction. The identity of products was confirmed by GC-MS. Retention times are:
GA,,, 24 min; GA,,, 16 min; GA;, 6 min; GA,, 15 min; GA,, 20 min; GA,;, 17 min; 16,17-dihydrodihydroxy-GA,, 8 min.

abundance with culture time (Fig. 5B). Its expression pattern
corresponded closely to that of P450-4 (Fig. 56B) and four other
genes in the GA cluster (4, 5).

In higher plants GA 20-oxidases are key regulatory enzymes
for GA biosynthesis, and their expression is under negative
feedback control by bioactive GAs. However, addition of 1 g/
liter GAg, the final product of GA biosynthesis in G. fujikurot,
to cultures of the wild-type strain did not reduce P450-2 tran-
script abundance (Fig. 5C), suggesting its expression is not
under feedback control.

Incubation of Labeled Gibberellin Precursors with P450-2
Transformants—[**C]GA,, and [**C]GA,, were both metabo-
lized efficiently by the three P450-2 transformants, SG139-T1,
-T6, and -T17, grown under GA-producing conditions. Complete
conversion of ['*C]GA,, to ["*C]GA, was demonstrated by
HPLC and GC-MS, whereas [**C]GA,, was converted to
[14C]GA9 and smaller amounts of [14C]GA25, the tricarboxylic
acid product (Fig. 6 and Table I). In some incubations with
[**CIGA,,, [**C1GA, 16,17-dihydrodiol was also detected (Table
I). The dihydrodiol was apparently a product of the P450-2
monooxygenase because [140](}A9 was not transformed when
incubated with the recipient strain SG139. Incubations of
[**C]GA,5 or ["*CIGA,, with SG139 also gave no conversion of
these precursors (Fig. 6), whereas the wild-type strain
IMI58289 converted these substrates to mainly [*C] GA, plus
['*C1GA,; (Fig. 6, retention time 20 and 17 min, respectively),
and ["C]GA; (Fig. 6, retention time, 7 min), respectively.

Although [*C]GAg and [**C]GA,; were produced in a 2:1
ratio from [14C]GA12 by the transformants, only [1‘LC](}A4 and
no ["*C]GA,; (the 3B-hydroxylated tricarboxylic acid analog of
GA,;) was detected when 0.24 ug of ['*C]GA,, was incubated
with these strains. Thus, the C;4 lactones are the main prod-
ucts of the fungal GA 20-oxidase. When a higher amount of
substrate (83 ug of [QH]GAM) was incubated with the T17
transformant, [2?H]GA,; was detected in addition to [?H]GA, at
a ratio of 5:1 GA,/GA,; (Table I). A small amount of [H]GA 4
(1.8% total products) was formed when 100 ug of [2H] GA,, was
incubated with T17. GA,; contains C-20 at the alcohol oxida-
tion level and, as the free alcohol, has been demonstrated as an
intermediate in C-20 oxidation by plant dioxygenases (12, 13).
In contrast, GA,,, GAgg, or GAgy;, which have been proposed as

intermediates of C-20 oxidation in G. fujikuroi, were not de-
tected under our incubation conditions, although a trace of
labeled 12-hydroxy-GA,, (stereochemistry at C-12 not deter-
mined) was present when [H]GA,, was incubated at high
concentration (Table I). Furthermore, small amounts of 12a-
hydroxy-GAg (GA,y), 12a-hydroxy-GA,, (GA;;;), and 123-hy-
droxy-GA,, (GA;;,), as well as the 16,17-dihydrodiols of GA,,
and GAg, were obtained from GA,, under these conditions. The
tricarboxylic acid GA,; is a final product and not an interme-
diate in C-20 oxidation because it remained unchanged when
incubated with cultures of the P450-2 transformants (data not
shown).

To investigate further the possible participation of alcohol
and aldehyde intermediates in fungal GA C-20 oxidation,
['*C]GA,5, and [**CIGA,, as well as the corresponding 3-
hydroxylated compounds, [HIGA,,; and [?H]GA,4, were incu-
bated with cultures of the P450-2 transformants (Table I).
[14C]GA15 and [ZH]GA37 were incubated as lactones or as
opened lactones prepared by hydrolysis of the lactones with
KOH because many plant GA 20-oxidases oxidize the C-20
alcohol only in the free form (27). GA,; is otherwise stable to
strong base, but there is likely to be some epimerization of the
3B-hydroxyl group of GA;; under these conditions. The lactone
form of ["*C]GA,5 was incubated with the transformant in
culture medium at pH 3.0 or 4.5, after which it remained
unchanged as did the free alcohol form in cultures buffered at
pH values from 5.0 to 7.0. The higher pH values would retard
relactonization in the medium. The same results were found for
[2H]GA37 and its free alcohol form. The non-hydroxylated
[14C]GA24, containing C-20 as the aldehyde, was about 50%
metabolized by the T1, T6, or T17 transformants to [**C]GA,y
as sole product under conditions of complete conversion of
[14C]GA12. No [14C]GA9 was detected from these incubations.
The mutant strain SG139 failed to metabolize [14C]GA24 (data
not shown), confirming that oxidation to GA,; was due to the
activity of P450-2. Unexpectedly, the 3B-hydroxylated analog,
[2H] GA36, was not transformed by the P450-2 transformants to
any detectable products.

Oxidation of [**C]GA,, and [**C]GA,, by the P450-2 trans-
formants was highly dependent on the pH level of the culture
medium. Efficient transformation was found at low pH levels,
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TaBLE 1

GC-MS identification of products from incubations of isotopically labelled GA,,, GA,, and C-20 alcohol and aldehyde GAs

substrates, were analyzed as methyl esters trimethylsilyl ethers.

with SG139 P450-2 transformants
HPLC fractions containing radioactivity, in the case of *C-labeled substrates, or total extracts of culture filtrates, in the case of ?H-labeled

Transformant Substrate % relall)tri?/[iu:rtrfount)a Mass spectrum
m/z (% relative abundance)
T1, T6® [**C,IGA,, (0.5 ug) [**C,1GA, (57) 306(63), 304(21), 298(53), 276(1000), 274(39),
270(98), 251(76), 249(29), 243(50), 232(65),
230(71), 226(79), 189(35), 183(42)
[**C,1GA,; (29) 380(12), 372(19), 320(72), 312(75), 292(87), 290(48),
284(100), 231(85), 230(48), 225(48), 224(36)
[**CIGA, 16,17- 413(100), 411(28), 405(82), 351(14), 345(9), 307(17),
dihydrodiol (14) 301(16), 263(18), 255(24)
T17 [PHIGA,, (100 ug) [PHIGA, (50) 331(2), 299(50), 287(11), 271(100), 244(47), 228(26),
227(54), 226(33), 225(34)
[PHIGA,; (32) 373(9), 313(68), 312(20), 285(100), 284(35), 226(47),
225(42)
[PHIGA,; (2) 345(10), 313(24), 299(24), 285(88), 284(28),
240(100), 239(44), 226(17), 196(53)
[*HIGA,, (12a- 419(12), 372(22), 359(17), 329(14), 312(25),
OHGA,) (trace) 297(100), 284(24), 283(53), 269(94), 224(96)
[PHIGA,;; (12a- 417(22), 389(46), 358(23), 327(12), 299(100),
OHGA,,) (1) 240(43), 239(40)
[PHIGA,;, (12- 449(11), 417(62), 389(100), 374(21), 317(18),
OHGA,,) (trace) 299(81), 284(30), 272(20), 240(80), 239(58)
[®H]12-OHGA,, 313(69), 287(58), 285(91), 259(31), 228(45),
(trace) 227(100), 226(82), 199(20)
[*HIGA,, 16,17- 436(100), 406(18), 376(86), 316(16), 299(14),
dihydrodiol (2) 286(30), 256(12)
[*HIGA, 16,17- 494(2), 406(100), 374(3), 359(4), 346(8), 316(4),
dihydrodiol (9) 302(18), 293(11), 270(7), 256(15), 228(12)
T1,° T6 [**C,IGA,, [**C,IGA, 426(12), 408(11), 398(26), 336(25), 308(25), 304(37),
292(96), 290(48), 284(30), 233(45), 231(82),
230(100), 229(54), 224(35), 205(31)
T17 [*HIGA,, (83 ug) [*HIGA, (83) 419(10), 400(9), 391(26), 387(18), 359(11), 329(23),
301(27), 297(33), 290(24), 285(100), 226(60),
225(93), 202(32)
[PHIGA,; (17) 478(16), 461(19), 437(22), 433(22), 400(71), 373(33),
349(51), 343(30), 311(100), 310(40), 284(47),
283(72), 224(45), 223(38)
T17, T1, T6® ["*CIGA,, [**CI1GA,5 374(16), 314(74), 286(100), 271(3), 254(7), 232(11),
227(43), 226(28)
T1, T6 ["*CIGA5° no conversion
[PH,]GA,° no conversion
[PH,1GA,4 no conversion
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@ In the case of 1*C-labeled substrates, the % relative abundance of each product was based on the recovered radioactivity after HPLC separation.
For ?H-labeled substrates, relative abundance was estimated from mass spectral total ion currents.

® Data presented from an incubation with this transformant.

¢ Assayed as lactones (at pH 3 and 4.5) or as free alcohols (at pH 7.0; 6.0 and 5.0). Conditions described under “Experimental Procedures.”

whereas conversion of these substrates was markedly reduced
when the culture medium was buffered at pH 7.0 (shown for
[14C]GA12 in Table II). In contrast, [14C]GA12-aldehyde was
completely transformed by the wild-type strain IMI58289 at
pH values from 3.0 to 7.0 to give GA; and GA, in similar
relative amounts regardless of the pH of the culture medium
(Table II). Moreover, expression of P450-2 in terms of tran-
script abundance was also independent of pH level (data not
shown).

DISCUSSION

Gibberellin biosynthesis in G. fujikuroi is a complex process
involving at least 16 enzymatic steps. Among the seven GA
biosynthesis genes that were found to be organized in a gene
cluster on chromosome IV, four cytochrome P450 monooxygen-
ase, but no dioxygenase genes were identified (3—6). Two of the
P450 genes, P450-4 and P450-1, have been shown to code for the
multifunctional ent-kaurene oxidase and GA,,-aldehyde syn-
thase, respectively (4, 6). In this study, we have characterized the
P450-2 gene at both the molecular and biochemical levels.

The P450-2 disruption mutants accumulated the Cy,-GA
precursor GA,,, suggesting a role for P450-2 in the oxidation of
C-20, which results in the loss of this carbon atom and the

formation of the C;4 product GA,. The function of P450-2 was
confirmed by expressing the gene in the mutant SG139, which
lacks the GA biosynthesis gene cluster. The transformants
converted GA;, and GA,;, to GAy and GA,, respectively,
whereas SG139 did not metabolize these substrates. Thus, the
P450-2 protein has an analogous function to the soluble GA
20-oxidases in plants (2, 12, 13, 28). It had not previously been
possible to determine the nature of the fungal GA 20-oxidase
because this enzyme was not active in cell-free preparations. In
fact, although all of the P450-catalyzed reactions required for
the formation of GA;, could be demonstrated in such prepara-
tions (9, 29-31), none of the activities for later steps were
present. The reason for this is still not clear despite the enzy-
matic nature of the 20-oxidase being known. The derived amino
acid sequence of P450-2 shows 12 putative membrane-binding
motifs, indicating that, in common with the P450s responsible
for the earlier steps, the P450-2 protein should be associated
with membranes.

There was no indication that the fungal 20-oxidase utilized
the 3B-hydroxylated substrate GA,, more efficiently than the
non-hydroxylated analog GA;,. Thus, the relative fluxes
through the minor non-hydroxylation pathway to GA4 and the
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TaBLE II
Influence of the pH of the culture medium on metabolism of [**CIGA ,, and ["*C]GA ,,-aldehyde by SG139-T1 and IMI58289 strains, respectively
Products were separated by HPLC. In incubations with [**C]GA,-aldehyde, besides [**CIGA; and [**C]GA,, the remainder of the radioactivity
eluted with the retention time of ["*C]GA,,. In incubations with ['*C]GA,,, the remainder of the radioactivity corresponded to ['*C]GA,;.

pH of C,9-GA products
Substrate culture % conversion
medium [MCIGAy [1CIGA,
dpm (% total products)

["“CIGA " 3.0 98.0 13200 = 530 (66%) -

[**C]GA " 7.0 8.0 1000 * 48 (5%) -
[**C]GA,,-aldehyde® 3.0 98.5 1200 * 65 (6%) 5900 + 354 (29.5%)
[**CIGA,,-aldehyde® 7.0 99 2100 * 120 (10.5%) 3900 = 190 (19.5%)

“ 20,000 dpm were incubated with the GA 20-oxidase transformant SG139-T1.

© 20,000 dpm were incubated with the wild type, IMI58289.

main 3p-hydroxylation pathway leading to GAj is probably
determined by the availability of GA,, and GA,, rather than by
the efficiency with which they are converted by the 20-oxidase.
As we reported recently (4), GA;, and GA,, are both formed
from ent¢-kaurenoic acid by the P450-1 monooxygenase (GA,,
synthase), which channels the GA intermediates preferentially
into the 3B-hydroxylation pathway.

Although the C,q lactones, GAy or GA,, were the major
products of P450-2, the C,, tricarboxylic acid, GA,;, was
formed from GA,, in about 30% yield. However, none of the
3B-hydroxytricarboxylic acid GA;; was detected from incuba-
tions with [1*C]GA,,, although GA,; accounted for about 17%
of the product when higher concentrations of substrate were
used. These tricarboxylic acids are present in cultures of the
wild-type strains of G. fujikuroi (see Fig. 4), and this probably
reflects the high levels of intermediates present in such cul-
tures. G. fujikuroi cultures also contain low amounts of GAs
with C-20 at the alcohol and aldehyde oxidation levels, al-
though, with the exception of the small amount of GA,; (2%
total products) and a trace of 12-hydroxy-GA,, that accumu-
lated when high levels of GA,, were incubated, these GAs were
not detected from incubations of GA;, or GA,, with the P450-2
transformants. Furthermore, the 20-alcohols (as lactone or free
alcohol) or aldehydes were not converted to C,4-GAs. The alco-
hol GAs, GA,5 and GA3,; and the 3B-hydroxyaldehyde, GAq,
were not metabolized by the transformant, whereas the 3-de-
oxyaldehyde GA,, was converted to GA,j;, the carboxylic acid,
but not to GA,. The same results were obtained previously from
incubations with the mutant strain Bl-41a (15). Because G.
fujikuroi is capable of metabolizing a large range of GA sub-
strates with different polarities, it seems unlikely that these
results can be explained by failure to transport the compounds
into the cells. It seems more likely that C-20 oxidation to form
the C,9-GAs in G. fujikurot does not go through the free alco-
hols or aldehydes and that the true intermediates remain
bound to the enzyme. The small amounts of C-20 alcohols and
aldehydes as well as the tricarboxylic acid products found in
fungal cultures could be explained by the release from the
enzyme of the covalently bound intermediates, probably as the
result of hydrolysis. In contrast, C-20 alcohols and aldehydes
are true intermediates in the GA 20-oxidase reaction in plants
because they are produced and metabolized by these enzymes
(12, 13, 32). The plant enzymes are 2-oxoglutarate-dependent
dioxygenases, which may require full dissociation of products
from the active site after each catalytic cycle, whereas in se-
quential reactions catalyzed by cytochrome P450 monooxygen-
ases intermediates often do not accumulate and may not need
to be released from the enzyme. It is of interest that interme-
diates also do not accumulate in reactions catalyzed by the
other multifunctional P450 monooxygenases of the fungal GA
biosynthetic pathway, ent-kaurene oxidase (6) and GA,, syn-
thase (4), indicating that the intermediates may not be released
from the enzyme active site. However, in contrast to the GA

20-oxidase, these enzymes metabolize the intermediates effi-
ciently so that they are unlikely to be covalently bound to the
enzymes.

In incubations with GA,,, 12a-hydroxy, 12B-hydroxy, and
16,17-dhydrodihydroxy (probably formed by epoxidation of the
16,17-double bond and subsequent hydration) products were
obtained in addition to GAy and GA,;. These appear to be true
byproducts of P450-2 activity because they were not formed in
incubations with the SG139 parent strain. Thus the enzyme is
not strictly regiospecific with this substrate, whereas these side
reactions were not apparent when GA,, was the substrate,
perhaps indicating that it is more rigidly bound at the enzyme
active site.

In plants, GA 20-oxidase is an important regulatory enzyme
for GA biosynthesis, its expression being negatively feedback-
regulated by biologically active GAs to maintain GA homeosta-
sis (2, 12, 33). In addition, GA200x expression is promoted by
long days in rosette plants as part of the photoperiod-depend-
ent bolting response (34) and is suppressed by KNOTTED-type
homeobox transcription factors, which give positional control
by excluding GA biosynthesis from meristems (35). There was
no evidence for feedback regulation of the corresponding fungal
gene, P450-2. However, expression of P450-2 is strongly sup-
pressed by nitrogen, in common with five of the other six genes
of the GA biosynthesis gene cluster in G. fujikuroi (4—6). Thus,
most of the genes of the cluster are coordinately regulated to
ensure that GA production occurs only at low nitrogen levels.
The effector for this regulation is thought to be glutamine (36).
Interestingly, P450-2 transcript abundance is independent of
the pH of the culture medium, whereas conversion of its sub-
strates GA,, and GA,, by the SG139 transformants was much
more effective under acid conditions (pH 3—4) than at neutral
pH. However, the earlier intermediate GA,,-aldehyde was con-
verted as efficiently at pH 7.0 as at pH 3.0 into GA; and GAg by
the wild-type strain IMI58289, indicating that the GA 20-
oxidase is active at neutral pH and suggesting that the differ-
ence in the utilization of substrates at acidic and neutral pH is
due to preferential transport into the cells at low pH when the
carboxylic groups are fully protonated (15). GA,,-aldehyde con-
tains only the C-19 carboxyl group, which is very weakly acidic
and likely to be protonated at pH 7 (37).

In summary, oxidation of GAs at C-20 in G. fujikuroi and
plants differs markedly in the type of enzymes involved, their
localization, the nature of the intermediates, and in the regu-
lation of expression of the genes. The participation of a multi-
functional membrane-bound GA 20-oxidase in the fungus in
the removal of C-20, apparently without the release of inter-
mediates from the enzyme, enables efficient formation of Cq-
GAs, consistent with the very high yields of GA production in
the fungal cultures. It is clear from the results reported here
and in earlier findings that GA biosynthesis in the fungus and
in higher plants developed independently and is not a result of
horizontal gene transfer, as has been suggested (38).
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